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ABSTRACT
We use the Gemini NIFS instrument to map the H2 2.1218µm and Brγ flux distribu-
tions in the inner 0.04–2 kpc of a sample of 36 nearby active galaxies (0.001 . z .
0.056) at spatial resolutions from 4 to 250 pc. We find extended emission in 34 galaxies.
In ∼55% of them, the emission in both lines is most extended along the galaxy major
axis, while in the other 45% the extent follows a distinct orientation. The emission of
H2 is less concentrated than that of Brγ, presenting a radius that contains half of the
flux 60% greater, on average. The H2 emission is driven by thermal processes – X-ray
heating and shocks – at most locations for all galaxies, where 0.4 < H2/Brγ < 6.
For regions where H2/Brγ > 6 (seen in 40% of the galaxies), shocks are the main H2

excitation mechanism, while in regions with H2/Brγ < 0.4 (25% of the sample) the
H2 emission is produced by fluorescence. The only difference we found between type 1
and type 2 AGN was in the nuclear emission-line equivalent widths, that are smaller
in type 1 than in type 2 due to a larger contribution to the continuum from the hot
dusty torus in the former. The gas masses in the inner 125 pc radius are in the range
101 − 104 M� for the hot H2 and 103 − 106 M� for the ionised gas and would be
enough to power the AGN in our sample for 105 − 108 yr at their current accretion
rates.

Key words: galaxies: active – galaxies: Seyfert – galaxies: ISM – techniques: imaging
spectroscopy

1 INTRODUCTION

The presence of a gas reservoir in the inner few tens of par-
secs of galaxies is a necessary requirement to trigger an Ac-

? E-mail: rogemar@ufsm.br (RAR)

tive Galactic Nucleus (AGN) and/or a nuclear starburst.
Understanding the origin of the gas emission at these scales
is critical to investigate the role of AGN and star formation
(SF) feedback in galaxy evolution. The cold molecular gas is
the raw fuel of star formation in the central region of galax-
ies and AGN, while the ionised gas is usually observed as
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a consequence of star formation and nuclear activity. The
ionised gas is easier to trace, since the strongest emission
lines are observed in the optical region. These emission lines
are good tracers of many galactic components, such as disks,
outflows and AGN (e.g. Ricci et al. 2014). However, there
are no strong emission lines of molecular gas in the op-
tical. For this reason, most studies of molecular hydrogen
distribution and kinematics usually use other molecules as
its tracer, such as the CO emission at sub-millimeter wave-
lengths. These studies have found that there are two main
classes of galaxies regarding their molecular gas distribu-
tion: a starburst one, where the molecular gas distribution
is very compact with short consumption times (107–108 yr),
and a quiescent one, with the gas distributed in extended
disks and longer consumption times (∼109 yr) (Daddi et al.
2010; Genzel et al. 2010; Sargent et al. 2014; Silverman et al.
2015). In order to properly compare ionised and molecular
gas distributions, however, it is ideal that they are observed
in the same wavelength range and with the same spatial
resolution.

In the near-infrared (hereafter near-IR) both gas
phases, hot molecular and ionised, can be observed simulta-
neously. In particular, the K-band spectra of galaxies include
ro-vibrational emission lines from the H2, tracing the hot
molecular gas that represents only a small fraction of the
total molecular gas, and the hydrogen recombination line
Brγ, a tracer of the ionised gas (e.g Riffel et al. 2006). Phys-
ically motivated models (Hopkins & Quataert 2010) show
that the relevant feeding processes occur within the inner
kiloparsec, which can only be resolved in nearby galaxies.
Near-IR integral field spectroscopy (IFS) on 8–10m tele-
scopes is a unique tool to investigate the distribution and
kinematics of the molecular and ionised gas at spatial res-
olutions of 10–100 pc providing observational constraints to
better understand the AGN feeding and feedback processes.
Such constraints are fundamental ingredients of theoretical
models and numerical simulations of galaxy evolution aimed
to understand the co-evolution of AGN and their host galax-
ies (Kormendy & Ho 2013; Heckman & Best 2014; Harrison
2017; Harrison et al. 2018; Storchi-Bergmann & Schnorr-
Müller 2019).

The near-IR emission of molecular and ionised gas have
been investigated over the years using both long slit spec-
troscopy (e.g. Rodríguez-Ardila et al. 2004, 2005; Riffel et al.
2006, 2013a; Lamperti et al. 2017) and spatially resolved ob-
servations (e.g. Riffel et al. 2008, 2020; Davies et al. 2009;
Hicks et al. 2009; Storchi-Bergmann et al. 2009; Mazzalay
et al. 2013; Scharwächter et al. 2013; Barbosa et al. 2014;
Durré & Mould 2014; Schönell et al. 2014, 2017; Durré &
Mould 2018; Diniz et al. 2015; Fischer et al. 2017; Husemann
et al. 2019; Shimizu et al. 2019; Rosario et al. 2019). In most
cases, the hot molecular and ionised gas show distinct flux
distributions and kinematics, with the H2 more restricted to
the galaxy plane following circular rotation and the ionised
gas showing more collimated emission and contribution of
non-circular motions. However, in few cases, hot molecular
outflows are also observed (e.g. Davies et al. 2014; Fischer
et al. 2017; Gnilka et al. 2020; May & Steiner 2017; May
et al. 2020; Riffel et al. 2020). These results, combined with
the fact that the ionised gas is usually associated with higher
temperatures when compared to the molecular gas, has led
Storchi-Bergmann et al. (2009) to suggest that the molecu-

lar gas is a better tracer of AGN feeding, whereas the ionised
gas is a better tracer of AGN feedback. While the studies
above have addressed the origin, morphology and amount
of molecular gas in individual sources, it is now necessary
to trace a more complete picture of the subject from a sta-
tistical point of view. This will allow us to detect common
points and differences in order to advance on the knowledge
of the origin and black hole feeding mechanisms in AGN and
galaxies overall.

A few studies using near-IR IFS on larger samples have
also been carried out, as for example those of the AGNIFS
(AGN Integral Field Spectroscopy) survey (Riffel et al. 2017,
2018; Schönell et al. 2019), the Local Luminous AGN with
Matched Analogs (LLAMA) survey (Davies et al. 2015; Lin
et al. 2018; Caglar et al. 2020) and the Keck OSIRIS Nearby
AGN (KONA) survey (Müller-Sánchez et al. 2018b). But so
far, the studies based on these surveys were aimed to de-
scribe the sample, map its stellar kinematics and nuclear
properties of the galaxies, while the origin, amount and dis-
tribution of the hot molecular hydrogen in the inner kilo-
parsec of nearby AGN are still not properly covered and
mapped.

In the present work, we use K-band IFS of a sample
of 36 AGN of the local Universe, observed with the Gemini
Near-infrared Integral Field Spectrograph (NIFS), to map
their molecular and ionised gas flux distributions at resolu-
tions ranging from a few pc to ≈250 pc. We investigate the
origin of the H2 emission, derive the H2 excitation temper-
ature and mass of hot molecular and ionised gas, available
to feed the central AGN and star formation. This paper is
organized as follows: Section 2 presents the sample, obser-
vations and data reduction procedure, Sec. 3 presents the
results, which are discussed in Sec. 4. We present our con-
clusions in Sec. 5. We use a h = 0.7,Ωm = 0.3,ΩΛ = 0.7
cosmology throughout this paper.

2 THE SAMPLE AND DATA

2.1 The sample

We used the catalog of hard X-ray (14–195 keV) sources de-
tected in the first 105 months of observations of the Swift
Burst Alert Telescope (BAT) survey (Oh et al. 2018) to se-
lect our parent sample of AGN. The hard X-ray measures
direct emission from the AGN and is much less sensitive
to obscuration along the line-of-sight than softer X-ray and
optical observations (see Davies et al. 2015, for a discus-
sion about the advantages of using BAT catalogue to select
AGN). This sample was cross-correlated with the Gemini
Science archive looking for data obtained with the Near-
Infrared Integral Field Spectrograph (NIFS) in the K band.
We emphasize that just like any other AGN selection method
(e.g. based on optical emission lines), our selection criteria
may not include all AGN available in the Gemini database.
As the aim of this work is to study the hot molecular hydro-
gen emission from AGN hosts, we limit our search to red-
shifts z < 0.12, for which the H2 2.1218µm is still accessible
in the K band.

We have found NIFS data for 36 galaxies obtained us-
ing the K and Klong gratings, most of them observed as
part of the Brazilian Large Gemini Program NIFS survey

MNRAS 000, 1–16 (2020)



The AGNIFS survey 3

Table 1. The sample: (1) Galaxy name. The superscript letter in the name of some galaxies identifies the reference of previously
published NIFS K-band, listed below. All galaxies were observed using adaptive optics, except NGC1125 and ESO578-G009 (marked
with a † symbol). (2) Morphological classification from de Vaucouleurs et al. (1991), (3) Nuclear Activity Classification from Oh et al.
(2018). (4) redshift, (5) adopted distance, (6) hard X-ray (14-195 keV) luminosity, (7) Gemini Program ID (prefix: GN-20), (8) Grating
used during the observations. The central wavelengths are 2.2 and 2.3µm for the K and Klong (Kl) gratings, respectively. The spectral
coverage of both gratings is ∼ 4000Å. (9) exposure time, (10) angular resolution and (11) spatial scale of 1′′ projected at the galaxy
distance. References to previous works on NIFS data: a) Schönell et al. (2019); b) Dahmer-Hahn et al. (2019a); c) Riffel et al. (2014), d)
Diniz et al. (2015); e) Drehmer et al. (2015); f) Ilha et al. (2016); g) Gnilka et al. (2020); h) Riffel et al. (2010b); i) Husemann et al.
(2019); j) Riffel (2020a); k) Riffel et al. (2008); l) Storchi-Bergmann et al. (2009); m) Brum et al. (2019); n) Schönell et al. (2017); o)
Riffel et al. (2013b); p) Diniz et al. (2018) and q) Schönell et al. (2014).

Galaxy Hubble type Act. type z D log LX Program ID Grating Exp. Time FWHMPSF Scale
(Mpc) (erg s−1) (sec) (′′) (pc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

type 2

NGC788a SA0/a?(s) Sy2 0.0136 58.3 43.51 15B-Q-29 K 11×400 0.13 282
NGC1052b E4 LINER 0.0050 21.4 42.24 10B-Q-25 Kl 4×600 0.15 103
NGC1068c (R)SA(rs)b Sy1.9 0.0038 16.3 42.08 06B-C-9 K 27×90 0.11 78
NGC1125† (R’)SB0/a?(r) Sy2 0.0109 47.1 42.64 18B-Q-140 K 8×450 0.44 228
NGC1241 SB(rs)b Sy2 0.0135 57.9 42.68 19A-Q-106 K 6×600 0.14 280
NGC2110d SAB0− Sy2 0.0078 33.4 43.65 10B-Q-25 Kl 6×600 0.15 162
NGC3393 (R’)SB(rs)a? Sy2 0.0125 53.6 42.98 12A-Q-2 K 4×600 0.13 260
NGC4258e SAB(s)bc Sy1.9 0.0015 6.4 41.06 07A-Q-25 K 10×600 0.20 31
NGC4388 SA(s)b? edge-on Sy2 0.0084 36.0 43.64 15A-Q-3 K 2×400 0.19 174
NGC5506a Sa pec edge-on Sy1.9 0.0062 26.6 43.31 15A-Q-3 K 10×400 0.18 128
NGC5899a SAB(rs)c Sy2 0.0086 36.9 42.53 13A-Q-48 Kl 10×450 0.13 178
NGC6240f I0: pec Sy1.9 0.0245 105.0 43.97 07A-Q-62 K 16×300 0.19 509
Mrk3g S0? Sy1.9 0.0135 57.9 43.79 10A-Q-56 Kl 6×600 0.13 280
Mrk348 SA(s)0/a: Sy 2 0.0150 64.3 43.86 11B-Q-71 Kl 6×400 0.18 311
Mrk607a Sa? edge-on Sy2 0.0089 38.1 42.36 12B-Q-45 Kl 12×500 0.14 184
Mrk1066h (R)SB0+(s) Sy2 0.0120 51.4 42.51 08B-Q-30 Kl 8×600 0.15 249
ESO578-G009i† Sc Sy1.9 0.0350 150.0 43.59 17A-FT-10 K 6×600 0.35 727
CygnusA S? Sy2 0.0561 240.4 45.04 06A-C-11 K 7×900 0.18 1165

type 1

NGC1275j E pec Sy1.5 0.0176 75.5 43.76 19A-Q-106 K 6×600 0.22 365
NGC3227a SAB(s)a pec Sy1.5 0.0039 16.7 42.58 16A-Q-6 K 6×400 0.12 81
NGC3516a (R)SB00?(s) Sy1.2 0.0088 37.7 43.29 15A-Q-3 K 10×450 0.15 182
NGC4051k SAB(rs)bc Sy1.5 0.0023 9.9 41.69 06A-SV-123 K 6×750 0.18 47
NGC4151l (R’)SAB(rs)ab? Sy1.5 0.0033 14.1 43.17 06B-C-9 K 8×90 0.18 68
NGC4235 SA(s)a edge-on Sy1.2 0.0080 34.3 42.74 16A-Q-6 K 10×400 0.13 166
NGC4395m Sd Sy1 0.0011 4.7 40.86 10A-Q-38 K 9×600 0.20 22
NGC5548n (R’)SA0/a(s) Sy1.5 0.0172 73.7 43.76 12A-Q-57 Kl 12×450 0.20 357
NGC6814 SAB(rs)bc Sy1.5 0.0052 22.3 42.59 13B-Q-5 K 113×120 0.18 108
Mrk79o SBb Sy1.5 0.0222 95.1 43.68 10A-Q-42 Kl 6×550 0.25 461
Mrk352p SA0 Sy1.2 0.0149 63.8 43.19 12A-Q-42 Kl 11×400 0.37 309
Mrk509 ? Sy1.2 0.0344 147.4 44.44 13A-Q-40 Kl 6×450 0.14 714
Mrk618 SB(s)b pec Sy1.2 0.0355 152.1 43.73 18B-Q-138 K 5×600 0.18 737
Mrk766q (R’)SB(s)a? Sy1.5 0.0129 55.3 42.99 10A-Q-42 Kl 6×550 0.19 268
Mrk926 Sab Sy1.5 0.0469 201.0 44.76 18B-Q-138 K 6×600 0.17 974
Mrk1044 S? Sy1 0.0165 70.7 42.86 18B-Q-109 Kl 6×600 0.19 342
Mrk1048 RING pec Sy1.5 0.0431 184.3 44.12 18B-Q-138 K 6×600 0.22 893
MCG+08-11-011 SB? Sy1.5 0.0205 87.9 44.13 19A-Q-106 K 6×470 0.20 425

of feeding and feedback processes in nearby active galaxies
(Riffel et al. 2018). The central wavelengths of the K and
Klong gratings are 2.20 and 2.30µm, respectively. For both
gratings, the bandwidth is ∼ 4000Å and the spectral bin is
∼2.13Å. Table 1 lists the galaxies of our sample, as well as
their morphologies, nuclear activity types, redshifts, hard X-
ray luminosities (LX) obtained from the Swift BAT survey
(Oh et al. 2018), Gemini Program ID, exposure time and the
full width at half maximum (FWHM) of the Point Spread

Function (PSF) measured from the flux distribution of the
telluric standard stars for the type 2 AGN and from the flux
distribution of the broad Brγ emission line for the observed
type 1 AGN. Although our redshift limit is z < 0.12, the
most distant galaxy (Cygnus A) we have found in the archive
obeying all our criteria has z ∼ 0.056. Except NGC1052, all
galaxies in our sample are classified as hosting Seyfert nu-
clei. The nature of LINERs is still not well understood, as
similar line ratios can be produced by distinct mechanisms
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(e.g. AGN, hot low-mass evolved stars and shocks). How-
ever, NGC1052 undoubtedly presents an AGN as indicated
by by its optical emission lines (Heckman 1980; Ho et al.
1997; Dahmer-Hahn et al. 2019b), by the detection of a hid-
den broad line region seen in polarized light that shows a
broad Hα component (Barth et al. 1999) and by its high
hard X-ray luminosity, comparable to the luminosities in
Seyfert nuclei (Table 1). We divide the sample into type 1
(1 to 1.5) and type 2 (1.9 and 2), according to the classifica-
tion in the 105 month BAT catalogue (Oh et al. 2018). The
type 1 and type 2 sub-samples have the same number (18)
of objects.

In Figure 1 we show the X-ray luminosity and red-
shift distribution of the galaxies of our sample. We divide
the sample into type 1 (blue-dashed line) and type 2 (red-
continuous line) as in the Table 1. To test whether the dis-
tributions for the type 1 and type 2 are drawn from the same
underlying distribution, we use the Kolmogorov-Smirnov
(K-S) test and compute the probability of the null hypothe-
sis (PKS). PKS < 0.05 implies that the null hypothesis, that
the two distributions are drawn from the same underlying
distribution, is rejected at a confidence level of 95 per cent.
We find high values of PKS for both LX (PKS = 0.75) and
z (PKS = 0.24) distributions, meaning that the type 1 and
type 2 AGN in our sample most likely follow similar dis-
tributions in these two parameters. As type 1 and 2 AGN
follow the same distributions in terms of X-ray luminosity
and redshift, we compare these sub-samples in terms of other
physical properties in the following sections.

2.2 Observations, Data Reduction and
Measurements

The observations were carried out with the NIFS instru-
ment (McGregor et al. 2003) on the Gemini North Tele-
scope from 2006 to 2019. NIFS has a square field of view of
3.′′0×3.′′0, divided into 29 slices with an angular sampling of
0.′′103×0.′′042. At the distances of the galaxies of our sam-
ple, the NIFS field of view varies from 60×60 pc2 to 3.5×3.5
kpc2. Most of the observations (34/36) used Adaptive Op-
tics (AO) by coupling NIFS with the ALTtitude conjugate
Adaptive optics for the InfraRed (ALTAIR) system. Only
NGC1125 and ESO578-G009 were observed without AO.
The resulting angular resolutions are shown in Table 1 and
are in the range 0.′′11–0.′′44. Distinct observational strate-
gies were used during the observations, which include the
use of K or Klong gratings and spatial dithering, resulting in
different spatial and spectral coverage among galaxies. The
spectral resolving power of NIFS in the K band is R ≈ 5290.
Telluric standard stars were observed just before and/or af-
ter the observations of each galaxy.

The data reduction followed the standard procedures
(e.g., Riffel et al. 2017) using the gemini iraf package,
including the trimming of the images, flat-fielding, cosmic
ray rejection, sky subtraction, wavelength and s-distortion
calibrations, removal of the telluric absorptions using the
spectra of the telluric standard star and flux calibration by
interpolating a black body function to the spectrum of the
telluric standard. Finally, the data cubes were created at an
angular sampling of 0.′′05×0.′′05 for each individual exposure
and median combined using a sigma clipping algorithm to
eliminate bad pixels and remaining cosmic rays and using

Figure 1. X-ray luminosity (top) and redshift (bottom) dis-
tributions of our sample, divided in type 1 (dashed-blue lines)
and type 2 (continuous-red lines) AGN. In each panel, we show
the probability of the null hypothesis (PKS) that type 1 and
type 2 AGN follow similar distributions computed using the
Kolmogorov-Smirnov test. The PKS values indicate that type 1
and type 2 AGN of our sample do not follow distinct distributions
in terms of LX and z.

the peak of the continuum emission of the galaxy as reference
to perform the astrometry among the individual data cubes.

Results on gas emission properties of individual sources
have already been published for 22 galaxies of our sample
based on the K-band data used here. The references to these
studies are shown in Tab. 1.

The K-band spectra of nearby active galaxies show
plenty of H2 emission lines and usually also present strong
Brγ emission (e.g. Riffel et al. 2006). To obtain the emission-
line flux distributions, we integrated the fluxes within a spec-
tral window of 1500 km s−1 width centred at each emission
line, after subtraction of the contribution of the underly-
ing continuum fitted by a third order polynomial, similarly
to the procedure adopted in Storchi-Bergmann et al. (2009).
Our spectral window choice is very conservative, as the near-
IR line widths in nearby galaxies are commonly much nar-
rower than 1500 km s−1 and so our choice warrants that we
are computing the total line fluxes. To minimize the effect
of noise, we followed Liu et al. (2013) and first fitted each
emission line by a combination of three Gaussian curves and
the continuum by a linear equation using the ifscube code

MNRAS 000, 1–16 (2020)
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(Ruschel-Dutra 2020). For type 1 AGN, we included an ad-
ditional Gaussian to account for the broad Brγ component.
Before computing the fluxes of Brγ in type 1 objects, we
subtracted the contribution of this component and thus all
measurements presented in this paper are for the narrow line
components.

The fitting routine starts by modelling the spaxel cor-
responding to the peak of the continuum emission, using
initial guesses for the centroid velocity and velocity disper-
sion of each component provided by the user. Then the if-
scube code performs the fitting of the neighboring spaxles
following a spiral loop and using the parameters from spax-
els located at distances smaller than 0.′′25 from the fitted
spaxel as optimized guesses (as defined by the refit param-
eter). As mentioned above, we allow up to three Gaussian
components to fit each line profile (4 for the Brγ line in Sy 1),
but the code finds the minimum number of Gaussians to re-
produce the profiles by setting the initial guesses for the am-
plitudes of the unnecessary Gaussian functions to zero. The
fit of multi Gaussians has no physical motivation, it merely
aims at reproducing the observed profiles. The emission-line
flux distributions measured directly from the observed data
cubes are consistent with those obtained from the fits of the
line profiles, but the direct measurements produce noisier
maps, as already discussed in Liu et al. (2013).

3 RESULTS

3.1 Emission-line flux distributions and line-ratio
maps

In Figures 2 and 3 we present examples of maps con-
structed from the Gemini NIFS data measurements, com-
prising: the continuum, H2 2.1218µm and Brγ flux distribu-
tions, the H2 2.1218µm/Brγ ratio map and Brγ equivalent
width (EqW ) map for selected type 2 and type 1 AGN,
respectively. The maps for the other galaxies are shown in
Figures A1 and A2 of the Appendix. We masked out re-
gions where the amplitude of the line profile was smaller
than three times the standard deviation of the continuum
next to each line profile. The galaxies NGC3393 (Sy 2) and
Mrk 352 (Sy 1) do not present extended line emission and
thus we do not show their corresponding maps. All other
galaxies show extended emission in both H2 and Brγ emis-
sion lines. The only exception is NGC3516, for which the
Brγ emission is seen only from the unresolved nucleus.

3.1.1 Flux distributions

The emission-line flux distributions present a wide variety
of structures in both Brγ and H2 emission. In most galax-
ies, the H2 emission is more extended than the Brγ and
the peak emission of both lines is observed at the galaxy
nucleus. Other structures observed in the gas distribution
comprise: nuclear spirals seen in molecular gas (e.g. Mrk 79);
galaxies in which both H2 and Brγ emission are seen mainly
along the major axis of the large scale disk (e.g. NGC4235);
galaxies in which the H2 and Brγ emission are distributed
along distinct orientations (e.g. NGC4388); ring-like struc-
tures (e.g. Mrk 1044); galaxies with elongated H2 emission
and round Brγ flux distribution (e.g. Mrk 766), among other

emission structures. There is no clear difference between the
emission-line flux distributions of type 1 and type 2 AGN. A
qualitative inspection of the H2 and Brγ flux maps in each
object (Figs. 2, 3, A1 and A2) shows that the Brγ usually
traces a more collimated emission, while the H2 emission
spreads more over the whole field of view. This result is
consistent with previous studies where the H2 and ionised
gas have been shown to present distinct flux distributions
and kinematics (Riffel et al. 2018; Schönell et al. 2019).

We compute the radii that contain 50% of the total
flux (R50) of H2 2.1218µm and Brγ emission lines. Although
this parameter can be affected by projection effects if the H2

and Brγ emission originate from distinct spatial locations in
individual targets, the R50 is useful to compare the H2 and
Brγ emission in the whole sample. The corresponding R50

values for H2 and Brγ are shown in Table 2 and Figure 4
shows the comparison between R50H2 and R50Brγ . The Brγ
flux distribution is more concentrated than that of H2 and
the R50 for the H2 is on average 56% larger than that of
Brγ.

We use the cv2.moments python package to compute
the moments and orientation of the H2 and Brγ flux distri-
butions. The orientations are shown as the continuous lines
in the flux maps of Figs. 2, 3, A1 and A2. The position
angles (PAs) are listed in Table 2, together with the ori-
entation of the major axis of the galaxy obtained from the
Hyperleda database (Paturel et al. 2003), measured from the
25mag arcsec2 isophote in a B-band image. We performed
Monte Carlo simulations with 100 iterations each to com-
pute the uncertainties, by adding random noise with ampli-
tude of the 20th percentile flux value of the corresponding
map. The listed uncertainties in Tab. 2 correspond to the
standard deviation of the mean of the simulations.

We have compared the PA offset (∆PA) between the
major axis of the large scale disk and the orientation of the
Brγ and H2 flux distributions. Although the orientations of
both flux distributions vary, the K-S test (PKS = 0.97) in-
dicates the distributions of the corresponding ∆PA for Brγ
and H2 are not distinct. ∆PA > 30◦ is usually used as a
threshold to determine whether the stellar and gas disks are
misaligned (Jin et al. 2016). We find ∆PA larger than this
value in 15 galaxies (42%) for the Brγ and in 16 galaxies
(44%) for H2. These fractions are higher than those be-
tween the kinematic position angle of the stellar velocity
field in the inner 3′′×3′′ and the major axis of the large
scale disk, of ∼18% (Riffel et al. 2017), suggesting an ori-
gin in non-circular motions in the gas. The distributions of
the ∆PA between the orientation of the H2 and Brγ flux
distributions (PAH2-PABrγ) for type 1 and type 2 AGN
are similar. We find ∆PA > 30◦ for 15 galaxies (45%). 3
galaxies (NGC1275, NGC5548 and Mrk 766) of these show
∆PA > 60◦, for which the H2 emission is observed mainly
along the major axis of the galaxy.

3.1.2 Line ratios

The H2 2.1218µm/Brγ emission-line ratio is commonly used
to investigate the main source of the H2 excitation (Reuna-
nen et al. 2002; Rodríguez-Ardila et al. 2004, 2005; Storchi-
Bergmann et al. 2009; Riffel et al. 2010a, 2014, 2013a; Rif-
fel 2020b; Colina et al. 2015; Schönell et al. 2014, 2019;
Dahmer-Hahn et al. 2019b; Fazeli et al. 2020). Small values
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Figure 2. Selected maps for type 2 AGN. From left to right: K-band continuum obtained within a spectral window of 100Å centred
at 2.14µm, H2 2.1218µm flux distribution, Brγ flux distribution, H2/Brγ ratio map, Brγ equivalent width map and excitation map.
The color bars show the continuum in units of erg s−1 cm−2 Å−1 spaxel−1, the emission-line fluxes in erg s−1 cm−2 spaxel−1 and the
Brγ equivalent width in Å. The excitation map identifies with different colors the regions with typical H2/Brγ values for: star forming
regions (SF: H2/Brγ < 0.4), low excitation AGN (AGNLE: 0.4 ≤ H2/Brγ < 2) and high excitation AGN (AGNHE: 2 ≤ H2/Brγ < 6)
and shock-dominated objects (Shock: H2/Brγ > 6). In each row, the name of the galaxy is identified in the continuum image, the filled
circle corresponds to the angular resolution, the spatial scale is shown in the bottom-left corner of the continuum image and the cross
marks the position of the peak of the continuum emission. The dashed line indicates the orientation of the galaxy major axis obtained
from the Hyperleda database. The continuous line on the flux maps shows the orientation of the emission-line flux distributions. The
continuous line on the excitation map shows the orientation of the Brγ emission. The gray regions indicate locations where emission lines
are not detected above 3 times the continuum noise amplitude (3σ).

For all galaxies, north is up and east is to the left.

(H2/Brγ . 0.4) are usually observed in H ii regions and star
forming galaxies, while AGN present 0.4 . H2/Brγ . 6.0
and higher values are usually observed in LINERs and shock-
dominated regions (e.g. Riffel et al. 2013a; Colina et al. 2015;
Riffel et al. 2021). In the near-IR the line ratio limits are
empirical and their excitation mechanisms are less under-
stood than those of the optical lines (e.g. Rodríguez-Ardila
et al. 2004, 2005). However, it is worth mentioning that the
H2/Brγ line ratio can be affected by the geometry of the
Hii region (Puxley et al. 1990) and the velocity of the shock
(Wilgenbus et al. 2000). Both properties affect the dissocia-
tion of the H2 molecule, making the fraction of H2, and the
H2/Brγ ratio, to change. The H2/Brγ maps for our sample
(Figs. 2, 3, A1 and A2) show values ranging from nearly
zero, as seen in the rings of star forming regions of Mrk 1044
and for NGC4151 – in which the H2 emission decreases due
to the dissociation of the molecule by the strong AGN ra-
diation field (e.g. Storchi-Bergmann et al. 2009) – to values
of up to H2/Brγ ∼ 30 for NGC1275, where the H2 emission
originates in shocks produced by AGN winds (Riffel 2020a).

We build excitation maps (fifth column of Figs. 2, 3, A1
and A2) to spatially locate the regions where different ex-
citation mechanisms may be occurring. All galaxies present
spaxels dominated by AGN excitation (0.4 < H2/Brγ < 6),
and in order to map the variation of this excitation, we have
divided the AGN regions into low (0.4 ≤ H2/Brγ < 2) and
high excitation (2 ≤ H2/Brγ < 6). This separation allow us
to further investigate the origin of the H2 emission in the

AGN. A similar separation was done in Riffel et al. (2020)
to split the high line ratio region in the H2 2.1218µm/Brγ
vs. [Fe ii]1.2570µm/Paβ diagnostic diagram.

Table 3 presents the median H2/Brγ ratio over the
whole FoV (H2/BrγMED) for each galaxy of our sample,
the median value within r < 125 pc (H2/Brγr<125pc),
the nuclear ratio, computed using an aperture with ra-
dius equal to the angular resolution of the data for each
galaxy (H2/Brγnuc), and the extra-nuclear line ratio, mea-
sured as the median value of spaxels located at distances
from the galaxy nucleus larger than the angular resolution
(H2/Brγextra). The median values of H2/Brγ are within the
AGN range for 31 (91%) galaxies of our sample. The excep-
tions are NGC6240, NGC1275 and Mrk 3 that show H2/Brγ
median values of 11.76, 11.10 and 0.17, respectively. The
high H2/BrγMED values are consistent with shocks as the
dominant H2 excitation mechanism (Ilha et al. 2016; Müller-
Sánchez et al. 2018a; Riffel 2020a). The low ratios observed
for Mrk 3, NGC5506 and NGC4151 may be explained by
the dissociation of the H2 molecule by the AGN radiation
field in these galaxies as proposed by previous works (Gnilka
et al. 2020; Storchi-Bergmann et al. 2009). As seen in Tab. 3,
type 1 and type 2 AGN show similar values of H2/Brγ me-
dian values.

We use K-S statistics to test whether the distributions
of H2/BrγMED for type 1 and type 2 AGN are distinct.
We find PKS = 0.96, meaning that likely the H2/BrγMED

distributions of type 1 and type 2 AGN are drawn from

MNRAS 000, 1–16 (2020)



The AGNIFS survey 7

Figure 3. Examples of maps for type 1 AGN. Same as Fig. 2, but for type 1 AGN.

Table 2. (1) Galaxy name, (2) position angle of the large scale disk from Hyperleda database, (3) H2 and (4) and Brγ (4) position flux
distribution position angles, (5) and (6) radii that contain half of the total flux of H2 2.1218µm and Brγ. All angles are measured east
of north.

Galaxy Ψ0 PAH2
PABrγ R50H2

R50Brγ

(deg) (deg) (deg) (pc) (pc)
(1) (2) (3) (4) (5) (6)

type 2

NGC788 108.1 39.8 ± 1.6 89.4 ± 3.2 254 ± 42 296 ± 42
NGC1052 112.7 44.0 ± 1.8 162.0 ± 7.7 62 ± 15 46 ± 15
NGC1068 72.7 68.3 ± 1.2 28.3 ± 0.6 106 ± 11 71 ± 11
NGC1125 53.5 46.5 ± 1.4 56.7 ± 1.2 137 ± 34 102 ± 34
NGC1241 147.7 157.7 ± 4.6 46.9 ± 0.7 126 ± 42 126 ± 42
NGC2110 175.1 143.4 ± 2.2 152.5 ± 0.9 145 ± 24 121 ± 24
NGC4258 150.0 20.3 ± 2.6 13.2 ± 7.5 32 ± 4 28 ± 4
NGC4388 91.1 85.6 ± 1.0 54.3 ± 0.8 183 ± 26 183 ± 26
NGC5506 88.7 94.9 ± 1.3 92.8 ± 4.3 96 ± 19 57 ± 19
NGC5899 20.8 10.3 ± 1.0 170.7 ± 1.7 80 ± 26 53 ± 26
NGC6240 12.2 0.9 ± 0.7 178.5 ± 0.8 610 ± 76 458 ± 768
Mrk3 15.0 73.7 ± 1.3 80.9 ± 1.2 210 ± 42 168 ± 42
Mrk348 87.0 160.8 ± 2.2 7.5 ± 5.9 186 ± 46 93 ± 46
Mrk607 137.3 134.8 ± 1.2 140.6 ± 2.2 110 ± 27 55 ± 27
Mrk1066 112.3 118.8 ± 1.5 126.0 ± 0.3 224 ± 37 186 ± 37
ESO578-G009 27.6 29.9 ± 0.6 29.3 ± 0.7 1199 ± 109 654 ± 109
CygnusA 151.0 176.1 ± 1.8 140.6 ± 1.0 1049 ± 174 1049 ± 174

type 1

NGC1275 110.0 42.2 ± 6.1 137.9 ± 2.2 164 ± 54 109 ± 54
NGC3227 156.0 128.8 ± 3.1 153.1 ± 2.2 60 ± 12 36 ± 12
NGC3516 55.0 138.0 ± 4.0 – ± 27 27 ± 27
NGC4051 139.4 96.9 ± 1.5 117.4 ± 4.6 35 ± 7 14 ± 7
NGC4151 50.0 100.0 ± 1.0 57.5 ± 0.4 61 ± 10 51 ± 10
NGC4235 49.0 43.4 ± 0.5 42.6 ± 0.6 224 ± 24 249 ± 24
NGC4395 127.8 106.4 ± 3.2 104.3 ± 5.2 10 ± 4 10 ± 4
NGC5548 118.2 146.0 ± 3.8 46.2 ± 2.3 160 ± 53 160 ± 53
NGC6814 107.6 121.2 ± 1.3 153.2 ± 1.3 48 ± 16 48 ± 16
Mrk79 73.0 176.2 ± 3.9 171.9 ± 35.1 276 ± 69 207 ± 69
Mrk509 80.0 139.4 ± 5.1 96.3 ± 4.3 536 ± 107 428 ± 107
Mrk618 85.0 39.4 ± 2.2 24.8 ± 3.9 442 ± 110 221 ± 110
Mrk766 73.1 62.0 ± 1.4 135.1 ± 1.1 160 ± 40 120 ± 40
Mrk926 104.1 71.7 ± 4.2 104.0 ± 2.9 730 ± 146 438 ± 146
Mrk1044 177.5 169.2 ± 2.2 6.5 ± 7.9 359 ± 51 102 ± 51
Mrk1048 80.3 135.4 ± 1.5 167.4 ± 3.0 536 ± 134 536 ± 134
MCG+08-11-01 90.0 163.6 ± 1.3 16.0 ± 2.4 383 ± 63 191 ± 63
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Figure 4. Comparison of the radii that contain 50% of the to-
tal flux of H22.1218µm and Brγ. The dashed line shows the 1:1
relation and the continuous line shows the best fit of the data by
a first order polynomial, given by logR50 Brγ = (0.98 ± 0.20) ×
logR50 H2

− (0.10± 0.44).

the same underlying distribution. However, our observations
cover spatial scales from a few tens of pc to a few kpc, and so,
for the most distant objects the H2/BrγMED is dominated
by the extra-nuclear regions, while in the closest galaxies,
the contribution of the nuclear emission is higher. In or-
der to avoid this problem, we compute the H2/Brγ within
the inner 125 pc radius for all objects. This aperture corre-
sponds to the lowest spatial resolution in our sample (for
ESO578-G009). For three galaxies (NGC4258, NGC4051
and NGC4395) the FoV is smaller than 125 pc radius and
thus, we use the whole FoV to compute the H2/Brγ in these
cases. The K-S test indicates again that type 1 and type 2
AGN do not have distinct distributions of H2/Brγ within
the inner 125 pc radius. Similarly, we do not find a sta-
tistically significant difference in the nuclear H2/Brγ dis-
tributions (computed for an aperture corresponding to the
angular resolution of the data for each galaxy) for type 1
and type 2 AGN. Finally, we test whether H2/Brγ (median,
within 125 pc radius and nuclear) and the hard X-ray lumi-
nosity are correlated using the Pearson test, resulting that
these parameters do not present a statistically significant
correlation.

Figure 5 shows the only distinct distributions we found:
the H2/Brγnuc and H2/Brγextra ones. Using the K-S test we
obtain PKS = 0.045 indicating that the distributions are dis-
tinct: on average, the nucleus presents lower H2/Brγ ratios
than the extra-nuclear regions.

3.2 Brγ Equivalent width maps

The fifth column of Figs. 2, 3, A1 and A2 shows the Brγ
equivalent width (EqWBrγ) maps. The emission structures
are better seen in the EqWBrγ than in the flux distribu-
tion maps, as the former measure the emission relative
to the continuum. For example, in Mrk 3 (Fig. A1) the
EqWBrγ map shows knots of emission not easily observed
in the Brγ flux map. Young (<10 Myr) stellar popula-

Figure 5. Nuclear (magenta) and extra-nuclear (dotted black)
H2/Brγ distributions of the galaxies of our sample.

tions present EqWBrγ & 50Å, as predicted by evolution-
ary photoionisation models (Dors et al. 2008; Riffel et al.
2009a). All galaxies of our sample clearly show smaller val-
ues (EqWBrγ . 30Å) than those predicted for young stellar
population models. Even galaxies with known active star-
formation, as NGC6240 (e.g. Keel 1990; Lutz et al. 2003;
Pasquali et al. 2004) and NGC3227 (Gonzalez Delgado &
Perez 1997; Schinnerer et al. 2000), present low EqWBrγ val-
ues, which suggest the near-infrared continuum is dominated
by the contribution of old stellar populations and the AGN
featureless continuum in the nucleus.

Differently from the Brγ flux distributions, which usu-
ally present the emission peak at the nucleus, the highest
values of EqWBrγ are seen away from the nucleus in most
galaxies of our sample. In addition, a visual inspection of
the EqWBrγ maps shows a drop in the EqWBrγ values at
the nucleus. This drop is more prominent in type 1 AGN
than in type 2, possibly due to a stronger dilution of the
Brγ emission by the nuclear continuum.

We measure the EqWBrγ values for the nucleus of each
galaxy within an aperture corresponding to the angular res-
olution of the data and compare the EqWBrγ distributions
of type 1 and type 2 AGN and find that they follow distinct
distributions (PKS = 0.011). Figure 6 shows the EqWBrγ

distributions for type 1 AGN (in blue) and type 2 (in red)
AGN. A slightly higher PKS (0.045) is obtained by compar-
ing the Brγ equivalent widths within the same spatial region
of all galaxies (125 pc radius) implying the null hypothesis
in which type 1 and type 2 AGN follow the same underlying
distribution is rejected at the 95% confidence level. On the
other hand, the comparison of the median EqWBrγ distri-
butions over the whole FoV results in PKS = 0.465, mean-
ing that the null hypothesis cannot be rejected and likely
type 1 and type 2 AGN originate from the same underlying
EqWBrγ distribution. The Pearson test shows that EqWBrγ

does not correlate with LX. This result suggests that there is
no intrinsic difference between these type 1 and type 2 AGN,
just circunstantial due orientation so that, at larger scales,
where the central source is not seen, no clear distinction can
be made between the two.
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Table 3. H2/Brγ line ratio: (1) galaxy name, (2) median values of the line ratio for the whole FoV (H2/BrγMED), (3) in the inner
r < 125pc (H2/Brγr<125pc), (4) wihin the central angular resolution element (H2/Brγnuc) and (5) for spaxels at distances larger than
the angular resolution radius (H2/Brγextra).

Galaxy H2/BrγMED H2/Brγr<125pc H2/Brγnuc H2/Brγextra
(1) (2) (3) (4) (5)

type 2

NGC788 0.96±0.91 0.82±0.35 0.53±0.05 0.96±0.91
NGC1052 2.32±1.07 2.32±1.07 2.15±0.27 2.36±1.09
NGC1068 1.78±3.18 1.30±3.72 0.54±0.10 1.79±3.18
NGC1125 0.78±0.62 0.39±0.06 0.38±0.04 0.88±0.62
NGC1241 3.11±2.21 3.21±1.58 2.67±0.09 3.18±2.24
NGC2110 3.61±1.57 3.15±1.57 1.36±0.38 3.65±1.55
NGC4258 1.84±0.90 1.84±0.90 2.59±1.47 1.81±0.85
NGC4388 1.25±1.16 1.31±0.38 1.15±0.16 1.26±1.17
NGC5506 0.51±0.68 0.43±0.45 0.09±0.02 0.51±0.68
NGC5899 4.35±4.13 4.27±4.38 2.40±0.13 4.41±4.15
NGC6240 11.78±7.49 8.55±4.70 8.65±3.96 11.95±7.86
Mrk3 0.17±0.15 0.07±0.04 0.04±0.01 0.18±0.15
Mrk348 1.30±0.84 0.89±0.28 0.56±0.09 1.34±0.83
Mrk607 1.06±0.69 0.93±0.37 0.51±0.06 1.08±0.69
Mrk1066 1.39±1.51 1.41±0.55 1.41±0.16 1.39±1.51
ESO578-G009 1.60±1.77 2.97±0.77 2.17±1.17 1.59±1.79
CygnusA 2.06±1.75 1.92±0.14 1.93±0.27 2.08±1.76
Mean 2.35±2.58 2.10±1.96 1.71±1.94 2.38±2.62

type 1

NGC1275 11.09±5.27 12.40±3.95 7.56±2.33 11.42±5.37
NGC3227 5.72±3.84 5.89±3.81 1.84±0.41 5.75±3.83
NGC3516 2.31±0.86 2.47±0.74 2.14±0.42 2.61±0.99
NGC4051 3.16±2.03 3.16±2.03 0.53±0.08 3.19±2.02
NGC4151 0.76±1.16 0.79±1.19 0.21±0.07 0.78±1.16
NGC4235 3.71±1.88 3.10±1.29 – 3.71±1.88
NGC4395 1.01±0.88 1.01±0.88 0.79±0.06 1.02±0.89
NGC5548 1.37±0.48 1.27±0.33 1.17±0.14 1.39±0.49
NGC6814 5.55±6.00 5.73±41.48 18.57±149.12 5.34±6.45
Mrk79 2.83±1.61 2.59±0.79 2.56±0.74 2.87±1.66
Mrk509 0.91±0.64 0.41±0.60 0.23±0.19 0.91±0.63
Mrk618 1.24±1.97 0.44±0.04 0.44±0.04 1.28±1.99
Mrk766 0.80±1.02 0.34±0.12 0.13±0.04 0.82±1.03
Mrk926 1.83±0.80 1.71±0.19 1.72±0.28 1.85±0.82
Mrk1044 0.68±0.52 0.05±0.01 – 0.68±0.52
Mrk1048 1.75±1.42 3.25±1.12 3.07±1.90 1.69±1.32
MCG+08-11-01 2.19±2.65 1.01±0.77 0.70±0.41 2.31±2.66
Mean 2.76±2.57 2.68±2.96 2.78±4.59 2.80±2.62

Figure 6. Nuclear Brγ equivalent width distributions for the type
1 (dashed-blue lines) and type 2 (continuous-red lines) AGN in
our sample. The equivalent widths are measured within apertures
corresponding to the angular resolution of the data.

3.3 Masses of hot molecular and ionised hydrogen

We use the fluxes of the H2 2.12µm and Brγ emission lines
to compute the mass of hot molecular (MH2) and ionised
(MH II) hydrogen. The mass of hot molecular gas (MH2)
can be estimated, under the assumptions of local thermal
equilibrium and excitation temperature of 2000K, by (e.g.
Scoville et al. 1982; Riffel et al. 2014):

(
MH2

M�

)
= 5.0776× 1013

(
FH2 2.1218

erg s−1 cm−2

)(
D

Mpc

)2

, (1)

where FH2 2.1218 is the H2 2.1218µm emission-line flux and
D is the distance to the galaxy.

Following Osterbrock & Ferland (2006) and Storchi-
Bergmann et al. (2009), we estimate the mass of ionised
gas MH II by

(
MH II

M�

)
= 3×1019

(
FBrγ

erg cm−2 s−1

)(
D

Mpc

)2 (
Ne

cm−3

)−1

,

(2)

where FBrγ is the Brγ flux (summing the fluxes of all spax-
els) and Ne is the electron density. Recent studies find that
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Table 4. Ionised and hot H2 gas masses and H2 excitation temperatures. (1) Name of the galaxy; (2 & 3) Hot Molecular and ionised
hydrogen masses within the inner 125 pc radius and (4 & 5) in the whole field of view; (6 & 7) H2 vibrational and rotational temperatures.

Galaxy MH2 r<125pc MH II r<125pc MH2 FoV MHII FoV Tvib Trot

(101 M�) (104 M�) (101 M�) (104 M�) (K) (K)
(1) (2) (3) (4) (5) (6) (7)

type 2

NGC788 12.8±0.5 19.5±0.6 59.0±5.6 83.4±9.2 2149±80 810±567
NGC1052 11.0±1.1 5.7±1.6 11.9±1.4 5.8±1.8 4233±306 –
NGC1068 202.5±2.2 193.1±3.8 288.6±4.2 222.2±6.2 2474±11 1551±332
NGC1125 21.3±0.7 64.1±0.8 41.7±3.9 94.1±6.4 3857±161 1345±633
NGC1241 34.9±0.7 13.0±0.9 51.0±5.4 19.4±4.3 3746±123 832±753
NGC2110 41.7±0.8 16.8±1.0 100.5±3.1 27.4±2.1 2512±23 –
NGC4258 – – 0.7±0.1 0.3±0.1 5132±2490 –
NGC4388 40.0±1.1 35.3±1.5 119.6±5.8 101.5±6.4 2725±33 1065±593
NGC5506 45.7±0.7 174.1±1.4 66.8±2.0 204.8±4.3 2746±24 1154±358
NGC5899 17.8±0.8 6.6±1.1 21.4±2.4 7.1±3.5 2853±76 –
NGC6240 533.0±1.6 99.0±2.5 10926.4±88.5 992.5±34.2 2339±3 1247±74
Mrk3 23.6±2.7 498.09.5±4.9 99.6±8.9 1167.2±28.3 4953±139 –
Mrk348 17.6±0.6 27.3±0.9 42.6±6.1 39.4±4.7 2932±73 –
Mrk607 7.1±0.4 11.3±0.7 12.0±1.2 13.1±1.5 4079±301 –
Mrk1066 57.4±0.4 68.6±0.7 228.4±5.7 270.0±8.7 2614±19 –
ESO578-G009 0.4±0.3 1.2±1.3 251.6±37.5 83.0±19.3 4223±298 757±654
CygnusA 51.7±0.3 32.5±0.3 2163.2±63.4 1109.3±59.2 2777±32 1352±410
Mean 67.0±121.1 74.5±120.3 852.2±2494.1 261.7±393.1 3409±955 1096±302

type 1

NGC1275 1170.3±5.3 150.6±8.5 2327.5±56.7 229.8±20.5 2309±12 1021±351
NGC3227 52.1±1.3 11.5±1.2 53.7±1.5 11.8±1.3 2906±27 1909±586
NGC3516 8.7±2.2 2.0±0.3 16.2±2.7 2.1±1.9 3583±374 –
NGC4051 – – 7.4±0.3 4.7±0.6 3596±88 1354±876
NGC4151 36.9±1.3 54.7±1.6 37.8±1.8 56.8±2.3 2495±45 1365±778
NGC4235 4.0±0.5 0.2±0.1 13.7±1.2 1.9±0.5 5055±1425 –
NGC4395 – – 0.2±0.1 0.2±0.1 2866±70 2075±656
NGC5548 33.3±5.5 32.1±6.8 79.7±28.5 71.2±32.8 – –
NGC6814 7.8±0.8 1.4±0.4 8.6±1.4 1.4±0.6 3093±115 1811±812
Mrk79 52.9±2.1 23.9±2.5 195.6±12.1 61.4±6.7 3392±95 –
Mrk509 8.2±10.1 21.0±9.3 213.8±26.0 226.9±22.3 3539±320 –
Mrk618 62.5±8.3 162.8±10.4 507.1±58.0 538.0±82.7 4009±291 752±703
Mrk766 23.3±2.0 112.2±3.7 60.5±7.3 166.5±17.7 3278±164 –
Mrk926 79.3±12.5 54.7±15.2 1340.8±106.5 507.2±53.0 3388±173 1498±932
Mrk1044 0.1±0.1 53.5±4.9 11.5±3.1 81.7±14.1 – –
Mrk1048 23.4±5.8 10.3±8.2 620.6±71.7 313.0±67.3 3022±145 875±517
MCG+08-11-01 117.6±18.5 138.2±19.7 1080.3±56.8 424.8±44.4 2560±44 1212±675
Mean 99.3±269.6 49.0±54.8 386.8±622.2 158.8±179.5 3298±791 1254±570

the electron densities in ionised outflows are underestimated
using the [S ii] line ratio (Baron & Netzer 2019; Davies et al.
2020). However, most of the Brγ emission in the inner kpc
of nearby Seyfert galaxies originate from gas rotating in
the plane of the disk (e.g. Riffel et al. 2018; Schönell et al.
2019), and thus we adopt Ne = 500 cm−3, which is a typi-
cal value measured in AGN from the [S ii]λλ6717,6730 lines
(e.g. Dors et al. 2014, 2020; Brum et al. 2017; Freitas et al.
2018; Kakkad et al. 2018). The distances to the galaxies
adopted here are based on the galaxy redshift (Table 1) for
all targets.

Table 4 shows the mass of hot H2 and ionised hydrogen
for the galaxies of our sample computed in the whole NIFS
FoV (MH2FoV and MH IIFoV) and within the inner 125 pc
(MH2 r<125pc and MH II r<125pc). The corresponding distri-
butions are shown in Fig. 7. For three galaxies (NGC4258,
NGC4041 and NGC4395) the FoV is smaller than 250 pc

and so, we do not calculate the mass within the inner 125 pc
radius. We do not find statistically significant differences be-
tween the masses of ionised and molecular gas of type 1 and
type 2 AGN.

3.4 H2 vibrational and rotational temperatures

The H2 1–0 S(1) 2.1218µm/2-1 S(1) 2.2477µm and 1–
0 S(2) 2.0338µm/1–0 S(0) 2.2235µm line ratios can be used
to estimate the vibrational and rotational temperatures
of H2. Using Ni/gi = Fiλi/(Aigi) = exp[−Ei/(kBTexc)],
where Ni are the column densities in the upper level,
gi the statistical weights, Fi and λi are the line fluxes
and wavelengths, Ai are the transition probabilities, Ei
are the energies of the upper level, Texc is the excitation
temperature and kB is the Boltzmann constant. Using
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Figure 7. Molecular (green) and ionised (orange) hydrogen mass
distributions for the galaxies of our sample, computed using the
whole FoV (top) and the inner 125 pc radius (bottom).

the transition probabilities from Turner et al. (1977), the
rotational temperature is given by:

Trot
∼= −

1113

ln
(

0.323
FH2 2.0338

FH2 2.2235

) (3)

and the vibrational temperature by

Tvib
∼=

5594

ln
(

1.355
FH2 2.1218

FH2 2.2477

) . (4)

We were able to estimate the H2 vibrational tempera-
ture for 32 galaxies. For NGC5548 and Mrk 1044 at least
one of the H2 emission lines used to determine Tvib is not
detected in our NIFS data with an amplitude larger than
twice the standard deviation of the adjacent continuum. We
estimate the H2 rotational temperature for 21 galaxies. 11
galaxies of our sample were observed using the Klong grating
(Tab. 1), for which the spectral range does not include the
H2 2.0338µm emission line, needed to estimate the H2 rota-
tional temperature. In addition, this line is not detected for
NGC3516 and NGC4235. In Figures A3 and A4 we show
the maps of Trot and Tvib for the type 2 and type 1 AGN and
in Figure A5 we show the Tvib maps for the objects where
the spectral range does not include the 1–0 S(2) line. Table 4
shows the median temperatures for each galaxy. The median

values of the vibrational temperature are in the range from
∼2100 to ∼4300 K, while the rotational temperatures are in
the range ∼450–1900 K. There is no difference between the
mean temperatures in type 1 and type 2 AGN.

4 DISCUSSION

4.1 Type 1 vs. type 2 AGN

According to the AGN Unification Model (Antonucci 1993;
Urry & Padovani 1995), type 1 and type 2 AGN represent
the same class of objects seen at distinct viewing angles.
However, some recent results suggest these two classes may
be intrinsically distinct objects (e.g., Elitzur 2012; Elitzur
et al. 2014; Villarroel & Korn 2014; Prieto et al. 2014; Audib-
ert et al. 2017), the tori of type 2 AGN having on average
smaller opening angles and more clouds along the line of
sight than for type 1 (Ramos Almeida et al. 2011).

Our sample presents the same number of type 1 and
type 2 AGN and they follow similar luminosity and redshift
distributions (Fig. 1), thus we can compare both AGN types
in terms of the emission-line properties. We find the type
1 and type 2 AGN of our sample present similar H2/Brγ
line ratios, ionised and hot molecular gas masses and H2

excitation temperature distributions. They also present no
difference in terms of the ∆PA between the Brγ and H2 flux
distributions and between the orientation of the major axis
of the hosts and the emission-line flux distributions. These
results support the unification scenario.

We find a statistically significant difference between
type 1 and type 2 AGN only for the emission line equiv-
alent widths at the nucleus (Fig. 6). Seyfert 1 nuclei show
smaller equivalent widths than Seyfert 2 nuclei. The K-band
continuum of AGN can present a strong contribution of hot
dust emission from the inner border of the torus (e.g. Riffel
et al. 2009c; Dumont et al. 2020). This component is present
in about 90 per cent of Seyfert 1 nuclei, while only about 25
per cent of Seyfert 2 nuclei present this component (Riffel
et al. 2009b). Thus, the smaller values of equivalent widths
we observe in type 1 AGN may be due to stronger contri-
butions of hot dust emission to the underlying continuum
than those in type 2 AGN. Similar results are found for CO
absorption-band heads at ∼2.3µm, which can be diluted by
the hot dust emission (Riffel et al. 2009b; Burtscher et al.
2015; Müller-Sánchez et al. 2018b). We find a decrease in
the nuclear EqWBrγ in 88% (15 objects) of Type 1 AGN,
and in 47% (8 objects) of the type 2 AGN, as compared to
the extra-nuclear EqWBrγ values. The mean values of the
ratio between the mean value of the nuclear EqWBrγ (com-
puted using an aperture with radius equal to the angular
resolution of the data for each galaxy) and the mean extra-
nuclear EqWBrγ (computed using spaxels at distances larger
than the angular resolution) is 1.35±0.27 and 0.58±0.14 for
the type 2 and type 1 AGN in our sample, respectively.
Considering only the galaxies that show a nuclear decrease
in EqWBrγ , the mean ratios between the nuclear and extra-
nuclear EqWBrγ are 0.52±0.11 and 0.39±0.07 for type 2 and
type 1 AGN, respectively.

The difference in the equivalent widths in type 1 and
type 2 AGN can be reconciled with the AGN unification
model, as in type 1 AGN we observe directly the contribu-
tion of the inner and hotter region of the dusty torus, while
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Figure 8. Density plots for the H2 2–1 S(1)/1–0 S(1) vs. 1–0 S(2)/1–0 S(0) diagnostic diagram for spaxels with H2 2.1218µm/Brγ > 6.0

(top left), 2.0 <H2 2.1218µm/Brγ < 6.0 (top right), 0.4 <H2 2.1218µm/Brγ < 2.0 (bottom left) and H2 2.1218µm/Brγ < 0.4 (botom
right). Black circles in all diagrams correspond to the 25th percentile and 75th percentile of the observed line ratio. Black diamonds
represent the median values.

The black dashed curve corresponds to the ratios for an isothermal and uniform density gas distribution for temperatures ranging from
1000 (left) to 4000 K (right) – the open circles identify the ratios in steps of 1000 K. The orange polygon represents the region occupied
by the non-thermal UV excitation models of Black & van Dishoeck (1987) and the pink polygons cover the region of the photoionisation
models of Dors et al. (2012). The blue rectangle covers the locus of the thermal UV excitation models of Sternberg & Dalgarno (1989),

as computed by Mouri (1994) for gas densities (nt) of 105 and 106 cm−3 and UV scaling factors relative to the local interstellar
radiation field χ from 102 to 104. The filled blue squares are the UV thermal models from Davies et al. (2003) for 103 < nt < 106 cm−3

and 102 < χ < 105, while the open blue square is from Sternberg & Dalgarno (1989) for nt = 103 cm−3 and χ = 102. The brown stars
are from the thermal X-ray models of Draine & Woods (1990), the gray open diamond is from the shock model of Kwan et al. (1977)
and the gray filled diamonds represent the shock models from Smith (1995). The AGN photoionisation from Riffel et al. (2013a) span a
wide range in both axes (0 .H2 2–1 S(1)/1–0 S(1). 0.6 and 0.5 .1–0 S(2)/1–0 S(0). 2.5) and therefore is not shown in the figure. The

right panels show the H2 2.1218µm luminosity distributions for the spaxels used in the left panels, in logarithmic units of erg s−1.

in type 2 AGN this structure is not visible in most objects.
Smaller EqWBrγ values at the nucleus compared to extra-
nuclear regions could also be produced if the latter includes
a larger contribution of young stellar populations than the
former. Our results can be compared to those of Burtscher
et al. (2015), who investigated the dilution of the K-band
CO2.3µm absorption feature in a sample of nearby AGN
hosts. They computed the intrinsic CO equivalent width
(not affected by dilution) and found a wide range of val-
ues (from 6 to 14 Å), probably due to differences in the
ages of the stellar populations in their sample. Our EqWBrγ

maps (Figs. 2,3,A1 and A2) also show a wide range of val-
ues, which may be due to different stellar populations in the
host galaxies. However, Burtscher et al. (2015) found no dif-
ference in the intrinsic CO equivalent widths of diluted and
undiluted sources (see their Fig. 3), which provides a addi-
tional support that the nuclear decrease in EqWBrγ in our
sample is due to dilution of the line by the AGN continuum.

4.2 The origin of the H2 emission

The origin of the H2 near-IR emission lines in active galax-
ies has been investigated in several theoretical and observa-
tional studies (e.g Black & van Dishoeck 1987; Hollenbach
& McKee 1989; Draine & Woods 1990; Maloney et al. 1996;
Rodríguez-Ardila et al. 2004, 2005; Lamperti et al. 2017),
but it is still not clear which is the main excitation mecha-
nism – if there is a dominant – of the H2 molecule. In sum-
mary, three main processes can produce the H2 emission:
(i) fluorescent excitation by the absorption of soft-UV pho-
tons (912–1108 Å) in the Lyman and Werner bands (Black
& van Dishoeck 1987), (ii) excitation by shocks (Hollenbach
& McKee 1989) and (iii) excitation by X-ray illumination
(Maloney et al. 1996). The first process is usually referred
as non-thermal, while the latter two are commonly reported
as thermal processes, where the H2 emitting gas is in local
thermodynamic equilibrium (LTE). In some cases, thermal
and non-thermal processes are observed simultaneously with
the H2 1–0 transitions in LTE, while the higher energy ones
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(H2 2–1 and H2 3–2) being due to fluorescent excitation of
the dense gas (Davies et al. 2003, 2005).

In thermal processes, the rotational and vibrational
temperatures are similar, as the gas is in LTE, while for
fluorescent excitation the vibrational temperature is high
(Tvib ∼5000 K) and the rotational temperature is about
a tenth of Tvib, as the highest energy levels are overpop-
ulated due to non-local UV photons compared to the pre-
diction for a Maxwell-Boltzmann population (Sternberg &
Dalgarno 1989; Rodríguez-Ardila et al. 2004). As shown
in Table 4, for all galaxies, but NGC788, the median val-
ues of the rotational temperature are larger than 10 per-
cent of the vibrational temperatures. On average, we find
〈Trot/Tvib〉 = 0.48± 0.31. This value is consistent with mea-
surements based on single aperture spectra of AGN (e.g.
Rodríguez-Ardila et al. 2005; Riffel et al. 2013a).

The H2/Brγ line ratio is useful in the investigation of
the origin of the H2 emission. In star-forming regions and
starburst galaxies, this ratio is usually smaller than 0.4,
while AGN present 0.4 < H2/Brγ < 6.0 and larger values
are usually associated to shocks (Riffel et al. 2013a). We find
the median values of H2/Brγ in our sample are within the
range observed in AGN, but there is a trend of higher ra-
tios being observed at larger distances from the nucleus for
most galaxies, as seen in Tab. 3 and Figs. 2, 3, A1 and A2.
Since the H2 line intensity generally decreases with distance
from the nucleus, an explanation for the higher values of
the H2/Brγ away from the nucleus is that the Brγ decreases
faster with radius, i.e. it is enhanced very close around the
AGN (excited primarily by the AGN) while the H2 is excited
by processes that operate on more extended spatial scales
such as shocks.

In order to further investigate the H2 emission origin,
we construct the H2 2–1 S(1)/1–0 S(1) vs. 1–0 S(2)/1–0 S(0)
diagnostic diagrams shown in Figure 8. The density plots
show the observed line ratios for all spaxels where we were
able to detect all H2 emission lines. We separate the data
into four diagrams, according to the H2/Brγ presented in
the excitation maps (see Figs. 2, 3, A1, A2): H2 > 6.0 –
indicative of shocks (top left panel), 2.0 < H2/Brγ < 6.0 –
high excitation AGN (top right panel), 0.4 < H2/Brγ < 2.0
– low excitation AGN (bottom left panel) and H2/Brγ <
0.4 – typical value of starbursts (bottom right panel). The
number of points in each plot is shown in the top-left corner
of the corresponding panel.

The observed H2 2–1 S(1)/1–0 S(1) and 1–0 S(2)/1–
0 S(0) line ratio distributions for H2/Brγ > 0.4 lie close
to the region predicted by photoionisation (pink polygons)
and shock models (gray symbols) suggesting thermal pro-
cesses dominate the H2 excitation. This result is in good
agreement with previous works using single aperture mea-
surements of the H2 line fluxes (e.g. Rodríguez-Ardila et al.
2004, 2005; Riffel et al. 2013a). Here, we show not only the
nuclear emission originates from thermal processes but that
also the emission from locations furthest from the nucleus, as
the vast majority (96 per cent) of the spaxels in our sample
present H2/Brγ >0.4.

Although the peak of the distributions of H2 2–1 S(1)/1–
0 S(1) and 1–0 S(2)/1–0 S(0) is observed nearly at the same
location for both spaxels with 0.4 < H2/Brγ < 2.0, 2.0 <
H2/Brγ < 6.0 and H2/Brγ > 6.0, the distributions are dis-
tinct. For the 0.4 < H2/Brγ < 2.0 (low excitation AGN)

and 2.0 < H2/Brγ < 6.0 (high excitation AGN) the lu-
minosity distribution of the H22.1218µm is very similar and
both H2 2–1 S(1)/1–0 S(1) and 1–0 S(2)/1–0 S(0) spread over
a larger region in the diagnostic diagram. The peak in the
diagnostic diagrams lie close to both the photoionisation
model (pink polygons) and to the UV thermal models (filled
blue squares) indicating that heating due to the AGN may
be the cause of the gas excitation. Also, the fact that the
points on the diagram are not distributed along the isother-
mal line indicates that the gas is not in LTE. For the typical
AGN line ratio, 0.4 < H2/Brγ < 6.0, the H2 emission can
either be produced by shocks (gray symbols) or by the AGN
radiation field.

The H2/Brγ > 6.0 shows a more concentrated distribu-
tion in the diagnostic diagram and is particularly elongated
towards higher values of 1–0 S(2)/1–0 S(0). The H22.1218µm
distribution is concentrated towards higher values, indicat-
ing the higher ratios is due to the higher H2 luminosity.
This line ratio is more sensitive to shocks, as seen from the
wider range of values predicted by distinct shock models
for this ratio than for the 2–1 S(1)/1–0 S(1) (Kwan et al.
1977; Smith 1995). Thus, the H2 emission from locations
with H2/Brγ > 6.0 likely originates from heating of the
gas by shocks, as those produced by AGN winds (e.g. Riffel
2020a).

For H2/Brγ < 0.4, typical of star-forming regions, the
median values of 2–1 S(1)/1–0 S(1) and 1–0 S(2)/1–0 S(0) –
0.39 and 1.09, respectively – are close to the predicted val-
ues by the models of Black & van Dishoeck (1987) (orange
polygon) for fluorescent excitation. The peak of the observed
distribution of ratios is shifted to slightly lower values of 2–
1 S(1)/1–0 S(1) than predicted by the models, but a large
scatter is seen in both axes. This shift can be understood as
a contamination of thermal excitation plus the dissociation
of part of the H2 molecules by the AGN radiation field, as
seen in some objects (Storchi-Bergmann et al. 2009; Riffel
et al. 2010a; Gnilka et al. 2020).

4.3 Mass reservoir in the central region and AGN
feeding

The galaxies of our sample present masses of hot molecular
gas ranging from a few tens of solar masses to 104 M� and
of ionised gas in the range ∼ 103− 107 M� within the inner
125 pc radius (Tab. 4). We can compare these masses with
the mass accretion rate (ṁ) necessary to power the AGN,
which is given by:

ṁ =
Lbol

c2η
, (5)

where c is the light speed, η is the efficiency of conversion of
the rest mass energy of the accreted material into radiation
assumed to be 0.1 (Frank et al. 2002) and Lbol is the AGN
bolometric luminosity, which can be estimated from the hard
X-ray (14-195 keV) luminosities (LX) listed in Tab. 1, by
Ichikawa et al. (2017):

logLbol = 0.0378(logLX)2 − 2.03 logLX + 61.6. (6)

Figure 9 shows the feeding time (tf = Mgas/ṁ) distribu-
tions for the galaxies computed using the hot molecular and
ionised gas masses calculated in the previous sections within
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Figure 9. Distribution of the AGN feeding time with the avail-
able masses of hot molecular (green) and ionised (orange) hydro-
gen mass in the inner 125 pc radius.

the inner 125 pc. We find the mass of ionised gas alone can
feed the central AGN for 105–108 yr at the current accre-
tion rates. The mass of hot molecular gas is on average 3
orders of magnitude smaller than that of ionised gas. We
emphasize that the feeding times estimated above should be
treated as an upper limit, as they are based on the total line
fluxes and we do not separate the components associated to
non-circular motions (e.g. due to inflows and outflows).

The hot molecular and ionised gas masses represent only
the “tip of the iceberg” of the the total gas mass in the center
of galaxies. Dempsey & Zakamska (2018) find the mass of
the NLR, measured from emission-line fluxes of the ionised
gas, is underestimated because the gas behind the ionisation
front is invisible in ionised transitions. This gas may be in
the molecular phase, dominated by cold molecular gas, and
we now know that the mass of cold molecular gas correlates
with the H2 2.1218µm luminosity – and thus with the hot H2

mass (Dale et al. 2005; Müller Sánchez et al. 2006; Mazzalay
et al. 2013). These studies found that the amount of cold
molecular gas is 105–108 times that of hot H2. Thus, the
cold molecular gas could provide fuel necessary to power
the AGN for an activity cycle of 105 to 106 yr (e.g. Novak
et al. 2011) and still remain available to form new stars in
the nuclear region.

5 CONCLUSIONS

We have used Gemini NIFS K-band observations to map
the H2 and Brγ emission distribution within the inner
0.04–2 kpc of a sample of 36 active galaxies with 0.001 .
z . 0.056 and hard X-ray luminosities in the range 41 .
logLX/(erg s−1) . 45. The spatial resolutions at the galax-
ies range from 6 to 250 pc and the field of view covers from
the inner 75×75 pc2 to 3.6×3.6 kpc2. The main conclusions
of this work are:

• Extended H2 2.1218µm and Brγ emission is observed
in 34/36 galaxies of our sample. There is no statistically
significant difference between the orientation of the H2 and
Brγ flux distributions relative to the orientation of the major
axis of the host galaxy (∆PA). We find ∆PA larger than 30◦

in 15 galaxies (42%) for the Brγ and in 16 galaxies (44%)
for H2.
• The H2 emission is usually more spread over the field

of view, while the Brγ shows a more collimated flux distri-
bution in most cases and a steeper flux gradient, decreasing
with the distance from the nucleus. We find offsets larger
than 30◦ between the orientations of the H2 2.1218µm and
Brγ flux distributions in 45% of our sample. On average,
the radius that contains 50 per cent of the total H2 emission
is ∼60 per cent larger than that for Brγ.
• We derive the H2 rotational and vibrational tem-

peratures based on the observed H2 1-0 S(1) 2.1218µm/2-
1 S(1) 2.2477µm and 1-0 S(2) 2.0338µm/1-0S(0) 2.2235µm
line ratios. The median values are in the ranges 2100–4300 K
and 450–1900 K for the vibrational and rotational tempera-
tures, respectively, with the mean ratio between the two of
0.43±0.15, indicating dominant thermal excitation for the
gas.
• Type 1 and type 2 AGN show similar emission-line flux

distributions, ratios, H2 excitation temperatures and gas
masses, supporting the AGN unification scenario.
• Type 1 and 2 AGN differ only in their nuclear Brγ

equivalent widths, which are smaller in type 1 AGN due
to larger contributions of hot dust emission to the K-band
continuum in type 1 nuclei.
• The distribution of points in the H2 2–1 S(1)/1–0 S(1)

vs. 1–0 S(2)/1–0 S(0) diagram in regions with H2/Brγ > 0.4
(96% of all spaxels with flux measurements) are consis-
tent with predictions of photoionisation and shock models,
confirming that the main excitation mechanism of the H2

molecule are thermal processes, not only at the nucleus but
also in the extranuclear regions.
• The gas thermal excitation usually increases outwards

with H2/Brγ values increasing from < 2 in the nucleus to
values up to 6 outwards.
• In locations with H2/Brγ >6.0, the most likely H2 ex-

citation mechanism are shocks, as indicated by the H2 2–1
S(1)/1–0 S(1) and 1–0 S(2)/1–0 S(0) line ratios. This is ob-
served mostly in locations away from the nucleus, for ∼40
per cent of the galaxies.
• Most of the regions with H2/Brγ < 0.4 (4% of the spax-

els with flux measurements) are consistent with fluorescent
excitation of the H2, but dissociation of the H2 molecule
by the AGN radiation cannot be ruled out in galaxies with
small H2/Brγ nuclear values. This is observed in ∼25 per
cent of the sample.
• The mass of hot molecular and ionised gas in the inner

125 pc radius are in the ranges 101 − 104 M� and 104 − 106

M�, respectively. The masses computed for the whole NIFS
field of view are about one order of magnitude larger.
• The mass of ionised gas within the inner 125 pc radius

alone is more than enough to power the AGN in our sample
for a duty cycle of 106 yr at their current accretion rates.
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Figure A1. Maps for type 2 AGN. From left to right: K-band continuum obtained within a spectral window of 100Å centred at
2.14µm, H2 2.1218µm flux distribution, Brγ flux distribution, H2/Brγ ratio map, Brγ equivalent width map and excitation map. The
color bars show the continuum in units of erg s−1 cm−2 Å−1 spaxel−1, the emission-line fluxes in erg s−1 cm−2 spaxel−1 and the Brγ
equivalent width in Å. The excitation map identifies the regions with typical H2/Brγ values for star forming galaxies (SF: H2/Brγ < 0.4),
AGN with low excitation (AGNLE: 0.4 ≤ H2/Brγ < 2) and high excitation (AGNHE: 2 ≤ H2/Brγ < 6) and higher line ratios, usually
observed in shock dominated objects (Shock: H2/Brγ > 6). In each row, the name of the galaxy is identified in the continuum image,
the filled circle corresponds to the angular resolution of the data, the spatial scale is shown in the bottom-left corner of the continuum
image and the cross marks the position of the peak of the continuum emission. The dashed line indicates the orientation of the galaxy
major axis obtained from the Hyperleda database. The continuous line on the flux maps shows the orientation of the emission-line flux
distributions. The continuous line on the excitation map shows the orientation of the Brγ emission. The gray regions indicate locations
where the emission lines are not detected within 2σ above the continuum noise.

For all galaxies, north is up and east is to the left.
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Figure A1. continued.

Figure A2. Maps for type 1 AGN. Same as Fig. A1, but for type 1 AGN.
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Figure A2. continued.
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Figure A2. continued.

Figure A3. H2 rotational and vibrational temperatures for type 2 in our sample calculated according to Eqs. 3 and 4. The gray regions
indicate locations where at least one of the H2 emission lines is not detected within 2σ above the continuum noise. The colorbar shows
the temperatures in logarithmic scale in units of K.
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Figure A4. Same as A3, but for type 1 AGN.

Figure A5. H2 vibrational for objects where the H2 1–0 S(2) line is not detected.
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