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ABSTRACT

We present hydrodynamic simulations of the interstellar medium (ISM) within the circumnuclear disc (CND) of a typical active
galactic nucleus (AGN)-dominated galaxy influenced by mechanical feedback from an AGN. The simulations are coupled with
the CHIMES non-equilibrium chemistry network to treat the radiative-cooling and AGN-heating. A focus is placed on the central
100 pc scale where AGN outflows are coupled to the ISM and constrained by observational Seyfert-2 galaxies. AGN-feedback
models are implemented with different wind-velocity and mass-loading factors. We post-process the simulation snapshots with
a radiative-transfer code to obtain the molecular emission lines. We find that the inclusion of an AGN promotes the formation of
CO in clumpy and dense regions surrounding supermassive black holes (SMBHs). The CO(1-0) intensity maps (<6 Myr) in the
CND seem to match well with observations of NGC 1068 with a best match for a model with 5000 kms~! wind-velocity and
a high mass-loading factor. We attempt to discern between competing explanations for the apparent counter-rotating gas disc
in the NGC 1068 through an analysis of kinematic maps of the CO line emission. We suggest that mechanical AGN-feedback
could explain the alignment-stability of position-angle across the different CND radii around the SMBH through momentum
and energy loading of the wind. It is the wind-velocity that drives the disc out of alignment on a 100 pc scale for a long period of
time. The position—velocity diagrams are in broad agreement with the predicted Keplerian rotation-curve in the model without
AGN, but the AGN models exhibit a larger degree of scatter, in better agreement with NGC 1068 observations.

Key words: ISM: kinematics and dynamics —ISM: molecules — galaxies: active — galaxies: evolution — galaxies: kinematics and
dynamics — galaxies: Seyfert.

2022), submillimetre molecular tracers have now become the most

1 INTRODUCTION important probes of AGNs. However, in the last decade molecular

Supermassive black holes (SMBHs) at the centre of massive galaxies
provide a mechanism for explaining the existence of active galactic
nuclei (AGNs), which inhibit the formation of excessive stars and
therefore the growth of galaxies (Silk & Rees 1998). Radiative
and mechanical feedback from AGNs has been suggested as a
mechanism for galaxy evolution and self-regulation in a variety
of theoretical models and numerical simulations (e.g Di Matteo,
Springel & Hernquist 2005; Croton et al. 2006; Di Matteo et al.
2008; Booth & Schaye 2009; Dubois et al. 2013; Bower et al. 2017;
Raouf et al. 2017, 2019; Davé et al. 2019). Hence, understanding the
origin and sustainment of AGNs in galaxies requires an investigation
of the dynamics of the interstellar gas surrounding SMBHs.

Since most of the gas in the centre of galaxies is in molecular
form (often extended well beyond 1 Kpc, e.g. Frias Castillo et al.
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observations of the gas surrounding AGNs have revealed a complex
picture whereby mechanical and radiative feedback observational
signatures are complicated by the likely presence of starbursts (e.g.
Martin & HIGGS Team 2011; Aalto et al. 2012; Aladro et al. 2013;
Watanabe et al. 2014). Nevertheless, it has been shown that — for
the nearest sources — multiline multispecies observations allow us to
study in detail the different gas components surrounding the AGNs
(e.g. Meier & Turner 2005; Garcia-Burillo et al. 2010). Galaxies
characterized by both an AGN and strong circumnuclear star for-
mation are of particular interest, because they present a complex
combination of energetic processes (i.e. gas accretion, external infall
etc.), as well as (and also giving rise to) a complex geometry and
kinematics (Raouf et al. 2018, 2021; Knapen, Comerén & Seidel
2019; Winkel et al. 2022).

The best-studied example is NGC 1068, a nearby Seyfert type 2
AGN galaxy, with a massive black hole of 8 x 10° Mg, (Lodato &
Bertin 2003) and a circumnuclear disc (CND) of about 200 pc in
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size. The many high spatial resolution molecular observations (e.g.
Garcia-Burillo et al. 2014, 2016; Viti et al. 2014; Imanishi et al.
2018, 2020; Scourfield et al. 2020) of NGC 1068 reveal a complex
structure and dynamics with: (i) a massive thick gas disc seen edge-
on, obscuring the central engine, with a radius of ~10 pc (Garcia-
Burillo et al. 2016; Imanishi, Nakanishi & Izumi 2016; Imanishi
et al. 2018); (ii) a counter-rotating inner disc (torus) at radii smaller
than ~1.2 pc (Impellizzeri et al. 2019); (iii) a molecular outflow in
the inner region of the disc (<3 pc) (Gallimore et al. 2016; Garcia-
Burillo et al. 2019; Impellizzeri et al. 2019). The torus is connected to
the CND via a network of gas lanes whose kinematics are consistent
with a 3D outflow geometry (Garcia-Burillo et al. 2019); and (iv) a
starburst ring (SB ring, r ~ 1.3 kpc).

The overall dynamics of the CND in NGC 1068 will be the result
of the sum of several processes at play: accretion of gas within the
disc, external infall, AGN feedback, and interaction of the CND
gas with the surrounding starburst. A possible footprint of AGN
feedback may be found in the dramatic changes in the molecular
line ratios across the CND, which are tightly associated with UV
and X-ray illumination of the region by the AGN. Garcia-Burillo
et al. (2014) found that the CO gas was being driven by an AGN,
with an outflow rate of 63735 Mgyr~' from the CND, giving a time-
scale for gas depletion of <1 Myr. In fact, Garcia-Burillo et al.
(2019) showed that there is a deficiency of molecular gas in the
central ~100 pc of the CND. This region is pervaded by strong
emission from a wide-angle bicone of ionized gas (Das et al. 2006;
Miiller-Sanchez et al. 2011; Barbosa et al. 2014). By analysing the
distortions of the molecular gas velocity field using ALMA with a
spatial resolution of 35 pc Garcia-Burillo et al. (2014) concluded
that the ionized outflow is responsible for initiating a molecular
outflow across a region extending from 50 out to 500 pc. However,
efficient gas inflow from the SB ring may refresh the reservoir over a
much longer period of time. Depending on the physical processes and
factors at play, some observations suggest that the ionized gas outflow
in NGC 1068 is slowing down and showing up in the molecular gas
phase. For instance, Shin et al. (2021) showed that although NGC
1068 is known to have gas outflows originating from its AGN, more
complex kinematical signatures have recently been detected that are
in conflict with rotating outflows or simple biconical outflows.

Vollmer et al. (2022) applied the analytical model of a turbulent
clumpy gas disc of Vollmer & Davies (2013) to produce an NGC 1068
dynamical model that could reproduce the high spatial resolution
ALMA CO, HCO™, and HCN observations of the nucleus of NGC
1068. They find that the simplest configuration that can explain
the kinematics of NGC 1068 is that of infalling gas clouds into a
pre-existing gas ring and that the best-fitting cloud-ring collision
is prograde for the CND and retrograde for the NGC 1068. The
collision of the cloud that falls inwards increases the radial inflow
of gas, which converts potential energy into turbulence as it moves
closer to the centre. They also find that turbulent mechanical heating
is the dominant mechanism within the thick gas disc. This might be
reflected in the distinct values of momentum and energy carried by
the AGN wind. However, their model lacked of a proper 3D treatment
of the radiative transfer for the molecular line emission.

Taking a Seyfert-2 type galaxy (e.g NGC 1068) as our template,
in this study we present a model of a gas disc around a black hole
using hydrodynamical simulations that incorporate direct radiative
cooling, non-equilibrium chemistry, and mechanical feedback by the
central SMBH and we directly compare this model to one without
AGN feedback. A post-processing radiative transfer code is also used
to compare different CO emission lines moments (0, 1, 2) maps.
The aim of this paper is to study in detail how the central SMBH
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impacts the molecular gas dynamics, and whether AGN feedback has
any implications for the kinematic properties of a disc through the
analysis of the position angles (PAs) of discs surrounding SMBHs
with different mechanical feedback energy and momentum loading
factors over time.

The structure of the paper is as follows: the simulation and methods
are described in Section 2. In Section 3, we present our results and
analysis. Finally, we provide a summary and discussion in Section 4.

2 THE SIMULATIONS

In this study, the simulations were run using GIzMO (Hopkins 2015),
a hydrodynamics and gravity code that implements several different
hydrodynamics solvers. For our simulations, we use the Pressure—
Entropy formulation of the Smoothed Particle Hydrodynamics
method (P-SPH). A significant benefit of P-SPH is that it improves
gradient calculations and artificial viscosity to capture interfaces and
instabilities, as well as the better treatment of contact discontinuities
(Hopkins 2015).

An initial condition is a gas-rich nuclear disc containing a black
hole in its centre created using the code ‘MakeNewdisk’ (Springel,
Di Matteo & Hernquist 2005). We incorporated the gravitational
potential from an exponential nuclear disc of gas (scale length
h =100 pc and mass of Mp ~ 108 M) with vertical hydrostatic
gas equilibrium and the central SMBH, using a single collisionless
particle with a mass of Mgy = 10’M,, (Lodato & Bertin 2003).
In this simulation, we do not include any stellar components or
DM haloes. Our SMBH mass is derived using specific observational
measurements using as a template the galaxy NGC 1068, rather than
the Mpy—o (Héring & Rix 2004; McConnell & Ma 2013) relation.
In our simulations we do not constrain the BH particle to be fixed
at the centre of the potential, as the mass of the black hole exceeds
that of the other baryonic particles by many orders of magnitude, so
it naturally remains near the centre.

The initial gas disc contains 10° particles, where each particle
initially has a mass of ~ 100 Mg. Self-gravity of the gas is also
included. We use adaptive gravitational softening lengths for gas
particles with minimum smoothing length of 0.1 pc and a constant
gravitational softening length of 1 pc for all star and BH particles.

We have calculated that the average free-fall time (#y) for our
disc is 0.25 Myr, which means that a simulation time of 10 Myr
(equivalent to 40 tg) is appropriate. Additionally, observations
have shown that the gas depletion time-scale is less than 1 Myr
(Garcia-Burillo et al. 2014), making a simulation time of 10 Myr
ideal. To ensure stability, we have conducted idealized tests using
only hydrodynamics and gravity, which have confirmed that the
set-up is stable for the duration of the simulation. Our simulations
model a disc with a scale length of 100 pc and are contained within
a box measuring (1 kpc)®. We have set the initial temperature and
metallicity of the disc to 10* K and 100 per cent solar (Zo, = 0.0196
von Steiger & Zurbuchen 2016), respectively.

2.1 Radiative cooling and chemistry

With the CHIMES non-equilibrium chemistry and cooling model
(Richings, Schaye & Oppenheimer 2014a, b), chemical abundances
for 157 species are calculated over time, including all ionization
states of 11 elements that are important for cooling, as well as for
20 molecules, including H, and CO. By integrating the temperature
in time with the 157 rate equations, the CHIMES module calculates
cooling and heating rates. Chemical reactions in the CHIMES chemical
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network include collisional ionization, recombination, charge trans-
fer, and reactions on the surface of dust grains, such as the formation
of molecular hydrogen (assuming a constant ratio of dust to metals)
as well as photoionization and photodissociation. This collection of
chemical reactions in CHIMES can be found in table B1 of Richings
et al. (2014a). In this model, the cooling curves for the fine structure
and molecular cooling processes are extended to 10 K. In addition,
many thermal processes exist, such as atomic line cooling from H,
He, and metals, bremsstrahlung cooling, photoheating, photoelectric
heating from dust grains, and cosmic ray heating (see table 1 of
Richings et al. 2014a).

A local approximation was used to shield the gas from the radiation
field, in which a Sobolev-like approximation was used in relation to
a density gradient to calculate a local shielding length. This shielding
length is multiplied by the densities of individual species in order to
determine their column densities, which are then used to attenuate
photoionization, photodissociation, and photoheating. It is assumed
that the HT cosmic ray ionization rate is 1.8 x 107195~ (Indriolo &
McCall 2012).

Given that our simulations only focus on the inner part of the CND,
we do not explicitly capture the stellar component of the host galaxy
at larger radii (apart from through its gravitational potential). We
therefore use a constant, uniform UV radiation field from Black 1987,
measured in the Milky Way, for photoionization and photoheating
processes in CHIMES.

2.2 Star formation and stellar feedback model

This simulation is coupled with stellar feedback and interstellar
medium (ISM) physics from FIRE-2 as described in Hopkins et al.
(2018). There are a number of sources of stellar feedback in FIRE-
2, such as radiation pressure (UV, optical, and IR, allowing for
multiple scattering), stellar winds (O/B and AGB winds), supernovae
(Types la and II), and ionizing photons. The formation of stars is
only possible in cold, molecular, and locally self-gravitating regions
that have a number density above ny = 10*cm™> [as used in the
most recent FIRE simulation studies e.g (Torrey et al. 2020)]. The
stellar evolution tracks, rates, yields, and kinetic luminosities are
all tabulated based on stellar evolution models from STARBURST99
(Leitherer et al. 1999) assuming the Kroupa initial mass function
(Kroupa 2002), and SNe Ia rates following Mannucci, Della Valle &
Panagia (2006). In the case of SNe II, Ia, and AGB winds, metal
yields are taken from Nomoto et al. (2006), Iwamoto et al. (1999),
and Izzard et al. (2004), respectively. Each gas particle is tracked for
the evolution of eleven species (H, He, C, N, O, Ne, Mg, Si, S, Ca,
and Fe).

A wide range of observations related to galaxies has been success-
fully matched by FIRE, including the mass—metallicity relation and
its evolution over redshift (Ma et al. 2016) and the Kennicutt—Schmidt
star formation law (Orr et al. 2018). Due to the high resolution, the
star formation criteria, the cooling to low temperatures, and the
multichannel stellar feedback of FIRE, a reasonable ISM phase
structure and a giant molecular cloud mass function have been
obtained (Benincasa et al. 2020). Furthermore, these processes also
result in a self-consistent development of galactic winds, which
eject gas (Muratov et al. 2015; Anglés-Alcazar et al. 2017) and
metals (Muratov et al. 2017; Hafen et al. 2019; Pandya et al. 2021)
from galaxies to prevent excessive star formation and generate a
plausible stellar—halo mass relation. Additionally, the FIRE model is
ideal for studying dust evolution due to its detailed treatment of the
multiphase ISM and its ability to track the principal heavy elements
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Table 1. Parameters describing the simulations in the text including the
Model name, 7,: Momentum-loading of AGN wind feedback (E=nglL),
ng: Energy-loading of AGN wind feedback (E = ng L), B: AGN Mass-
loading B = Myina/Mpu (determined by np and NEg), Vwind: AGN wind
launching velocity at the simulation resolution (in kms~!; determined by
Np and ng).

Model np nE B Vyind (kms™h)
AGN-BH3V5B1 0.1 0001 1 5000
AGN-BH3V5B6 1 0.008 6 5000
AGN-BH3V10B1 03 0005 1 10000
AGN-BH3V10B6 2 003 6 10000
NoAGN 0 0 0 0
5
— AGN-BH3V10B1
— — AGN-BH3V10B6
i — AGN-BH3V5B1
9 41— AGN-BH3V5B6
S | --- NoAGN )
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Figure 1. A comparison of the simulations disc (see Table 1) conducted at
all times (10 Myr; grey horizontal lines represent some specific times) on
the Kennicutt—Schmidt relations. We have calculated the surface densities of
gas and SFRs within 100 pc and determined whether they are consistent with
the observational range. These observations are from a range of galaxies (not
limited to galactic nuclei) with a scatter of +0.5 dex as shown by the grey
dotted lines (Narayanan et al. 2012).

that contribute to the formation of carbonaceous and silicate dust in
gaseous form.

Moreover, we have local photoionization heating caused by young
star particles. The number of photons per unit time produced by a
star particle is determined from the STARBURST99 models. These
are then used to ionize and heat the surrounding gas assuming the
extent of a Stromgren sphere, starting with the nearest neighbour
and moving outwards until the photon budget is exhausted. As it
moves outwards from the star, it ionizes each particle until it runs
out of photons. Particles are flagged so they cannot cool below
some minimum temperature ~10* K for the rest of the time-step
(and are heated to that temperature if already below it). A long-
range radiation pressure effect is also included in the simulation.
It calculates each particle’s luminosity and incorporates it into the
gravity tree as a repulsive 1/ force, with the strength at each point
based on the relevant absorption cross section integrated over three
crude wavelength intervals in the ultraviolet, optical, and infrared
— an approximation to a full spectrum. In this case, the minimum
escape fraction from each star particle is determined by the fraction
of emission in each wavelength interval. A noteworthy feature of
CHIMES is that it enables coupling to radiation fields that vary
in time and/or space rather than to non-equilibrium effects itself.
It appears that our assumed radiation field is suitable for the solar
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Figure 2. Left: Evolution of the total SFR within the central r = 200 pc region for simulations with various AGN feedback models indicated by colours and
the model NoAGN (black dashed line). The black dotted lines indicate the median SFR of Seyfert galaxies like NGC 1068 for a variety of spatial resolutions
(see table 7 of Combes et al. 2019). Right: Evolution of AGN luminosity for different AGN models and model NoAGN. The observed AGN luminosities of
Seyfert galaxies are shown by dotted lines (see table 7 of Combes et al. 2019, and references therein). The AGN luminosity of NGC 1068 is around 10*7erg s~

(Gallimore et al. 2001).

neighbourhood and probably too weak for our disc at the galactic
centre even if we ignore the AGNs. Nevertheless, in this study, the
consideration of radiation feedback (including photoionization and
dissociation) from the AGNs is left for future studies and we focus
only on mechanical feedback.

2.3 Mechanical AGN feedback

We use the black hole accretion model implemented by Hopkins &
Quataert (2011). In this approach, BH accretion is assumed to be
determined by the gravitational torques (see Hopkins et al. 2016, for
more details of accretion methods). A captured particle adds its mass
immediately to the BH accretion disc when it is gravitationally bound
to the BH based on the assumption that the discs are supersonically
turbulent; the accretion on to the BH can be written as follows:

172
MBH ~ 6acclugas(< RO) (%) ’ (1)
0
where €,.. is BH accretion factor (= 1 in this simulation), G is
gravitational constant, and Mg,s and M, are the gas and total mass
in disc, respectively. The BH accretion luminosity scales with the
accretion rate given the radiative efficiency, L = €, Mgy c2, where

€, = 0.1 is assumed.

In general, the mechanical feedback can be provided by
synchrotron-emitting jets' and broad absorption lines (BAL) winds?.
Both jets and winds can have significant effects on the host galaxy

and its surroundings, such as regulating star formation, transporting

1Jets are highly collimated beams of plasma that are launched from the
vicinity of the black hole and can extend up to hundreds of kiloparsecs. They
are usually detected in radio wavelengths and show high polarization due to
synchrotron emission (Silpa et al. 2022).

2Winds are less collimated outflows of gas that are driven by radiation pressure
or magnetic fields from the accretion disc around the black hole. They are
usually detected in optical or X-ray wavelengths and show broad emission
lines due to Doppler shifts (Silpa et al. 2022).

metals, heating or clearing the ISM, etc. Some studies have found
a close association between radio structures and ionized gas mor-
phology and kinematics in Seyfert galaxies, suggesting an interplay
of jets, winds, and emission-line gas in these sources. For example,
some sources show an anticorrelation between polarized radio knots
and [O 111] emission, indicating that the radio emission is depolarized
by the emission-line gas (see e.g Mrk 231, XID 2028 in Silpa et al.
2021; Cresci et al. 2023, respectively).

It has been shown in numerous observational studies that slow
jets are present in Seyfert galaxies (e.g. NGC 1068) through both
the narrow-line region (NLR) and radio outflow (see Gallimore et al.
1996; Axon et al. 1998; Roy et al. 2000). Other studies have found
evidence of wind-driven outflows in Seyfert type 2 galaxies, such
as NGC 1068, which show broad emission lines of ionized gas
(such as [O1]) associated with the accretion disc (Crenshaw &
Kraemer 2000). In close proximity to the jet of NGC 1068, the
morphology, kinematics, and, possibly, the ionization structure of the
NLR correspond directly to the interaction with the radio outflow.
Further, in accordance with Dugan, Gaibler & Silk (2017), jets may
affect the pressure and density of the ambient medium differently
from the effects of winds. The focus of our paper is solely on the
observed ubiquitous AGN winds (not collimated), and we do not
examine the differences between ‘jets’ and ‘winds’ in detail. In this
study, AGNs exhibit blue-shifted BAL or troughs when their line
of sight is intercepted by a high-speed outflow, likely originated
from their accretion discs (which is unresolved in the simulation; see
Hopkins & Quataert 2011). Our scale disc is designed to shed light
on the internal structure obscured by the AGN torus impacted by the
outflow or wind.

Through the mechanical feedback process we implement in this
simulation, wind mass and kinetic luminosity are continuously
‘injected’ into the gas surrounding the SMBH where the outflow
is isotropic (Hopkins et al. 2016). It is assumed that some fraction of
the photon momentum drives a wind at the resolution scale around
the BH (Murray & Chiang 1995). Hence, the accreted gas is blown
out as a wind with velocity vying. The wind is defined by two
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Figure 3. Face-on projection of the volume density for the central 150 pc of the disc radius for different times between 3 and 8 Myr (left to right) of different
AGN models and NoAGN feedback (top to bottom). The central » = 100 pc scale is shown by a circle in each panel.

parameters, the mass-loading of 8 = M,a/Mpy and the velocity
Vwind that equivalently relate to momentum-loading (Pwing = 1, L/c)
and energy-loading (Ewina = ng L) of the wind. Following Hopkins
et al. (2016), the energy and momentum-loading are

pwind Uwind VUwind
= = o —_— |, 2
=T ’3< ,c) ’3(30,000kms—1) @
Ewind € 7)%: Uwind 2
= =P 0058 (o twind 3
=TT T8 ﬂ(30,000kms—1) )

Our simulation has been carried out using different energy and
momentum loading factors in five AGN models, including NoAGN
(with value for 8 and vy;,q in equations 2, three based on observations
and theoretical models; see for e.g. Moe et al. 2009; Dunn et al.
2010; Hamann et al. 2011; Borguet et al. 2013). All the parameters
are reported in Table 1.

2.3.1 The model constraints

In Fig. 1, we show the observational consistency of our model
in an analysis of the disc-averaged Kennicutt—Schmidt (Kennicutt
1998) relationships conducted at various times for models with AGN
and NoAGN feedback. We have calculated the surface densities
of H1 + Hygas and star formation rates (SFRs) within 100 pc to

MNRAS 524, 786-800 (2023)

compare to the observational range? (see Fig. 1). All models indicate
that the CND moves along the Kennicutt—Schmidt ‘main sequence’
over time towards lower X, and lower Xgpgr. It is also evident
from the NoAGN model that the SF integration frequency declines
with time (see Fig. 2). Therefore, it is likely that a combination
of either secular gas consumption by star formation in the CND,
or the evacuation of gas outside the CND due to stellar feedback
(SF-driven outflows), or the lack of replenishment of gas coming
from outside the CND (i.e. no inflows) may explain the observed
trends.

As shown in the left panel of Fig. 2, the SFR varies with time for
simulations incorporating mechanical feedback from the BH (AGN)
and the model NoAGN. Star formation is suppressed by the AGN as
compared to the NoAGN model. As shown in the figure, SFR ranges
are comparable* to the observable reference for Seyfert galaxies

3The observational data are based upon a range of galaxies (not limited to
galactic nuclei) with a scatter of +0.5 dex as shown by the grey dotted line
(Narayanan et al. 2012) in Fig. 1.

4Since the SFR measured in this paper extends to the specific radii of the disc,
it cannot be accurately compared with the actual value of the SFR measured
for the galaxies in observation. Our objective is only to demonstrate that the
range of SFR of disc coincides with the observational range for the number
of Seyfert galaxies.
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a variety of times (colours). The model NoAGN is shown by colour dashed
Figure 5. Density of gas versus temperature at disc scales for all AGN lines in each panel.
feedback models at a variety of times (colours). The model NoAGN is shown
by colour dashed lines in each panels.
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Figure 7. Gas mass profiles at disc scales for all AGN feedback models at a
variety of times (colours). The model NoAGN is shown by coloured dashed
lines in each panel. The grey dotted line shows the CND scale of disc ~200 pc
corresponding to ~107 Mg, gas mass.

(see Table Combes et al. 2019, for details and reference of SFR
values). We are using global SFR that may correspond to kpc-discs to
compare with the SFR values of our 200 pc model CNDs. Therefore,
we restricted our analysis to time-scales (3—8 Myr) when the SFR in
disc is most consistent with Seyfert galaxies.

The right panel of Fig. 2 shows the evolution of the BH luminosity
for various AGN models and the model NoAGN feedback. Our
various AGN models yield an AGN whose luminosity is in the
range L ~ 10*'-10% ergs™' across different time-scales. These
luminosities are much lower than those typically observed from the
AGNs at the centre of NGC 1068; however they are consistent with
those observed in most Seyfert galaxies (see table 7 of Combes
et al. 2019, for more details). Further, it is evident that there is
a difference of approximately three orders of magnitude between
Lacgn of NGC 1068 and the typical luminosity of the AGN models,
but it is still below the range of the NoAGN model. The reason
for this could be that first we did not include the bulge and
stellar potential in this model and instead simply focused on the
idealized disc model, and secondly there are uncertainties regarding
the BH accretion and feedback modules that were used in this
study.

2.4 Radiative transfer calculations

The maps of emission lines are generated through the post-processing
of simulation snapshots using version 0.40 of the publicly available
Monte Carlo radiative transfer code RADMC-3D (Dullemond et al.
2012), utilizing the abundances of ions and molecules calculated
during the simulations with the CHIMES chemistry module. Due to
the fact that RADMC-3D is a grid-based code, we first project the gas
particles from the simulations on to an Adaptive Mesh Refinement
(AMR) grid, which is refined so that no cell contains more than 10
particles. To avoid unphysical effects that may arise from mixing
particles with very different properties into the same cell, we weight
the contribution of each particle according to its abundance when we
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project the temperatures and velocities of the gas on to the grid. We
are only modelling emission and attenuation from the CND itself,
with the caveat that this does not include attenuation from the host
galaxy since the CO lines are at relatively long wavelengths where
dust is not really a problem. However, we note that there could also
be contamination from CO lines coming from the host galaxy itself,
which is not captured by this simulation, as we are only modelling
the signal from the inner CND.

In all cases, the level populations are calculated by RADMC-3D,
using an approximate non-LTE approach based on the Local Velocity
Gradient (LVG) method. In order to generate the synthetic CO
emission maps in the full face-on and inclined (41°) views, we used
molecular data (energy levels, transition probabilities, collisional
excitation rates) from the Leiden (LAMDA) data base’ (Schéier et al.
2005). The CO line images are produced with a passband ranging
from —100 to +100 kms™' and 400 wavelength points evenly
distributed around the line’s centre. In this study, we generated the
synthetic CO emission maps for CO(1-0), CO(2-1), CO(3-2), CO(4-
3), and CO(5-4). Using again NGC 1068 as an example, we use the
distance of 14 Mpc (so that 70 pc equals 1 arcsec in each moment
map).

3 ANALYSIS AND RESULTS

3.1 Temperature and density projections

A face-on view (x-y projection) of the volume density and temper-
ature of the gas at various times (3-8 Myr with a step of 1 Myr
per evolution) are shown in Figs 3 and 4 for various AGN feedback
models. As shown in Fig. 3, a CND scale disc of gas is centred over
the central BH, illustrating the volume density evolution at different
times. A broad range of volume gas densities (1 to 10° cm™) is
visible from the centre to the outer disc region, which is in line with
what we expect in the CND at the Seyfert-2 type galaxies (e.g NGC
1068 see; Scourfield et al. 2020), with the lowest median density
seen since the start of the simulation, at 8 Myr. As time progresses,
the high-density regions begin to form at radii smaller than 100 pc
from the centre and expand more towards the end of the simulation.
At a given time, the AGN models show different densities within the
central r = 100 pc of the disc compared with the NoAGN model.
This can be attributed to the difference in energy and momentum
loading factors in the models. Unlike the AGN models, the gas in the
NoAGN model concentrates in the centre rather than dispersing over
time by wind or accretion. As both the velocity and the mass-loading
factor increase in the AGN-BH3V10B6 model, the gas is largely
removed from the disc.

In Fig. 4, the gas temperature fluctuates between 10K (the
minimum temperature in the simulation) to 10° K and increases over
the course of the expansion at the centre due to the BH activity.
As the simulation proceeds, the AGN central heating begins to
be efficient at 3 Myr and impacts the environment in a different
manner from the NoAGN model. Again, the heating of the gas
by the AGN is attributed to the energy and momentum loading
factors in the AGN models, where at the disc centre the gas
temperature rises above 10° K, especially as the wind velocity
increases. In the NoAGN model, the temperature is generally below
10* K.

At fixed wind velocity, we run simulations using high and low
mass-loading, wherein the BH accretion rate decreased and increased
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Figure 8. Integrated CO line intensity maps (Moment-0) obtained with RADMC-3D radiative transfer code on simulation data for different emission lines
J=1-0,2-1, 3-2,4-3, 5-4; from top to bottom) and times (3—8 Myr from left to right) for a model with mechanical AGN feedback (BH3V10B1). Throughout
the images, the beam size is 0.06 arcsec x 0.06 arcsec (corresponding to 4.2 pc at the comoving radial distance of 14 Mpc for NGC 1068) with PA equal to 0
deg. In each panel, the image size is a central 150 pc of disc radius. The contours range from 25¢ to 16000, and follow each other by factor 2 multiplication.

The circles represent the central 50 and 100 pc radius of the disc.

by about an order of magnitude, respectively. As can be seen from the
right panel of Fig. 2, the AGN luminosity reflects this. Accordingly,
a higher mass-loading produces initially stronger outflows at higher
temperatures in Fig. 4, leading to slightly lower volume density
sightlines in Fig. 3. The average AGN luminosity (BH accretion
rate) remains relatively similar (right panel of Fig. 2) at low mass-
loading of the SMBH (BH3V10B1,BH3V5B1). This results in a
similar effect on the volume density as shown in Fig. 3, but a slightly
greater effect on the temperature (see Fig. 4). As wind momentum
is conserved in this limit, the absolute wind speed (at fixed mass-
loading) makes little qualitative difference to the dynamics but
the higher velocity produces more shock-heated high-temperature
gas. In the presence of high wind velocity and differing mass-
loading (BH3V10B1,BH3B10B6), we see interesting effects that
result in higher AGN luminosity (BH accretion rates) as shown
in right panel of Fig. 2. This results in a strong effect on the
volume density and temperature (see Figs 3 and 4). A greater mass-
loading results in a greater net wind momentum injection and outflow
rate.

3.1.1 Temperature—density relation, gas density, and mass profiles

Fig. 5 shows the evolution of temperature—density for the disc over
time for various AGN models compared to the model without AGN
feedback. The gas distribution is governed by the temperature—
density phase space, and it is evident that the presence of the AGN
affects the distributions. Since the energy and momentum loading
factors differ among the various AGN models, the density increases
at different rates as the temperature increases, and it is significantly
higher in the model with both high velocity and mass-loadings for
the wind. For most AGN models, the mechanical feedback results in
higher temperature and leads to clumpiness due to the compression
of the gas. Also, Fig. 6 shows the density profile of gas at a given
radii of the disc over time for various AGN models compared to
the model without AGN feedback. As can be seen, there is a lower
density of gas for all AGN models, particularly at small-scale radii
(<50 pe) in proximity of SMBH due to AGN heating. Both AGN
and NoAGN models tend to end up producing a ring morphology.
Although AGN-driven outflow can be the underlying cause of the
creation of a conspicuous nuclear gas deficit due to the removal of
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Figure 9. A map of the CO(1-0) line integrated intensity (Moment-0) for various AGN models and NoAGN feedback obtained using the RADMC-3D radiative
transfer code with an inclination of 41 deg, in correspondence to that of NGC 1068 for times between 3 and 8 Myr (from left to right). Throughout the images,
the beam size is 0.06 arcsec x 0.06 arcsec (corresponding to 4.2 pc at the comoving radial distance of 14 Mpc for NGC 1068). The contours range from 250 to
16000, and follow each other by factor 2 multiplication. The circles represent the central 50 and 100 pc of the disc.

gas, it is likely not the sole cause. As such, the NoAGN model
ending up in a ring morphology may be due to either a stellar
feedback effect or gas consumption by the SF. Observationally, the
ring morphology in the CND of NGC 1068 is the result of the
combined effect of gravity torques at the Inner Lindblad Resonance
(ILR) of the bar, which pile up gas at this resonance, and the AGN
wind which removes gas inside the ILR (e.g. see Garcia-Burillo et al.
2019).

In Fig. 7, the mass profile of the gas for the disc is shown for
same time-scales. In general the models are consistent with the
measured mass of the CND and tori in the disc of Seyfert galaxies
(i.e. Myoi/Mp;s. ~ 0.1; see Combes et al. 2019, and references therein)
where the gas mass accumulation in the central 200 pc of disc and tori
(~50 pc) are around 10° My, and 10°> M, respectively. Less gases are
present in the central region of the disc for AGN models and at some
point the gas pushes out to the outer region when the mass-loading
factor increases (i.e. BH3V5B6 and BH3V10B6). As a consequence,
models that incorporate AGN feedback are expected to com-
presses and push out the gas resulting in the clumpy (high-density)
regions.
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3.2 CO molecular lines emission

Fig. 8 shows the CO integrated intensity map of the CND (moment-
0) for times between 3 and 8 Myr for AGN model BH3V10BI.
In particular, we show the CO(1-0), CO(2-1), CO(3-2), CO(4-3),
and CO(5-4) transitions since these are commonly observed lines in
extragalactic environments. As time goes on, the molecular gas is
scattered outwards from the central region of the CND (>100 pc).
This can be attributed to the AGN feedback on the gas in the centre,
which is likely to destroy or dynamically push the molecular gas.
We also note that the pressure of the central hot bubble drives
an outflow that compresses the ambient ISM at larger radii of the
disc, which would tend to promote CO formation (Zubovas & King
2014; Richings, Faucher-Giguere & Stern 2021). Indeed, this is in
agreement with Figs 5 and 6, which illustrate how the presence of
the AGN affects the distribution of density and temperature at a
given radius. We see that the corresponding CO formation requires
more time if feedback is not present. According to the comparison
of gas density in the AGN and NoAGN runs, since AGN feedback
compresses the gas, such higher gas densities result in a shorter
time-scale for the formation of CO.
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Figure 10. A map of the CO(1-0) line velocity map (Moment-1) for various AGN model and NoAGN feedback obtained using the RADMC-3D radiative
transfer code with an inclination of 41 deg, in correspondence to that of NGC 1068, for times between 3 and 8 Myr from left to right). The circles represents the
central r = 500 pc(dotted) and 100 pc of the disc. Throughout the images, the beam size is 0.06 arcsec x 0.06 arcsec (corresponding to 4.2 pc at the comoving
radial distance of 14 Mpc for NGC 1068). The blue and green dashed lines in the panels indicate the minor kinematic PAs (PA 4 90) of CND in the central
r = 50 pc and 100 pc scale of the disc, respectively. A value of PAcyp corresponds to the minor kinematic PA for r = 100 pc.

Finally, we see that there is a deficit of molecular gas in the central
region of the CND, especially at the scale of r = 50 pc. Throughout
the disc, on average, the intensity in clumpy regions appears to be
higher for the higher CO J lines.

3.3 Comparisons with the CO emission in NGC 1068

In this section, we attempt a qualitative comparison of our simulations
with the observed CO emission in NGC 1068. We note that in
our simulations the cosmic ray ionization rate is assumed to be
1.8 x 10'¢ which is the galactic value for diffuse clouds (e.g; Milky
Way Indriolo & McCall 2012). This may indeed not be correct as
the cosmic ray ionization rate in AGN-dominated galaxies may be
higher (e.g; Aladro et al. 2013; Viti et al. 2014; Scourfield et al.
2020). However, to a first-order approximation, the CO intensities
should not be too affected by a modest increase in cosmic ray
ionization rate. Moreover, a 1071 s~! cosmic ray ionization rate
is an upper limit for our Galaxy, associated with diffuse gas: in
galactic dense molecular cloud this rate may be lower by one order of
magnitude (Li & Goldsmith 2003). Nevertheless, future simulations

of NGC 1068 should consider spanning a range of cosmic ray
ionization rates. In the following text, we present inclined moments
maps for various AGN models and the model NoAGN for different
times.

3.3.1 CO(I1-0) integrated intensity map; moment-0

Fig. 9 shows the CO(1-0) integrated intensity with an inclination of
41° (which corresponds to NGC 1068’s inclination as first reported
in Bland-Hawthorn et al. 1997) for various AGN models and times
between 3 and 8 Myr. Every panel has been overplotted with contours
ranging from 250 to 16000 with factor 2 multiplication. As shown
in Fig. 8, the integrated intensity maps in the top rows show less
contrast in the ring morphology of the CND, but the gas appears
to pile up in a ring and moves out of at least the region between
r=50 pc and r=100 pc in NoAGN model. Moreover, in the cases
with AGN, CO could form more efficiently given sufficient time
due to the presence of AGN feedback — this is in contrast with the
NoAGN model. Therefore, the enhanced CO is seen in the cases with
AGN feedback at the central r = 50 pc scale.
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Figure 11. Kinematic PAs of CO(1-0) moment-1 maps within the central
50 (dashed lines) and 100 (solid lines) pc of the disc for AGN models with
different energy and momentum loading factors and the model NoAGN (black
-lines) measured at times between 3 and 8 Myr.

We perform a qualitative comparison with the CO observations at
a ~40 pc resolution in Viti et al. (2014) (see their table 3) — where the
CO(1-0) integrated intensity ranges from 200 to 600 K kms™!, with
the highest values around the east and west knots. Concentrating on
the inner 50 pc of the CND, we also see that the observed range of
CO(1-0) intensities are easily matched in most regions up to 6 Myr,
with a possible best match for AGN-BH3V5B6, a model with a low-
velocity wind and high mass-loading factor. Observational studies
have been conducted to demonstrate that the ISM gas around SMBH
is dramatically affected by high-velocity winds (2000 km s~!) with
momentum fluxes of 0.1 — 1L/c (e.g. Cimatti et al. 2013; Harrison
et al. 2014; Zakamska et al. 2016).

3.3.2 The kinematics of the CND

Fig. 10 shows the velocity maps (moment-1) for various AGN
models and the model NoAGN feedback, which are derived from the
CO(1-0) emission line. Within the central » = 100 pc, the apparent
kinematic major axis of the CND is approximately oriented along
the west/east direction, coincidentally, and the velocity ranges from
—100 to 100 kms~'. The PA of the 2D gas rotation pixels that
pass the quality cut (after removing the outlier pixels, 30, using
a o-clipping approach) for the velocity field is measured using the
PAFIT code in pypi® described in Krajnovi¢ et al. (2006). A kinematic
PA measurement assumes that the centre of the map is at (0,0) and
measured counterclockwise, with O deg being north in the maps. As
shown by the PA fit, there is misalignment since the PA changes
both with time and radius for AGN models by more than 20 deg’ in
comparison to NoAGN. It is interesting to note that the inflow phase
dominates the dynamics at the earlier timeframes (~3, 4 Myr) when

Ohttps://pypi.org/project/pafit/

"The exact values of these cut-offs do not impact the main conclusions of this
paper in most cases and are simply derived from observations for the offset
between stellar and gas kinematics PAs. (see e.g Lagos et al. 2015; Bryant
et al. 2019)
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both mass loading and wind velocity are high (BH3V10B6). It can
be seen that there is a PA offset at different radii in various AGN
models. A larger offset in PA occurs when strong winds cause gas
expulsion by AGNs. Regardless of whether outflows occur inside or
outside the plane, it will tilt the PA by 90 deg. The PA minor can
also be tilted by inflows, but with the opposite sign. In some AGN
models, the tilt is also changing sign as a function of time, which
implies that either the orientation of the outflows from the plane
changes compared to that of the large-scale disc, or that inflows
from the plane reverse the sign of the tilt at certain stages of the
simulation.

Fig. 11 shows the evolution of kinematic PAs of the CO(1-0)
velocity map on scales of r=100 pc and r=50 pc as a function of
time. There are several panels in the figure that represent offsets for
PA over time or at different scales around the BH compared with the
NoAGN model which differ slightly in both cases (i.e. aligned PA). A
large proportion of such PA offsets occur within the central r = 50 pc
of the disc surrounding the SMBH in low mass-loading wind models
(BH3V10B1, BH3V5B1), where the change in PA occurs within a
shorter timeframe. There is a significant early offset (at 3-4 Myr) in
models with a high mass-loading factor (BH3V10B6, BH3V5B6),
followed by the steady PA trend to the later times. Moreover, different
scale radii of AGN models with low-velocity winds (BH3V5B6)
exhibit a higher PA offset. The different radii reveal similar trends
for all models except for the model with high wind velocity (i.e.
BH3V10B1), which exhibits a large PA offset at a later time (r ~
8 Myr) compared to an earlier times.

Our evaluation of the effect of energy and momentum loading
factors for various AGN feedback models on the PA offset at
different radii reveals that model BH3V5V1 exhibits re-alignment
when comparing the first and last timeframes, whereas the other
models require more time to align. As the mass-loading increases,
both BH3V10B6 and BH3V5B6 exhibit a different early orientation
than their low mass-loading counterparts, then remain stable over
time. NGC 1068 observations indicate that the counter-rotational
motion of the disc (i.e. PA offset across different scale radii of
more than 150 deg, e.g. see Raouf et al. 2021) is dynamically
unstable (Garcia-Burillo et al. 2019). As a result, it is evident that
the mechanical AGN feedback could contribute to explaining the
stability of PA in the CND scale disc around the SMBH through the
loading of momentum and energy.

3.3.3 Velocity dispersion

Fig. 12 shows measurements of the velocity dispersion, o (moment-
2), made in the inclined CND for the various AGN models and
the model NoAGN feedback. AGN feedback increases o from 10
to 50 kms~!. It is noteworthy that the 2D pattern of ¢ changes
significantly with time. If the enhanced velocity dispersion is due to
the onset of outflows, which alter the rotation kinematics of the disc,
then this behaviour implies that outflows are ‘rapidly’ evolving over
time in the AGN models on time-scales of 1 Myr. In some regions of
the CND, the molecular gas exhibits a higher o, which is a result of
the superposition of different velocity components associated with
rotation, as well as an underlying pronounced outflow pattern. In
general, the pattern varies with time and increases of o towards
the central region. Further, the superposition of different velocity
components associated with rotation is not present in the NoAGN
simulation because there is no pattern associated with the outflow.
Comparing different AGN models, there is a large scatter of change
in the superposition. The model with high velocity and high mass-
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Figure 12. A map of the CO(1-0) line dispersion (0; Moment-2) for various AGN models and NoAGN feedback obtained using the RADMC-3D radiative
transfer code with an inclination of 41 deg, in correspondence to that of NGC 1068, for times between 3 and 8 Myr from left to right). The circle represents the

central r = 100 pc of the disc.

loading factor (BH3V10B5) has a very high o in the central r = 50 pc
of the disc at # ~ 7 Myr.

3.3.4 P-Vdiagram

In Fig. 13, the time evolution of position—velocity (p-v) contours,
obtained along the average fitted major axis of the nuclear disc at
PAcnp, provides further insight into the kinematics of the molecular
gas disc for various AGN and NoAGN models (top to bottom).
Every panel shows a position offset between —150 and 150 pc and
a velocity between —100 and 100 kms~! . In all models, most of
the emission occurs in the top-left and bottom-right quadrants of the
diagram. A Keplerian rotation curve (v,,; & r* with o = —0.5) fitting
the central 150 pc disc mass is overplotted on the contour plots.
The velocities are somewhat consistent with the Keplerian rotation
curve, especially at earlier times (~3 Myr); however, the scatter
is large. Note that at large radii, all of the rotation curves appear
to be super-Keplerian. When the models are evaluated at 5 Myr,
the models with higher velocity and different mass loading factors
(BH3V10B6, BH3V10B1) exhibit a smaller scatter than those with
low-velocity winds. Further, all models are more or less consistent

with Keplerian rotation at 8 Myr. On the other hand, the disc in
the NoAGN simulation roughly follows the Keplerian rotation at all
times (with the best fit at earlier times), and it displays a smaller
degree of scatter than the various AGN models.

4 DISCUSSION AND SUMMARY

We present a hydrodynamic model of the gas disc of an AGN-
dominated galaxy that incorporates direct radiative cooling, non-
equilibrium chemistry, and mechanical feedback by the central
SMBH. The different emission-line intensity maps are evaluated
through the use of RADMC-3D, a post-processing radiative transfer
code. We compare the model with different mechanical AGN feed-
back energy and momentum loading factors with the model without
AGN (NoAGN). We constrain our models using Seyfert-2 galaxies
reported in the observational studies of Combes et al. (2019). In the
kinematic approach our simulations are then qualitatively compared
to observations of the AGN-dominated galaxies (e.g NGC 1068).
Across the simulated CND, the volume gas densities, temperatures,
and gas mass profiles are in agreement with observations of NGC
1068. Additionally, the focus is also on the times (~3—8 Myr) at
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Figure 13. A contours of the CO(1-0) line position—velocity over the major axis of inclined disc PAcyp for various AGN models and the model NoAGN
feedback for time-scale between 3 and 8 Myr (left to right). Every panel shows a position offset between —150 and 150 pc and a velocity between —100 and
100 km s~!. The dashed black curves show the Keplerian rotation curve fit, vyo; & 7* for mass within the central » = 100 pc scale of disc where here « = —0.5.

which the AGN luminosity and the SFR range can be compared to
a number of Seyfert 2 galaxies reported in table 1 of Combes et al.
(2019). The main results are as follows:

(i) The model including an AGN promotes the formation of CO in
the clumpy regions around the supermassive blackhole. This can be
seen in the CO intensity maps, as well as the corresponding changes in
gas density and temperature, when compared with the model without
AGN feedback. As the distance from the central supermassive
blackhole increases (>50 pc), on average, there appears to be an
increase in the intensity of higher-J CO lines. At later time, in the
central region of the CND (r < 100 pc), there is a deficit of molecular
gas consistent with ALMA observations (Garcia-Burillo et al. 2019).

(ii) Through the different AGN models the CO(1-0) inclined
intensity maps show different features at the central r = 100 and
50 pc scales of the disc. The observed CO(1-0) intensities can easily
be matched in most regions up to 6 Myr within the inner 50 pc of
the CND, with a possible best fit for a model with high mass-loading
factors. This is consistent with the dramatic effects of AGN on the
ISM around SMBHs, observationally.

(iii) It is evident that the mechanical AGN feedback could con-
tribute to explaining the alignment stability of the PA in the CND
scale disc around the SMBH through the loading of momentum and
energy. The observations indicate that the counter-rotational motion
of the disc, where the PA offset exceeds 150 deg, is dynamically
unstable (Garcia-Burillo et al. 2019). The wind causes the disc to be
out of alignment, with the PA offset being high for a longer period
of time on the 100 pc scale of disc (i.e. continue to be misaligned).
The disc appears to re-align within a short period of time when the
wind velocity is lower. As the mass-loading is increased, the disc
smooths out following an initial large offset. It is interesting to note
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that the inflow phase dominates the dynamics at earlier timeframes
(~3, 4 Myr) when mass loading and wind velocity are high. It is
clear that the model NoAGN does not show a significant PA offset
at any time or radius.

(iv) For the models with AGN feedback, molecular gas has a
higher velocity dispersion, o, in certain regions of the CND, which is
due to the superposition of velocity components that can be attributed
to the outflow. By contrast, the NoAGN model does not exhibit the
enhanced velocity dispersion due to the outflow.

(v) A position—velocity diagram (p-v) indicates that the velocities
are broadly consistent with a Keplerian rotation curve, particularly
at earlier times (~3 Myr) and larger radii; however, the rotation
velocity scatter is large. At 5 Myr, the models with higher velocity
and different mass loading exhibit a smaller scatter than those with
low-velocity winds. Moreover, all models are more or less consistent
with Keplerian rotation at 8 Myr. Furthermore, in the absence of
AGN feedback, the disc clearly follows the Keplerian rotation across
all time-scales. It exhibits a lower degree of scatter in the rotation
velocity than in the presence of AGN feedback.

In conclusion, this study suggests that the SMBH at the centre of
the disc, as well as AGN feedback, may have a significant impact
on the dynamics of molecular gas, particularly in the central 50 and
100 pc of the disc. During the evolution of the CND, the dynamics of
the molecular gas may be unstable due to outflows from the central
regions and the rotation of the gas. Intensity maps of CO lines and
the dynamics are affected by the energy and momentum loading
factors of mechanical AGN feedback. Changing the wind velocity
and mass-loading factors produces different dynamics in the central
50 and 100 pc of the CND. In general the disc has a misaligned PA in
the central r = 100 pc for models with AGN feedback. There seems
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to be a connection between the AGN wind velocity and the disc PA
offset. Accordingly, it is clear that the kinematic properties of the
molecular gas change as time progresses, in some cases leading to
a large PA offset (misalignment) every ~2 Myr from the onset of
AGN feedback. It appears that the rotation of the disc is affected
by the presence of outflows when comparing the position—velocity
diagram for the models with and without feedback from the AGN.
An indication of this can be seen in the non-Keplerian and Keplerian
rotation curves in the evolution of the disc in the models with and
without AGN, respectively. In view of the complexity of modelling a
particular galaxy, our objective is to evaluate the effect of mechanical
AGN feedback on the gas surrounding the SMBH. In this regard, we
do not compare our model directly to NGC 1068 galaxy, but rather
used it as a typical AGN-dominated galaxy.

Future work will focus on the analysis of different molecular line
ratios with the aim of tracing and characterizing individual energetic
processes in AGN-dominated galaxies. A comparison with a run
assuming equilibrium chemistry and different ionization rates is also
planned. In addition, we aim to conduct numerical simulations that
incorporate the gravitational potential of the stellar disc and bulge
components as part of the subsequent future work addressing AGN
feedback.
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