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ABSTRACT

The ionisation cones of NGC 5728 have a deficit of molecular gas based on millimetre observations of CO (2-1) emission. Although photoionisation
from the active nucleus may lead to suppression of this transition, warm molecular gas can still be present. We report the detection of eight mid-
infrared rotational H2 lines throughout the central kiloparsec, including the ionisation cones, using integral field spectroscopic observations with
JWST/MIRI MRS. The H2 line ratios, characteristic of a power-law temperature distribution, indicate that the gas is warmest where it enters the
ionisation cone through disk rotation, suggestive of shock excitation. In the nucleus, where the data can be combined with an additional seven ro-
vibrational H2 transitions, we find that moderate velocity (30 km s−1) shocks in dense (105 cm−3) gas, irradiated by an external UV field (G0 = 103),
do provide a good match to the full set. The warm molecular gas in the ionisation cone that is traced by the H2 rotational lines has been heated
to temperatures >200 K. Outside of the ionisation cone the molecular gas kinematics are undisturbed. However, within the ionisation cone, the
kinematics are substantially perturbed, indicative of a radial flow, but one that is quantitatively different from the ionised lines. We argue that this
outflow is in the plane of the disk, implying a short 50 pc acceleration zone up to speeds of about 400 km s−1 followed by an extended deceleration
over ∼700 pc where it terminates. The deceleration is due to both the radially increasing galaxy mass, and mass-loading as ambient gas in the disk
is swept up.
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1. Introduction

It has been known for a number of decades that active galac-
tic nuclei (AGN) drive ionised outflows and that these should
play a central role in galaxy evolution (Veilleux et al. 2005;
Tombesi et al. 2010; Fabian 2012). The importance of molec-
ular outflows has been realised only more recently (Sturm et al.
2011; Veilleux et al. 2013; Cicone et al. 2014; Fiore et al. 2017;
Morganti 2017; Veilleux et al. 2020). There is an ongoing effort
to assess outflow rates and kinetic powers in order to under-
stand how efficiently these various outflows couple to the inter-
stellar medium and their impact in terms of the host galaxy
gas depletion timescale and star formation rate (Fiore et al.
2017; Rupke et al. 2017; Fluetsch et al. 2019; Lutz et al. 2020;
Fluetsch et al. 2021; Lamperti et al. 2022; Ramos Almeida et al.
2022). This is complicated by the inter-dependence of many of
the galaxy and AGN properties. These include black hole mass,
AGN luminosity, stellar mass, and star formation rate; by the role
of geometry, and of the timescales of the processes involved; and
by the observational impacts between, for example, type 1 and
type 2 AGN, or radiative and mechanical processes. One out-
come of the studies of global properties on scales of kilo-parsecs
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or more, has been the suggestion that many (perhaps most)
molecular outflows remove gas only from the central regions and
that this will be re-accreted onto the host galaxy, or equivalently
that AGN do not remove gas or quench star formation on a global
galaxy scale (Rosario et al. 2018; Shangguan et al. 2018, 2020;
Fluetsch et al. 2019; Ellison et al. 2021; Ramos Almeida et al.
2022; Lammers et al. 2023; Molina et al. 2023). This points to
a need to study these outflows on smaller scales.

Indeed, there has been an extensive parallel effort to attain
a more detailed view of the mechanisms at work in the circum-
nuclear regions, on scales of a few to a few hundred parsecs, to
understand how the molecular gas is accelerated. Such studies
are inevitably detailed, and so often focus on individual archety-
pal objects such as NGC 1068 (García-Burillo et al. 2014;
Gallimore et al. 2016; Impellizzeri et al. 2019; Imanishi et al.
2020) or outflows associated with a jet as in IC 5063
(Morganti et al. 2015; Oosterloo et al. 2017) and the teacup
quasar (Audibert et al. 2023). In a number of cases, the molec-
ular outflow appears to be radial in the plane of the inner disk
(Alonso-Herrero et al. 2018, 2019, 2023; Esposito 2024) or the
result of an interaction between the ionised outflow and the
molecular disk (Davies et al. 2014). It is in this context that
we study here the molecular gas influenced by the outflow in
NGC 5728, which is a strongly barred disk galaxy at a distance
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of 39 Mpc. This galaxy hosts an obscured AGN (optical type 2
and X-ray column log NH (cm−2) = 24.2) with a bolomet-
ric luminosity log LAGN (erg s−1) = 44.1 (Davies et al. 2015)
and, an Eddington ratio &0.1 for a black hole mass .8 ×
106 M� (Kuo et al. 2020). Based on the measurement of σ∗ =
168 km s−1 in both the 850 nm Ca triplet feature and 2.3 µm
CO (2-0) bandhead (Caglar et al. 2020), this puts the AGN well
below the MBH − σ∗ relation.

The disk of NGC 5728 is generally well detected in the CO (2-
1) 230.5 GHz line out to radii of 1.5–2 kpc (Shimizu et al. 2019;
Shin et al. 2019). It is remarkable, however, that CO emission
is not detected in the ionisation cone. Shimizu et al. (2019) sug-
gested that here the AGN photoionisation may lead to suppressed
CO (2-1) line emission. This phenomenon has been reported
for other objects such as NGC 2110 (Rosario et al. 2019) and
ESO 428-G014 (Feruglio et al. 2020), in both of which the molec-
ular gas is revealed by the presence of near-infrared H2 lines trac-
ing the hot component of molecular gas. At smaller scales, dif-
ferent causes for weak CO (3-2) or CO (2-1) emission may be at
play. In the central 100 pc of NGC 3227, HCN (1-0) was associ-
ated with faint CO (2-1) and explained in terms of high HCN abun-
dance due to X-ray irradiation of the gas by the AGN (Davies et al.
2012). For several objects, in the central few tens of parsecs where
there is only faint CO (3-2) emission, the presence of significant
molecular gas has been revealed by HCO+ (4-3) and explained
in terms of density stratification (García-Burillo et al. 2021). And
in Circinus the weak CO (3-2) in the nucleus has been explained
in terms of self-absorption, and the presence of molecular gas is
revealed via the higher CO (6-5) transition as well as other higher
density tracers (Tristram et al. 2022).

For the outflow in NGC 5728 on scales of 100–1000 pc, near-
infrared H2 lines have been detected in the outflow, suggest-
ing that molecular gas may be present (Durré & Mould 2018;
Shimizu et al. 2019). However, these ro-vibrational lines trace
gas at typically 1000–2000 K, which comprises a very small
fraction of the total mass. It is therefore expedient to look at the
pure rotational H2 lines present at mid-infrared wavelengths, that
are produced by warm molecular gas at temperatures of 100–
1000 K and which are expected to trace a larger fraction of the
total molecular mass. We present an analysis of such observa-
tions in this paper.

2. The circumnuclear region of NGC 5728

As a context to the study presented here, we summarise the
relevant points concerning what is known about the circum-
nuclear region of NGC 5728. Because it can be well resolved
spatially at 100 pc scales or less with 8-m class telescopes at
optical and near-infrared wavelengths, it has been studied exten-
sively (Son et al. 2009; Shimizu et al. 2019; Durré & Mould
2018, 2019; Shin et al. 2019). A focus of all these studies has
been the prominent star forming ring at a radius of about 800 pc
and the ionisation cone, which has also been detected in soft
X-rays extending to beyond 1 kpc (Trindade Falcao et al. 2023).
These primary features are seen in the top left panel of Fig. 1
and mean that the central kiloparsec of this galaxy is a complex
region both morphologically and kinematically.

The top right panel shows a B−H dust structure map, which
highlights several key features. Inside the star forming ring, the
bright and dark arcs on the western side trace the dusty cir-
cumnuclear disk. But the eastern side is very different, domi-
nated by a conical region that is pale, indicating that the dust has
been driven out (indeed, this is a typical signature of the inter-
action of an outflow with the surrounding disk, see for exam-

ple Davies et al. 2014). While there have been previous sugges-
tions that there may be a circumnuclear stellar bar, based on HST
imaging, Wilson et al. (1993) noted that the features could also
be scattered nuclear light, which would be more consistent with
the dust structure map and also the lack of evidence for a cor-
responding gaseous bar (Petitpas & Wilson 2002). We propose a
cause for the latter interpretation in Sect. 4.2, and argue below
that it is also more consistent with the kinematics.

The inflow driven by the large scale bar terminates at its
inner Lindblad resonance, at which radius the gas piles up and
inevitably forms stars. The kinematics of the disk inside this
region are driven by the rotating potential of the bar, which
can stimulate a circumnuclear spiral (Maciejewski 2004a,b).
As pointed out by Canzian (1993), and shown by Davies et al.
(2009) in the context of circumnuclear spirals, an m-arm density
perturbation appears as an (m − 1)-arm kinematic wave in the
projected line-of-sight velocity field. Thus, when one removes
the circular component of the velocity field (e.g. by subtracting a
disk model), the projection of the inflow/outflow associated with
a 2-arm spiral would appear as a 1-arm kinematic spiral. Indeed,
the structure in the residual velocity field for both the molecu-
lar gas and the stars does resemble a low amplitude 1-arm spiral
(Fig. 9 of Shimizu et al. 2019). We therefore conclude that the
kinematics of the disk on scales of about 0.1–1 kpc are consis-
tent with a circumnuclear spiral stimulated by the large scale bar.

There is another structure in the inner 200 pc that is reminis-
cent of a nuclear bar: a feature in the CO (2-1) map perpendicular
to the outflow direction (Figs. 3 and 12 in Shimizu et al. 2019).
However, as argued through the decomposition performed in that
work and shown through higher resolution data (García-Burillo
et al., in prep.), this is in fact a more highly inclined disk on small
scales that delineates the plane from which the outflow is emerg-
ing. Geometric modelling of the kinematics by Shimizu et al.
(2019) indicate that the approaching cone is oriented only 13◦
behind the near side of the disk, while the receeding cone is 13◦
in front of the far side of the disk. The modelled opening angle
of ±23◦ means that the cone intersects the disk substantially.
This is illustrated in Fig. 1 where we have modified the parame-
ters slightly to better match the spatial distributions, rather than
kinematics alone, so that the cone is oriented at a position angle
of −60◦ with an opening angle of ±30◦. The inner 200 pc scale
disk, because it is closer to edge-on, is likely to be a source of
the optical obscuration and X-ray absorbing column that make
NGC 5728 a Compton thick Seyfert 2.

The green line in Fig. 1 denotes the direction of the jet that
has been reported at both 6 cm and 20 cm, which shows a spectral
index typical of synchrotron rather than thermal emission, and
which is thought to be interacting with the disk (Schommer et al.
1988; Durré & Mould 2018). The 20 cm image from the NRAO
VLA Archive Survey, for which the beam is 2.0′′ × 1.2′′ at a PA
of −2◦, highlights that on scales of at least a few hundred parsecs
the jet is well aligned with the ionisation cone, and is 1-sided (a
reverse jet would have to be at least a factor 10 lower surface
brightness at this resolution).

We end this short summary of the circumnuclear region of
NGC 5728 with a look at the molecular gas concentration index,
or deficit, put forward by García-Burillo et al. (2021). They com-
pared the ratio of molecular mass surface densities within 50 pc
(Σ50 pc

H2
) to that at 200 pc (Σ200 pc

H2
), to the X-ray luminosities. The

index log Σ
50 pc
H2

/Σ
200 pc
H2

= 0.04 (García-Burillo et al. in prep.)
and luminosity of NGC 5728 put it clearly within the locus of
AGN which are in the process of removing molecular gas that
has built up in their central regions, and so have a flat rather
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Fig. 1. Circumnuclear region of NGC 5728. Top left: three colour montage of the ALMA CO (2-1) map (red), HST F160W H-band continuum
(green), and VLT/MUSE [OIII] line emission (blue). These show several key components: the ionisation cone, and the molecular gas that is
collimating it, and the direct illumination of the circumnuclear disk by the AGN. Top centre: B-H dust structure map (from F438W and F160W
HST images; there is no strong line contamination in these filters) showing the dusty circumnuclear disk to the west and a lighter region to the east
where the outflow has removed dust from our line of sight. Top right: velocity field of the disk model fitted to the ALMA CO (2-1) kinematics.
Bottom: cartoon showing two views to illustrate the complex geometry, highlighting that the ionisation cone strongly intersects the galaxy disk
(similar to scenario A in Ramos Almeida et al. 2022). All panels are adapted from, or based on the kinematic modelling of, Shimizu et al. (2019).
The cartoon has been slightly updated to better match the spatial distributions.

than cuspy radial surface density distribution. This is consistent
with its location in the comparison of Eddington ratio to molec-
ular gas column density in Alonso-Herrero et al. (2021). Match-
ing the CO-to-H2 conversion factor used in their analysis, and
with the lower limit on Eddington ratio noted above, one finds
NGC 5728 in the locus where dusty outflows are expected to be
launched. It is important to bear in mind that these comparisons
are independent of the detailed morphology, and in particular
that the concentration index is comparing gas content on very
small scales – within radii of 0.5′′ and 2′′ for NGC 5728. Thus,
the lack of CO (2-1) in the ionisation cones, which is the ratio-
nale for the analysis here, is part of the variance between galax-
ies that the index is designed to minimize; and what the index is
tracking is the removal of gas from the inner 200 pc scale edge-
on disk introduced above.

3. Sample and target selection

NGC 5728 is one of six galaxies observed in JWST Cycle 1
programme #1670. They form part of the larger sample of
AGN in the Galactic Activity, Torus, and Outflow Survey
(GATOS1) which are drawn from the 70 Month Swift-BAT
1 https://gatos.myportfolio.com

All-sky Hard X-ray Survey (Baumgartner et al. 2013). This
ensures a nearly complete selection of AGN with luminosi-
ties L14−150 keV > 1042 erg s−1 at distances of 10–40 Mpc. The
selection band also means that the sample is largely unbi-
ased to obscuration/absorption even up to column densities
of NH ∼ 1024 cm−2. Both the AGN luminosity and absorb-
ing column are available from the analysis of the X-ray data
(Ricci et al. 2017). The GATOS sample, and analysis of the first
sub-samples, are described in García-Burillo et al. (2021) and
Alonso-Herrero et al. (2021); and a first analysis of the JWST
data, focussing on silicate features and water ice at small scales,
is presented by García-Bernete et al. (2024). Additional papers
about this sample include Zhang et al. (in prep.) giving on
overview of the sample, Hermosa Muñoz et al. (in prep.) on
NGC 7172, Esparza Arredondo et al. (in prep.) on MCG-05-23-
016, Haidar et al. (in prep.) on ESO 137-G034, García-Bernete
et al. (in prep.) on the spatially resolved PAHs, and Lopez-
Rodriguez et al. (in prep.) on line contamination of continuum
images and the dust distribution.

The sub-sample from which NGC 5728 is selected were
also part of the Luminous Local AGN and Matched Analogues
(LLAMA) survey (Davies et al. 2015) which were drawn from
the same parent sample. Observations of these galaxies include
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integral field spectroscopy at optical and near-infrared wave-
lengths, the latter using adaptive optics to achieve higher spatial
resolution. In particular, they are included in an analysis of the
density of ionised outflows (Davies et al. 2020) and so ionised
outflow rates calculated in a consistent way are available for all
of them. This analysis was only performed for Seyfert types 1.8-
2, and so also limits the impact of differing orientations. The sub-
sample spans a limited range in distance, stellar mass, and AGN
luminosity; but a wide range in ionised outflow rate measured
on 150 pc scales. As part of the LLAMA survey, NGC 5728
was the focus of a combined analysis of CO (2-1) data from the
Atacama Large Millimeter/submillimeter Array (ALMA) wide
field optical integral field spectroscopy from the Very Large tele-
scope (VLT) MUSE and high spatial resolution integral field
spectroscopy from VLT/SINFONI (Shimizu et al. 2019). These
data are included in the analysis here to supplement the JWST
observations.

4. Observations, data processing, map extraction

Observations of NGC 5728 were performed on 13–
14 March 2023 using the Medium Resolution Spectrometer
(MRS; Wells et al. 2015; Argyriou et al. 2023) of the Mid-
infrared Instrument (MIRI; Rieke et al. 2015) on the JWST
(Gardner et al. 2023). This instrument offers integral field spec-
troscopy between 4.9 and 27.9 µm at a resolution of R ∼ 1500
to ∼3500, over a field of view from 3.2′′ × 3.9′′ at the shortest
wavelengths to 6.6′′ × 7.7′′ at the longest. The full wavelength
range comprises 12 segments divided across four channels. To
observe the complete range required three sets of observations.

The observations consisted of a 2× 2 dithered mosaic cover-
ing a minimum common field of about 6.6′′×7.9′′ oriented along
the direction of the ionised outflow, and covering part of the cir-
cumnuclear star-forming ring. There was a single integration of
263 s at each of the four dither positions and for each of the short,
medium, and long wavelength settings. The target observations
were accompanied by a pair of dithered background exposures,
offset by about 2′.

4.1. Data reduction

The MIRI MRS data were processed using the JWST Cal-
ibration pipeline (version 1.11.4) with the calibration con-
text 1130. We followed the standard MRS pipeline proce-
dure adding some extra steps to correct for bad pixels. We
estimated the background emission by calculating the median
background level at each wavelength channel in the dedicated
background data cubes. This median value for each spectral
channel was subtracted from the science data cubes. The data
reduction is described in detail in García-Bernete et al. (2022),
García-Bernete et al. (2024), and Pereira-Santaella et al. (2022).

In the pipeline data cubes, we found a relatively large offset
of 0.27′′ in right ascension and 0.06′′ in declination between the
mid-infrared continuum peak and the 1.3 mm continuum posi-
tion measured with a 0.5′′ beam using ALMA (Shimizu et al.
2019). Therefore, we corrected the astrometry of the 12 individ-
ual MIRI MRS datacubes using background galaxies detected
in the parallel imaging. After applying this correction, we found
that the relative centering precision was about 0.02′′ rms, which
could be verified by tracing the peak position of the AGN as a
function of wavelength across all the datacubes. The positions
at adjacent wavelengths in differing cubes were matched to the
same precision.

Fig. 2. Spectro-astrometry of NGC 5728. The relative position of the
continuum peaks are shown for right ascension (top) and declination
(bottom). The colours demarcate the spectral channels, showing that
the datacubes are well aligned spatially and that there is a wavelength
dependent shift of the position. For reference, the equivalent measure-
ment for MCG-05-16-023, dominated by a continuum point source and,
as is more typical of the sample, showing no spectro-astrometric shifts
is also shown as open diamonds (see Esparza-Arredondo et al. in prep.);
and the nuclear spectrum is overplotted.

4.2. Spectro-astrometric shifts

Interestingly, as shown in Fig. 2, there were significant system-
atic excursions of the peak position through the cubes, which is
in stark contrast to the equivalent measurement in other objects
observed with the same set-up such as MGC-05-23-016 which
is dominated by a point-like continuum source (Asmus et al.
2014; Esparza-Arredondo et al. in prep.) and the peak position of
which shows no measurable shift over the 5–28 µm wavelength
range. In NGC 5728 there is a shift of 0.1′′ close to the east-
west direction centered on the 10 µm silicate absorption feature,
and there are secondary shifts of 0.05′′ at <8 µm and around
18 µm. These indicate that the central peak has spatial struc-
ture on scales of 0.1′′, equivalent to ∼20 pc. The position shifts
may be indicative of significant obscuration on those scales as
similarly proposed by Díaz-Santos et al. (2011) for ultralumi-
nous infrared galaxies. The scale and direction indicate that it
is associated with a sub-structure inside the 200 pc edge-on disk
discussed in Sect. 2, perhaps related to the third component
identified by Shimizu et al. (2019). It points to another twist of
the disk on smaller scales. A similar situation, causing a mis-
alignment between the accretion disk and the outflow direc-
tion, has been demonstrated for Circinus (Stalevski et al. 2017,
2019, 2023). In the case of Circinus, it leads to an asymmet-
ric illumination of the dust at the edges of the ionisation cone.
Here, the direction of the obscuration gradient implies there is
a structure such as a disk with its projected major axis aligned
north-south, and tilted a little away from edge-on so that the
western side points slightly towards us and is less obscured,
while the eastern side is more obscured. This is illustrated as the
innermost black line in the cartoon of Fig. 1. Such a geometry
would provide a natural explanation for the bar-like brightening
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Fig. 3. Flux and kinematics maps of four neon lines. The flux (left), velocity (centre), and velocity dispersion (right) of the [Ne II] 12.8 µm,
[Ne III] 15.6 µm, [Ne V] 24.3 µm, and [Ne VI] 7.7 µm transitions are shown to provide a context about the circumnuclear region of NGC 5728
(north is up, east is left). As the ionisation potential increases from 22 eV to 126 eV (top to bottom), what the line emission traces changes from
star formation in the ring to the outflow. The direction of the major kinematic axis and the central dispersion change correspondingly. Interestingly,
the outflow kinematics reveal anomalous velocities and unusually high dispersion along the minor axis, which is especially noticeable in the
[Ne III] line.

in the continuum images: this is instead direct illumination by
the accretion disk of the circumnuclear disk at one edge of the
ionisation cone. Similar intrinsic anisotropic illumination of the
circumnuclear region due to a small scale warped disk was pro-
posed by Tadhunter et al. (2000) for Cygnus A. We leave it as
a proposed geometry because the detailed modelling needed to
explore the scenario more quantitatively, including how it creates
this astrometric signature, and how the sub-pc geometry from
the interpretation of the maser measurements as a magnetocen-
trifugal wind (Kuo et al. 2020) fits in, is beyond the scope of
this work.

4.3. Flux and kinematics maps

Flux and kinematics maps for each line were extracted using a
single Gaussian fit to the line profile and a linear continuum to
match the local continuum. A quadrature correction was applied
to the velocity dispersion to account for the instrumental spectral
resolution. In order to provide context about the circumnuclear
region, the resulting maps for four neon lines are shown in Fig. 3.
While these are not a central part of the analysis here, and so are
not discussed in detail, we describe the main features that they
reveal.
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Fig. 4. Flux and kinematics maps of molecular lines. The flux (far left), velocity (centre left), velocity dispersion (centre right), and residual
velocity after subtracting a disk model (far right) are shown for the H2 0-0 S(1), 0-0 S(3), and 0-0 S(5) and 1.3 mm CO (2-1) lines. The CO data
and disk model are from Shimizu et al. (2019). In all cases north is up, east is left. These data are the focus of the analysis in Sect. 5 and Sect. 6.
The most striking features are: (i) the morphology and kinematics of the CO and S(1) lines are remarkably similar indicating they trace the same
gas component, (ii) while CO is not detected in the ionisation cones, the rotational H2 lines are detected with a perturbed velocity field, and (iii)
the largest velocity residuals are well-aligned with the ionisation cone as traced by the [Ne V] emission (black contour) and the radio jet at 20 cm
(green contours).

The [Ne II] 12.8 µm line with an ionisation potential2 (IP) of
21.6 eV traces star formation in the circumnuclear ring, where
the kinematics are dominated by the disk rotation (Shimizu et al.
2019). In the central region, the twist in the zero velocity line
2 The term ‘ionisation potential’ can be ambiguous when applied to
emission lines. In some cases an emission line arises following recom-
bination from the next higher ionisation level. Here we are consider-
ing fine structure lines, which originate from collisional excitation with
electrons, and so the ionisation potential refers to the ion’s current state.

indicates that it also traces the outflow. This is much clearer
in the [Ne III] 15.6 µm line, which has a higher IP of 41.0 eV
and is therefore more influenced by AGN photoionisation. And
in both the [Ne V] 24.3 µm and [Ne VI] 7.7 µm lines, with IP
of 97.1 eV and 126.2 eV respectively, the emission only has
high enough surface brightness to be spatially resolved in the
direction of the outflow. In both these lines, the kinematics are
completely dominated by the outflow. For the [Ne V] line, the
high dispersion oriented perpendicular to the outflow direction
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Fig. 5. Apertures used for spectral extractions. These are superimposed on the S(5) flux map (left) and velocity field (right). Rather than being
circular, they trace specific features within the overlapping fields of view: (1) the star forming arc, (2) an H2 hotspot in the ionisation cone, (3) a
knot of H2 emission to the east, (4) the nucleus, and (5) a region to the south outside the ionisation cone.

is likely to be a beam smearing effect due to the broader PSF
(∼0.9′′ FWHM) and the rapid change from highly red shifted
to highly blue shifted velocities. This effect is not so promi-
nent in the [Ne VI] line where the PSF has a FWHM of ∼0.4′′.
A different feature that is very clear in the kinematics maps
of the [Ne III] line is the anomalous velocity and high dis-
persion extending from the nucleus along the minor axis out
to 2–3′′ where the surface brightness of the line emission is
much lower. Such features have been reported for other galaxies
(Venturi et al. 2021; Peralta de Arriba et al. 2023; Audibert et al.
2023), where the explanation is based on models of young jets
in disks (Mukherjee et al. 2018; Meenakshi et al. 2022). This is
understood to be lateral turbulence caused by a jet that is inclined
towards the host galaxy disk. As it is decelerated and deflected
by clouds in the disk, it drives a sub-relativistic wide-angled out-
flow normal to the disk plane. The shocks caused by this jet-
driven bubble increase the velocity dispersion of gas in direc-
tions away from the jet itself. It has been identified in a number
of other galaxies in our full sample as described in Zhang et al.
(in prep.).

Maps of the flux and kinematics extracted for several H2
lines are shown in Fig. 4. In addition to the velocity and velocity
dispersion, the figure shows the residual velocity after subtract-
ing the velocity field of the disk model fitted to the CO (2-1)
kinematics in Shimizu et al. (2019). These data are analysed in
detail in the following sections, and so here we note only the
most striking features. The first of these is that the morphology
and kinematics of the CO and S(1) lines are remarkably simi-
lar indicating they trace the same molecular gas component. The
second is that, while CO is not detected in the ionisation cones,
the rotational H2 lines are detected. This confirms that molec-
ular gas can survive in the outflow. The velocity field and its
residual show that the molecular gas in the disk is perturbed as
it passes through the outflow, an effect that is more prominent
in the higher excitation molecular lines. It is these features that
motivate the analysis of the H2 excitation and temperature distri-
bution in Sect. 5 and of the H2 kinematics in Sect. 6.

5. Molecular gas excitation and temperature
distribution

The MRS bandpass covers the rotational H2 transitions from 0-
0 S(8) at 5.05 µm to 0-0 S(1) at 17.04 µm (the 0-0 S(0) line is

outside the currently available wavelength range). These have
excitation temperatures down to 1015 K and are able to probe
molecular gas as cool as ∼100 K, making them an ideal comple-
ment to the transitions accessible to millimetre interferometers
that tend to probe the coldest component of the gas. In addi-
tion, observing eight transitions makes it possible to assess the
spatially resolved temperature distribution of the gas. In order
to mitigate the impact of the variation in spatial resolution over
the wide wavelength range, after resampling the individual cubes
to a common pixel grid of 0.13′′ (corresponding to the small-
est pixel scale of the full data set), we extracted line fluxes in
apertures with a minimum width of 0.8′′ and mostly >1′′. Tests
indicate that in this case PSF effects have no more than a 20%
impact on extracted fluxes from S(1) to S(8). This upper limit to
the systematic error matches the 20% statistical uncertainty that
we consider sufficient for distinguishing models of the H2 pop-
ulation distribution at a meaningful level. We note that it would
be incorrect to apply a PSF correction because of the extended
nature of the spatial distributions of the lines. The apertures,
which have areas in the range 1.7–5.0 sq. arcsec, are irregular
in shape because they trace specific features on the emission
line maps that characterise the different environments in the field
of view. As shown in Fig. 5, these correspond to (1) the star-
forming arc, (2) a hotspot in the ionisation cone to the north-
west of the nucleus (P5 in Durré & Mould 2018), (3) a knot of
emission to the east of the nucleus, (4) the nucleus itself (P1 in
Durré & Mould 2018), and (5) a region to the south that is out-
side the ionisation cone. The spectra extracted in three of the
apertures are shown in Fig. 6, and the H2 line fluxes for all five
apertures are reported in Table 1.

The analysis we perform in this Section encompasses several
aspects, and so we provide a brief summary here before going
into the details.

We first look at the populations of the J = 3–10 levels in
all the apertures. These show two distinct groupings, hinting at
minimum temperatures of 300-400 K for the J = 3–5 levels; but
clear evidence for warmer gas that dominates the higher-J tran-
sitions. We make simple models of these distributions assuming
local thermal equilibrium (LTE) in order to assess the tempera-
ture distribution in the different regions. The ortho-para ratio in
the LTE models provides a good match to the data, indicating
that such models are appropriate for the pure rotational levels
(although we find later that the vibrational levels show evidence
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Fig. 6. Mid-infrared spectra in NGC 5728. The spectra for three apertures, corresponding to the nucleus (blue; region 4 in Fig. 5), star forming arc
(red; region 1 in Fig. 5), and hotspot (green; region 2 in Fig. 5) are shown on a logarithmic flux scale. The spectra have been extracted from each
of the 12 separate datacubes and overplotted. They show that no re-scaling between the cubes is needed. The most prominent lines with reliable
identifications have been marked: 36 fine structure lines, 3 H I lines, and 8 H2 lines.

Table 1. H2 0-0 line fluxes measured in the five apertures shown in Fig. 5.

Line λ (µm) Flux (10−18 W m−2)
Star forming arc Hotspot Eastern knot Nucleus Southern region

(5.0 sq. ′′) (1.7 sq. ′′) (2.0 sq. ′′) (1.8 sq. ′′) (2.5 sq. ′′)

0-0 S(1) 17.035 7.70 ± 0.24 2.44 ± 0.05 4.99 ± 0.08 12.30 ± 0.23 2.35 ± 0.03
0-0 S(2) 12.279 3.41 ± 0.12 1.74 ± 0.03 2.20 ± 0.04 9.36 ± 0.17 0.84 ± 0.04
0-0 S(3) 9.6649 4.55 ± 0.19 4.00 ± 0.09 4.12 ± 0.10 15.60 ± 0.25 0.95 ± 0.05
0-0 S(4) 8.0251 1.48 ± 0.16 1.69 ± 0.05 1.11 ± 0.06 12.00 ± 0.17 0.30 ± 0.05
0-0 S(5) 6.9095 2.41 ± 0.16 3.78 ± 0.06 1.92 ± 0.08 26.20 ± 0.31 0.50 ± 0.07
0-0 S(6) 6.1086 0.76 ± 0.15 0.88 ± 0.07 0.32 ± 0.07 5.63 ± 0.10 <0.27
0-0 S(7) 5.5112 0.86 ± 0.37 1.78 ± 0.14 0.67 ± 0.13 21.70 ± 0.37 <0.51
0-0 S(8) 5.0530 <0.99 0.37 ± 0.11 <0.45 3.48 ± 0.15 <0.54

for an ortho-para ratio <3, indicating they are modified by non-
thermal excitation).

Based on these results, we create an excitation map by look-
ing at the ratio of the S(1) and S(5) lines, since the corresponding
J = 3 and J = 7 levels are dominated by cooler and warmer gas
respectively. This provides more insights into the spatial distri-
bution, in particular with respect to the boundaries of the ionisa-
tion cone near the circumnuclear disk.

The remaining analysis focuses on the nuclear aperture,
for which we include v = 1–0 and v = 2–1 ro-vibrational
transitions from the near-infrared data (Shimizu et al. 2019). In
addition, comparing the Brγ and Pfα lines at 2.17 and 7.46 µm
provides an estimate of the extinction towards the nuclear emis-
sion (see Donnan et al. 2024 for a quantitative assessment of
the merits of extinction tracers and models). This has modest
impact on the rotational lines except to correct S(3) for the sil-
icate absorption; but is important here because of the differen-
tial effect between the mid-infrared and near-infrared regimes.
The additional near-infrared H2 transitions show that the mod-
els we have used for the pure rotational lines at moderate tem-
peratures cannot be directly extended to higher temperatures.
Instead, we use a non-LTE model because of the greater criti-
cal densities for those lines, and include H because their critical
densities for collisions with H are less than for collisions with

H2 (see Le Bourlot et al. 1999). As such, the model is also able
to provide information about the local gas volume density. But
while this model is able to indicate gas conditions that can give
rise to the observed line emission, it does not provide a phys-
ical mechanism to achieve it. We therefore turn to a library of
shock models to assess whether this is a plausible and likely
mechanism.

5.1. Thermal equilibrium models

We have extracted fluxes of the S(1) to S(8) lines in the apertures
indicated in Fig. 5. The derived population levels N/g are shown
in Fig. 7 as a function of the energy of the level (as a tempera-
ture). These fall into two distinct groupings, neither of which can
be characterised by a single temperature. The populations for the
star forming arc, eastern knot, and southern region have similar
distributions, and indicate the gas is relatively warm, with tem-
peratures in the range 300–900 K. The nucleus and hotspot are
warmer still, in the range 400–1200 K.

Although the data can be characterised by two temperatures,
a more physical approach is to adopt a power-law temperature
distribution dN = T−βdT , where N is the gas column density
(Zakamska 2010; Pereira-Santaella et al. 2014; Togi & Smith
2016). Applying this method yields the fits in Fig. 8. In all cases
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Fig. 7. Population levels for several apertures. The level populations
derived from the extracted fluxes show that these fall into two groups.
The dashed lines for single temperatures of 300 K, 400 K, 900 K and
1200 K characterise the temperature range probed by the lines.

Fig. 8. Fits for a power-law temperature distribution. Fits to the star
forming arc in the circumnuclear ring and the hotspot in the ionisation
cone, show they can be well characterised by such a distribution.

the J = 5 level is below the fit, but that is because the corre-
sponding S(3) line at 9.66 µm is affected by the silicate absorp-
tion. The result here is that the star forming arc, eastern knot, and
southern region have power-law indices in the range β = 5.5–
6.0, while the nucleus and hotspot have significantly shallower
indices of β = 4.4–4.5 indicating a larger fraction of warmer gas.
Considering the contributions of gas at different temperatures to
each level, as illustrated in Fig. 7, these models indicate that the
S(1) line flux is dominated by gas at temperatures of 200 K or
slightly less while S(7) is dominated by gas at 1400–1600 K.
Since the lines we observe are insensitive to gas at temperatures
below ∼200 K, care needs to be taken if extrapolating the power-
law index to lower temperatures. Indeed, by simultaneously fit-
ting CO and H2 line distributions, Pereira-Santaella et al. (2014)

have shown that, at least in Seyfert LIRGs, a flatter index is
appropriate at T < 200 K.

The initial studies adopting a power-law index to charac-
terise the rotational H2 lines focused on ultra-luminous infrared
galaxies (ULIRGs). Zakamska (2010) found indices in the range
β = 2.5–5.0 could reproduce the variety of observed excita-
tion diagrams, while Pereira-Santaella et al. (2014) derived val-
ues consistent with only the top end of that range. The sample of
Togi & Smith (2016) was largely based on the Spitzer Infrared
nearby Galaxies Survey (Kennicutt et al. 2003) and so contained
a wider variety of objects (LINERs and Seyferts, as well as Hii
and dwarf galaxies) to which some radio galaxies and a quasar
were added. They found values for β in the range 4–6, with an
average of β = 4.8 ± 0.6 for the SINGS galaxies. More recently,
in the circumnuclear region of NGC 7469, Zhang & Ho (2023)
found values varying from 5 at a radius of 600 pc to 4 at the
nucleus. The range of β values we find in all five apertures are
consistent with these and may be associated with a shock ori-
gin for the heating mechanism. This was explicitly addressed by
Pereira-Santaella et al. (2014), who applied the same analysis to
models of line emission calculated for gas that cools radiatively
after it has been heated at a constant rate to a temperature that
is dependent on the adopted shock velocity. For gas densities
nH2 & 105 cm−3 they found β & 4. In contrast, they found that
PDR models yielded rather high values of β > 10. Nevertheless,
they argued that PDR emission may be needed to account for the
CO emission line ratios, and that a combination of the two pro-
cesses was likely. We will return to the topic of shock excitation,
and take a more detailed look at it, in Sect. 5.4.

5.2. Excitation distribution: jet or disk interaction?

Looking at the spatially resolved H2 excitation distribution can
help to assess whether it is heated by an interaction of the disk
with the jet or the ionisation cone. The integral field capability of
the MRS enables us to do so in a simple but robust way, deriving
the excitation from the ratio of a pair of H2 lines. Because the
S(3) line is close to 10 µm and hence affected, particularly in the
very centre, by silicate absorption (see Sect. 5.3), we have used
the ratio of the S(1) and S(5) lines. The analysis above shows that
this can be considered as a characteristic temperature, or equiv-
alently as indicative of the index for a power-law distribution at
each location. Adopting the former representation, the tempera-
ture map we derive is shown in Fig. 9.

It is difficult to make conclusive statements about whether
this is the result of an interaction between the jet and disk. In
favour of such an explanation is the brightening of the jet at a
distance of about 2.5′′ from the core (Fig. 4), which is close to
the hotspot at a radius of 1.8′′ (region 2 in Fig. 5), suggesting
a possible link between these phenomena. However, it is diffi-
cult to associate the jet with the remarkable coincidence between
the location of the warmest H2 and the edge of the ionisation
cone that is revealed by Fig. 9. Here, the high excitation [Fevii]
9.53 µm line (blue contours) traces the bulk of the ionisation
cone, while the low excitation [Feii] 5.34 µm line (white con-
tours) traces an X-shape corresponding to the partially ionised
zone at its edges. The excitation map very clearly follows the
edge of the ionisation cone, but only on one side: to the west
it matches the northern edge but is absent on the southern edge,
while to the east it matches the southern edge but is absent on the
northern edge. As discussed by Shimizu et al. (2019), the disk
of NGC 5728 rotates in a clockwise direction. And hence, on the
western side of the disk, gas enters the ionisation cone from the
north. Similarly, on the eastern side of the disk, gas rotates into
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Fig. 9. H2 excitation map. Map of molecular gas temperature derived
from the S(1)/S(5) line ratio (shown at the 0.20′′ pixel scale of the
S(1) line). This characteristic temperature also represents the distri-
bution of temperatures at each location. The comparison to the [Fe II]
and [Fe VII] lines (white and blue contours respectively) show that the
warmer H2 emission traces the edge rather than bulk of the ionisation
cone. Specifically, it traces the northern edge of the western cone and
the southern edge of the eastern cone.

Table 2. Additional line fluxes measured in the nuclear aperture.

Line λ (µm) Flux (10−18 W m−2)

Brγ 2.1661 1.82 ± 0.02
Pfα 7.4599 2.64 ± 0.17
1-0 S(0) 2.2235 1.42 ± 0.03
1-0 S(1) 2.1218 5.54 ± 0.09
1-0 S(2) 2.0338 2.01 ± 0.03
1-0 S(3) 1.9576 5.22 ± 0.08
2-1 S(1) 2.2477 0.69 ± 0.01
2-1 S(2) 2.1542 0.39 ± 0.02
2-1 S(3) 2.0735 0.73 ± 0.02

the ionisation cone from the south. The H2 temperature map is
tracing these specific boundaries. The spatial coincidence with
the [Feii] emission along these edges suggests that the molecu-
lar gas in the disk is heated as it enters the ionisation cone, as
the clouds in the disk collide with gas that is being accelerated
outwards by the AGN.

Both of the processes discussed above could be a source of
shocks, which would be consistent with the expectation from
Sect. 5.1. And while we can only use qualitative arguments, it
seems plausible that both are involved: the jet-disk interaction
creating the hotspot to the north-west of the AGN, and the rota-
tion of disk gas into the ionisation cone to explain the asymmet-
ric one-sided heating.

5.3. Non-LTE model of the nuclear region

We can extend the analysis of the nucleus itself by including
seven ro-vibrational v = 14-0 and v = 2–1 observed in the
K-band with SINFONI, given in Table 2. These were measured

Table 3. Parameters from LTE models of the H2 line ratios.

Aperture β log NH2 (cm−2) log M (M�)
index at T > 200 K

Star forming arc 5.5 20.4 5.8
Hotspot 4.5 20.3 5.3
Eastern knot 5.5 20.6 5.7
Nucleus 4.4 21.2 6.3
Southern region 6.0 20.2 5.3

from the reduced cubes analysed by Shimizu et al. (2019), who
only included the 1-0 S(1) line in their work. Estimating the
extinction to the line emitting region is important here because of
its differential effect between the near-infrared and mid-infrared
lines. We therefore include the Brγ line from SINFONI and the
Pfα line from the MRS spectrum. We have considered three pre-
scriptions for the extinction curve: Rosenthal et al. (2000) towards
the Orion Molecular Cloud, Chiar & Tielens (2006) for the local
ISM, and Fritz et al. (2011) towards the Galactic Center. The over-
all shapes of these curves across the 2–20 µm range are similar, the
major difference being their treatment at 8–12 µm where silicate
absorption is prominent, and which in our analysis only affects
the S(3) line. Trying these different curves yields consistent fits to
the extinction corrected data, well within the uncertainties from
the measurements themselves, and so for the discussion here we
simply adopt that of Fritz et al. (2011). From the ratio of the Brγ
and Pfα lines we find ABrγ = 0.78 mag. The impact is relatively
modest in the infrared, although it would imply the nucleus is not
visible at optical wavelengths. The main effect is in the silicate
absorption band, modifying the ratio of S(3)/S(1) by a factor 2.6,
and the differential reddening, which is a factor 1.4 between the
near- and mid-infrared from 1-0 S(1) to 0-0 S(1).

The full set of H2 transitions cannot be fit with an LTE model
that has a single power-law temperature distribution. We there-
fore drop the assumption of LTE. Doing so is physically moti-
vated because the ro-vibrational lines have much higher criti-
cal densities and hence are not necessarily thermalised. Indeed,
observations of AGN show evidence of non-thermal line ratios
in the v = 2–1 transitions (Davies et al. 2005). As such, the vol-
ume density of H2 becomes a parameter of the model. In addi-
tion, because the critical densities for these transitions are lower
by 2-3 orders of magnitude when considering H as the perturber
rather than H2 (Le Bourlot et al. 1999), the density of the neu-
tral component must also be included. The model we adopt here
is described in Pereira-Santaella et al. (2014) which makes use
of RADEX (van der Tak et al. 2007). The grids considered cover
kinetic temperatures Tkin = 10–2800 K, H2 density nH2 = 102–
109 cm−3, ratio nH/nH2 = 1–10−5. The ortho-to-para ratio adopted
varies between 0 for low temperatures and 3 for Tkin > 200 K (see
Burton et al. 1992). These models are then used with a power-law
temperature distribution as described above.

Fig. 10 shows that the full set of transitions can be fit with
a single power law temperature distribution. In this case we find
β = 3.6, slightly flatter than, but consistent with, the result for
the LTE fit to the rotational transitions. The densities yielded by
the fit, of nH2 = 104.5 cm−2 and nH = 103.4 cm−2, are needed
to match the relative populations between the vibrational lev-
els in the absence of any external influence. However, the figure
also shows that the v = 1–0 transitions are thermalised, while
there are indications for non-thermal processes in the v = 2–1
transitions: the J = 4 level is high with respect to J = 3 and
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Fig. 10. Non-LTE fit with a power-law temperature distribution. The
model was fitted to the nuclear H2 populations derived from the rota-
tional and vibrational lines, after correcting for extinction. In this case,
the volume density of both H2 and H are derived because of their influ-
ence on collisional de-excitation.

J = 5 as expected for an ortho-para-ratio <3. This model would
need an additional component – such as an external UV field – to
achieve that. Similar effects have been reported before for AGN,
where they were interpreted as due to a dense PDR (Davies et al.
2005). Here, the power-law index and densities are consistent
with the calculation performed by Pereira-Santaella et al. (2014)
for shocked gas. We therefore explore whether shocks, perhaps
illuminated by an external UV field, may be the origin of the line
emission.

5.4. Shock models of the nuclear region

In order to assess whether shock models are consistent with
the observed line emission, we use the library of models cal-
culated by Kristensen et al. (2023), which are based on models
of Flower et al. (1985) and Godard et al. (2019). These authors
note that the rotational H2 lines alone are unlikely to strongly
constrain the grid of models, and so we have limited this analysis
to the nuclear region (Fig. 5) where we can combine the v = 0–0,
v = 1–0 and v = 2–1 transitions. In addition, rather than focus
solely on the model with minimum χ2, we consider the proper-
ties of all of the models with lower χ2. Among the matches with
the lowest χ2 are two groups of models, an example of each of
which is shown in Fig. 11. Each of these groups points to a char-
acteristic density nH, shock speed Vs, magnetic field strength b
and radiation intensity G0, while the cosmic ionisation rate ζ and
PAH abundance are unconstrained.

One model group, denoted by green plus signs, represents
a higher velocity Vs = 60 km s−1 shock in a lower density
log nH (cm−3) = 2 medium (note that Vs represents the shock
speed internal to the clouds and is not necessarily indicative of
the bulk cloud speed). This remains a C-shock because the mag-
netic field scaling factor b = 3 is relatively high (the magnetic
field B in the models is transverse, given by b

√
nH, here cor-

responding to 30 µG). Only a weak interstellar radiation field
G0 = 0.1 is required because the density is too low to thermalize
the 2-1 levels. This model matches the ro-vibrational levels very

Fig. 11. Potential shock models. Two families of shock models from
Kristensen et al. (2023) are a reasonable match to the nuclear H2 popu-
lations (after correcting for extinction). Their main parameters (density
nH, velocity Vs, magnetic field scaling factor b, and radiation field G0)
are indicated.

well, and also the lower rotational levels. However, it fails for
the J = 9 and J = 10 levels, under-predicting these levels by a
factor 2–4. This indicates that the temperature distribution of the
gas is too steep; and if one were able to measure the populations
of higher rotational levels these would probably be even more
significantly under-estimated by the model. For this reason we
consider this model less likely.

The other model group, denoted by blue crosses, repre-
sents lower velocity Vs = 30 km s−1 shock in a higher den-
sity log nH (cm−3) = 5 medium. This higher density matches the
expectation from our previous analysis much better. While the
magnetic field scaling parameter b = 1 is lower, the higher den-
sity means the actual magnetic field is also higher at B = 300 µG.
Finally, this group of models has a very significant incident radi-
ation field G0 = 103, which is the cause of the non-thermal sig-
nature of the v = 2–1 levels. So close to the AGN, the origin of
the high radiation field is expected to be the AGN itself. For this
model, the typical difference to the data is a factor 1.3, with a
maximum of only 1.7, and so we consider it more representative
of the full data set. That the fit is not better is a combination of
the coarse spacing in the model grid and that within the aperture
of area of ∼0.1 kpc2 it is likely more than one excitation process
is at work.

While these models appear to support the contention that the
disk gas has been shock heated (e.g. by the jet or as it rotates into
the ionisation cone), we need to assess whether the H2 line lumi-
nosities are consistent with that of CO (2-1) or whether there is
additional cold molecular gas that is not shock heated. This can
be done by a comparison of their respective column densities.

5.5. Gas column density

The LTE fits discussed in Sect. 5.1 indicate column densities
(2H2 + H) in the range log NH (cm−2) = 20.5–21.5, where the
highest value is for the nuclear aperture. The column inferred
from the more detailed non-LTE analysis of the nucleus in
Sect. 5.3 is consistent with this at log NH = 21.4. However, a
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caveat for these estimates is that the models were truncated at
a lowest temperature of 200 K, meaning that any substantial gas
component at a significantly cooler temperature is not included.
This is important to bear in mind when comparing the column
densities to those implied by the shock models discussed in
Sect. 5.4. Our preferred model yields log NH = 21.3, although
the relative contribution of H and H2 to this total is rather differ-
ent. We assign this to the impact of the external UV field in the
shock model, which helps to adjust the relative vibrational levels
without needing to rely solely on collisional processes. Since the
shock model integrates the full gas column, this similarity means
that within the nuclear aperture the bulk of the gas in the model
must be at &200 K – a situation that should be expected since
the post-shock temperature is >200 K. We can confirm this by
considering the J < 3 populations in the shock model. These are
within 10% of an isothermal line with a temperature of about
370 K, indicating that, despite their lower excitation energies,
they do not trace cooler gas components than the J = 3 pop-
ulation.

Given the similarity of the H2 rotational populations between
the nucleus and the hotspot, we apply the same shock model
to the hotspot and compare the column densities. Based on the
fit for a power-law temperature distribution in LTE, we find
log NH = 20.6 (Table 3), consistent with the log NH = 20.6
obtained by scaling the shock model to the observed flux. Thus
the simple LTE analysis of this extra nuclear region is consistent
with the same shock model that matches the more detailed data
available for the nucleus.

We now turn to the CO (2-1) emission reported in
Shimizu et al. (2019). Those authors adopted a CO-to-H2 ratio
of αCO = 1.1 typical for the central regions of nearby galaxies.
However, in a detailed study of NGC 3351, Teng et al. (2022)
found that while this is what one might expect when integrating
over the whole central region, αCO shows substantial variations
from region to region. In particular, they found that in turbulent
flows, the average could be an order of magnitude lower. They
explained this in terms of the higher velocity dispersion leading
to lower optical depths and a larger fraction of the CO emission
being able to escape. Although CO (2-1) is not detected in the
outflow in a spatially resolved sense, integrating over the hotspot
aperture provides a marginal detection that would yield a column
density similar to that above if one adopts αCO ∼ 0.3. Low values
comparable to this have been reported by other authors, such as
Pereira-Santaella et al. (2024) who derived αCO ∼ 0.4−0.6 in the
molecular outflow of NGC 3256 using the CO v= 1–0 4.67 µm
band observed with NIRSpec, and Teng et al. (2022) who found
αCO < 0.1 in turbulent inflowing gas in NGC 3351 based on mul-
tiple CO, 13CO and C18O transitions. In our case, it would imply
that all the molecular gas in the outflow is heated by the shock,
and no cold component remains. As such, the CO (2-1) line is
weak but one might expect to detect higher transitions. How-
ever, in the nuclear aperture, using the same value of αCO yields
log NH = 22.3, which is an order of magnitude higher than indi-
cated by the analysis of the H2 rotational lines. This strongly
suggests there is an additional cold component in the nucleus.
This is apparent in the CO (2-1) map in Fig. 4 as a transverse
component, which was identified as Comp2 by Shimizu et al.
(2019). They described it as a warped inner rotating molecu-
lar disk that contributes to shaping the bicone and provides the
material fuelling the AGN, and is associated with the higher
extinction at the nucleus. More recent data with beam sizes of
0.2–0.4′′ in the CO (1-0), CO (2-1), and CO (3-2) transitions spa-
tially resolve this highly inclined disk, and indicate that the typ-
ical physical conditions correspond to nH ∼ 102−105 cm−3 and

Tkin ∼ 10−50 K (García-Burillo et al. in prep.). Thus, in contrast
to the hotspot region, in the nuclear aperture, the shock excited
H2 rotational lines do not trace the full gas column.

Our conclusion is that the available evidence points to a sce-
nario in which the molecular gas in the ionisation cone is excited
both by shocks and UV radiation from the AGN. Because the
bulk of the molecular gas in the outflow is shock heated, the
CO (2-1) line is no longer a good tracer. In the central arcsec,
while the H2 rotational lines still trace the shocked gas, the CO
line emission is strong because it is dominated by a separate
highly inclined disk.

6. Molecular gas kinematics: a terminated outflow

In this Section we return to Fig. 4, the key points of which were
briefly summarised in Sect. 4.3. We begin by comparing the flux
and kinematics maps of the rotational H2 lines to those of the
CO (2-1) line, and then compare the molecular outflow to the
ionised outflow. We show that the outflow terminates because it
decelerates completely, and we assess what mechanisms may be
responsible for that.

6.1. Planar molecular flow

Nearly all the features and detailed structure visible in the S(1)
map (top left panel of Fig. 4) are matched in the CO (2-1) map
(bottom left panel). The only differences are the detection of
molecular gas in the ionisation cones where the CO surface
brightness is below the detection limit and, perhaps related to
this, enhanced S(1) emission in a location we have identified as
the ‘eastern knot’ (region 3 in Fig. 5). Together with the similar-
ities of their velocity maps, as well as of the detailed structure in
their dispersion maps, this indicates that the S(1) and CO lines
are largely tracing the same component of molecular gas.

The higher rotational lines are qualitatively different, as
one might expect from the excitation analysis in Sect. 5. Most
notably, the flux distributions of the S(3) and S(5) lines shown
are more prominent in the direction of the ionisation cone and
outflow, with the additional hotspot feature (region 2 in Fig. 5)
becoming apparent to the north-west.

The velocity fields of all the H2 lines are similar to that of the
CO line, showing apparent rotation but with a twist in the zero-
velocity contour. A simple disk model, tracing the rotational
velocity component, was fitted to the CO map on large scales
by Shimizu et al. (2019). The right-hand column of Fig. 4 shows
the velocity fields after subtracting this disk model, and clearly
reveals a residual in the direction of the ionisation cone indica-
tive of outflowing gas. We explore this phenomenon in Fig. 12.
Each panel contains a position-velocity (PV) plot extracted along
the direction of the outflow. Overplotted as a dashed red line is
the line-of-sight velocity of the rotation in the disk model. At the
edges of the extracted region, at ±4′′ corresponding to the radius
of the star forming circumnuclear ring, the observed velocities
match the model. But at smaller radii there is a clear discrep-
ancy in the H2 and CO lines, with a projected velocity of up to
∼200 km s−1, tracing the molecular outflow. This can be matched
very well if one adds a planar radial component vrad to the disk
model (noting that this is the bulk velocity of the clouds, and is
different to the shock velocity within the clouds discussed previ-
ously). The solid red line in the panels shows the resulting line-
of-sight velocity for

vrad =
vmax r/r0 if r < r0
vmax (rout − r)/(rout − r0) if r0 < r < rout

(1)
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Fig. 12. Position-velocity diagrams along the outflow. A pseudo-slit width of 1′′at a position angle of −60 deg East of North was used to extract
PV diagrams for the H2 0-0 S(1), S(3), S(5), CO (2-1), [Ne II], and [Ne VI] emission lines. In each case the continuum has been subtracted
(although a residual from wiggles in the continuum can be seen in the panel for the S(1) line). Overplotted are the best fit rotating disk model from
(Shimizu et al. 2019, dashed red line) and the best fit rotating disk with a planar radial outflow described in Sect. 6.1 for the S(5) line (solid red
line). At large radii, all lines trace only the pure rotation while the inner regions need an outflow component. The molecular gas kinematics can be
modelled well with a planar radial outflow while the ionised gas clearly has a separate high velocity, compact outflow being lifted off the disk. As
comparison numbers for the CO line, outside the central 1–2′′ the circular velocity is around 300 km s−1 while the dispersion is typically 15 km s−1.

where the radial velocity vrad reaches its maximum vmax =
400 km s−1 at r0 = 50 pc, before decreasing back to vrad = 0 at
rout = 750 pc. The differing central slopes are due to the differ-
ent beam smearing impacts of the PSF over the wide wavelength
range of the lines shown. That this simple prescription matches
the observed PV plots reasonably well suggests that there is a
finite extended acceleration zone out to about 50 pc, and beyond
that the gas gradually decelerates over a distance of ∼700 pc.
Because, the outflow is oriented so close to the disk plane (see
Sect. 2), and because the velocity trajectory re-joins that of the
disk rotation, we conclude that the molecular outflow is in the
plane of the disk.

This outflow is both modest in velocity and limited in spa-
tial extent, terminating within 1 kpc. It is very different from
the ionised outflow that has been discussed extensively in the
literature. The steep trajectory on the PV diagram can be seen
clearly for the [Ne VI] line, reaching a projected velocity of
>700 km s−1 (compared with 200 km s−1 for the molecular gas)
within 1′′. And the line emission fades without indicating any
tendency to revert back to the disk rotation velocity, suggesting
that the ionised gas is escaping the local (few hundred parsec
scale) environment. It is instead more similar in both velocity
and extent to the molecular outflows reported in other galax-
ies. Davies et al. (2014) reported molecular outflow velocities in
the range 130–190 km s−1 for several galaxies, but these were
based on ro-vibrational H2 lines tracing the hottest component
of the molecular gas. Ramos Almeida et al. (2022) analysed the

CO (2-1) line in seven nearby QSOs, find co-planar outflows
with slightly higher velocities in the range 200–350 km s−1

extending out to 400–1300 pc. Detailed modelling of CO (3-
2) and CO (2-1) in several other galaxies continues the emerg-
ing trend of planar molecular outflows at velocities up to
∼200 km s−1 on scales of several hundred parsecs. Specifically,
for NGC 3227, Alonso-Herrero et al. (2019) report evidence for
a planar outflow at 180 km s−1 out to 70 pc; for NGC 7171,
Alonso-Herrero et al. (2023) find radial outflow velocities as
high as 80–100 km s−1, decreasing out towards 900 pc; and for
NGC 5506, Esposito (2024) find more modest radial velocity of
50 km s−1 at 50 pc, decreasing to 25 km s−1 and extending out to
600 pc. The spatial extents of these outflows and that reported
here are comparable, as is the indication that the outflow veloc-
ity decreases towards larger radii. That the peak value we find
of 400 km s−1 is higher than for some of these other galaxies
may be due to two reasons. The simple two component model
we use leads to a high peak at small radii that is reduced by
beam smearing (and projection effects) in the data, and a more
physical model may have a flatter profile. In addition, we have
modelled the outflow specifically in one direction, while in some
cases an azimuthally symmetric outflow has been adopted. It is
currently not clear whether this difference reflects a true dispar-
ity in the driving mechanism of the outflow or will be recon-
ciled with additional high resolution data, but it seems likely
that it should have an impact on the inferred velocities and
outflow rates.
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6.2. Gas acceleration and deceleration

In this section we look at what might cause the deceleration of
the molecular gas. We focus on two inevitable mechanisms, the
increasing gravitational potential and mass-loading due to swept
up ambient gas; and consider what happens to a parcel of gas
that is accelerated radially and then decelerated while it remains
in the outflow region. The deceleration mechanisms are inter-
dependent and so cannot be considered separately.

We can infer the impact of the gravitational potential by
deriving the mass profile of the galaxy from the rotation curve
of the disk model fitted to the CO velocity field (Shimizu et al.
2019). Throughout most of the disk, gas is supported by rota-
tion. But in the outflow, if the gas moves outward, this is no
longer the case, and we can calculate the corresponding decel-
eration term. At the same time the gas parcel will sweep up
ambient gas, which will also cause a deceleration if we assume
the collisions are inelastic and that momentum is conserved.
However, the ambient gas has a tangential velocity matching
the disk rotation at each radius. And, again due to momen-
tum conservation, this will tend to increase the tangential veloc-
ity of the gas parcel, hence providing greater support against
the increased gravitational potential. It is these interactions
that may cause at least some of the shock heating discussed
in Sect. 5.

In addition to mechanisms that decelerate the gas parcel,
there must be an acceleration term causing it to move outwards at
all. We adopt a simple prescription that the acceleration is con-
stant out to 25 pc, and then decreases inversely proportionally
to the radius. This is not based on any physical principle, but
is intended only as a conceptual representation that can match
the observed velocity profile. As noted in Sect. 2, the source of
the gas that is being accelerated is within the inner 200 pc scale
disk. This means that the outflow is constantly replenished as
gas from that inner structure is re-injected back onto circumnu-
clear scales. This process can continue until the gas reservoir is
exhausted and the AGN turns off.

A combination of all three terms is given by the solid blue
line in Fig. 13. These can provide the rapid acceleration to about
400 km s−1 followed by a roughly linear decline over the subse-
quent 600 pc. In this toy model, the gas parcel begins with zero
radial and tangential velocity. It is initially accelerated directly
outwards, but after about 2 Myr the interaction with the rotat-
ing ambient gas means its mass has increased by a factor ∼2,
transferring angular momentum so that it is increasingly moving
tangentially. This timescale is similar to what one would expect
for the crossing time of the ionisation cone, given the rotation
velocity at this radius of ∼300 km s−1 and the ∼600 pc width of
the region. After this time, the gas parcel moves mostly in the
tangential direction. The toy model does not explore what hap-
pens once the gas leaves the ionisation cone, but indicates that
further mass-loading can increase its tangential velocity until it
becomes much more similar to the rotation velocity of the ambi-
ent disk.

It is not possible to propose a unique solution here, since
gas is accelerated over a range of angles and even the highly
simplified picture above still has many parameters, without
enough constraints. Instead, our aim is to argue that the observed
radial velocity profile can be reproduced by a combination of
continuous acceleration in a way that decreases with radius
beyond a break point, and which is counteracted by decelera-
tion due to both the increasing gravitational potential and mass-
loading by swept up ambient gas; and that all of these effects
are required.

Example trajectory 
of outflowing cloud

Face-on view

Fig. 13. Toy model of the outflow deceleration. Top panel: radial veloc-
ity of the H2 as a function of distance from the centre along the
ionisation cone. The dashed grey line represents the simple descrip-
tion given in Eq. (1) and Fig. 12. The solid blue line is a toy model
described in Sect. 6.2, illustrating that this trajectory can be qualita-
tively assigned to a combination of the increasing gravitational poten-
tial and mass-loading. Bottom panel: characteristic spatial trajectory of
a cloud described by the toy model, where the black circles indicate
0.5 Myr intervals. Initially the motion is radially outwards, but as the
cloud decelerates the momentum imparted by mass-loading diverts it to
tangential motion.

7. Conclusions

As part of a larger study of nearby AGN, we present an analysis
of the spatially resolved excitation and kinematics of the rota-
tional H2 lines in the central kiloparsec of the Seyfert 2 galaxy
NGC 5728, observed with JWST/MIRI MRS at 5–28 µm. Our
main findings are that:

– H2 is directly detected throughout the ionisation cone, where
previous observations had not detected the millimetre CO (2-
1) line. The gas in the ionisation cone is warmer than in the
surrounding regions, or equivalently has a flatter power law
index tracing its temperature distribution.

– Shocks appear to be heating the molecular gas as indicated
by the good match between shock models and the H2 level
populations, including 0-0, 1-0 and 2-1 vibrational levels.
The shock models include UV excitation, which is expected
from the AGN. The spatially resolved excitation map sup-
ports this, showing that the warmest gas is concentrated (i)
along the edges of the ionisation cone into which ambient
disk gas is rotating, and (ii) in a region close to where the jet
brightens, suggestive of a jet-disk interaction.
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– The molecular gas shows a clear signature of radial flow,
which is very different from the outflow traced by the ionised
emission lines. It is accelerated over a short distance but then
decelerates, suggesting the molecular gas remains in the disk
plane. The deceleration mechanisms of this outflow include
the effects of the gravitational potential and mass-loading as
ambient gas is swept up.

– A spectro-astrometric signature is measured, indicative of a
spatially resolved absorbing structure on scales of ∼20 pc.
This is slightly misaligned with respect to the 200 pc scale
edge-on disk that delineates the direction of the outflow, and
may be the reason for asymmetric illumination of the cir-
cumnuclear disk at one edge of the ionisation cone.
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