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ABSTRACT

Context. Most active galactic nuclei (AGN) are believed to be surrounded by a dusty molecular torus on the parsec scale which is often
embedded within a larger circumnuclear disk (CND). AGN are fuelled by the inward transport of material through these structures
and can launch multi-phase outflows that influence the host galaxy through AGN feedback.

Aims. We use the Circinus Galaxy as a nearby laboratory to investigate the physical mechanisms responsible for feeding the torus and
launching a multi-phase outflow in this Seyfert-type AGN, as these mechanisms remain poorly understood.

Methods. We analysed observations from the Atacama Large Millimeter/submillimeter Array of the Circinus nucleus at angular
resolutions down to 13 mas (0.25 pc). We traced dust and the ionised outflow using 86 —665 GHz continuum emission, and studied the
morphology and kinematics of the molecular gas using the HCO*(3-2), HCO*(4-3), HCN(3-2), HCN(4-3) and CO(3-2) transitions.
Results. We find that the Circinus CND hosts trailing molecular and dusty spiral arms, two of which connect directly to the torus.
We detect inward mass transport along these structures and argue that the non-axisymmetric potential generated by these arms is
the mechanism responsible for fuelling the torus. We estimate a feeding rate of 0.3 — 7.5 Myyr~!, implying that over 88% of the
inflowing material is expelled in a multi-phase outflow before reaching the accretion disk. The inferred feeding time scale (ftced, torus =
120 kyr — 2.7 Myr) suggests that variability in AGN activity may be driven by changes in torus feeding. On parsec scales, the ionised
outflow is traced by optically thin free-free emission. The outflow is stratified, with a slightly wider opening angle in the molecular
phase than in the dusty and ionised components. The ionised outflow is launched or collimated by a warped accretion disk at a radius

of r ~ 0.16 pc, and its geometry requires an anisotropic launching mechanism.

1. Introduction

The Circinus galaxy hosts the nearest Seyfert 2 active galactic
nucleus (AGN), located at a distance of ~ 4 Mpc (1" ~ 20 pc).
Active galactic nuclei are powered by the release of gravitational
energy from material accreting onto a supermassive black hole
(SMBH). This energy is released in the form of X-rays, UV ra-
diation, and multi-phase outflows, including relativistic jets and
molecular, dusty, and ionised winds. Through interactions with
the surrounding medium, this energy output can profoundly in-
fluence the evolution of the host galaxy in a process known as
AGN feedback (see, e.g. Harrison & Ramos Almeida 2024 and
references therein). Understanding the physical mechanisms that
fuel and regulate AGN activity is therefore critical for constrain-
ing models of coevolution between SMBHs and their host galax-
ies. Nearby AGN, such as in the Circinus galaxy, offer a unique
laboratory for investigating these mechanisms in detail.

In the inner regions of Circinus, an accretion disk surround-
ing the SMBH can be traced accurately by H,O megamasers
(Greenhill et al.|[2003), revealing a significant warp at sub-pc
scales and a SMBH mass of M, = 1.7 x 10° M. Combined with
a bolometric luminosity of Ly, = 4 x 108 ergs™' (Moorwood
et al.|[1990), this implies an Eddington ratio of ~ 20%. Out-
side of this accretion disk, AGN are believed to contain a cold
molecular dusty torus that surrounds it and can hide the high-

energy radiation that is emitted by the accretion disk (Krolik &
Begelman||1986} |Antonucci||[ 1993 Urry & Padovanil[1995). Due
to their small sizes, AGN tori can only be resolved at the high-
est angular resolutions such as with the Atacama Large Millime-
ter/submillimeter Array (ALMA). Such observations yield infor-
mation about their geometry, chemistry, and dynamics (Garcia-
Burillo et al.||2016; Izumi et al.| 2018 |(Combes et al.|2019; Im-
pellizzeri et al.[2019).

Because Circinus is a type 2 Seyfert (Oliva et al.|[1994), we
observe this torus edge-on (Izumi et al.[2023] hereafter 123;Baba
et al.[2024), which means that the broad line region is obscured
from our view. As a result, we observe radiation that has been
reprocessed by the structures surrounding the hot inner region of
the AGN in the infrared (IR) and submillimetre regime (Storchi-
Bergmann et al.|[1992). In the nucleus, the dominant mid-IR
emitting structure is the dusty biconical outflow, which is per-
pendicular to the maser disk and has a size of ~ 2 pc (Tristram
et al. [2007; [Isbell et al.|2022). The ionised outflow, which is
launched from the inner parsec region, is observed as a one-sided
outflow cone in [O m] out to ~ 400 pc and as a two-sided plume
in the radio out to ~ 1kpc (Marconi et al.[|1994; Elmouttie et al.
1998). Surrounding these AGN tori, we often find a CND that
consists of cold molecular gas and dust. In the Circinus galaxy,
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the CND directly surrounds the torus. The torus and CND act as
mass reservoirs from which AGN are fuelled (Combes|2021D).

High-resolution ALMA observations pave the way towards
resolving some long-standing questions. From statistical studies
of the obscuration fractions in AGN, we know, for example, that
tori must have scale heights of h/r ~ 1. However, the mecha-
nism that keeps these tori geometrically thick remains unknown.
The proposed mechanisms include supernova explosions within
the torus (Wada & Norman|[2002), radiation pressure from the
thin disk (Pier & Krolik [1992), magnetically driven outflows
that sweep up obscuring material (Emmering et al|[1992) and
the radiation-driven fountain model in which turbulence is in-
jected into the torus by the backflow of the molecular outflow
(Wadal2012). Other important open questions include the feed-
ing mechanism that transports material from the CND down to
the torus (Combes|2021a) and the launching mechanism of the
ionised, dusty and molecular outflows, which could, for exam-
ple, be driven by radiation pressure (Dorodnitsyn et al. 2011}
Chan & Krolik[2016; [Honig & Kishimoto|2017) or by magneto-
centrifugal forces (Vollmer et al.|2018). The aim of this work is
to use the Circinus AGN as a laboratory to study torus feeding
and outflow launching in a prototypical Seyfert 2 type AGN.

2. Observations & data reduction
2.1. Observations

We obtained data from ALMA band 6 (259 GHz, 1.16 mm)
and band 7 (350 GHz, 0.86 mm) of the Circinus nuclear region
(project code 2018.1.00581.S, PI: K. Tristram). In band 6, short
baseline (beam ~ 2 pc) observations — referred to as "B6SB" —
were obtained in addition to long baseline data (B6LB, beam
~ 0.4 pc). In band 6, we targeted the HCO*(3-2) and HCN(3-2)
transitions, while in band 7, we targeted HCO*(4-3), HCN(4-3)
and CO(3-2). In addition, we use auxiliary data sets in bands 3
(86 GHz & 99 GHz), band 4 (135GHz & 147 GHz), band 5
(178 GHz) and band 9 (665 GHz) (project codes 2017.1.00575.S,
PI: J. Wang and 2019.1.00013.S, PI: V. Impellizzeri) to investi-
gate the spectral energy distribution (SED). We list observational
details in Tables[T|and[A.T|for the primary and auxiliary datasets.

2.2. Data reduction

We performed the data reduction using the Common Astronomy
Software Applications (CASA, The CASA Team et al.|2022)) to
produce continuum and molecular emission maps. For band 6
and 7, we applied standard pipeline calibration (version as listed
in Table [T) using J1424-6807 as the bandpass calibrator and
J1427-4206 as the phase and amplitude calibrator. We then ap-
plied several rounds of phase self-calibration on the continuum
followed by one amplitude calibration — except for the band 7
data due to an insufficient signal-to-noise ratio (S/N). We found
that self-calibration increases the S/N by a factor of 9.9, 1.35,
and 1.17 in the B6SB, B6LB, and B7 datasets, respectively. Af-
ter self-calibration, we subtracted the continuum emission using
"fitorder=0" in the "imcontsub" casa task. Since the B6LB
and B7 datasets were split into two separate observing epochs,
we combined these epochs into a single measurement set using
the "concat" task in CASA. We also explored the possibility of
combining B6SB with B6LB, but decided not to do this due to an
offset of ~ 30 mas between the peak of the continuum of B6SB
and those of B6LB and B7 (see Sect.[3.3).
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Table 1. Observation and data reduction details of the primary datasets

B6SB B6LB B7
Veentral | GHZ] 258.821 258.821 349.556
Acentral [Mm] 1.16 1.16 0.86
Beam [mas?] 127 x 102 21.5x18.7 49.0x28.9
Beam [pc?] 2.5x%2.0 0.4x04 1.0x 0.6
PA.[°] -30.9 26.7 18.0
MRS ["] 1.616 0.375 0.595
Int. time [’] 37 90 93
Sens. [uJy/bm] 17.9 15.7 334
Obs. date 15 Aug 2019  6Jun2019 13 Jul 2019
Transitions HCO*(3-2) HCO*(3-2) HCO*4-3)
HCN(3-2) HCN(3-2) HCN(4-3)
CO(3-2)
Pipeline 42254M 42254M 2021.2.0.128
Self-cal iter.:
phase 7 4&6 5&2
amplitude 1 1&1 0&0

Notes. The cited beam sizes represent those of the respective contin-
uum maps imaged using Briggs weighting (robust parameter = 0.5).
The maximal recoverable scales (MRS) were derived using Eq. (3.27) in
Warmels et al.|(2018)). The sensitivity refers to the continuum sensitivity
calculated with the ALMA Sensitivity Calculator (Chap. 9 in|Warmels
et al.[2018). Self-calibration iteration numbers separated by "&" repre-
sent separate measurement sets that together make up one dataset. See
Table@]for the details on the auxiliary datasets in bands 3, 4, 5 and 9.

We then imaged the datasets using the "tclean" casatask
with auto-maskinéﬂ velocity bins of 10.2kms™! for B6SB and
7.6kms~! for B6LB and a cell size of 3 mas. We used Briggs
weighting with robust parameters of 0.5 and 2.0 for the con-
tinuum and molecular emission maps, respectively, to optimize
S/N and resolution. In addition, we cleaned the B6LLB continuum
using a robust parameter of -1.0 to image the continuum mor-
phology at a beam size of only 14.3 x 12.2 mas”. After imaging,
we applied primary beam correction to all maps, which boosted
the flux density by less than a percent at the edge of the image.
Lastly, we created moment-zero maps from the molecular line
data cubes using the software CARTA (Comrie et al.|2018)).

3. Results
3.1. Continuum emission

We present the continuum maps of B6LB and B6SB at 259 GHz
in Fig. E} We do not show the B7 continuum here, since its
morphology is very similar to that of B6. An overview of all
continuum maps between 86 GHz and 665 GHz is presented in
Fig.[A.T] The short baseline data of B6 show an unresolved core
that is immediately surrounded by a ~ 10pc long elongated
component with a position angle (PA) of ~ 130°. This direction
matches the PA of the dusty outflow on the pc scale (Stalevski
et al.|2019) and the one-sided ionised outflow cone that extends
to ~ 1 kpc (Marconi et al.|[1994; |Kakkad et al.|2023). We refer
to this as the polar direction, as indicated in Fig. 1| Toward the
south-east, we observe an elongated component along this polar
axis that extends to a projected distance of ~ 8 pc from the AGN.

' We use sidelobethreshold=3.0, noisethreshold=5.0,
minbeamfrac=0.3 and lownoisethreshold=2.0. For continuum
imaging, we set negativethreshold=0.0 and used the Hogbom al-
gorithm. For line imaging, we instead used negativethreshold=7.0
and multi-scale cleaning.
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Fig. 1. Band 6 short (top) and long (bottom) baseline contin-
uum maps at 259 GHz. Contour levels are drawn at [2,4,8, 16,
32,64,128,256,512,1024] x rms, where the background rms equals
0.022 mJy/beam in the B6SB map and 0.013 mJy/beam in the B6LB
map. The synthesized beam sizes are drawn in the bottom left as filled
ellipses and the cyan cross indicates the AGN position (as defined in
Sect.[3:3). The phoenix feature is indicated with a white arrow. The po-
lar and equatorial directions mentioned throughout the text are shown
in the upper panel.

We refer to this structure as the "Phoenix'P] (white arrow in Fig.
[I). The nuclear core is unresolved with short baselines and shows
a flux density of 23.3 mly, but is resolved by the long baseline
data in band 6 into a central peak of 14.6 mJy with extended
polar structure. Following the levels of the continuum contours
inward from ~ 10 pc to the unresolved 0.4 pc core, we observe a
clockwise rotation. The contours rotate from the polar direction
(PA ~ 130°) in B6SB to a ~ 3 pc long horizontal bar (PA ~ 92°)

2 We name this structure the Phoenix since this protrusion ends in a
flux enhancement that resembles a head. At this head, the structure splits
into two "wings".

in B6LB and eventually to the equatorial direction (PA ~ 45°, as
indicated in Fig. [T at the parsec scale.

On an arc second scale, we observe the CND which traces an
S shape and closely matches the morphology of the molecular
CND. To the north-east, we detect a spiral arm that extends out
to ~ 30 pc and connects to the CND. These extended structures
are visible in bands 6, 7, and 9, but are not detected at lower
frequencies despite similar sensitivities (see Fig.[A.).

3.2. Molecular line emission

We present the CO(3-2) molecular map zoomed in on the CND
in Fig.[2)and show the HCO™ (3-2) and HCN(3-2) maps in Fig.[3]
In addition, we present the HCO™"(4-3), HCN(4-3) and CO(3-
2) maps in Fig. @ The HCO*(3-2) and HCN(3-2) transi-
tions trace dense molecular gas (ncri, Hco+3-2) = 1.0 X 10° cm™3
and neicHenGg-2) = 5.7 x 106em™ at Ty, = S0K,
2015), while CO(3-2) traces slightly lower density molecular gas
(ncrit,CO(B—Z) ~1.7x10*cm™ at Tyxin = 50K

CO(3-2)
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Fig. 2. Spiral structures in the circumnuclear disk (as informed by the
morphology in Figs. [Bland[A~2) overlaid on the band 7 CO(3-2) (Vi =
345.8 GHz) map. The dashed cyan arrow represents the proposed inflow
through the NW hook that feeds the torus as discussed in Sect.[f-3] The
synthesized beam size is drawn in the bottom left as a filled ellipse and
the cyan cross indicates the AGN position.

09.89°

On a scale of > 10 pc, the dense molecular gas traces a mor-
phology that is very similar to that of the B6SB continuum, ex-
cept for the Phoenix, which is absent from the molecular maps.
At the centre of the CND, we find the molecular torus, which is
viewed almost edge-on (inclination of i ~ 85° as determined by
[Baba et al.[2024] and [123). We measure the projected size of the
torus to be approximately 120 x 90 mas? or 2.4 x 1.8 pc® from
the HCO™ disk, which appears slightly more extended than the
HCN disk. The emission from this edge-on torus resembles that
of an oblate disk with an "absorption hole" at the centre that coin-
cides with the continuum peak, as also described by (I23). In the
lower-resolution HCO*(4-3), HCN(4-3) and CO(3-2) maps, we

3 Based on the Einstein A coefficients and collisional rates from the
Leiden Atomic and Molecular Database (LAMBDA;

2005t Yang et al.|[2010).
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Fig. 3. Band 6 HCO*(3-2) (Ve = 267.6 GHz) and HCN(3-2) (v,esr = 265.9 GHz) short (top, covering the CND) and long (bottom, showing the
resolved torus) baseline moment zero maps. Contour levels are drawn at [-16, -8, -4,2,4, 8, 16] X rms, where the background rms equals 36,
23, 57 and 28 mJy/beam km/s in the HCO*(3-2) B6SB and B6LB and HCN(3-2) B6SB and B6LB maps respectively. White contours represent
negative flux density values and indicate the position of an absorption hole that coincides with the continuum peak. The L-shape that contains the
NW and SW hook as discussed in the text is drawn as black dashed lines in the top panels. Cyan contours in the top panels indicate the position
of the blue-shifted emission feature discussed in Sect. and represent the —30km ™! level in the right panels of Fig. [8| The synthesized beam
sizes are drawn in the bottom left as filled ellipses and the cyan cross indicates the AGN position.

detect a local reduction in surface brightness rather than negative
flux density. The emission from the torus disk appears inhomo-
geneous, being dimmer to the north-west than to the south-east
(in all maps, but most apparently in HCO"(3-2)). Both HCN(3-
2) and HCO*(3-2) show an emission peak directly to the north-
west and decreased emission to the south and north-west.

3.2.1. Spiral structure in the CND

The molecular tracers in this study reveal a spiral structure in
the CND, which we divide into four distinct structures (Fig. |Z|)
South-west of the torus, we observe the "SW ridge" as also de-
scribed in Tristram et al.| (2022}, hereafter T22). In the B6LB and
B7 maps, this SW ridge is resolved into three ~ 4 pc clumps. We
only observed the two northernmost clumps in the high-density
gas tracers HCN and HCO™, implying that their density is higher
than that of the southern clump. To the east, we observe a 20 pc
long ridge-like substructure within the CND, which we refer to
as the "eastern ridge".

Within the central 10 pc surrounding the torus, we observe
an L shape in the HCO*(3-2) and HCN(3-2) maps with one side
extending to the north of the torus and one side extending to
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the south-west (black dashed lines in Fig. E[) In the CO(3-2),
HCO™(4-3) and HCN(4-3) maps, this structure is resolved into
two "hook-like" structures that each consist of an inner straight
bar and an outer trailing spiral arm (see Fig.[A.2). We refer to
these as the "NW hook" and the "SW hook" (as indicated in Fig.
[2). Together, these ridges and hooks form a spiral structure in the
CND, not too different in morphology from the spiral structures
expected at these scales from hydrodynamic simulations (Wada
2012} |Wada et al.|2016).

3.3. Astrometry

We find that the location of the peaks in the continuum maps of
B6LB (259 GHz) and B7 (350 GHz) are consistent within 3 mas,
the size of the imaging cell. Since these are independent mea-
surements, we thus conclude that the continuum peak is located
at @ = 14"13™09.9473 + 0.0005%, 6 = —65°20'21.023 + 0.003”
(ICRS). This uncertainty of 3 mas, which is = 17% of the B6LB
beam size, represents the maximum absolute astrometric preci-
sion that can be reached with ALMA using the standard cali-
bration procedure (see Sect. A.9.5 in the ALMA cycle 6 Pro-
poser’s Guide; Andreani et al.[2018)). This continuum peak likely
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coincides with the AGN location, tracing the compact X-ray
corona or the innermost part of the accretion disk (see Sect. @])
so we refer to this as the "AGN position" throughout this pa-
per. There could be an offset between the kinematic centre (and
thus the AGN position) and the continuum peak. However, in
Sect. [B.2] we show that any such offset is likely smaller than
6 mas. Our AGN position is consistent with 122, who concluded
that the AGN is located at @ = 14"13™09.942 + 0.016*, § =
—65°2021.03+0.10”. We therefore also confirm the discrepancy
already noted by [I22| with the astrometry from |Greenhill et al.
(2003)), who found that the kinematic centre lies about 180 mas
to the south of our continuum peak at @ = 14"13™09.95 + 0.02°,
6 =-65°2021.2 + 0.1".

For B6SB, we find that the continuum peak is located at @ =
14713™09.942 + 0.0024%, § = —65°2021.030 + 0.015”, which
is offset ~ 30mas (~ 25% of the B6SB beam size) from the
location in the B6LB and B7 datasets. We consider the B6LLB
and B7 continuum peak positions to be more reliable due to their
smaller beam size and consistent astrometry.

4. Discussion
4.1. Continuum emission mechanisms

To investigate the continuum emission mechanism, we con-
structed an SED between 86 GHz (band 3) and 665 GHz
(band 9). For this, we first convolved all continuum maps listed
in Tables [lland[A.1lto a common beam size of 74.5 x 65.2 mas>
(see Fig.[AT]for an overview of these maps). We then extracted
SEDs in three regions: the continuum peak at the AGN position,
a circular aperture with a diameter of 300 mas also centred on the
AGN and a smaller circular aperture of 200 mas centred on the
continuum peak of the Phoenix structure (as indicated in Fig.[5).
We determined the errors of these flux measurements by adding
the background rms from an empty region at the edge of each
map to the absolute flux error. We also added in quadrature the
absolute flux error of 10 % (20 % for band 9), as stated in the
ALMA technical handbook (Warmels et al.|2018)). The resulting
SED is presented in Fig.[dand the flux density measurements are
listed in Table [A.2] We also show in Fig. ] lower-resolution nu-
clear ATCA measurements between 1.5 GHz and 10 GHz from
Elmouttie et al.|(1998)), as there are no high-resolution radio ob-
servations available in the literature.

The Phoenix SED resembles a power law that is consistent
with pure dust emission (¢ = [3 — 4] for F, o« v*; Hildebrand
1983} [Kawamuro et al.|[2022)). The nucleus shows a power law
with a different slope that is consistent with optically thin free-
free emission from ionised gas (@ = —0.1; Draine|2011). The
300 mas nuclear aperture contains more flux than the central
beam, indicating that this free-free component is resolved. We
interpret the nuclear emission as free-free radiation rather than
synchrotron radiation based on the SED slope and the bright-
ness temperature, which is too low for synchrotron emission
(Ts < 1.3x 10° K; see Sect. for a discussion on the possible
synchrotron contribution from a nuclear jet or the X-ray corona).
In B7 and B9, the 300 mas nuclear SED shows a flux density ex-
cess compared to the free-free component. As discussed in 122}
this excess is likely caused by thermal emission from cold dust
in the equatorial plane surrounding the AGN. This excess cannot
be caused by synchrotron radiation from the X-ray corona — as
observed in NGC 1068 (Inoue et al.[|2020; [Mutie et al.|[2025)) —
because we observe no excess at the continuum peak.

To further investigate the morphology of the dust and ionised
gas, we decomposed the emission into a dust and a free-free

component. We did this for every pixel by performing a least-
squares fit that combines two power-law components with @ =
—0.1 and @« = 3.5 for free-free and dust emission, respec-
tively. We plot the equivalent flux density of each component at
259 GHz in Fig. [5] We find that the free-free component traces
a nuclear structure that is elongated in the polar direction. The
dust component traces a spiral structure similar to that observed
in the molecular disk, as well as dust surrounding the AGN in
the equatorial direction. From this pixel-based SED decomposi-
tion, we find that at 259 GHz, 98% of the flux contained within
the 4 x rms contour in Figs. [T|and [f] is free-free emission from
nuclear ionised gas.

The lower resolution ATCA measurements lie near the nu-
clear @ = —0.1 power law when extrapolated from the millime-
tre (mm) regime towards 1 GHz (as also pointed out by [T22).
From the inferred electron densities and temperatures (Sect.[4.2)),
we expect the nuclear free-free emission to become optically
thick around ~ 3 — 19 GHz (from Eq. E]) Therefore, ATCA mea-
surements contain a significant contribution from nuclear free-
free emission but must be dominated by a different emission
component at the lowest frequencies (< 3 GHz). This could,
for example, be radiation from nuclear star formation (e.g. in
the SW ridge; Mueller Sanchez, F. et al.2006), self-absorbed
synchrotron radiation from a weak jet or diffuse synchrotron
emission from cosmic-ray electrons (Condon||1992; [Mutie et al.
2025)). Higher resolution low-frequency observations are needed
to constrain these scenarios.

4.2. Nuclear free-free emission

On sub-pc to pc scales, nuclear free-free emission can originate
from the compact hot X-ray corona, X-ray heated gas surround-
ing the accretion disk or from the ionised outflow (Haardt &
Maraschi|1991} |Palit, B. et al.[2024; |Vollmer et al.[2018)). The re-
solved free-free emission on the pc scale likely traces the ionised
outflow because (1) it is oriented along the polar axis, (2) its mor-
phology resembles that of the dust outflow cone, and (3) it is co-
spatial with the outflow maser spots (see Fig.[6). The unresolved
core on the other hand may either be a compact point source
(e.g. the X-ray corona), or a disk-like structure as observed by
Gallimore et al.|(2004) in NGC 1068 (component "S1").

The pc-scale outflow has a brightness temperature of 7g ~
1 —40K at v = 259GHz. At this distance from the AGN,
we expect the electron temperature to be near the equilibrium
photo-ionization temperature (Wada et al|2018). We thus as-
sume T, = (0.8 — 3) x 10*K, which implies an optical depth
of = —In[1 — (Tg/T.)] = (0.33 — 50) x 10~*. Further assum-
ing a homogeneous electron density 7. along an optical path of
length [ = 1 pc, we can estimate 7. from (Altenhoft et al.||[1960):

T = 3278 x 107 (T./10°K) " (v/GHz) ' n? (i/pc), (1)

which yields n, = (6 — 46) x 10° cm™3. In the hydrodynamic
model of [Wada et al.| (2018)), ionised gas with T, ~ 10*K and
n, ~ 10*cm™ is predicted to exist in a wide-angle cone re-
gion surrounding the narrow-line region. This electron density
is also comparable to the value derived by |I23| for the H36a-
traced ionised outflow in the Circinus AGN (n, ~ 7400 cm™).
Assuming T, = 10*K and [ = 2pc as in 23, we find n, =
(4.2-27) x 10* cm™3.
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The common beam size between all maps used for these SED fits is drawn in the bottom left as a filled ellipse. In the left figure, we indicate the
Phoenix and the two nuclear apertures used to obtain the spectral energy distribution shown in Fig.[d]

The unresolved core has a much higher antenna tempera-
tureﬂ reaching Ty = 1.3 x 10° K at the highest B6LB resolu-
tion (middle panel of Fig. [6). Such a high antenna temperature
implies that T, is likely higher than the photo-ionization temper-
ature because at 7, = 10*K, the free-free emission becomes
optically thick for v < 101 GHz, whereas the observed SED
slope remains consistent with optically thin emission down to
v = 86 GHz. If, for example, we assume 7, < 2 X 10* K, then the
implied optical depth at v = 86 GHz is 7 > 0.68, which would
reduce the flux density by > 30% compared to the optically thin
caseﬂ No such reduction in flux density is detected at > 30
significance, so this low-temperature scenario is disfavoured. At
r < 0.25 pc, strong X-ray heating is instead expected to drive the
gas to the Compton equilibrium temperature (Krolik & Begel-
man||1986). Assuming T, ~ 6 X 10° K analogous to the "S1" re-
gion in NGC 1068 (Gallimore et al.|2004) and taking / = 0.25 pc

4 Ty represents the intrinsic surface brightness while T is the mea-
sured surface brightness. In general, Ty > T4 due to beam dilution.

5 1In the optically thin case, 60% of the flux density in the 86 GHz com-
mon beam would correspond to the B6LB unresolved core and 40% to
the ionised outflow. The total attenuation thus equals 0.6 X (1 — ™).
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(the beam size), Eq. (I) yields a much higher electron density of
ne ~ 1.3 x 10° cm™, which is similar to that found by |Gallimore
et al|(2004) in NGC 1068 (1, ~ 8 x 10° cm™3).

We conclude that the pc-scale free-free emission and the
extended H36a emission trace the ionised outflow at similar
density, while the unresolved core represents a distinct, higher-
density and temperature component, akin to the "S1" region in
NGC 1068 (X-ray heated gas in the corona or above the accre-
tion disk).

4.2.1. lonised outflow

In the top panel of Fig. [6f we compare the pc-scale outflow
traced by the 259 GHz continuum with the dusty outflow cone
traced by the mid-IR N-band continuum using the MATISSE in-
terferometer (Isbell et al.|[2022). Since the MATISSE measure-
ments lack absolute astrometry, we match the position of the
continuum peak in the N-band to the submillimetre continuum
peak. We find that the N-band morphology is very similar, sug-
gesting that the dusty outflow cone is cospatial with the edge
of the ionised outflow cone. Both tracers show a polar exten-
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sion with a PA of ~ 130° and a more compact horizontal bar
at PA ~ 92° surrounding the unresolved continuum peak. We
therefore suggest that the clockwise rotation of the contours in
our 259 GHz map has the same origin as the horizontal bar in the
N-band (Isbell et al.|[2022): we predominantly detect one edge
of each outflow cone (the W edge of the NW cone and the E
edge of the SE cone). Since the emissivity of free-free radia-
tion scales as jpg o< ng xT; 0323 (Draine/[2011), and given that
T, = (0.8-3) x 10* K, temperature variations alone can account
for at most a factor of ~ 1.5 in flux density contrast. The ob-
served asymmetry therefore likely reflects a difference in elec-
tron density between the two edges of the cone, rather than a
temperature difference.

Although the morphology of the N band is essentially point-
symmetri(ﬁ the extended emission in the B6LB map at r > 1 pc
to the north-west is only one-sided. Since the outflow appears
point-symmetric in B6SB (Fig. [T] top panel), we conclude that
we detect both ionised outflow cones but that the north-western
cone is brighter at pc scale, making only this cone detectable
in the long-baseline map at » > 1 pc. This asymmetry might be
the result of slightly denser material in the NW cone. Similarly,
123|detected the ionised outflow as one-sided extended emission
toward the north-west in H36a.

In the middle panel of Fig.[§] we compare the B6LB con-
tinuum at the highest spatial resolution (14.3 x 12.2mas® or
0.29 x 0.24pc?) with the 22 GHz very long baseline interfer-
ometry (VLBI) maser positions of McCallum et al.| (2009) (as
described in Sect. [B.2). At the highest angular resolution, we
resolved the horizontal bar into a curved zigzag structure con-
sisting of two linear outer structures with the same orientation as
the edge of the dusty outflow cone and an inner unresolved core.
We find that the outflow masers extend farther outwards from
the polar axis (and closer to the midplane) than the 259 GHz and
N-band continuum at the northern (southern) side of the eastern
(western) outflow edge. This implies a stratification between the
ionised outflow and the outflowing masers clumps (blue and pur-
ple cones in Fig.[6), with the molecular outflow having a slightly
wider opening angle.

4.2.2. Launching or collimation radius

The curved zigzag morphology of the continuum 259 GHz in-
dicates that we resolved the base of the ionised outflow cone
for the first time in the Circinus AGN. If we assume that the
outflowing material follows straight trajectories after leaving the
disk, we can estimate the radius of the base as follows. We fit
two straight lines to the outer linear structures (solid cyan lines
in Fig. [6) and then extrapolate these trajectories inward to the
maser disk (dashed cyan lines in Fig. [6). We find that they con-
nect to the disk at the edges of the inner warped maser disk sec-
tion at r = 0.16 pc with half-opening angles of Oy =~ 44° and
Og ~ 29° for the western and eastern trajectories, respectivelyﬂ
We can interpret this radius in two ways: either as a launching
radius or as a collimation radius.

The collimation of AGN outflows has previously been sug-
gested to be caused by the torus or by a warped accretion disk
(Fischer et al.|[2013)). Since the outer sections of the maser disk
(red and blue lines in the bottom panel of Fig. [6) coincide with

® We ascribe the lack of asymmetry in the N-band map from [Isbell
et al. (2022) to a bias towards point symmetry in the MATISSE imaging
since [Tristram et al.|(2014) found polar asymmetry in the N-band.

7 As measured from the polar axis, which we assume to be perpendic-
ular to the inner section of the maser disk.
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Fig. 6. Ionised gas morphology (traced by the 259 GHz continuum)
compared to the dusty outflow cone (traced by the mid-IR N-band con-
tinuum from Isbell et al.||2022] top panel) and the accretion disk and
molecular outflow (traced by the 22 GHz mega-masers from McCal-
lum et al.||2009, middle panel). The B6LB 259 GHz continuum (ro-
bust parameter = 0.5) is drawn in the top panel as cyan contours at
[4,8,16,32,64,128,256,512] X rms, with rms = 0.013 mJy/beam. The
B6LB and N-band continuum synthesized beam sizes are shown on the
bottom left and right respectively. The middle panel shows the higher
resolution (robust parameter = —1) B6LB continuum map with contour
levels at [2,4,8,16,32,64,128] X rms, with rms = 0.048 mJy/beam.
Overlaid on the middle panel are the 22 GHz maser spots that trace the
Keplerian disk (black edge) and the outflow (white edge). The maser
spots have a global positional uncertainty of ~ 6 mas. The solid cyan
lines indicate the fitted outflow trajectories, whereas the dashed cyan
lines show these trajectories extrapolated to the maser disk. The orange
cross indicates the maser kinematic centre while the cyan cross indicates
the AGN position. The bottom panel shows a schematic representation
of the proposed outflow cone geometry. The sketched torus component
is based on the B6LB torus morphology in Fig.[§] The grey labels "N"
(near) and "F" (far) indicate the respective sides of the warped accretion
disk: "N" marks the near side that is in the line of sight of the AGN,
while "F" corresponds to the far side that is in shadow, as discussed in

Sect.[d2.3]
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the edges of the ionization cones, we suggest that the warped
maser disk collimates the ionised outflow before the outflow
reaches the torus. This cannot be concluded for the "outflow
masers", which trace a cone that is wider than the warped maser
disk. This is consistent with the molecular outflow being instead
collimated by the torus or these maser clumps tracing molecular
torus material that is shocked by the outflow. If the observed ge-
ometry is indeed the result of collimation, any mechanism with a
launching radius » < 0.16 pc is consistent with our observations.

An alternative interpretation is that we directly observe the
launching radius. In the radiation-driven mechanism proposed
by [Honig & Kishimoto| (2017), the ionised and dusty wind is
launched near the dust sublimation radius, which is equal to
Fsub = 0.05 — 0.2 pc for Circinus (depending on the dust compo-
sition and AGN luminosity; Isbell et al.|2023)). Our observations
are therefore consistent with the outflow mechanism proposed by
Honig & Kishimotol| (2017). The assumption of rjgynen = 0.16 pc
in|Andonie et al.| (2022)) is also consistent with our result, while
Flaunch = 0.53 pc in|Vollmer et al.| (2018)) appears too large.

4.2.3. Anisotropic launching mechanism

In the mid-IR, the asymmetry observed between the edges of the
dusty outflow cones has previously been attributed to anisotropic
illumination by a tilted inner accretion disk (Tristram et al.
2014), with the W and E edges appearing hotter than the N and S
edges due to preferential exposure to the central radiation source
(see also [Stalevski et al.|2017; |Stalevski et al.|2019). However,
our observations suggest a difference in density, rather than tem-
perature, between both edges of the ionization cone.

This leads us to propose the following explanation. The con-
tinuum morphology at 259 GHz shows that the outflow trajec-
tories (cyan lines in Fig. [) intersect regions located ~ 0.1 pc
above the outer parts of the warped maser disk. The material lo-
cated on these near sides of the maser disk (labelled *N’ in the
bottom panel of Fig. [6) lies in direct sight of the AGN. This
material can therefore be efficiently launched either by radiation
pressure from the inner accretion disk or entrainment in a wide-
angle wind that originates close to the AGN. In contrast, mate-
rial on the far sides of the maser disk (labelled "F’) is shielded by
the warped optically thick accretion disk. We therefore suggest
that we detect an anisotropic wind launching from a warped disk
rather than an anisotropic illumination of an otherwise isotropic
wind. Unlike the model of |Stalevski et al.| (2017), our interpre-
tation does not require a tilt of 40° of the inner accretion disk
relative to the polar axis within the inner region.

4.3. Nuclear dust emission

To the south-east of the nucleus, we detect the Phoenix feature.
Its emission, which extends out in the radial direction to a pro-
jected distance of ~ 8 pc from the nucleus, is associated with
dust as shown in Sect. 1] The phoenix ends in a flux enhance-
ment, where it splits into two "wings". When comparing the mor-
phology of the Phoenix with that of the molecular spiral arms, as
shown in Fig.[7] we find that they trace very different structures.
The molecular maps show no structure extending radially out-
wards from the AGN and the eastern ridge in the CND does not
coincide with the ridge created by the two wings of the Phoenix.
We discuss two possible scenarios in the following subsections.
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Fig. 7. Top panel: The Phoenix feature as observed in the B6SB 259
GHz continuum compared to the B7 CO(3-2) molecular tracer (blue
contour at 1.0 mJy/beamkm/s). We observe a mismatch between the
continuum and CO(3-2) morphology, which either implies that the
Phoenix feature is associated with a polar outflow perpendicular to the
CND or that the inner spiral arm structure traced by dust differs from the
molecular spirals. Bottom panel: Illustration of both of these scenarios.
The spiral pattern drawn in purple is based on the structure observed in
the right panel of Fig. [5] The B6SB 259 GHz continuum contours are
drawn at [6, 8] X rms, with rms = 0.022 mJy/beam.

4.3.1. Outflow scenario

Because of the morphological discrepancy and the polar orienta-
tion, we suggest that the Phoenix might not be part of the CND
but is instead located behind the disk as part of a dusty outflow
(as illustrated in Fig.[7). This dust would not be shielded by the
torus, so we expect it to be warmer than the dust in the midplane.

At the kpc scale, Elmouttie et al.[(1998)) discovered a bipolar
outflow in the 20 cm radio continuum. The PA of the Phoenix
feature (= 135,°) differs slightly from that of the SE kpc-scale
outflow (= 115,°), but it is nearly perpendicular to the PA of the
inner tilted maser disk (=~ 48,°) from which it would be launched.
It is also almost exactly opposite the direction of the collimated
ionised outflow on the NW side (=~ 320,°; |Kakkad et al.|2023).
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Therefore, the Phoenix would be the SE counterpart of the NW
outflow. The ~ 40 pc-scale warm dust component observed in
the mid-IR by Stalevski et al.|(2017) has a significantly different
PA of ~ 100°, meaning that it would have to trace a different
(temperature) component than the Phoenix.

The fact that the Phoenix abruptly ends in a flux enhance-
ment and splits in two perpendicular wings could imply that the
material slows down and eventually falls back to the disk. This
would mean that we would directly detect the dust fountain as
proposed by Wada et al.| (2016). Such a backflow of dust and
gas would add to the turbulent motion in the disk, which is one
proposed mechanism to keep the torus geometrically thick. The
flux enhancement could then be associated with a collision of
the outstreaming column of material onto a dense clump caus-
ing a build-up of material or heating of the dust. A very similar
picture of a collimated outflow splitting into two branches due
to a dense clump was presented by Kakkad et al.| (2023)) on the
NW side of the Circinus AGN (referred to as the "tuning fork")
to explain the morphology in the [O 1] cone.

4.3.2. Spiral arm scenario

Another explanation for the mismatch in morphology is that the
dusty and molecular arms are simply not cospatial. This offset
between dust and molecular gas has been observed at the kpc
scale in several spiral galaxies, where this offset results from
warm dust that is heated by star formation triggered in the den-
sity wave (Patrikeev et al.|2006; |Chandar et al.|2017; [Vallée
2020)). Because a similar offset is also observed to the NW of the
CND between the spiral dust arm and the NW molecular hook,
a similar offset at the SE side of the CND would be plausible.

4.4. CND kinematics

The material surrounding molecular tori is hypothesized to con-
tain non-circular motions responsible for inflows and outflows,
for example, as part of the fountain model introduced by Wada
et al.|(2016). We are therefore interested in the kinematics of the
molecular gas in the Circinus CND. In particular, the spiral struc-
ture observed in the CND could induce non-circular motions in
the material orbiting the SMBH (Roberts et al.|1979; |van de Ven
& Fathil2010). Moment-one maps of the B6SB HCO*(3-2) and
HCN(3-2) emission are presented in the left panels of Fig.[8] We
find a strong dipole that indicates that the kinematics is domi-
nated by rotation. However, on the basis of the velocity contours,
we find that the observed velocity field is not symmetric around
the minor and major rotation axes of this dipole. The CND must
therefore contain gas motions that deviate significantly from a
pure circular rotation around a single rotation axis.

To determine whether the observed asymmetry arises from
non-circular gas movements or a warp in the disk position an-
gle (PA), we modelled the HCO*(3-2) and HCN(3-2) kine-
matics using the software > BAROLO (Di Teodoro & Frater-
nalil[2015), which fits 3D tilted ring models directly to emission
line data cubes. Initially, we only allowed circular motion in the
3SDBAROLO model such that any non-circular motion can be in-
vestigated from the residual velocity field after subtracting the
model from the observed velocity field. We defined 29 tilted con-
centric rings placed at regular intervals between r = 0.05" and
r = 1.45" centred on the AGN position. For each ring, we fitted
the rotation velocity Vi, the dispersion velocity within the disk
Vdisp, the inclination angle i, the position angle of the major axis
on the receding side PA and the systemic velocity Vs using X’

minimisation. We used a pixel-by-pixel normalisation of the sur-
face density which allowed the model to reproduce the clearly
non-symmetric intensity distribution in the Circinus CND. The
fitting process was executed in two stages. In the first stage, all
free parameters were unconstrained and were fitted to each ring
separately. In the second stage, the inclination and position an-
gles were regularized through a radial Bezier function, and the
systemic velocity was fixed at the median value of all rings. In
addition, we performed an alternative fit in which the radial ve-
locity Vy,q is included as a free parameter in the model. We dis-
cuss this additional fit in Sect.

The resulting radial parameter profiles are shown in Fig. ]
and the resulting moment-one model and residual velocity fields
are shown in Fig.[8] We discuss the major-axis position-velocity
(PV) diagram of both the model and the data in Sect. [C.I] In
general, we find that the fitted parameters and the residual ve-
locity fields are robust against changes in initial parameters. We
also find that HCO"(3-2) and HCN(3-2), within the statistical
uncertainties, trace the same circular rotation structure in the
disk. The systemic velocities are fitted to be 441.9 + 0.9kms~!
and 440.8 + 0.9kms™! for the HCO*(3-2) and HCN(3-2) tran-
sitions, respectively. We therefore conclude that the average fit-
ted systemic velocity of the CND is equal to Vs = 441.4 +
0.7kms~!, which is consistent with the nominal systemic veloc-
ity of 439 + 2kms~! of the galaxy and the nuclear molecular
material (Freeman et al.[1977; |Curran et al.|1998). We find Vg,
to range between ~ 10kms™' and ~ 23kms~! throughout the
disk, and the inclination angle and position angle are i = 75 + 3°
and PA = 218 + 6°. These results are consistent with the kine-
matic analysis from |T22] but have smaller uncertainties.

The rise in the rotation curve for r < 3pc (see Fig. )
indicates a mass concentration near the disk centre. Although
the interpretation of these results warrants caution for the inner
two rings (since the minor axis is unresolved, as discussed in
Sect. @) the observed increase in Vo and the drop in Vi
at r < 3 pc are consistent with the higher resolution modelling
by [I23| Except for the innermost ring, all fitted line-of-sight ve-
locities are higher than would be expected from the Keplerian
profile of a M, = (1.7 +0.3) x 10° M, SMBH (see Fig.
Greenhill et al.|2003). Approximating with spherical symme-
try, the dynamical mass enclosed within radius r is given by:
M) = rVig(r)?/G, with G the gravitational constant. Using
the fitted rotational velocity of V.o,  70kms™' at r = 2pc
(which encloses the torus structure), we find a dynamical mass
of ~ 2.6 x 10°M,. This implies a dynamical torus mass of
~ 9 x 10° My, after subtraction of the SMBH massﬂ At larger
radii, the rotational velocity increases to ~ 90km s outto a
radius of 17 pc, implying that the CND kinematics is domi-
nated by self-gravitation. We model this rotation curve using
a 1.7 x 10 My, point mass surrounded by a Miyamoto-Nagai
(MN) disk (Miyamoto & Nagai||1975), for which we assume
a scale heigh of b/a = 0.22 (with a and b the length and
thickness scales of the MN disk) and fit a disk scale length of
a = 13.3+0.5 pc and an enclosed disk mass of Myn(r < 28 pc) =
Menp = (3.2 +0.2) x 107 My, (see Fig.[9).

Looking at the residuals in the velocity fields (right panels
in Fig. [8), we find that large residuals remain after subtraction
of the model. This is a clear indication of non-circular motions.

8 We ignore the mass of the accretion disk, on which |Greenhill et al.
(2003) placed an upper limit of M,.. < 4 X 10’ M,, within r = 0.4 pc.

” Since Viisp/ Viot = 0.22. We follow the method from Krolik & Begel-
man| 1988, which states that b/a ~ Vyisp/ Vo in the torus disk. If we for
example instead choose b/a = 0.1, Mcnp is reduced by 7%.
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Fig. 8. Velocity fields of the CND for HCO*(3-2) (top) and HCN(3-2) (bottom) from the B6SB dataset as observed (left), as modelled using
SPBAROLO (middle) and the residual velocity field that results from subtracting the model from the data (right). The black arrows in the right
panels indicate the position of the blue residual feature that coincides with the position of the NW hook. Velocity contour levels are drawn
at [-75, =50, -25,0,25,50,75] kms™". The rest frame velocity is defined relative to Vi, = 441.4km s~!. Indicated on all maps are the point
apertures used to extract the 1-D kinematic profiles shown in Fig.[I0]using corresponding symbols in white. The synthesized beam sizes are drawn

in the bottom left as filled ellipses and the cyan cross indicates the AGN position.

The blue residual to the north-west of the SMBH (indicated
with a black arrow in Fig. [8) is the strongest and has a mag-
nitude of ~ —40kms~!. In addition, we observe a significant
redshift residual in a more extended region to the south-east of
the SMBH with a magnitude of ~ 20kms~!. As discussed in
Sect. [C.2} these residuals are not caused by improper modelling
(e.g. due to the PA being significantly larger in the inner disk
than assumed by the model). In Fig.[I0] we show four 1-D kine-
matic profiles that we extracted from the point apertures indi-
cated in Fig. [8] We find that the blue and red residuals in the
northern and southern apertures are not caused by a secondary
blue or red shifted velocity component. Instead, we find that all
apertures show an approximately Gaussian profile that is similar
to the model but shifted to a different velocity. Therefore, these
residuals are the result of motions within the disk itself and not
due to an additional molecular outflow that is launched from the
disk or material falling back onto the disk.

4.5. Torus feeding through inflow in the CND

The blue-shifted emission in the residual maps of Fig.[§] located
north-west of the SMBH, originates, at least for the most part,
from the structure we identified as the NW hook. This is because
in the HCO™(3-2) and HCN(3-2) maps of B6SB, on which the
kinematic modelling is based, the blue residual spatially coin-
cides with the NW-arm (cyan contours in Fig. [3). Further confir-
mation comes from overlaying the blue residual onto the higher-
resolution band 7 maps in Figure [A.2] where the blue residual
again coincides with the NW hook.
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Since the NW hook is located on the far side of the CND,
we interpret this blue shift as an inflow along the NW hook. We
interpret this as an inflow rather than an outflow because (a) the
corresponding 1-D kinematic profile only shows one blue shifted
velocity component from the disk rather than a disk component
and an extra blue shifted outflow component (b) the blue-shifted
emission originates from a structure that morphologically resem-
bles a spiral arm, which would be associated with instabilities
within the self-gravitating gaseous disk and (c) the position an-
gle and location of the known outflow, which is tilted towards
the west side of the rotation axis (see Figs. [T} [5] [6] and the dusty
and ionised outflow as traced by|Stalevski et al.[2017; Isbell et al.
2022; [Kakkad et al.|2023|and 123)), do not match with the posi-
tion of the blue residual, which is located to the north-east of the
rotation axis. Therefore, we conclude that we observe gas that is
being transported inward along the NW hook, which connects to
the approaching side of the torus, thereby feeding the torus.

Following the same logic as for the NW-hook, the red-shifted
feature on the near side of the CND would also be associated
with an inflow. Based on the morphology of the residual velocity
map, this inflow would be less collimated and smaller in magni-
tude (~ 20kms™'). Since this red-shifted region coincides with
the location of the E ridge and the SW hook, these southern spi-
ral structures could be responsible for the angular momentum
transfer required for the inward transport of material on this side
of the disk. However, in contrast to the inflow motion observed
to the NW, this inward motion would be perpendicular to the
E-ridge rather than along the length of the spiral arm. At the lo-
cation where the SW hook connects to the torus, we observe no
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Fig. 9. Fitted kinematic and morphological radial parameters of the
CND from *’BAROLO modelling of the HCO*(3-2) and HCN(3-
2) transitions in the B6SB dataset. The top two panels show the
SDBAROLO fitting results and the associated uncertainties after the sec-
ond fitting iteration while the bottom two panels show the fit results and
uncertainties from the first iteration as scatter points with the regular-
ized radial parameter profiles overlaid as solid curves that are used in
the second iteration. The SMBH + Miyamoto-Nagai disk rotation curve
fit is overlaid in the top panel as a red dashed line.

significant velocity residual. This does not imply that there is no
inward transport of material on this side of the torus because we
are insensitive to a radial inflow at this location (which would be
perpendicular to our line of sight).

As an extra check that the observed residuals imply inflow,
we performed a second *°>BAROLO fit where we allow the rings
to have non-zero axisymmetric radial velocities (see Sect. [C.3).
We find that the model consistently predicts an inflow in the cen-
tral region of the CND (r < 15 pc) that increases in velocity to-
wards the SMBH, with a mean magnitude of Vg ~ —12km s
between 5 pc and 15 pe (see Fig. [C.2). The resulting residuals on
the velocity map are similar in shape, but have a smaller magni-
tude than those of the model that fixes Vg = Okms™! (Fig. C.4).
This is not surprising, since we measured a projected inflow ve-
locity of ~ 40 kms~! in the NW hook, which is much faster than
the inflow in the axisymmetric inflow model. We therefore con-
clude that the inflow is not axisymmetric and is dominated by
the motions in or near the spiral arms.

Nuclear spirals are known to exist on > 10 pc scales in AGN-
bearing galaxies. These are often connected to the CNdﬂ and
thought to be responsible for AGN feeding based on the non-
axisymmetric potential that they produce (see e.g.

[0 In some cases, such as|Combes et al.| (2019), this disk is referred to

as the torus, where it 1s uncertain if this structure is what obscures the

AGN. By that definition, the disk we refer to as the CND could be called

the torus, implying that we observe spiral structure within the torus.

North: O

Normalised flux density + ¢

—-150 -100 -50 0 50 100
Rest frame velocity [km/s]

150

Fig. 10. Kinematic 1-D profiles of HCO*(3-2) and HCN(3-2) in B6SB
extracted from the four point apertures as indicated in Fig.[8Jusing corre-
sponding markers. We show the data as a step curve and the > BAROLO
model as dashed curves. The 1-D kinematic profiles are normalised by
the maximal flux density in the model. The spectra are offset by a term
¢ as indicated by the horizontal dotted lines.

[tini] 2002} [Prieto et al.|[2005; [Combes, F. et al.|[2014} [Audib-
ert, A. et al|[2019; [Combes et al|[2019} [Storchi-Bergmann &]
Schnorr-Miiller|2019)). Our observations of the Circinus nucleus
reveal a case where we observe a clear spiral structure within the
CND that connects to a kinematically distinct substructure (the
torus) and transports material down to the pc-scale torus. Such
a spiral structure in the Circinus CND is not unexpected, since
the Toomre-Q parameter is smaller than unity outside r = 1 pc
123), meaning that we expect gravitational in-
stabilities to grow into spiral structures. These trailing bars and
spirals then produce negative torques that drive inflow

Combes|[1996} [Combes|[20214).

4.5.1. Torus feeding rate

The feeding rate of the torus through the NW hook can be es-
timated by multiplying the radial inflow velocity by the linear
gas mass density in the inner straight bar of the hook. Since
the stars in the CND are collisionless, their motion is expected
to be decoupled from that of the gas (Schnorr Miiller et al.|
2011} [Schartmann et al.|[2017). We thus assume that only the
gas contributes to the inflow rate. Because the disk is tilted
by i = 76 £ 1° at the point aperture in the NW hook (square
marker in Fig. [8), it intersects the CND at a deprojected distance
of r = 14pc. At this aperture, we measure a residual velocity
of Vios.nw = -39 = 2kms!. Assuming that the residual gas
motion is purely radial after subtraction of the fitted rotational
velocity component, we find a de-projected radial velocity of
Vrad,NW = Vios/ (sini X cos ¢) = —43 + 2km s7L. Here, ¢ = 23°
is the angle between the inner bar of the NW hook and the disk
minor axis.

It is difficult to determine the gas mass enclosed in the NW
hook from the line intensities. This is because assuming a gas
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fraction of fys ~ 0.5 (Mueller Sanchez, F. et al.|2006; Hicks
et al.|2009), the Miyamoto-Nagai disk model predicts a mean
face-on column density of Ny, = 4.8 x 10> cm™2 at r = 14 pc,
which makes all observed transitions optically thickEl We there-
fore have to rely on more rudimentary estimates. Since the width
of the SW hook is partially resolved in B7 (see Fig.[A.2)), we as-
sume a diameter of D ~ 1pc for the NW hook, comparable to
the B7 beam size. Approximating its shape as a cuboid of side
length D = 1 pc, elongated radially along the inner straight bar,
and filled with gas at a mean density of ny, ~ Rerit HCO*3-2) =
10° cm™—3, we find an inflow rate of:

@)

where my, = 3.35 x 107*" kg is the mass of a hydrogen
molecule. In this toy model, the NW hook has a face-on col-
umn density of Ny, = ng, x D = 3.1 x 10* cm™2. If we in-
stead set Ny, = 4.8 x 10> cm™2 equal to the mean column
density of the Miyamoto-Nagai disk at » = 14pc (implying
ny, = 1.5 X 10° cm™), we find an inflow rate of Mxw—nook ~
0.3 Muyr~!. We can treat this latter value as a lower limit be-
cause the gas density in the NW hook is likely higher than the
average density throughout the CND.

To determine the total feeding rate of the torus, we also
have to consider the mass inflow through the rest of the disk.
Since an inflow along the SW hook would be perpendicular
to our line of sight, we cannot perform an analogous calcula-
tion of Msw-_nook. However, based on the second *PBAROLO fit,
where V;,q was left as a free parameter to describe the axisym-
metric radial velocities in the rings, we can calculate an inflow
rate for the entire disk (for details, see App.[C.4). The result-
ing radial inflow profile (bottom panel Fig. is constant at
Miow = 7.5+ 1.5 Moyr‘1 between » = 3pc and r = 14 pc.
As discussed in App. [C.4] we expect this total inflow rate to be
an overestimate. We therefore constrain the torus feeding rate to
Mfeed =03-75 Meyr‘l.

These feeding rates are higher than those reported by [I23|for
the Circinus AGN, who derived Mf.eq = 0.20—0.35 Mgyr~! from
the redshifted absorption profile described in Sect.[3.2] Our esti-
mates are likely more robust, as [Baba et al.[(2024)) showed that
infalling clumps traced by absorption do not necessarily provide
a reliable measure for the total mass inflow rate. Furthermore,
123|used rinow = 0.27 pc in their calculation, whereas|Baba et al.
(2024) showed that such absorption signatures are more likely to
originate at much larger radii in the CND. Our inferred feeding
rate also exceeds that obtained in the hydrodynamic simulation
by Baba et al.|(2024), which yielded a maximum of Mieeq ~ 0.35
atr =5pc.

. 2 -1
MNw-hook = —Vrag, NwW X i, X ng, X D” ~ 2.2 Mgyr™,

4.5.2. Mass flow and feeding timescales

The Eddington accretion rate of the Circinus AGN is equal to
Myee = Lgga/c*n = 0.04Mgyr~! (for a radiative efficiency of
n = 0.1 and an Eddington luminosity of Lgg = 5.6 x 1017 L,
Tristram et al.[2007)), which is only 12% of our lower torus feed-
ing limit. This implies that the majority (>88%) of the incoming
mass must be removed from the AGN before reaching the ac-
cretion disk and must be expelled to distances beyond r ~ 14 pc
as part of an outflow. Estimates for the ionised and molecular

' Using RADEX (van der Tak et al.[2007), we find 7 > 1 for Ty, < 50K,
line widths of 50kms™, ny, = nei for each transition and chemical
abundances of Xco ~ 107 and Xuen ~ Xuco+ ~ 3 x 1070 (Viti et al.
2014;|Szucs et al.[2016; /Gamez Rosas et al.[2025).
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outflows range between Moy jon = 0.01 —0.22 Myyr~! (Fonseca-
Faria et al.| [2021; |[Kakkad et al.[2023; 23] and Mout, mol =
0.35 — 12.3 Mgyr~! (Zschaechner et al.[2016), respectively. Our
values for the torus feeding rate are thus consistent with those
required to sustain accretion and outflow. Although part of the
inflow is used for star formation, this is a small fraction of the
total mass flow since [Esquej et al.| (2013)) reported a rate of only
Mg = 0.13 M®yr‘1 within 75 pc from the AGN.

Since we estimated dynamical masses of Mors ~ 9% 10° Mg,
and Mcnp = (3.2 +0.2) X 107 My, the implied timescales are
freed,toris = 120kyr — 2.7Myr and tgep,cnp = 4.3 — 97 Myr.
Assuming a steady state with approximately Mg ~ Moy +
Moufiow = Maept, We also eXpect faepl,torus ~ Iffeed, torus- SiNCE
both the torus and the CND act as mass reservoirs for the
AGN, any variation in the activity of the AGN caused by in-
homogeneities in the CND would be expected on timescales of
~ tgepl,cnp and would be time-smoothed on timescales larger
than Zgepl, 1orus- These timescales are similar to those observed for
the (de)activation of AGN, both based on fluctuations in multi-
phase outflows (e.g. ~ 3 Myr in the Fornax A galaxy,Maccagni,
F. M. et al.[|2021) and on radio jets, which typically show AGN
activity cycles lasting 1 — 100 Myr (Parma et al.||[1999; Brienza
et al.|2017;/Combes|2021a). This suggests that such fluctuations
in AGN may be directly related to the variability in torus feeding
by the CND.

5. Conclusions

In this work, we use high-resolution (down to 13 mas or 0.25 pc)
ALMA observations of the Circinus AGN to investigate the feed-
ing of the molecular torus and the launching of the ionised
outflow. We focus on the CND (size ~ 50pc), the torus (size
~ 2.4 pc) and the AGN outflows at pc scale. We investigated the
emission mechanisms and morphology of the continuum radi-
ation between 86 GHz and 665 GHz and studied the morphol-
ogy and kinematics of the molecular gas using the HCO*(3-2),
HCO™"(4-3), HCN(3-2), HCN(4-3) and CO(3-2) emission lines.
We summarise our findings as follows.

— At 1pc < r < 28 pe distance from the nucleus, the millimetre
continuum traces thermal emission from cold dust located in
the equatorial midplane of the CND and the torus. The cold
dust in the CND is distributed in two trailing spiral arms. To-
ward the SE from the nucleus, we detect the Phoenix feature,
which we interpret either as warm dust in an outflowing dust
fountain or as cold dust in a spiral structure that is offset from
the molecular gas spirals in the CND.

— At the parsec scale, the nuclear millimetre continuum traces
optically thin free-free radiation from the ionised outflow.
We derive electron densities on the order of n, ~ 10* cm™
for T, ~ 10*K. The ionised outflow cone morphology
matches that of the dusty outflow cone but differs from the
morphology of the molecular outflow, suggesting a stratifi-
cation between the molecular outflow (wider opening angle)
and the dusty and ionised outflow (smaller opening angle).

— The millimetre continuum shows an unresolved (< 0.25 pc)
central emission peak. We interpret this as optically thin free-
free emission from X-ray heated gas in the corona or above
the maser disk with n, ~ 1.3 x 10°cm™3 for 7. ~ 6 x 10° K.
We do not detect synchrotron emission from a jet or the
corona.

— We measure the base of the ionised outflow to have a radius
of r = 0.16 pc — which is either a collimation or a launch-
ing radius — and determine half-opening launch angles of
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Ow =~ 44° and 6 =~ 29°. We find evidence that the ionised
outflow is collimated by the warped accretion disk and that
the ionization cones appear asymmetric due to an anisotropic
launching mechanism (rather than anisotropic illumination).

— The molecular line emission reveals spiral arms in the CND
that consist of four distinct substructures and differ in posi-
tion from the dusty spirals. Two of these structures, the NW
hook and the SW hook, connect to the torus.

— We find that the kinematics of the CND is dominated by
rotation due to self-gravitation with dynamical masses of
Menp = (3.2 £0.2)x 107 Mg and Migrs ~ 9% 10° Mo, In ad-
dition, we observe non-circular inward motion on the order
of 20 — 40 km s~! that is concentrated in the spiral structure.

— These inward gas flows suggest that the non-axisymmetric
potential generated by the spiral arms is responsible for driv-
ing the inflow from the CND down to the pc-scale torus.

— We determine the torus feeding rate to be Mg = 0.3 —
7.5Mpyr~!, which implies that > 88% of the material that
flows towards the torus is expelled in outflows before it
reaches the inner accretion disk. These rates imply charac-
teristic feeding timescales of ffeed, torus = 120kyr — 2.7 Myr
and gepl,cnp = 4.3 — 97 Myr, which suggests that the fluc-
tuations in AGN activity often observed on such timescales
may be caused by variability in the torus feeding rate.

In summary, we report the first resolved detection of the
ionised outflow base in Circinus, unveiling important details
about the launching mechanism, and we provide the most de-
tailed kinematic evidence to date for torus feeding at parsec
scales through spiral arms that are embedded in the CND. Ob-
servations at similar spatial resolution of other AGN will be re-
quired to confirm if these mechanisms are universal or specific
to the Circinus AGN and higher resolution observations in the
inner parsec of the Circinus nucleus are needed to constrain the
launching mechanism.
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Appendix A: Observational details and results

Table A.1. Observation and data reduction details for the auxiliary data

B3 LSB B3 USB B4 LSB B4 USB B5 B9
Veentral (GHZ] 85.963 98.732 135.374 146.834 178.009 664.599
Acentral [Mm] 3.49 3.04 2.21 2.04 1.68 0.45
Beam [mas?] 65.2x482 578x42.1 61.0x415 53.8x38.1 61.3x46.6 74.5x%x559
Beam [pc?] 1.3x1.0 1.2x0.8 1.2x0.8 1.1 x0.8 1.2x09 1.5x1.1
PA.[°] -15.6 -15.3 -0.9 -5.6 40.8 71.3
MRS ["] 1.132 1.132 0.702 0.675 1.107 1.440
Int. time [’] 49 49 22 22 118 126
Sens. [uJy/bm] 9.6 9.6 13.0 12.9 299 258
Obs. date 2017-10-08 2017-10-08 2017-10-15 2017-10-15 2021-08-20  2021-07-01
Pipeline version 40896 40896 40896 40896 2020.1.0.40 2021.2.0.128
Self-cal iter.: 0 0 0 0 0

Notes. The cited beam sizes represent the beam sizes of the respective continuum maps imaged using Briggs weighting (robust parameter = 0.5).
The maximal recoverable scales (MRS) were derived using Eq. (3.27) in|Warmels et al.| (2018)).

Table A.2. Continuum flux density measurements used for the SED in Fig. E]

v[GHz] A[mm] Position Beam/Aperture size [mas?] F, [mJy]
664.60 0451 Nucleus 745 % 65.2 16.74 + 1.70
300 x 300 82.93 + 8.58
Phoenix 200 x 200 17.64 +2.29
349.56  0.858  Nucleus 74.5 X 65.2 21.96 + 2.20
300 x 300 32.65 + 3.29
Phoenix 200 x 200 0.98 +0.28
258.82  1.158  Nucleus 74.5 X 65.2 20.97 +2.10
300 x 300 32.65 + 3.29
Phoenix 200 x 200 0.54 +0.16
178.01  1.684  Nucleus 74.5 X 65.2 16.87 + 1.69
300 x 300 26.82 +2.70
146.83  2.042  Nucleus 74.5 X 65.2 18.35+ 1.84
300 x 300 27.67 +2.80
13537 2215 Nucleus 74.5 X 65.2 19.11 + 1.91
300 x 300 28.44 +2.87
9873  3.036 Nucleus 74.5 X 65.2 16.58 + 1.67
300 x 300 28.67 +3.27
85.96  3.487  Nucleus 74.5 X 65.2 19.87 + 2.00
300 x 300 33.47 +3.78
8.64 347  Nucleus (0.9 X 103) X (0.8 X 103) 50+5
4.80 62.5  Nucleus (1.4 X 103) X (1.3 X 103) 50+5
2.37 126 Nucleus (3.4 X 103) x (3.1 x 103) 70 +7
1.37 219 Nucleus  (6.0x10°)x(54x10°) 12012

Notes. Columns list the central frequency (v) and wavelength (1), the position of the measurement (either the Nucleus at @ = 14"13™09.9473¢,
& = —65°20°21.023” or the Phoenix feature at & = 14"13™09.9850°, § = —65°20'21.271”; ICRS), the beam size (for nucleus measurements) or
aperture diameter (for Phoenix), and the flux density. The four lowest frequency measurements were made by the ATCA radio telescope and are

taken from |[Elmouttie et al.| (1998).
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Fig. A.1. Continuum maps of the Circinus nucleus at the eight frequencies used for the SED decomposition presented in Sect. All maps were
convolved to a beam size of 74.5 x 65.2 mas”. We discern two emission components: free-free emission at the nucleus which is visible in all bands
and dust emission which is only visible in band 6, 7 and 9. We note that some extended emission is likely missing in the B6LB map because it has
an MRS of 375 mas. This is likely also the reason for any discrepancy between this map and the one presented in Fig. [T} The synthesized beam
sizes are drawn in the bottom left as filled ellipses and the background rms values are shown in the bottom right in units of mJy/beam.
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Fig. A.2. Band 7 HCO*(4-3) (Vest = 356.7 GHz), HCN(4-3) (V;esy = 354.5 GHz) and CO(3-2) (V1esx = 345.8 GHz) moment zero maps. We observe
spiral structure in the CND that connects to the torus in all three transitions with the bottom panels showing the inner bars of these hooks. Contour
levels are drawn at [1,2,4, 8, 16,32] x 50 mJy/beam km s~ in the HCO™*(4-3) and HCN(4-3) maps and at [1,2,4] x 300 mJy/beam km s~ in the
CO(3-2) maps. Cyan contours in the bottom left and middle panels indicate the position of the blue-shifted emission feature discussed in Sect. 3]
and represent the —30km ! level in right panels of Fig.|8|for HCO*(3-2) and HCN(3-2) respectively. The synthesized beam sizes are drawn in
the bottom left as filled ellipses and the cyan cross indicates the AGN position. Indicated on the bottom panels are also the four locations where the
1-D kinematic profiles from Fig. @were extracted using corresponding symbols in white. To boost the S/N in the moment zero maps, we applied
a custom masking algorithm for the HCO* (4-3) and HCN(4-3) maps that conservatively masks out empty regions in the image cube. For CO(3-2),
we masked out negative values in the image cube to remove artefacts caused by large scale emission that exceeds the maximal recoverable scale.
Since this causes an upward bias in the flux density, the resulting CO(3-2) moment zero map is unsuitable for quantitative flux measurements.
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Appendix B: Continuum analysis

Appendix B.1: Possible synchrotron contribution in the mm
regime from a jet or the X-ray corona

Based on the SED (Fig. EI), we find no clear evidence for syn-
chrotron emission, which typically follows a power-law slope of
a = —0.75 in the optically thin regime and @ = 2.5 when op-
tically thick (Rybicki & Lightman|[1979). Synchrotron emission
from a compact nuclear jet can, however, produce a flat spectrum
at millimetre wavelengths, as is commonly observed in AGN
(e.g.Kaiser|2006; [Kawamuro et al.|2022). Such emission is char-
acterized by high brightness temperatures, typically Tg > 10’ K
(Panessa et al.|[2019). In our highest-resolution map (B6LB;
14.3 x 12.2 mas?), the peak flux density is 1.26 x 1072 Jy/beam,
corresponding to an antenna temperature of T4 = 1.3 x 103 K.
Since the brightness temperature of the resolved emission re-
mains below this peak value, synchrotron radiation is unlikely to
dominate there. The central core is unresolved however, which
leaves open the possibility that 7g > T AE A relevant analogue
where this central core component is resolved is NGC 1068,
which is also known to contain a nuclear jet. In NGC 1068, |Gal-
limore et al.|(2004) identified a similar pc-scale free-free emit-
ting region (component “S17) with T = 4x 10° K that originates
near the X-ray-irradiated maser disk. In that case, the free-free
component dominates over the synchrotron jet in the mm con-
tinuum (Mutie et al.|[2025). Since no jet has been observed in
Circinus, we expect that any jet contribution in Circinus is even
weaker than in NGC 1068. We therefore interpret the unresolved
mm-core emission as arising from free-free processes in the X-
ray corona or the maser disk, rather than from a nuclear jet (see
also|Blundell & Kuncic|2007)).

In addition to a nuclear jet, X-ray coronae can also contribute
to the synchrotron emission observed in AGN (see e.g. [Inoue
et al.[(2020) and Mutie et al.| (2025)) in the case of NGC 1068).
In fact, based on the empirical correlation between X-ray and
mm brightness from [Ricci et al.| (2023)) and the observed X-ray
flux of Fy_jgrev = [1.3 = 2.6] x 107 ergcm™2 57! for the Circi-
nus AGN (Beckmann et al.|2006; |Shu et al.|[2011}; Rivers et al.
2011; |Yang et al.|2009), we expect a self-absorbed synchrotron
component of Figgu, = [1.9 — 33] mJy to exist in Circinus that
peaks at mm wavelengths. Since we do not observe a peaked
synchrotron component in the SED, we conclude that if present,
it must be significantly weaker than the free-free component in
the unresolved core. We therefore conclude that the nuclear con-
tinuum emission is largely dominated by optically thin thermal
free-free emission between 86 GHz and 665 GHz and does not
contain a significant contribution from synchrotron radiation.

Appendix B.2: Matching the VLBI maser astrometry to that of
B6LB

The VLBI masers from McCallum et al.| (2009) presented in
Sect.[d.2.T|have small relative positional uncertainty (~ 0.1 mas)
but lack absolute astrometry. To solve this, we matched the posi-
tion of the brightest 22 GHz maser from |[McCallum et al.| (2009)
to the astrometry of the brightest 183 GHz maser from S. Vense-
laar et al. (in prep.), which have almost the same radial veloc-
ity (vy2oGHz = 126.5kms™! and v, jg36H, = 125.4kms™!) and
overall position in the disk and can thus be assumed to belong
to the same maser cloud. We then matched the astrometry from
S. Venselaar et al. (in prep.) to that of B6LB by aligning the

12 The antenna temperature is equal to the brightness temperature only
if a source is resolved.

183 GHz continuum peak to the position of the continuum peak
in B6LB. We estimate that the resulting astrometric uncertainty
of the maser positions on our B6LB map is ~ 6 mas. From the
relative maser positions, we can also derive an estimate for the
position of the kinematic centre. To do this, we followed the
method from |Greenhill et al.| (2003) by taking the average po-
sition of the innermost blue and red shifted 22 GHz masers.
We find that the kinematic centre is located 5.3 + 6.0 mas to the
north-west of the continuum peak, which is an insignificant off-
set within the relative astrometric uncertainty.

Appendix C: Additional kinematic modelling
Appendix C.1: Major axis PV diagram

The major axis PV diagram presented in Fig. [C.T|shows that the
SDBAROLO model is generally able to reproduce the kinematics
observed in the CND along the major axis. However, within the
central pc, we see that the model is not able to properly repro-
duce the double peaked kinematic profile and instead smears into
one broad component. This inability is likely due to the inhomo-
geneous structure of the torus emission which is unresolved in
B6SB. Because *?’BAROLO has no knowledge of spatial emis-
sion structure that is smaller than the beam size, it assumes that
the inner ring has a homogeneous flux density, which includes
both the receding and approaching sides of the torus and por-
tions of the disk that are at systemic velocity. However, we know
from the moment zero maps of B6LB (bottom panels in Fig. [3)
that this assumption is false and that the regions with a systemic
line-of-sight velocity (along the minor axis) are weaker or com-
pletely missing due to the central absorption feature, especially
in HCN(3-2). Looking at the PV diagrams in Fig. [C.I] we see
that indeed this gap in the data at systemic velocity is stronger
in HCN(3-2) than in HCO™(3-2). We do not expect this discrep-
ancy between the model and the data to have an effect on the
modelling of the surrounding CND. Another discrepancy is the
blue wing that we observe towards the torus (indicated with a
white arrow in Fig. [C.I). This blue wing causes an asymmetry
in the torus spectrum between both sides of the torus. Its ori-
gin remains unclear but possible reasons may be that we see fast
moving gas clouds that are orbiting the SMBH at the inner edge
of the torus or, alternatively, a molecular outflow that is launched
near the AGN.

Appendix C.2: Sensitivity of residual velocities to model
parameters

To test whether the strong residuals described in Sect.[d.4]are the
result of improper modelling of (a part of) the disk, we experi-
mented with fixing different model parameters. Changing Vi
shifts the residuals, causing the blue (red) residuals to be stronger
when choosing a higher (lower) Viy. It is impossible to get rid
of either the blue or red residuals completely without causing
the rest of the disk to show a general residual blue or redshift
that implies an improper value of V. Forcing the PA to be 190°
instead of 218 + 6° eliminates the north-western blue and south-
ern red residuals. However, this in turn creates a strong dipole in
the residuals along the previously fitted position angle of 218+6°
at all radii, indicating that this fails to properly model the domi-
nant rotation of the disk. Changing the inclination also changes
the magnitude of the NW blue and S red residuals, with a larger
(smaller) inclination angle producing larger (smaller) residuals.
However, one needs to force the inclination angle to be i < 50°
for the blue and red residuals to become insignificant compared
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Fig. C.1. Position-velocity (PV) diagrams along the major axis for
HCO*(3-2) (top, PA=216°) and HCN(3-2) (bottom, PA=217°) in the
B6SB dataset. The colour map and black contours represent the data
and the cyan contours represent the model. Both sets of contours are
drawn at [1,2,4, 8] X 1.5mJy/beam. Overlaid on the PV diagrams are
also the fitted line-of-sight velocities Vi ogs = sin(i) X V, using cyan cir-
cles and the theoretical Keplerian profile of a central SMBH with a mass
of M, = 1.7x10° M, (Greenhill et al.[2003) using a red solid curve. The
size of the torus, which is barely resolved in B6SB, is indicated on the
edges of each panel using vertical cyan markers. A white arrow is drawn
in both panels to indicate the location of a < —100kms~! blue-shifted
emission component in the data that is not replicated by the model. The
synthesized beam sizes are shown in the bottom left as white bars.

to the other residual velocities in the disk, at which point the
expected disk morphology does not match the observed oblate-
ness of the CND. In addition, the inclination would have to dif-
fer significantly from the values found by [T22 and |Curran et al.
(1998)) (i = 75 + 5°) at the same spatial scale, [Izumi et al.|(2018])
(i = 70 = 5°) at the 100 pc scale and by [[23| (i ~ 82°) at the pc
scale, which we consider unrealistic. Lastly, we experimented
with only fitting the approaching or receding sides of the CND
with 3°PBAROLO. We find that the fit is robust against fitting
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only one side and that, consequently, the observed blue and red
residuals do not change significantly. We therefore conclude that
the observed velocity residuals are not the result of improper
modelling.

Appendix C.3: Kinematic modelling with non-zero radial
velocity

In order to check whether the *®BAROLDO tilted ring fit favours
net inflow within the CND when we allow the model to include
radial in- or outflow, we perform a second fit. We use the exact
same setup as in Sect. @ except that we leave V4 as a free
parameter with an initial guess of Vg = 0. The resulting ra-
dial parameter profiles, the velocity fields and the 1-D kinematic
profiles extracted from the four point apertures are presented in

Figs.[C.2} [C:4 and [C.3|respectively.
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Fig. C.2. Same as Fig. @ but for V4 left as a free parameter. The fit-
ted radial V,,4 profile is shown in the fifth panel, where we define V.4
such that negative (positive) values imply inflow (outflow). In the bot-
tom panel, we show the radial inflow rate that results from multiply-
ing Vy,a(7) by the radial mass distribution dMyn(r)/dr of the SMBH +
Miyamoto-Nagai disk model (red dashed curve in the top panel, which
was fitted to the rotation curve for Vi,q = 0, see Sect. [.5.1).
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We find that the fitted parameters are in general very similar
to those for the initial fit without Vg4 (i.e. Viog = 0), except for
the rotation velocities of the inner three rings, which are lower
than for V;,q = 0. Since the projected minor axes of these rings
are unresolved, we suspect that the model is not able to properly
distinguish between Vo, Vaisp and Vg at this inner region. We
therefore do not trust these fitting results for the inner ringﬂ
In the bottom panel of Fig. [C.2} we show the radial inflow rate.
This was calculated using:

. d
Minfiow(r) = =Viaa(r) X P [Mun(P)], (C.1)

where Myn(r) is the mass enclosed within radius r in the
Miyamoto-Nagai model based on the rotation curve from the
SDBAROLO fit with Viyq = 0.

The residual velocity fields and 1-D kinematic profiles (Figs.
[C4] and [C.3) show that the model where V;,q was left free fits
the observed kinematics better. We find that the residuals in the
velocity field are significantly smaller (~ 25kms™! rather than
~ 40kms~! in the NW-hook) and we find that the 1-D kine-
matic profiles are better fitted when leaving V;,4 free. However,
the blue and red residuals along the NW-hook and the E-ridge
do not disappear completely and the northern point aperture still
shows a significant discrepancy in Fig. [C.3] From this, we con-
clude that the kinematics of the CND is more complex than a
simple axisymmetric radial inflow and that the inflow through
the spiral structure is faster than the average axisymmetric inflow
modelled by *?BAROLO, meaning that the majority of feeding
happens through the spiral arms.

HCO™*(3-2)
HCN(3-2)

Normalised flux density + ¢

—-150 -100 =50 0 50

T T
100 150
Rest frame velocity [km/s]
Fig. C.3. Same as Fig. [§] but for V;,4 left as a free parameter. We find
that the model better represents the 1-D kinematic profiles at these four
positions but that the model is still unable to produce a sufficiently blue
shifted profile in the northern point aperture.

13 We note that the inner rings are not relevant for the fitting of the
Miyamoto-Nagai model since we fixed the mass of the SMBH, which
is the dominant source of gravity at these radii.

Appendix C.4: Mass inflow as a function of radius

The resulting mass inflow profile (bottom panel Fig. [C.2) is rel-
atively flat between a radius of »r = 3pc and r = 14pc at
Minﬁow = Viaa(r) X d/dr [My-n(r)] X fgas =75%15 M@YF_1~
The inner two rings show a significantly lower inflow rate. We
again do not consider these values trustworthy since the sizes
of their projected minor axes are unresolved. We also observe a
drop in the inflow rate beyond r ~ 14 pc. Taken at face value,
this could be interpreted as a disruption of the supply of new
material outside of this radius or that, assuming steady state, the
molecular backflow of the fountain falls back around r ~ 14 pc
causing the inflow to be larger inside than outside r ~ 14 pc.
We need to be cautious, however, since we also observe that
the disk structure becomes more complex at this distance (see
Figs.[3]and[A.2). Outside of r ~ 14 pc, larger-scale nuclear arms
merge with the CND, which we expect to disrupt the dynam-
ics of the disk. In addition, the "SW-ridge" is located around
this distance, which contains two distinct velocity components
(T22). The *?BAROLO model is not designed to handle such
kinematic complexity. Therefore, we do not consider the mass
inflow rates at radii larger than ~ 14 pc trustworthy.

We expect the derived total inflow rates to be an overesti-
mate because the kinematics based on HCO*(3-2) and HCN(3-
2) traces high-density gas, which is predominantly concentrated
in the spiral arms. When multiplying V.4 by the density of
the Miyamoto-Nagai model, which contains all material (high-
and low-density gas), we effectively assume that all material is
falling in at the same velocity as the high-density gas. This is
unlikely, since we observe V.4 to be higher in the denser spiral
structures (€.g. Viag = —43km s~ in the NW hook) compared to
the disk average (Vg ~ —12kms~!, Sect.|C.3). This causes an
upward bias in the total inflow rate calculated using Eq.[C.T}
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Fig. C.4. Same as Fig. 8] but for V4 left as a free parameter. We find that the velocity residuals become smaller in general, with the blue residual

being significantly less pronounced.
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