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ABSTRACT

Context. Supermassive black holes (SMBHs) in galaxy centres grow primarily through gas accretion, observable as active galactic
nuclei (AGNs). While galaxy mergers can fuel the luminous AGN phase, secular mechanisms drive a substantial fraction of cosmic
BH growth. However, whether the secular mechanisms resolved in nearby low-accretion-rate AGNs also sustain high BH accretion
rates remains unclear.

Aims. This study aims to identify the secular mechanism driving BH accretion rates, by targeting a galaxy with moderately massive
black hole Mgy ~ 107 My, high central gas densities, accretion rates of a few percent of the Eddington limit, and spatial resolution
close to black hole dominated scales.

Methods. A blind search meeting these criteria led to the identification of NGC 4593. Combining HST photometry, VLT/MUSE spec-
troscopy, and ALMA imaging, we mapped and kinematically modelled ionised and molecular gas flows in NGC 4593’s central kilo-
parsec.

Results. A prominent single-arm ("m = 1) spiral with a molecular gas mass of log M,1/Ms = 8.1 + 0.3 extends from 1.5 kpc
down to the black hole’s sphere of influence (1.7f%‘.52p c). Star formation in the s piral is inefficient, with a depletion timescale of
(taep) = 3.9 £ 0.6 Gyr, while the molecular gas inflow rate exceeds the SFR by two orders of magnitude. Such high inflow rates are
sufficient to sustain the current black hole accretion rate for at least 35 Myr under current accretion condition, effectively growing
the SMBH by at least ~10%. We detect a diffuse, young stellar component with a stellar mass log M, /Mg = 7.5 — 9.3 that is offset
from the AGN. Its non-axisymmetric gravitational potential exerts torques on the molecular spiral arm, driving radial gas inflow. This
young stellar component may serve as both a cause and a product of sustained gas funnelling toward the SMBH.

Conclusions. Our findings provide evidence for the secular m = 1 feeding mode at high AGN accretion rates, similar to prediction
from simulations. This mechanism links galaxy-scale gas flows to black-hole-dominated scales, and may explain a significant fraction
of cosmic SMBH growth since z = 2.
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1. Introduction

Supermassive black holes (SMBHs) are located in the hearts of
massive galaxies. Their enormous mass growth over cosmic time
is governed by accretion of material as manifested in bright ac-
tive galactic nuclei (AGNs). To sustain the AGN phase, gas must
be transported from tens of kiloparsecs to well within the very
central pc, a process which involves multiple scales, gas phases,
and physical mechanisms (Storchi-Bergmann & Schnorr-Miiller
2019; Gaspari et al. 2020, for reviews). Major galaxy mergers
provide an efficient channel to transport gas. They are known to
trigger luminous quasar phases, i.e. AGNs with the highest spe-
cific accretion rates. However, major galaxy mergers, are often

not required conditions for BH fuelling: Since cosmic noon the
bulk of BH mass density growth does not seem to be associated
with galaxy merging (see e.g. evidence at z = 1 in COSMOS
Cisternas et al. 2011 and z = 2, in a HST snapshot programme
for SDSS quasars Mechtley et al. 2016). In addition, half of the
AGNs which dominate BH growth since z = 1 (Cisternas et al.
2011) and likely even z = 2 (Kocevski et al. 2012; Cisternas et al.
2015) have disc-dominated host galaxies. This implies that these
galaxies had no recent strong interactions with massive compan-
ions. As a consequence, secular or instability processes must also
enable gas inflow from kiloparsec to sub-parsec scales.

Some of the detailed galaxy-intrinsic gas transport mech-
anisms have been resolved in nearby low-luminosity (low-L)
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AGNSs, with Ly, ~ 104 — 10% ergs™!, (corresponding to 1072 —
107> Mg, yr~! assuming thin disk accretion with a standard ra-
diative efficiency € ~ 0.1). On galaxy scales, bars can efficiently
transfer angular momentum within the galaxy disc, allowing gas
to radially migrate (Regan & Teuben 2004; Kim et al. 2012;
Combes et al. 2014; Sormani et al. 2015). Within the bar’s inner
Lindblad resonance (ILR), often at the inner edge of a gap that
forms around the ILR, typically several 100 pc from the centre,
it frequently stalls and forms a resonant ring (Buta & Combes
1996; Regan et al. 1999; Combes et al. 2019; Sormani et al.
2024). Within the ILR, bars-within-bars contribute gravitational
torques (e.g. Shlosman et al. 1989; Maciejewski 2004; Emsellem
et al. 2015), or dynamical friction between colliding gas clouds
can provide pressure torques (chaotic cold accretion; Bournaud
et al. 2011; Gaspari et al. 2015). However, the processes that fuel
such low-L AGNs are generally inefficient. The majority of cos-
mic SMBH growth likely occurred in high-accretion rate AGNs,
which accrete at several percent of their Eddington limit. How-
ever, the associated gas transport mechanisms within the central
kiloparsec that sustain such high BH accretion rates remain un-
settled observationally.

Detailed simulations have investigated torques at small
scales: Hopkins & Quataert (2010, HQ10 in the following), sim-
ulated the propagation of sustained gas-density instabilities in
the central few 100 pc of gas-rich galaxies. Their zoom-in simu-
lations predicted nested gaseous structures inside the ILR of the
galaxy-scale bar and-eo-rotation—radius, which provide torques
on gas within the inner ~10 pc through eccentric disks or single-
armed spirals (‘m = 1’ modes). As gas flows inward, stars form
rapidly out of the disk, such that the m = 1 mode becomes im-
printed in both the stellar and gaseous components. These modes
precess around the black hole relative to one another, driving
continued inflow of gas down to sub-parsec scales. While 99%
of the gas might get converted into stars along the way, a sub-
stantial mass of gas would still reach the accretion disk, suffi-
cient to power luminous AGNs. Hydrodynamic simulations by
Emsellem et al. (2015) also report similar m = 1 gas features
on ~10 pc scales, where star formation accompanies steady gas
accretion. By including a sub-grid accretion model based on
torque accretion in cosmological hydrodynamic simulations, the
rate at which gravitational torques feed the central black hole
has been shown to shape the black hole-host galaxy scaling re-
lations (Anglés-Alcédzar et al. 2017). Therefore, understanding
these gravitational torques in galaxy centres is crucial, as they
may be the primary driver of the co-evolution of BHs and galax-
ies.

To detect the characteristic signatures that govern high BH
accretion rates, we have conducted a blind search for objects
that are expected to show observational signatures of the m = 1
mode. We imposed (a) Mgy ~ 107-108 Mg, (b) an Eddington
ratio Agqq of several percent and, (c) central molecular gas over-
densities that could be resolved down to the black hole’s gravi-
tational sphere of influence (SOI). We identified NGC 4593 (aka
Mrk 1330) as one of the rare, nearby, luminous type-1 AGNs
with a high specific BH accretionrate of 4 ggg= 0.06 (Huse-
mann et al. 2022). The spiral host galaxy of NGC 4593 has a
stellar mass of M, = 10'"° M, and a neutral hydrogen mass
of Myr = 1073 M, (Dfaz-Garcia et al. 2021). Gadotti (2008)
classified NGC 4593’s host as SBb(rs), with a 9.1 kpc-scale bar
(Treuthardt et al. 2012) that contributes 16% to its total R-band
luminosity. A single-epoch BH mass estimate places NGC 4593
slightly below the lower limit of criterion (a) (Husemann et al.
2022), as confirmed through reverberation mapping of the broad-
line region (BLR) lags and accretion disk reverberation map-

ping (McHardy et al. 2018). Dynamical modelling of velocity-
resolved BLR lags constrained NGC 4593’s BLR geometry to a
thick disk with an opening angle of 6, = 43f£ °, inclined by
0; = 3238 °, which is similar to the host galaxy inclination of
47° (Kianfar et al. 2024). The associated direct BH mass mea-
surement is Mgy = 4.47+355 x 10° M, (Williams et al. 2018).
NGC 4593 lies slightly below the Mpy-host galaxy scaling re-
lations (e.g., the Mpy-0, relation, Winkel et al. 2025), indicat-
ing that it hosts an undermassive SMBH. A single low-mass,
if at all then only weakly interacting companion (light ratio
1:7.7, distance ~2 disk radii Kollatschny & Fricke 1985), im-
plies that the sub-kpc gas dynamics are dominated by processes
originating from inside the galaxy rather than from an external
perturber. This makes NGC 4593 representative of the luminous
AGN population that dominated the growth of the cosmic SMBH
mass density since z = 1 (Merloni 2004; Schulze et al. 2015).
Due to its proximity, the nuclear molecular gas overdensities in
NGC 4593’s centre can be resolved from kpc galaxy scales down
to the parsec-scale SOI, making it an ideal target to resolve the
relevant processes contributing to grow its BH.

The goal of this work is to constrain the galaxy-driven accre-
tion processes in NGC 4593 that contribute to providing its AGN
with gas from with the central two kpc. To trace the processes
close to the galaxy nucleus, we combine multi-wavelength data
from HST, VLT and ALMA and obtain a multi-chromatic view
of the AGN feeding mechanism from galaxy scales to the cen-
tral few pc. Throughout this paper we assume a flat Lambda cold
dark matter cosmology with Hy = 70kms™' Mpc™!, Q) = 0.3,
and Q5 = 0.7. Based on NGC4593’s spectroscopic redshift of
z = 0.0085 + 0.0003, as measured in Sect. 3.2, we adopt a lumi-
nosity distance of 36.6 Mpc.

2. Data
2.1. ALMA Imaging

The ALMA CO(2-1) imaging used in this work comes from two
different observational programs. Prog.ID 2017.1.00236.S (PI:
Malkan) observed NGC 4593 in a setup with lower angular res-
olution. Using CASA v5.4.0-70, we continuum-subtracted and
reconstructed the cube at 10 km/s resolution, yielding a major
axis of the synthesized beam by,; = 0723 (39 pc). In addition,
our team has observed NGC 4593 under Prop.ID 2018.1.00978.S
(PI: Jahnke) in a configuration with higher spatial resolution
bmaj = 40mas (6.7 pc, ~ 4 X Rsor). We created a data cube where
we jointly image both data sets, using a Briggs robust param-
eter of 0.5 (providing an optimal balance of spatial resolution
and sensitivity), and a frequency resolution that corresponds to
30 km/s. We used this combined cube, since it covers the molec-
ular gas structure embedded within the bar at the highest spa-
tial resolution close to the AGN. The combined cube has an rms
noise of ~ 8 x 10~ Jy/beam per 30 km/s channel, corresponding
t0 Zmol,gas = 0.041 Mg pc‘2 per 30km/s interval. The CO-to-H,
conversion factor depends on metallicity, density, temperature,
and opacity (Bolatto et al. 2013). In galaxy centres, it is often re-
ported to be 4-15x lower than the Milky Way’s canonical value,
aMy = 4.35Mopc? (Kkm/s)™' (Hitschfeld et al. 2008; Sliwa
etal. 2013; Zhang et al. 2014; Israel 2020; Teng et al. 2023). Un-
less stated differently, we assume a constant aco = 1/10 alggv for
NGC 4593’s nuclear single-arm spiral, providing a conservative
estimate of the molecular gas masses.
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Fig. 1. Overview of NGC 4593 ’s host galaxy on different spatial scales. Optical imaging from PanSTARRS gri colour (top left) shows the spiral
host of NGC 4593 with a the 9.1 kpc dominant bar. A zoom-in of the HST/WFC3 F547M image shows the prominent dust lanes connecting
the dust lanes of the bar with a nuclear single-arm spiral. The MUSE WEM FOV (top centre) covers 1’x1’ of the dominant bar. UV imaging
from HST/ACS HRC covers the inner 29"/ x26". The right panels show the moment 0 map of the two ALMA band 6 data taken with different
configurations, covering the innermost 26" at a resolution of up to 40 mas.

2.2. HST Imaging

We collect archival high-resolution UV imaging of NGC 4593
obtained with the Hubble Space Telescope (HST). NGC 4593
was observed with the High Resolution Camera (HRC) in the
F330W filter under Prop.ID 9379 on 2003-03-25 (PI: Schmitt).
The program includes snapshots of the nuclear regions of AGN
hosts, that were designed to detect faint star forming regions.
The NGC 4593 data set consist of a long exposure (1140s) and
a short exposure (60 s) taken at the same dither location. We re-
trieved the data from the HST archive, processed through the
standard calibration pipeline. We correct the few saturated pix-
els in the long exposure, located at the centre of the bright point-
spread function (PSF), by replacing them with the scaled pix-
els of the short exposure. Then, we use the L.A. Cosmic (van
Dokkum 2001) routine to remove cosmic rays. The final image
has a pixel scale of 07025 per pixel, covering NGC 4593’s inner-
most 2874 x 29'/1.

2.3. Optical 3D Spectroscopy

NGC 4593 has been observed with MUSE in both the wide field
mode (WFM) and narrow field mode (NFM). For the WFEM ob-
servations obtained under Prog.ID 099.B-0242(B) (PI: Carollo),
we collect the reduced and calibrated data from the ESO Sci-
ence archive. The archival data cube has a FOV of 64" x 65”
with a sampling of 0”2 per pixel and a seeing-limited resolution
of 17703. Its wavelength coverage extents from 4750 A to 9300 A
with a spectral resolution of ~ 2.5 A that slightly increases with

wavelength from R = 1750 (5000 A) to R = 3500 (9300 A) (Ba-
con et al. 2017; Guérou et al. 2017).

In addition, our team has observed NGC 4593’s centre with
the AO-assisted NFM of the MUSE Integral Field Unit under the
program 0103.B-0908(A) (PI: Jahnke). The data were acquired
in service mode during the 28 Apr 2019 night, with 8 individual
exposures of 600s each, dithered by 0”5 to minimise the im-
print of cosmic rays and flat-fielding artefacts. For the reduction
of the data, we have used the MUSE pipeline v2.8.3 together
with the graphical user interface ESO Reflex v2.11.0 to exe-
cute the EsoRex Common Pipeline Library reduction recipes.
We correct the differential atmospheric refraction as described
in Winkel et al. (2022), to achieve the highest spatial resolu-
tion after combining the individual exposures. The final data
cube consists of 374 X 367 spaxels, corresponding to a FOV of
9735 x 9716 with 137258 spectra. The telluric emission lines
yield a constant resolution of FWHM = 2.54 + 0.10 A across
5577 A-9350 A, corresponding to 160.4kms™! (R ~ 2190) and
81.5kms™! (R ~ 3680), respectively, similar to the MUSE
WEM spectral resolution.

Deblending AGN and host emission

For an accurate extraction of the emission line parameters in
type-1 AGNs, it is essential to clean the extended host galaxy
emission from the point-like AGN emission. This is particu-
larly important close to the galaxy nucleus, where the AGN out-
shines the host galaxy by orders of magnitude. To achieve an
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deblending in both spatial and wavelength dimensions, we fol-
low the approach described in Winkel et al. (2022) where em-
pirical PSF images are measured from the broad emission lines
using QDeblend’P (Husemann et al. 2013). We generated a hy-
brid PSF model, consisting of an empirical core and an analytic
model describing the outskirts where the signal-to-noise ratio
(SNR) is low, which we then interpolated to generate 3D cubes.
As a last step, we iteratively subtracted the PSF cube from the
original cube. This leaves us with two deblended cubes; the AGN
cube contains the point-like emission from the AGN including
the power-law continuum and the broad line emission, whereas
the the host galaxy cube contains the spatially-resolved emis-
sion, i.e. the host galaxy emission.

3. Analysis and Results
3.1. The Single-arm Spiral

NGC4593 hosts a striking nuclear single-arm spiral that is
clearly visible as dust absorption in optical continuum images
(Fig. 1, see also Kianfar et al. 2024). This dust is co-spatial with
an abundance of molecular gas, as detected in CO(2-1) emis-
sion, where the morphology of the single-arm spiral is even
more evident. From the CO(2-1) luminosity, we estimate a to-
tal molecular gas mass of log My,o/Mg = (0.8 — 4) x 108 My,
depending on the CO conversion factor (aco = 1/10agy Vs.

1/2 af). For the remainder of this analysis, we will adopt the
lower boundary.The spiral structure connects the region where
the inflowing gas stalls in the ring, near the location where the
x1 and x2 orbits cross, at a radius of 1.9 kpc, to the AGN. From
1.9 kpc inward, two prominent dust lanes lead toward the cen-
tre. However, inside a radius of 1.3 kpc, the spiral transitions to
a clearly single-armed structure. This single-arm spiral extends
inward over 2.5 rotations (see Fig. 4), reaching close to the black
hole’s SOI (1.7 pc, see Sect. 3.2). Recently, Kianfar et al. (2024)
detected non-axisymmetric motions in NGC 4593’s single-arm
nuclear gas spiral (see their Fig. 9). They proposed that 5% of
the molecular gas in the spiral is outflowing, but only at a spe-
cific location ~220 pc from the nucleus, qualitatively matching
the < 340 pc ionized wind east from the centre (Mulumba et al.
2024). However, molecular gas velocity differences are small
(<50 km/s) and could also be attributed to inflows or simply non-
circular orbits. With the superior resolution of the ALMA Band
6 dataset, we here further diagnose and classify the gas transport
processes along this single-arm spiral.

3.2. Spectral Synthesis Modelling

To extract the host galaxy stellar kinematic and emission line
parameters, we used the publicly available spectral synthesis
modelling code PyParadise' (Husemann et al. 2016, 2022).
we follow the procedure outlined in Winkel et al. (2022). The
PSF subtraction described in Sect. 2.3 leaves strong non-physical
continuum variations close to the AGN, artefacts for which
PyParadise provides a reliable solution. The fitting method-
ology of PyParadise and its relevance specific to the WFM
and NFM data sets are outlined in Husemann et al. (2022) and
Winkel et al. (2022). For NGC 4593, in brief, we first used the
adaptive Voronoi tessellation and binning routine of Cappellari
& Copin (2003) to achieve a minimum stellar continuum SNR
of 20 in the wavelength range 5080 A < A < 5260 A. Next, we
modelled the binned stellar continuum spectra using the updated

! https://git.io/pyparadise

CBO09 version of the evolutionary synthesis model spectra from
Bruzual & Charlot (2003). To model the emission lines, we tied
the stellar kinematics to the measurements obtained in the previ-
ous step. This approach ensured more robust estimates for emis-
sion lines, particularly those that overlap with absorption fea-
tures.

To model the emission lines from the residual spectrum, we
set up PyParadise to use a set of Gaussian models. For the dou-
blet emission lines [N 1]116548,83 and [O m1]414959,5007, we
fixed the flux ratio to the theoretical prediction of 2.96 (Storey
& Zeippen 2000; Dimitrijevié et al. 2007). Furthermore, we cou-
pled the emission lines in radial velocity and velocity dispersion
in order to increase the robustness of the flux measurements.
Our integrated flux in each of the emission lines did not change
within the uncertainties if we did not kinematically tie the model
parameters for emission lines with different ionisation potentials.
Close to the AGN, however, coupling their velocities becomes
crucial for disentangling emission lines from non-physical PSF
residual spectral features. Since the MUSE WEFM and NFM ob-
servations were conducted under different atmospheric condi-
tions, we analyse the two data sets independently. When com-
bined in the image plane, we degrade the spatial resolution of
the NFM to match the resolution of the seeing-limited WFM ob-
servations.

To estimate the systemic redshift, which is reported in Sect. 1
and used throughout this work, we extracted a spectrum from a
3”7(520 pc) aperture of the MUSE WFM data cube. We then fit-
ted the Candi48498, 8542, 8662 (Call triplet) stellar absorp-
tion lines, yielding a systemic velocity of 2548 + 90kms™!
(z =0.0085 £ 0.0003).

For an estimation of the SOI size of NGC 4593’s SMBH we
used Rsor = GMgy /o-i. This requires knowledge of the host
stellar velocity dispersion at the location of the BH, which we
measure from an aperture spectrum at the AGN location. This
spectrum was obtained by integrating the AGN-subtracted data
cube over the central 0’2 (34.4 pc) of the MUSE NFM data cube,
the smallest aperture with a S/N > 20 for the Call triplet. By
fitting the Call triplet, we derive a stellar velocity dispersion
of oy = 105 + 12kms~'. Using the dynamically measured BH

mass of Mgy = 4.47f?:§3 x 10° M, (Williams et al. 2018), we

calculate a SOI radius of Rsor = 1703 pe, slightly below what

can be resolved with the high-resolution ALMA data set.

3.3. Star Formation Rates

To estimate star formation along the single-arm spiral structure
in NGC 4593, we used the emission line maps retrieved from
the spectral synthesis analysis described in Sect. 3.2. Ha fluxes
were corrected for extinction assuming case B recombination,
using an intrinsic Balmer decrement of Ha/HfS = 2.86, electron

temperature of T, = 10* K and density n, = 100 cm 3, using
Ho/HB\ =
H =H —_— 1
Qcorr Qobs ( 286 ) > (D

with k, = 2.52, kg = 3.66 (O’Donnell 1994), and Milky Way
Ry = 3.1. To isolate star formation from AGN ionisation, we
employed the Baldwin, Phillips & Terlevich (BPT) diagram
and modelled the mixing sequence using Rainbow (Smirnova-
Pinchukova et al. 2022)> which estimates the star-forming frac-
tion fsr via a likelihood-based comparison to template AGN
and SF emission line ratios. Rainbow maximises a likelihood

2 https://gitlab.com/SPIrina/rainbow
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function over the line ratio parameter space, returning poste-
rior probability distributions for fsr and its associated uncer-
tainty. For NGC 4593, we identified two reference regions: a cen-
tral AGN-dominated core within <1”, and a spiral-arm segment
with line ratios consistent with pure star formation. These an-
chor points constrain the model and allow robust interpolation
across mixed-excitation zones. Across the spaxels between the
two extreme ends, the star-forming ionisation fraction fsp and its
uncertainty are considered free parameters, and are determined
from the probability distribution. The estimated fsp is shown in
the BPT diagram in the left panel of Fig. 2, binned to 100 pc res-
olution. The spaxels within the innermost 1.5 kpc of NGC 4593
follow a continuous mixing sequence, indicating varying levels
of AGN and SF excitation. Most of the field is dominated by low-
ionisation narrow emission-line region (LINER)-like ratios, typ-
ically associated with diffuse ionised gas or composite AGN+SF
contributions. In contrast, the emission line ratios within the spi-
ral arm are consistent with being ionised predominantly by star
formation. Very close to the nucleus (<1””), the hard ionisation
field from the AGN — and potentially shocks from the outflowing
ionised gas (Mulumba et al. 2024) — dominates the line emission,
making the SFR estimates in this central region uncertain.

Using fsp, we corrected the Ha emission to isolate the SF-
only contribution. The resulting SFR surface density map is
shown in the right panel of Fig. 2. Finally, we adopt the SFR
calibration based on extinction-corrected Ha luminosity from
Calzetti et al. (2007)

L
=53x 1079
) 53% 10 ([ergsq)

Star formation in NGC4593’s centre is concentrated along
the molecular gas spiral, with a total star formation rate of SFR =
(4.9 + 0.3) x 1072 My/yr, and Zgpg peaking at 0.11 My kpc™
(see Fig. 2, right panel). Notably, the peaks in Zgpgr are offset
from those of the molecular gas by up to ~ 200 pc, possibly due
to spatial offsets between gas compression and subsequent star
formation.

To assess the consistency of SF estimates, we compared our
results to those of Diaz-Garcia et al. (2021), who used aperture-
integrated CO(1-0) emission (beam FWHM 6yc,, = 2175, cor-
responding to 3.6kpc) to derive a molecular gas surface den-

sity of "% = 38.10 + 1.42Mo/pe? and Tt = (6.3 +

0.6)x1072 Mg/ kpc2 from GALEX near- and far-UV data. For the

same aperture, our analysis yields Zz;glkpc = 31.6 + 2.4 My/pc?,

consistent with their molecular gas estimate. In contrast, our

To0P = (1.4 +0.3) x 107> M /kpc? is slightly lower than their
UV-based estimate. This discrepancy likely arises because UV
fluxes from GALEX are susceptible to contamination from the
AGN continuum and emission lines. Indeed, if we repeat our
analysis without correcting the Ha flux for AGN contribution,
we obtain Zgﬁé‘pc = (23 +0.5) x 1072 M@/kpcz, closer to the
value reported by Diaz-Garcia et al. (2021). This comparison un-
derscores the importance of correcting for AGN contamination
when estimating SFRs from emission line or continuum diag-
nostics in active galaxies.

( SFRy,

—_— 2
Mg yr1] @

3.4. Star Formation Along the Single-arm Spiral

Not all the molecular gas in the single-arm spiral will ultimately
reach the AGN, and contribute to grow the BH. HQ10 sug-
gest that only a small fraction (< 1%) from the 100 pc scale
reaches the BH accretion disk. To empirically assess the effi-

ciency the efficiency of SF in NGC 4593’s gas inflow, we mea-
sure X1, Zspr, and the resulting molecular gas depletion time
(fdep = Zmol/ZsFr), along the single-arm spiral.

As a benchmark, the resolved Kennicutt—Schmidt relation
(rKS, Zspr = A(Rp,,,)", Kennicutt et al. 2007; Bigiel et al.
2008; Leroy et al. 2008; Onodera et al. 2010; Kreckel et al. 2018)
connects Xy, and Zgrr on sub-kpc scales with a typical slope
near unity and a scatter of ~0.3 dex. The slope and scatter vary
with spatial resolution, as noted by Sanchez et al. (2021) and
Pessa et al. (2021), due to the resolving of individual molecular
clouds at small scales. To preserve statistical coherence while
maintaining spatial detail, we the emission-line maps retrieved
in Sect. 3.3 to a common grid with 100 pc x 100 pc resolution.
This resolution remains above the full resolution of giant molec-
ular clouds, which are partially resolved at this scale (Pessa et al.
2021), but is sufficient to track radial trends across the spiral.

To trace the spiral structure, we parameterize its path in polar
angle 6 using a second-order polynomial:
sin 6
cos 6

r(9)=(2§)=(1—a-0)9-b( 3)
where Ax and Ay are the deprojected Cartesian distances from
the AGN, and a = 0.04, b = —0.93 are best-fitting parameters
over and a and b are free parameters over § = [0,3n]. This
model reproduces the spiral from 1.5 kpc down to 100 pc from
the AGN. Along this spiral path, we extract X, and Xgpr in
200 pc-wide apertures — about three times the radial FWHM of
the gas surface density profile — to capture both the spiral’s ridge
and its outskirts. This is important because Xggr does not always
align with peaks in X, possibly indicating delayed star forma-
tion along the trailing edges of the spiral arm, as observed in
other galaxies (Chandar et al. 2017; Williams et al. 2022).

We find a median Zgrr = (9.6 + 1.3) x 1073 M@/yr/kpc2
with uncertainty reflecting spatial variability. The median molec-
ular gas surface density is 37 + 3 M /pc” which corresponds, via
the 100 pc rKS relation from Pessa et al. (2021) (A = -9.96,
ajpope = 1.06), to an expected SFR of 1.3 x 107 Mg/yr —
larger than our measurement. This implies moderate star forma-
tion efficiency along the spiral. Associated depletion time scales
tend to be long, but vary drastically, as shown in the bottom
panel of Fig. 3. Radial positions are expressed as the depro-
jected distance to the AGN (¢AN), with a secondary axis show-
ing the galactocentric radius (R). The median depletion time,
<t§‘e‘;}> = 3.9 + 0.6 Gyr, is significantly larger than the typical
Tgep ~ 1-2 Gyr observed in the central regions of nearby low-
luminosity AGNs (Casasola et al. 2015) and in the spiral arms
of disk galaxies (Leroy et al. 2013), indicating inefficient star
formation along the spiral.

All derived quantities along the spiral are based on aperture-
integrated fluxes. Aperture sizes were chosen to avoid resolving
individual clouds, though we note that the cloud scale can vary
significantly. Nonetheless, the qualitative trends of X0, XspRr,
and #4ep are robust against variations in resolution, e.g., between
100-300 pc, and across aperture widths from 100-400 pc.

3.5. Molecular Gas Kinematic Modelling

To constrain the kinematics of the molecular gas, we employ the
Kinematic Molecular Simulation (KinMS) routines from Davis
et al. (2013), specifically the KinMS_fitter>. This forward-
modelling approach infers the kinematic and dynamical pa-
rameters of the molecular gas distribution in interferometric

3 https://www.kinms.space
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Fig. 2. Star formation rate across the molecular gas spiral. The left panel shows the BPT diagnostic diagram for the combined MUSE WFM+NFM
emission line maps, binned to 100 pc resolution. Ionised gas in NGC 4593’s innermost 1.5 kpc form a mixing sequence, with the star-forming
fraction fsr modelled using Rainbow. The right panel shows the resulting star formation rate surface density (Zgpr), overlaid with molecular gas
spiral contours. Although the spatial distribution of Zgpg roughly aligns with the molecular gas, the peaks of the two structures are offset by up to
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Fig. 3. SFR, molecular gas density and depletion time scale along the
single-arm spiral. The top panel shows the SFR surface density Zspg
(red) and the molecular gas mass surface density X, (blue), as func-
tion of distance to the AGN measured along the spiral arm. While the
Yol has high values all across the spiral, the SF is clumped, resulting
in variations of Xgggr by more than one order of magnitude. The bot-
tom panel shows the molecular gas mass depletion time scale, with the
dashed line marking the typical tgl? = 1.7 Gyr measured by resolved
observations in nearby spiral galaxies (Utomo et al. 2018). In the single
arm spiral, it is nearly constant with a median (tg‘e‘l;') = 11 Gyr indicating
that star formation in the single-arm spiral is remarkably inefficient.

datacubes. To account for the asymmetric flux distribution of
the spiral, we use an intensity-weighted sampling generated by
the skySampler plugin for KinMS_fitter. The overall mo-
tion is dominated by disc-like rotation. We set up the model
with an arctan-rotation curve of the form v(R) = 2/m X vipax X
arctan(R/Rym), yielding ten free parameters: The total CO flux
F, the maximum velocity vpax, turnover radius Ry, and the po-
sition angle PA, inclination of the disc i, and offsets Axy, Ayg, and
Avgys with respect to the assumed dynamical centre and systemic
velocity, respectively. For the high-resolution data cube, we also
include the black hole mass Mgy to account for increasing circu-

Table 1. Results of modelling the molecular gas kinematics with KinMS.

Parameter Initial guess®  Best-fit outer”  Best-fit inner®/
F [Kkm/s] 25 189.2j‘,§§ 66.1+93
PA [°] 290 277.6*11 279.4+0%
i[°] 10 48.8+32 36.070%
xo [pc] 0 0.15?;‘% -0.15+0%
Yo [pc] 0 0.15t§:§£ _0-039t8ﬁ€é
Avgy [km/s] 2450 2487.57 ] 2484.6" 5
O gas [KM/S] 20 20.81F }jj‘? 31.2F 82
Rum [] 1.0 1.06705 1.06 (fixed)
Vmax [kmy/s] 200 232471, 218.7%%3
log My /Mg 6.65 6.65 (fixed) 6.65 (fixed)

Notes. @ Initial guess for the parameters. ) Best-fitting value retrieved
from modelling the 15” x 15” lower-resolution cube. © Best-fitting
value retrieved from modelling the inner 1”” X 1”” of the high-resolution
cube.

lar velocities at very small radii. Additionally, we include pure
radial motions v,g Which vary freely in 20 bins of galactocentric
distance R.

Although the medium- and high-resolution datasets were
combined into a single data cube, we independently model the
kiloparsec-scale spiral and the inner 100 pc-scale region. This
approach reduces MCMC runtime while ensuring that non-
circular motions on all scales are properly accounted for. The
‘outer’ spiral is modelled using the full cube at a resolution
of byaj = 0723, while the ‘inner’ region is modelled using a
1”71 x 1’1 cutout cube at a resolution of bp,; = 40 mas.

We first ran a simple fit on the ‘outer’ cube to estimate start-
ing parameters for further refinement. These starting parameters,
listed in Table 1, were then applied to both cubes. For the MCMC
run, we assumed uniform priors with sensible boundaries, and
ran 30,000 samples. The best-fit KinMS models for NGC 4593’s
surface brightness and velocity fields are shown Fig. 4. Disk-
like rotation dominates the kinematics on 1.5 kpc scales across
the 2.5 curls of the single-arm spiral. Within the innermost 35 pc,
however, a fast-moving bright component — possibly a molecu-
lar gas outflow — dominates the surface brightness, though near-
disk-like rotation remains traceable down to the BH SOI. This
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Fig. 4. Results of the kinematic modelling carried out with KinMS. (Left) Surface brightness distribution and line-of-sight velocity field of the
CO(2-1) emission, for the low- (bottom) and high-resolution (top) data set respectively. Contours correspond to the best-fit model. (Right) Position-
velocity diagram along the kinematic major axis. The model includes circular rotation with radial motions, which dominate the bulk molecular gas

kinematics from 1.5 kpc down to the BH SOI.

outflow feature is distinct from the one identified by Kianfar
et al. (2024), who observe a non-axisymmetric feature north-
east of the nucleus. In contrast, the fast-moving gas we identify
is south-west of the nucleus and shows a distinct emission com-
ponent in the PV diagram (Fig. 4, top right), inconsistent with
circular rotation. Regardless, the underlying disk component is
well-described by the KinMS model, and as such, this feature
is not further analysed and is excluded from subsequent discus-
sions. Although low- and high-resolution data sets were fitted
independently, the best-fitting kinematic parameters, listed in Ta-
ble 1, are consistent with each other. This consistency suggests
that a single velocity profile is sufficient to describe the molec-
ular gas kinematics across three orders of magnitude in spatial
scale, from 1.3 kpc down to 3.4 pc from the BH SOI (1.7 pc), the
closest radius where CO is detected.

Using the best-fit kinematic model, we estimate radial mass
transport rates by evaluating v;,q in bins of radial distance along
the semi-major axis. For each radial bin 7, vy,q is weighted by the
molecular gas mass within the bin and divided by the bin’s radial
size, d;, to estimate the mass inflow rate as Myo1 = Mmol Viad/di-
Indeed, we measure v,g < O at all radii, which can be inter-
preted as mass inflow along the spiral. However, kinematically
measured radial components should not be directly equated with
inflow or outflow, as they may also result from stable elliptical
orbits. The radial motions and potential mass flow rates are fur-
ther discussed in Sect. 3.7.2, where we also compare them with
the mass inflow rates derived from gravitational torques.

3.6. Extended UV Emission

While the current SFR in the single-arm spiral is modest, given
the available molecular gas, young UV-luminous stellar pop-
ulations formed from the fresh gas are expected to reside in

NGC4593’s centre. To measure the location, mass and mor-
phology of this young stellar component, we decomposed the
HST/ACS F330W image into its structural components. Accu-
rate decomposition requires a high-quality model of the PSF.
However, PSF models produced by Tiny Tim (Krist et al. 2011)
for this instrument and filter combination have systematic lim-
itations, including differences in resolution and field coverage.
Additionally, there are no bright field stars in the FOV of
NGC 4593. Instead, we selected a library of standard stars cho-
sen for their proximity to NGC4593’s AGN in FoV alignment
and exposure parameters. Specifically, we used the white dwarfs
GD 71 GD 153, HD 229196 and HD 46106, as their exposures
were near the saturation limit and their spectral energy distribu-
tion are closest to that of an AGN.

For the photometric decomposition, we employed the
open-source software galight * (Ding et al. 2020), that
utilises the two-dimensional image modelling framework from
lenstronomy (Birrer et al. 2021). To create a PSF with SNR
comparable to that of the AGN, we use galight to stack
one, three or five library PSFs to subtract scaled versions from
the NGC 4593 image. Figure 5 demonstrates that extended UV
emission remains. In addition to compact UV emitting regions
co-spatial with the molecular gas, we detect a diffuse component
~ 1” east of the galaxy centre.

To investigate the nature of this component, we modelled
its surface brightness distribution using galight with a single-
Sérsic profile. Although this parameterization has no deeper
physical motivation, it is flexible enough to capture the surface
profile and total flux with sufficient accuracy to measure its in-
tegrated luminosity and spatial extent. Uniform priors were ap-
plied to the effective radius 0”701 < R.g < 4”70 and Sérsic index

4 https://github.com/dartoon/galight
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PSF subtraction (2 vs 5). Aside from compact UV emission from star-forming clumps in the single-arm spiral, no extended UV emission is left
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Fig. 6. Posterior distribution between the flux oftwo components as
recovered with 1enstronomy. The bottom left panel shows the covari-
ance between the PSF flux and the flux of the Sérsic model fit to the
diffuse, off-centre component detected in UV emission. The two flux
measurements are loosely correlated, and the Sérsic component is de-
tected with high significance.

0.3 < nggrsic < 9, ensuring reasonable constraints on the inferred
parameters. The initial position of the Sérsic component was set
to approximately [-30 pixels, -35 pixels], with a position angle of
-65°. To isolate the diffuse component, we masked the compact
UV emission from star-forming regions in the spiral arms ~ 1.5”
north-west of the AGN, as these regions are not the primary fo-
cus of this analysis. Additionally, we masked the innermost 0”72
of the image where the diffuse component overlaps residuals of

the AGN, effectively systematic uncertainties caused by strong
PSF residuals. The best-fit parameters and nominal uncertainties
derived from galight’s Markov chain Monte Carlo decompo-
sition are summarized in Table 2. The corner plot of absolute
fluxes in Fig. 6 shows that the PSF flux and the Sérsic component
flux uncertainties are only weakly correlated. The covariance is
not strong, because the Sérsic component’s offset from the cen-
tre is significant (1”/51 or 258 pc), a displacement comparable to
its semi-major axis half-light radius, Rsgrsic.

To determine whether the extended feature is real or an ar-
tifact, we tested its sensitivity to systematics from PSF subtrac-
tion. Regardless of the PSF model, whether using a subset of
standard stars or rotating by 90° before subtraction (panels 5
and 6 of Fig. 5), the extended feature near the centre persists.
This rules out residual structure arising from azimuthal PSF
asymmetries. A possible source of UV flux near NGC 4593’s
centre could be UV photons from the AGN continuum emis-
sion scattering off ambient dust and free electrons in the ISM.
This effect has been observed in Seyfert galaxies on 100pc -
1 kpc scales (e.g., Neff et al. 1994) and can contribute signifi-
cantly to the total UV emission, but overall (Mufioz Marin et al.
2009). Alternatively, emission lines from ionized gas — specifi-
cally [Ne v]143346,3426, the only two emission lines that sig-
nificantly affect the F330W filter at NGC 4593’s redshift — could
contribute. This would be accompanied by [Om1] emission on
similar scales (Mufioz Marin et al. 2009), but it is remarkably
weak at the location of the diffuse UV component (see Sect. 3.3).
We therefore favour a third scenario: the diffuse UV emission in
NGC 4593’s centre originates from an unresolved young stellar
population. Its diffuse nature may result from a population of
smaller star clusters or the disruption of ageing clusters (Colina
et al. 1997; Fanelli et al. 1997; Muiioz Marin et al. 2009). How-
ever, it is possible that residuals in the UV morphology mod-
elling, especially those close to the AGN (see panel 4 Fig. 5),
have a contribution from an overly simplistic model or scattered
photons from the AGN.



Table 2. Results of modelling the diffuse UV component with galight.

Parameter Best-fit value
Amplitude [e/s] 1973702
Rsérsic [] 1.47t§;§§
Nsérsic O31i88§
xe [”] 1.00% 5
. ’" _1.134-0, 2
Z [ ] 0 67+690?1
970,02
PA [°] 75.53;:(5)
F(F330W) [erg/s] 224+,
map(F330W) [mag] 18.20j8:8f

3.6.1. Characterizing the Young Stellar Component

To find out whether this off-centred young stellar component
is cause or result of the single-arm gas spiral, we would like
to constrain its stellar mass M,. While an archival HST/WFC3
F547M image exists, dust obscuration does not allow a photo-
metric decomposition on similar scales. Thus, we are bound to a
flux measurement in the F330W filter. While this permits infer-
ence of many parameters from its spectral energy distribution, it
can suffice to estimate lower and upper boundaries for M, from
choosing sensible estimates for the properties of the underlying
stellar populations. For this task, we employ pygalaxev” to cre-
ate composite stellar population (CSP) models and predict the
F330W broadband magnitudes on a grid of stellar population
parameters. Specifically, we used the stellar population (SSP)
models generated with the GALAXEYV code (Bruzual & Charlot
2003, 2016 version CB16).

We interpret the diffuse UV component as originating from
young stars formed out of the inflowing molecular gas in the
single-arm spiral. The youngest (<5 Myr) stellar populations
appear as compact UV and Ha-emitting clumps in the outer
(>300 pc) spiral arm are visibly compact (beyond ~300 pc from
the centre), e.g. north-west of the nucleus (see Fig. 5 left panel).
In contrast, the central diffuse UV emission, with a half-light
radius of Rsersic = 1747 (253 pc), lacks the compact morphol-
ogy typical of OB associations. This suggests it arises from a
somewhat older stellar population (10-200 Myr), whose initial
clustering has dispersed through dynamical processes.

We therefore assume that molecular gas forming the young
stars to be pre-enriched with metals. This is motivated by the
observation that the inner regions of the galaxy bar’s dust lanes
— which in the barred potential channel gas from the galaxy’s
outskirts to the inner ~2kpc (Sormani et al. 2015) — are di-
rectly connected to the outer ends of NGC 4593’s nuclear single-
arm spiral. This connection implies that the gas originates from
NGC4593’s outer star-forming disk and has already traversed
the entire galaxy before reaching the nuclear single-arm spiral.
Consequently, we assume a metallicity range of 0.01 <Z/Z; < 5.
Emission line maps (Sect. 3.3) within a 17’5 aperture around the
young stellar component show substantial variations in extinc-
tion (if detected), leading us to adopt a range for the optical
depth of 0.1 < 7y < 3. Finally, we assume an exponential de-
cay timescale for the SFR of 0.1 Gyr < 7 < 2 Gyr. Using these
parameter ranges, the young stellar component’s mass can be
constrained to be 107 < M, /M, < 10%3.

> https://github.com/astrosonnen/pygalaxev

3.7. Gas Inflow Driving Mechanism

A single-arm morphology in the molecular gas is characteristic
of the m = 1 mode, akin to a dipole-like gravitational poten-
tial (Jog 1997; Jog & Combes 2009). While this can arise from
tidal encounters (Zaritsky & Rix 1997) or counter-rotating disks
(Comins et al. 1997; Dury et al. 2008), no such interactions are
observed in NGC 4593. Instead, we propose that the mass of the
young stars, formed from the inflowing gas and offset from the
galaxy centre, creates a one-sided excess in stellar density. This
lopsided mass distribution acts as a perturber, driving the single-
arm pattern in the inflow. Here, we derive the torque budget ex-
erted by the lopsided young stellar population onto the molecular
gas.

3.7.1. Torques - Methodology

To quantify the torques, we follow the method of Garcia-Burillo
et al. (2005), commonly used to estimate My, in galaxy disks
via gravity torques and angular momentum transport (e.g., Haan
et al. 2009; Querejeta et al. 2016). As a first step, we transformed
the coordinates to the galaxy’s face-on plane. We assumed the
molecular gas is on near-circular orbits and spatially distributed
in a thin disc with negligible height, as typical for disk galaxies
(Jeffreson et al. 2022). The young stellar component was mod-
elled with an isothermal plane with a scale height of approx-
imately 1/12th of the radial scale length. The deprojection of
coordinates was performed using an affine transformation with
PA = 5° and i = 38°, based on the gas disc parameters described
in Sect. 3.5. From the resulting deprojected mass surface density,
we mapped the gravitational potential ®(x,y) and computed the
gravitational force per unit mass F(x, y) at each pixel, which was
used to derive the specific torque as

t(x,y) = xFy — yF,. 4

The torque map across NGC 4593’s single-arm spiral is shown
in the right panel of Fig. 7, where negative torques indicate an-
gular momentum loss of the rotating gas. We estimate the time
derivative of the angular momentum surface density dL(x,y)/dt
by weighting #(x,y) with the gas column density X (x,y) as
derived from the CO(2-1) line maps,

Next, we derive the radial profile of the specific angular mo-
mentum loss by weighting the torque per unit mass with the gas
surface density Z,0(x, y), averaged over the azimuth 6,

fgzmol(xsy) X (XFy - ny)
Lzmol(x’y)

1(R) = &)

We also adopt the definition of the dimensionless AGN feeding
efficiency AL/L, which GBOS define as the gas specific angular
momentum transfer during one orbital period (7o),

AL _dL
L~ dr

1

1(R)
. X Z Tro =

0o Ly

X Thot - 6)

Under this definition, the molecular gas angular momentum Ly =
R X vyor 1s removed entirely during one rotation if AL/L = —1.

Finally, the radial gas mass inflow rate per unit length can be
estimated from the angular momentum loss rate

d*M dL
drdt  dt

. X 2 X 2R X Zmor(x, )’)|0 s (N

[4
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Fig. 7. Torque acting from NGC 4593’s diffuse young stellar component onto the molecular gas spiral. The left panel shows the molecular gas
mass surface density of the single-arm spiral, together with the contours of the mass distribution of the young stellar component. The right panel

shows de-projected map of the torques acting onto the molecular gas.

where X ,01(x, y)|g is the radial profile of the azimuthally averaged
gas mass surface density. Multiplying with the shell width AR
provides the azimuthally-averaged local gas mass inflow rate

2

M
—— X AR.

M(R) = drdt

®)

3.7.2. Torques from The Young Stellar Component

The young stellar component has a non-axisymmetric morphol-
ogy, with its centroid displaced 258 pc from the galaxy cen-
tre. This suggests that the young stars, formed from inflow-
ing gas, may also funnel molecular gas toward the centre. We
aim to assess whether the gravitational torque from the young
stars drives the radial gas flow by computing the torques exclu-
sively from this component, assuming it is superposed on the
old stellar body, which does not primarily contribute to the over-
all torque budget. This approach differs from previous studies,
which typically used the old stellar component mapped through
near-infrared imaging to derive torques.

Morphological parameters xg, yo, Rsersics Hsérsics and g were
taken from Table 2. The setup is illustrated in the left panel of
Fig. 7, which shows the surface mass density of the lopsided
young stellar component clearly offset from the AGN position.
The associated radial profiles of the azimuthally averaged spe-
cific t orques, f eeding e fficiency a nd g as m ass i nflow ra te are
shown in Fig. 7. We note that apart from the relatively broad con-
straints estimated from the UV photometry (Sect. 3.6, the mass
of the young stellar component, My young, Teémains a free param-
eter. For illustrative purposes, we consider M, young = 1083, a
value close to the median of the range discussed in Sect. 3.6.1.

M young primarily scales the amplitude of 7, dL/L, and M by a
constant factor, without affecting the sign of the net torque ¢ (and

thus dL/L or M) at a given radius. This means that the direction
of the gas mass flow is independent of M young, While its ampli-
tude depends on it.

The behaviour of ¢ strongly depends on the relative orienta-
tion of M young and My, which are likely unstable. As a result,
the current torques may not represent long-term averaged quan-
tities such as dL/L and M. Dedicated simulations, beyond the
scope of this work, could provide more reliable insights into the
dynamics of the system. Within ~500 pc, these torques consis-
tently remove angular momentum, although with a low rate, with
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Fig. 8. Snapshot torque budget and mass-inflow rates across
NGC4593’s molecular gas spiral. From top to bottom, the panels show
the radial behaviour of the (a) gravitational torques per unit mass — ¢
(b) the average fraction of the angular momentum transferred to the
gas in one rotation AL/L, and (c) the molecular gas mass inflow rate
derived from stellar torques (blue line) compared to the kinematic mea-
surement from KinMS (red line). While the sign of angular momentum
transfer depends on the torquing mass’ orientation relative to the gas
spiral, the torque amplitude is sufficient to explain the kinematically
measured mass inflow rate of (M(R)) = —4.2M,/yr (see Sect. 3.5).

dL/L ~ —0.05. When weighted by M o1, the resulting mass in-
flow rates peak at —7 Mg yr~! locally and average —4.2 Mg yr~'.

To put this into context, we estimate the mass inflow rates
from the kinematic mode using the radial velocity component
measured with KinVMS. It is important to note that the detection of
radial motions does not necessarily indicate inflows or outflows,



as they can also arise from stable elliptical orbits, commonly
seen in galaxies. However, in NGC 4593 we measure radial ve-
locities that are consistently negative (pointing inwards) at all
radii, remaining so across two-and-a-half rotations of the single-
arm spiral structure. This behaviour contrasts with the expecta-
tion from elliptical orbits, where v;,q would typically change sign
twice within a single phase. Therefore, we interpret the consis-
tently negative vp,4, and consequently the kinematically derived
mass inflow rates (Mggl)’ as indicative of true mass inflow. The
bottom panel of Fig. 8 shows that amplitude of the kinematically
measured M, are broadly consistent with the theoretically de-
rived from the torques of the young stellar component (Sect. 3.5).
We note that while there is an agreement between the kinemati-
cally and torque-derived My, the high sensitivity of the torque
calculation to the configuration of the young stellar component
leads us to interpret this consistency with caution. At galacto-
centric distances larger than ~500 pc, the torques acting on the
molecular gas become positive (see top panel of Fig. 8), indicat-
ing that the gas gains angular momentum locally, which reverses
the mass flow direction and drives the gas outward.

However, the torque-derived mass inflow rates should be in-
terpreted with caution for two key reasons. First, the configura-
tion is likely unstable over time. For instance, rotating M young
by 180° around the galaxy centre approximately reverses the
sign for the radial torque budget. Given that the orbital period
of M young i approximately three times shorter than that of the
outer spiral edges (at 1.5 kpc), the net torque acting on the out-
skirts would repeatedly change sign as the gas flows inward,
introducing significant time dependence on the torque budget.
Second, the torque method remains untested by simulations and
could yield estimates off by several orders of magnitude. The
method calculates inflow rates based only on the mass of indi-
vidual clouds and their positions relative to the underlying grav-
itational potential, assigning non-zero inflow rates to clouds in
non-axisymmetric potentials, even if they are on closed, eccen-
tric orbits with zero net mass inflow. Considering these limita-
tions, the values for ¢, dL/L, and M derived from the current
configuration should be viewed as a "snapshot" of the system,
rather than fixed quantities. Despite these caveats, the amplitude
of the torques is, in principle, sufficient to explain the kinemati-
cally estimated mass inflow rates.

4. Discussion

4.1. The Young Stellar Component as Angular Momentum
Sink

The molecular gas at the outer end of NGC 4593’s single-arm
spiral must lose 99.6% of its angular momentum to reach the
BH’s SOI. While Sect. 4.1.1 explores processes that trigger the
m = 1 instability, a key question remains: where does this angu-
lar momentum go?

A sustained and continuous loss of angular momentum is
necessary to drive the gas inflow, shaping the morphology of
the single-arm spiral considering that it extends over 2.5 curls
from 1.3 kpc down to the BH SOI. One possible mechanism for
angular momentum removal are fast-moving outflows. Notably,
high-velocity molecular gas observed at 35 pc from NGC 4593’s
nucleus suggests the presence of a molecular outflow (Sect. 3.5).
Outflows in NGC 4593’s centre have also detected in the ionised
gas phase, with a projected size of 340 pc, carrying 8 x 10° M, at
vmax ~ 200km s™", consistent with expectations for AGNs of this
luminosity (Mulumba et al. 2024). However, both outflows are
confined to <100 pc scales, and angular momentum carried by

these outflows is negligible compared to the total required for the
gas to reach the BH’s vicinity. This suggest that outflows alone
cannot account for angular momentum loss over the larger dis-
tances involved. A different mechanism must therefore facilitate
angular momentum transport in NGC 4593’s single-arm spiral.

Gravitational torques have been suggested to be a domi-
nant source of torques in the intermediate scale (10 pc-1kpc)
region of AGN host galaxies (e.g., Hernquist 1989; Shlosman
et al. 1989, 1990; Jogee 2006; Haan et al. 2009; Hopkins &
Quataert 2011). Despite high gas densities, the gravitational po-
tential in NGC 4593’s nuclear single-arm spiral is dominated by
stars. Using a similar setup, Hopkins & Quataert (2010) used
hydrodynamical simulations to show how on parsec scales, the
m = 1 mode arises from lopsided density distributions. It ini-
tially grows within the stellar component, which supports self-
crossing orbits and is less influenced by the disc’s outer prop-
erties. In this configuration, stars acts as an angular momentum
sink, as interactions between gas streams and the lopsided stellar
potential lead to angular momentum and energy loss (e.g., Chang
et al. 2007), driving inward gas flow. This mechanism propagates
the m = 1 mode from larger radii into the BH’s gravitational po-
tential. As shown in Sect. 3.7.2, young stars formed from recent
gas inflow towards NGC 4593’s centre exhibit an off-centred dis-
tribution relative to the nucleus. This misalignment may reflect
the non-axisymmetric gravitational potential characteristic of the
m = 1 mode.

At ~10-100 pc from the centre lies the regime where HQ10
proposed secondary instabilities that link kpc-scale host galaxy
dynamics with (sub-)pc nuclear scales. Such instabilities can
manifest as nuclear spirals, bars, rings, barred rings, or, as ob-
served in NGC 4593, one-armed spirals. HQ10 describe how
gravitational torques from lopsided, non-axisymmetric features
can trigger and sustain m = 1 gas inflows. Within this frame-
work, the young stellar component acts both as a product of re-
cent molecular gas inflow and as a sink for angular momentum
from newly infalling gas. This mechanism only requires high
central gas densities with lopsided distributions to generate the
necessary torques. However, it is important to note the scale dif-
ferences between the simulations by HQ10 and observations of
NGC4593. The kpc-scale gas disc is strongly self-gravitating.
Only near the BH’s SOI do orbits become quasi-Keplerian, and
the gravitational potential becomes spherical (dominated by the
BH), allowing m = 1 features to stabilize as standing waves.
While HQ10 suggest that m = 1 features can extend beyond
the BH SOI, reaching radii of ~50 pc for a 3 x 10’ M, BH, the
single-arm spiral in NGC 4593 is significantly larger.

4.1.1. Triggering the Gas Instability

Given that NGC 4593’s nuclear single-arm spiral extends over
kpc scales, it is likely that, in addition to gravitational torques
from the young stellar component, other mechanisms contribute
to the transport of gas toward the centre. Angular momentum
can be redistributed through interactions with the surrounding
environment, such as perturbations in the gravitational potential
or interactions with external perturbers. The presence of a com-
panion galaxy at a projected distance of ~10kpc suggests that
a past interaction could have triggered the initial gas instability.
However, since the single-arm spiral in NGC 4593 has a radius
of only 1.9kpc — much smaller than the distance to the com-
panion — such an interaction would require a very small impact
parameter to be effective.

One of the main secular mechanisms to trigger gas inflow in
barred galaxies, and fuel the very centre, is the bars within bars
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dynamical phenomenon (e.g. Shlosman et al. 1989). While the
gas might be stalled at the ILR of the primary bar, additional
negative torques can then be produced by a nuclear bar, inside
the ILR. This has been shown to be effective, through nuclear
spirals revealed in the molecular gas with ALMA (Combes et al.
2014; Audibert et al. 2019, 2021). Nuclear spirals also emerge
in the simulations from Emsellem et al. (2015), where gas com-
monly forms one to three armlets. These structures arise from
instabilities driven by interactions between gas, stars, and the
central black hole, similar to those seen in simulations with bars
and central masses propagating spirals to small scales (e.g., En-
glmaier & Shlosman 2000; Maciejewski 2004). Stellar feedback
from supernovae explosions and radiative pressure expel and re-
accrete gas, redistributing angular momentum. These processes,
along with gravitational torques and clump interactions (chaotic
cold accretion, Gaspari et al. 2017; Wittor & Gaspari 2020) en-
sure that the gas distribution remains highly dynamic, consis-
tent with the non-stable, evolving nature of the single-arm spiral
in NGC 4593. Together, these processes — gravitational torques,
external interactions, and chaotic cold accretion — likely play a
complementary role in driving the kpc-scale gas dynamics ob-
served in NGC 4593 ’s nuclear single-arm spiral.

4.2. Inflow Mass Rate and Black Hole Accretion Rate

To assess the importance of the m = 1 mode for growing
NGC4593’s SMBH, we estimate how the nuclear single-arm
gas spiral can sustain the present-day AGN accretion rate. The
BH accretion rate (BHAR) can be estimated from Mgy and
Agpgq assuming Lggg = 1.5 X 108 (Mpy/My)erg/s for solar-
composition gas and an accretion disc radiative efficiency of
n = 0.1, for the optically thick, geometrically thin accretion
disc typical of luminous AGNs at these accretion rates (Davis &
Laor 2011). Adopting NGC 4593’s bolometric AGN luminosity
Lot = 4.4 % 10% erg/s estimated from its HS luminosity (Huse-
mann et al. 2022), and My = 4.47 x 10® My, the resulting Ed-
dington ratio of Aggg = 0.06 + 0.02 translates to a BHAR of
0.10 £ 0.03 Mg /yr.

From the host galaxy side, the net mass transport rates within
NGC 4593’s central 1.5 kpc are negative across the entire single-
arm spiral, with a radially averaged value of —4.2 Mg yr~! (see
Sect 3.5). We assume that only a small fraction of the inflow-
ing gas fuels the AGN, ~2% of the gas mass, consistent with the
present state. The majority is consumed by star formation (Hop-
kins & Quataert 2010), AGN- and star-formation-driven out-
flows, and cloud interactions that facilitate angular momentum
removal. However, in NGC 4593, the currently observed SFR
is much lower than the inflow rate, suggesting that a significant
fraction of the gas is not immediately forming stars, possibly due
to suppressed or delayed SF. Consequently, the molecular gas in-
flow rate naturally exceeds the BHAR by approximately one and
a half orders of magnitude. With these assumptions, the nuclear
single-arm spiral hosts sufficient gas to maintain the BHAR for
35Myr through the m = 1 mode, resulting in a net growth of
3.5 x 10° My, or 9% of the current SMBH mass. Uncertainties
include a potential underestimation of the molecular gas mass in
NGC 4593’s nuclear single-arm spiral due to interferometric ob-
servations potentially missing larger-scale, extended emission.
Additionally, the assumption of a relatively low value for the
CO-to-H, conversion factor aco could further underestimate the
molecular gas masses (see Sect. 2.1). As aco increases, also X
and its angular momentum grow linearly, while torques and mass
inflow rates stay unchanged. This results in the gas reservoir’s
"lifetime” increasing linearly with aco. When instead of the de-

fault conservative value (Sect. 2.1) assume an optimistic value
of aco =1/ 20%43" , the nuclear single-arm spiral provides fuel to
grow NGC 4593’s Mgy by 45% over 175 Myr.

We note that this estimate relies on simplistic assumptions.
While useful as an order-of-magnitude estimate, the BHAR can
vary significantly on timescales of 10°~10° years (Shen et al.
2007; Eftekharzadeh et al. 2015; Khrykin et al. 2021), so the in-
flow rate measured today on parsec scales may not directly cor-
respond to the nucleus’s accretion rate. Furthermore, the com-
parison is based on a closed-box model, whereas NGC 4593’s
nuclear single-arm spiral does clearly not suffice the assumption
of a closed system. While outflows may remove only a small
amount of mass, the galaxy-scale bar likely provides a continu-
ous gas supply to the outer end of the spiral. Indeed, Diaz-Garcia
et al. (2021) found that 1.6 X more molecular gas is distributed
along NGC 4593’s galaxy-scale bar compared to the innermost
3.6kpc. In bar-dominated galaxies, gas is efficiently funnelled
inward along bar dust lanes (Athanassoula 1992; Kim et al.
2012; Sormani et al. 2015, 2023), suggesting that the single-
arm spiral could receive a sustained gas supply over much longer
timescales than the estimated 35 Myr "lifetime” of NGC 4593’s
nuclear single-arm spiral.

4.3. Possible Implications for Cosmic Black Hole Growth

As discussed in Sect. 4.1.1, the single-arm spiral may not be
stable and as pronounced in its present-day configuration Nev-
ertheless, the m = 1 mode appears to play a critical role for
NGC4593’s AGN as a self-sustained mechanism enabling con-
tinuous and steady gas accretion rates over Myr timescales. Fur-
thermore, it can rely on a persistent gas supply from scales be-
yond 1 kpc — channelled via the bar dust lanes — to sustain this
process over even longer periods. This makes the m = 1 mode a
potential missing link on intermediate scales, bridging the kpc-
scale host galaxy dynamics with the BH-dominated spherical
gravitational potential in galactic centres.

In the context of the overall AGN population, there is no rea-
son to consider the processes in NGC 4593 unique. While the
outstanding dust absorption and CO emission are a textbook ex-
ample of the expected observational signatures of the m = 1
mechanism, the galaxy was selected purely based on its Mpy,
specific accretion rate, and high central gas densities. If simi-
lar features are common in rigorously selected luminous type-1
AGNSs, the m = 1 mode could play a role in the build-up of
cosmic SMBH mass in the highest-accreting AGNs. This would
complement the range of processes observed in nearby low-L
AGNSs, whose accretion rates are generally too low to explain
SMBH growth on relevant timescales. In luminous AGNs — re-
sponsible for the majority of BH mass growth since z = 2 —
fueling is not driven by major galaxy mergers, which are both
rare (Lotz et al. 2011) and short-lived (Cisternas et al. 2011; Ko-
cevski et al. 2012; Mechtley et al. 2016). Instead, half of the
AGNs responsible for BH growth since z = 1 reside in disk-
dominated galaxies, indicating a lack of recent strong interac-
tions. This suggests that secular processes or internal instabilities
are the primary mechanisms channelling gas from kiloparsec to
sub-parsec scales. In this context, the m = 1 mode, as observed
in the centre of NGC 4593 may be a relevant mechanism con-
tributing to overall SMBH growth in the Universe.

A challenge to this interpretation is that similarly pro-
nounced sub-kpc m = 1 patterns are rarely observed in the cen-
tres of nearby galaxies (Phookun et al. 1993; Emsellem et al.
2001; Schinnerer et al. 2002). More commonly, central regions
exhibit resonances where gas accumulates and triggers star for-



mation (Mazzuca et al. 2008; Comeron et al. 2014), often asso-
ciated with two-armed spirals (m = 2; Englmaier & Shlosman
2000; Maciejewski et al. 2002; Ann & Thakur 2005; Combes
et al. 2014; Liang et al. 2024) or more complex patterns (Gadotti
et al. 2019; Schinnerer et al. 2023). However, in these nearby
galaxies the BHAR, typically inferred from lower-luminosity
type-1 AGNs or uncertain diagnostics in type 2 AGNs, tend to
be low (Agqg << 0.1). The relative scarcity of luminous type-1
AGN:s, together with their greater distances, limits spatial reso-
lution and hampers the detection of sub-kpc gas dynamics. This
observational bias might explain why clear signatures of central
m = 1 mode, whether in dust absorption or gas emission, have
not been more frequently observed in the local AGN population.
Future high-resolution observations of luminous AGNs will be
crucial for assessing how widespread and significant this mech-
anism is in shaping SMBH evolution across cosmic time.

5. Summary and Conclusions

In this work, we present the results of a systematic search for
a secular AGN feeding mechanism. The target galaxy was se-
lected for its high central gas densities and accretion rates, rep-
resentative of cosmic BH growth over the past 10 billion years
of the Universe. We identified NGC 4593 as a case study and in-
vestigated the intrinsic mechanisms driving angular momentum
transport and gas inflow in its nuclear region. Through an anal-
ysis of molecular gas dynamics and extended UV emission, we
identified a key interaction regulating gas inflow from kpc scales
down to the BH SOI. Our primary results are summarised as fol-
lows:

— Molecular gas with a total mass of log My01/Mg = 8.1 £0.3
is concentrated in a prominent single-arm spiral, also visible
in dust absorption.

— Despite modest star formation along the spiral (integrated
SFR = 4.9 x 1072 My/yr), the low star formation efficiency
suggests that most of the gas is funnelled toward feeding the
AGN rather than forming stars.

— The inflowing gas has built up a young stellar component
in the centre of NGC 4593, offset from the AGN by 258 +
14 pc, with a mass of logM, /Mg = 7.5 — 9.3. The resulting
lopsided gravitational potential generates torques that alone
are sufficient to drive the kinematically inferred molecular
gas inflow, although the current configuration represents only
a snapshot in time.

— On several x10 pc scales, our observations qualitatively sup-
port the gas transport mechanism proposed by Hopkins &
Quataert (2010), in which gravitational torques from lop-
sided central gas distributions trigger instabilities and form
m = 1 features. However, in NGC 4593, the nuclear single-
arm spiral extends well beyond the BH SOI, where the con-
figuration is likely more dynamic and time-variable.

— The molecular gas mass reservoir and mass inflow rates
along the single-arm spiral can sustain AGN fuelling for at
least 35 Myr, enabling ~10% growth of NGC 4593’s central
SMBH at the current accretion rate. With gas from the dust
lanes continuously feeding the outer end of the nuclear spi-
ral, this process could persist even longer.

In summary, our study of NGC 4593 demonstrates how the
m = 1 mode, in the form of a single-arm, gas-rich spiral, trans-
ports gas from galactic scales down to the BH SOI. This in-
dicates that the m = 1 mode may represent a fundamental,
galaxy-intrinsic AGN feeding mechanism operating on interme-
diate scales — connecting gas flows from kpc-scale host galaxy

structures down to BH-dominated scales. With gas inflow rates
sufficient to grow the central SMBH over the AGN lifetime, this
process may play a significant role in the growth of NGC 4593’s
central black hole. To better understand the importance of this
mechanism, it is essential to investigate whether the m = 1 mode
is a common or rare phenomenon among luminous AGNs accret-
ing at similar rates. A census of nuclear single-arm structures —
through dust absorption, ionised gas emission, or molecular gas
emission in AGN-hosting galaxies — will help determine what
contribution this mechanism has for growing the overall SMBH
population since cosmic noon.
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