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The Centaurus cluster is one of the most important archetypes of radio-mode AGN feedback, with its
central galaxy, NGC 4696, launching powerful jets that in ate X-ray cavities and regulate cooling and
star formation. NGC 4696 lies within a spectacular multiphase nebula of laments extending over tens
of kiloparsecs and spanning six decades in temperature, from hot (108 K) X-ray-emitting plasma to cold
molecular gas. Owing to its proximity, Hubble Space Telescope H imaging reveals a striking S-shaped
ionized-gas swirl within the black hole s sphere of in uence ] the rst such structure identi ed in a
cluster core (A. C. Fabian et al. 2016). Here we present the rst JWST observations of NGC 4696 with
NIRSpec, probing the inner 618 pc 618 pc at 10 pc resolution. These data reveal that the ionized
swirl is a rotating, multiphase circumnuclear disk (CND) physically and kinematically connected to
the larger-scale lamentary network. This provides the long-sought missing link between kiloparsec-
scale cooling ows and black hole accretion on < 100 pc scales. Strikingly, the observed morphology
and kinematics are reproduced by tailored magnetohydrodynamic simulations, in which lamentary
gas condenses from the hot atmosphere, loses angular momentum, and feeds a rotating CND that
mediates accretion onto the black hole. A similar structure in NGC 1275, the Perseus cluster s central
galaxy (T. Oosterloo et al. 2024), together with our results on NGC 4696 | two prototypical radio-
mode AGN feedback systems ]| points to a common mechanism: multiphase laments transport gas
from cluster scales down to the vicinity of the black hole via a CND, closing the AGN feedback loop
and establishing a physically grounded framework for self-regulated galaxy evolution.

Keywords: Galaxies (573) | Active galactic nuclei (16) | Galaxy clusters (584) | Supermassive black
holes (1663) | Interstellar laments (842) | Cooling ows (277) | Galaxy accretion disks
(562) | James Webb Space Telescope (2291)

1. INTRODUCTION

The best place to study supermassive black hole (SMBH) feedback is in the hot atmospheres of galaxy clusters,
which host the most massive black holes and where the impact of these black holes can be directly observed. The
X-ray-bright intracluster medium (ICM) allows us to trace how energy released by the central SMBH, through powerful
relativistic jets, injects mechanical energy that o sets radiative cooling and suppresses star formation (B. R. McNamara
& P. E. J. Nulsen 2012; A. C. Fabian 2012; J. Hlavacek-Larrondo et al. 2022). Remarkably, this feedback appears to
be self-regulated despite the vast scale di erence between the black hole and its host galaxy.

Several closely-related theoretical frameworks J including the precipitation model (e.g. G. M. Voit et al. 2015), cold
feedback (F. Pizzolato & N. Soker 2005), chaotic cold accretion (M. Gaspari et al. 2013), and stimulated feedback (e.qg.,
B. R. McNamara et al. 2016; Y. Li & G. L. Bryan 2014; Y. Revaz et al. 2008) ] attribute this regulation to multiphase
gas cooling and in ow, emphasizing the need to trace gas ows continuously from kiloparsec scales down to the vicinity
of the black hole (P. F. Hopkins & E. Quataert 2010, 2011; Y. Li & G. L. Bryan 2014; M. Guo et al. 2023, 2024). A
key prediction of these frameworks is that some cooling clouds must have su ciently low angular momentum to reach
the SMBH (K. A. Pounds et al. 2018), implying intrinsically disordered in ow near the nucleus (e.g., M. Gaspari et al.
2013, 2018). Observational support has largely come from molecular gas seen in absorption against compact radio
cores (L. P. David et al. 2014; G. R. Tremblay et al. 2016; T. Rose et al. 2019a,b), probing kinematics consistent with
in ow within the inner few hundred parsecs (e.g. T. Rose et al. 2019b; H. Nagai et al. 2019), but only along narrow
sight-lines, providing radial velocities rather than a full spatial view of the ow.

Here, we focus on the Centaurus cluster of galaxies located at z = 0:01003 (luminosity distance 43.3 Mpc; 206 pc
arcsec’ XRISM Collaboration et al. 2025), one of the few systems where gas ows can be spatially resolved down to
scales comparable to the black hole s sphere of in uence, enabling direct tests of accretion models while providing a
uniquely detailed view of the central gas compared to more distant clusters such as Perseus (e.g. R. Minkowski 1957;
C. J. Conselice et al. 2001, and references therein) or Abell 2597 (e.g. G. R. Tremblay et al. 2016).

The central galaxy, NGC 4696, is embedded in a giant multiphase nebula of laments (see Fig. 1) ] typical of
cluster cores spanning 6 decades in temperature, from X-ray gas at 10 7{10% K to 30 K molecular gas (e.g. C. S.
Crawford et al. 2005; V. Olivares et al. 2019; S. L. Hamer et al. 2019). These narrow ( 70 pc) laments, extending
over several kiloparsecs, likely form through a combination of in situ condensation (precipitation) and uplifted low-
entropy gas becoming thermally unstable (stimulated feedback). The ionization of the gas is not dominated by star
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formation, but instead re ects a close coupling to the ICM and active galactic nucleus (AGN) feedback processes, with
contributions from atomic, ionized, and molecular phases (e.g., H, low-ionization lines, [C 1l], H », CO). Proposed
heating mechanisms include magnetic eld reconnection (e.g. E. Churazov et al. 2013), excitation of turbulent mixing
layers (e.g. C. S. Crawford & A. C. Fabian 1992), as well as heating due to collisions from ICM energetic particles (e.g.
G. J. Ferland et al. 2009).

Deep HST H images (Fig. 1) show that the laments in NGC 4696 may be magnetically supported, similar to
those in Perseus (A. C. Fabian et al. 2008, 2016; P. Tamhane et al. 2026), and reveal a nuclear S-shaped swirl ( 1 %
206 pc) whose emission peaks near the center and lies largely within or just outside the black hole sphere of in uence
(see A. C. Fabian et al. 2016). However, HST imaging provides only morphology, not kinematics, which are essential
to trace gas ows and test accretion models.

We therefore present the rst James Webb Space Telescope (JWST) observations of NGC 4696 obtained with
the Near-Infrared Spectrograph (NIRSpec) instrument (T. Boker et al. 2022), aimed at resolving the kinematics of
the nuclear swirl within the black hole s sphere of in uence. We show that the ionized swirl is a circumnuclear
rotating disk (CND) directly connected to the outer laments, providing the missing link between Kiloparsec-scale
cooling and sub-kpc accretion. Section 2 describes the observations, and Section 3 presents tailored three-dimensional
magnetohydrodynamic (3DMHD) simulations of SMBH fueling. We present and discuss the results in Section 4 and
consider their implications in Section 5. We adopt Hp = 70 km s* Mpc! , ,, = 0:3, and = 0:7, with 206 pc
per Pat z = 0:01003. Errors are 1 unless stated otherwise.

2. OBSERVATIONS AND ANALYSIS

NGC 4696 was observed on 4 June 2025 with the JWST/NIRSpec Integral Field Unit (IFU; program 5354, PI:
Hlavacek-Larrondo) using the F170LP/G235H con guration centered on the core, covering a 3°0 3: %9 Field Of View
(FOV; 618 pc 618 pc). The setup provides near-continuous coverage from 1.66-3.17 m, with a 2.40-2.56 m
gap between detectors. The G235H grating has R 2700 (velocity resolution 110 km's ! ), with a total on-source
exposure time of 7.7 hours.

The data were reduced with JWST Build 12.2 using CRDS context 1464 pmap and standard STScl pipelines (H.
Bushouse et al. 2019), with snowblind 33 replacing the default algorithm to mitigate snowball/shower artifacts and
nsclean applied for 1=f noise subtraction (B. J. Rauscher 2024). Exposures were drizzle-combined into a nal cube
sampled at 0.05" per spaxel ( 10 pc), followed by additional outlier rejection to remove any remaining bad pixels.
To correct PSF undersampling-induced spectral undulations near the nucleus, we applied mild smoothing with a 2.5
spaxel circular aperture ( 0:12", comparable to the of the PSF at the Pa wavelength; e.g., M. C. Bentz 2025; W.
Liu et al. 2024), e ectively removing oscillation artifacts with minimal impact on emission lines.

For spectral analysis, we used a modi ed g3dfit (D. Rupke et al. 2023a) to model the continuum and line emissions,
adopting a single empirical stellar-continuum template from a line-free region of the NIRSpec FOV that was scaled
during tting rather than modeled per spaxel. Here, we only focus on the Pa 1.87 m line as the primary tracer of
warm (10* K) ionized gas distribution and kinematics, given its strength and diagnostic power within our bandpass. A
full spectral analysis, including stellar continuum modeling and emission-line tting across the entire observed bandpass
(e.g., cooler molecular H, 1-0 ro-vibrational lines), will be presented in future work (Marquis et al. submitted; Pereira
et al. in prep).

The line was t with a single Gaussian pro le. To avoid tting noise spikes or very broad non-astrophysical features,
we constrained the line width to . 1000 kms ! (e.g., A. Vayner et al. 2023). We adopted a ux threshold of
1 10 * ergs! cm? to identify robust emission-line detections ( 1). To further Iter out any remaining noise
spikes or spurious ts from the nal results, we selected only spaxels with velocity centroid (vso) to the range 300
to +400 km s! and line width to wgo . 800 km's ' (corresponding to the overall width containing 80% of line

ux; .300kms 1), exceptin the innermost nuclear region (CND; see the middle panel in Figure 1) where broader
kinematic components may be physically expected. These selection thresholds were carefully chosen to not erroneously
remove any genuine detections; we veri ed that relaxing these constraints has no impact on our results.

The IFU astrometry can be uncertain; we therefore assigned a new WCS to the cube by matching the swirl ob-
served in HST/WFC3 F665N (A. C. Fabian et al. 2016) to same swirl seen in the JWST Pa line map, with a full
multiwavelength astrometric comparison incorporating Pa kinematics presented in Marquis et al. (submitted).

33 https://github.com/mpi-astronomy/snowblind
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Figure 1. Top panel: Composite large-scale image of the Centaurus cluster. Chandra 0.5 to 7 keV image in blue. HST/WFC3
F665N (containing redshifted H ), with the continuum estimated from F814W and subtracted, shown in red. The eld of view
(FoV) of IWST/NIRspec is shown with the cyan square. Middle and bottom panels: The central 760 pc 550 pc of NGC 4696.
Top-left: HST/WFC3 F665N (containing redshifted H ), with the continuum estimated from F814W and subtracted, revealing

the S-shaped ionized swirl. The approximate edge of the assumed CND is shown in a red circle. Top-right: same image in
greyscale but with Pa ux map (NIRSpec) overlaid. Bottom-left/right: same with v 50 (centroid velocity) and w go (80% line
width) maps, respectively, derived from the NIRSpec cube (Section 2). We see a CND connected to a lamentary structure to
the west. The AGN position (A. C. Fabian et al. 2016) is marked (green circle), with the arrow in v 50 indicating the VLBA jet
direction (G. B. Taylor et al. 2006); velocities are relative to the systemic of NGC 4696.
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3. NUMERICAL SIMULATIONS

To interpret the physical origin of the observed lament-CND connection and place it within a self-consistent
framework for SMBH fueling, we compare our results to tailored 3DMHD simulations that capture the multiphase
condensation and in ow of gas from kiloparsec to sub-parsec scales. More speci cally, we perform 3DMHD simulations
of a turbulent, cooling medium in an elliptical galaxy, following a setup similar to that of M. Guo et al. (2024), using
the code AthenaK J. M. Stone et al. (2026). To approximate the properties of NGC 4696, we adopt a spherically
symmetric gravitational potential with a black hole mass of Mgy = 10°M  (see H. R. Russell et al. 2013; M. Mezcua
et al. 2018, for black hole mass estimates in NGC 4696), plus stellar and dark matter components both described by
NFW pro les, with characteristic masses 3 10 M and 10*> M , and scale radii of 1 kpc and 30 kpc respectively. The
initial conditions are constructed by solving for hydrostatic equilibrium with a cored entropy pro le, K = K o(1+r=ryg),
where ro = 1kpc and K ¢ = 2:3keV cm? with the density ng = 0:2cm 3 atro. Initial turbulence with velocity dispersion
of 30 50kms ! and an entangled magnetic eld with plasma- ’ 100 are imposed. The simulations adopt a cubic
domain spanning [ 12;12] 3 kpc® with a root grid of 1283 cells and 8 levels of mesh re nement. At the inner boundary,
we apply a sink with radius rgn = 6 pc. We adopt optically thin bremsstrahlung and line cooling for solar metallicity.
Details of the numerical methods are provided in M. Guo et al. (2023) and M. Guo et al. (2024). The simulation is
evolved for 80 Myr. We present one of the snapshots of these simulations in Fig. 2.

4. RESULTS AND DISCUSSION

The central 1 ®region of NGC 4696 hosts a striking S-shaped ionized structure near the black hole s sphere of
in uence (Fig. 1), rstrevealed by HST (A. C. Fabian et al. 2016). Our new JWST /NIRSpec observations resolve its
kinematics for the rst time, showing that the swirl is a CND physically connected to a multiphase lament extending
west. This provides a direct link between kpc-scale laments and gas dynamics within . 100 pc. We discuss the
properties of the CND, its connection to lamentary in ow, comparisons with 3DMHD simulations, and implications
for AGN fueling and feedback.

4.1. Circumnuclear rotating disk

The black hole s sphere of in uence can be estimated as ry,y = GMpy = 2. Using K-band scaling relations between
black hole mass and host galaxy properties, H. R. Russell et al. (2013) inferred Mgy 10 ® M for NGC 4696
(consistent with M. Mezcua et al. 2018), implying riyy 70 pc ( 0:3  °9. We stress that this is a very rough estimate
and that detailed dynamical modelling over the CND would be required to constrain more reliably the sphere of
in uence of the black hole. If correct, then the NIRSpec/IFU data resolve gas dynamics across this region, sampling
the central 1 %swirl at 0:1 ®resolution and enabling mapping across and beyond the sphere of in uence.

In the middle-left panel of Fig. 1, we show the S-shaped swirl seen in the HST H image. The middle-right panel
presents the JWST Pa ux map, where this structure is also clearly detected. The Pa kinematics (bottom panels)
further reveal that this swirl is in fact a compact CND with a radius of 0:6 % (or 120 pc) centered around the
AGN, with velocities ranging from 200 to +400 km's ' . The velocity dispersion (wgo) rises sharply near the AGN
and the jet hotspot, reaching values up to 1700 km's ! | consistent with gas moving in the deep potential of the
central SMBH. Connected to the disk is an ionized lament in Pa, with a width of 105 pc and a length of 350
pc (although the length most likely extends beyond the NIRSpec/IFU eld of view). Near the interface between this
ionized lament and the edge of the CND, wgg reaches 300 km's ' . Moving along the lament from east to west,
wgo gradually declines to 130 km's * . Over the same region, the velocity decreases smoothly from 100 km's 1!
near the CND edge toward the systemic velocity. This suggests that the gas is more turbulent where the lament joins
the CND, potentially re ecting ongoing accretion onto the (CND; see Section 4.2).

The CND we observe is detected across multiple emission lines with the NIRSpec data ] not only Pa (tracing 10 *#
K gas), but also several H, transitions (notably H, 1-0 S(1) and H, 1-0 S(3)) that trace colder gas (few 102{10° K).
The CND is therefore multiphase. Here, we focus only on the Pa line and discuss the properties of the other lines
in subsequent papers (Marquis et al. submitted; Pereira et al. in prep). Indeed, including the H, transitions would
require detailed modelling of the stellar continuum, which is beyond the scope of this paper.

XRISM X-ray spectroscopy of the Centaurus cluster ( XRISM Collaboration et al. 2025) shows that the hot intra-
cluster medium ows along the line of sight with velocities of 130-310 km s * within the inner 30 kpc, consistent
with gas sloshing around the cluster center. The velocity dispersion remains low (< 120 km s ! ) even within the
inner 10 kpc, indicating a limited impact of the AGN on the surrounding gas motions. Overall, the hot gas structure
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Figure 2. Top panels: a) Snapshot of projected large-scale 3DMHD simulated lament network. b) Snapshot of 3DMHD
simulated velocity eld within a NIRSpec/IFU eld of view, showing only cool gas with a surface density greater than 1% of
the maximum. Both snapshots shown in panels a) and b) corresponds to t = 40 Myr of the 3DMHD simulations. Bottom
panels: ¢) Evolution of the outer radius of the kpc-scale laments (blue) and the cool ( 10 *° K) CND (orange) as a function
of time. We de ne the CND size as the radius at which the spherically averaged angular momentum of the cool gas drops below
95% of the Keplerian value. The laments rapidly expand to kpc scales and remain relatively stable, while the CND exhibits
variability, with episodic growth and contraction on 10-100 pc scales. The disc size of the CND in NGC 4696 (this work) and
NGC 1275 (T. Oosterloo et al. 2024) are also shown. d) Same as Panel c), but tracing the evolution of the orientation of the
CND as traced by its angular momentum direction along three di erent projections.

appears dominated by sloshing (J. S. Sanders et al. 2016; XRISM Collaboration et al. 2025). The Centaurus cluster
consists of two main subclusters, Cen 30 and Cen 45 ( XRISM Collaboration et al. 2025), with NGC 4696 being the
central galaxy of Cen 30. XRISM Collaboration et al. (2025) suggest that the observed sloshing is associated with
oscillatory motions of NGC 4696 within the cluster potential, likely triggered by the interaction between Cen 30 and
Cen 45. Such motions can induce relative gas ows between the galaxy and the surrounding intracluster medium, al-
tering ram-pressure con nement and in uencing gas transport and AGN feeding. Thus, sloshing motions may strongly
impact both the central galaxy and its AGN.

On kpc scales, the radio jets carve out large X-ray cavities as seen with the Chandra X-ray Observatory, extend
to a radius of 5 kpc, and are aligned roughly east-west (see Fig. 1, as well as J. S. Sanders et al. 2016). On
sub-kpc scales, however, G. B. Taylor et al. (2006) showed that the radio jet appears to align roughly north-south (see
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middle and bottom panels of Fig. 1). The radio jet therefore appears to change substantially in direction from kpc
to sub-kpc scales, perhaps due to the strong sloshing occurring in the cluster. What is particularly interesting is that
the sub-kpc scale radio jet appears roughly perpendicular to the CND, with the CND aligned predominantly in the
east-west direction and the radio jet north-south.

This is not the rst time a sub-kpc CND has been discovered in a central cluster galaxy. A similar structure was
reported in NGC 1275, the central galaxy of the Perseus cluster. It was rst identi ed by R. J. Wilman et al. (2005)
using the imaging spectrograph UIST (UKIRT Imaging Spectrometer) on UKIRT, and subsequently detected with the
Near-Infrared Integral Field Spectrograph (NIFS) on Gemini North through the H, 1-0 S(1) and [Fe 1] 1.644 m lines
(J. Scharwachter et al. 2013). The latter study noted that the gas kinematics in the outer parts of the CND appeared
disturbed, similar to what we observe in NGC 4696, and interpreted this as possible evidence for gas accreting onto
the disk.

The CND in NGC 1275 has a radius of approximately 50 pc and appears to be oriented roughly perpendicular to
the radio jets (R. J. Wilman et al. 2005; J. Scharwachter et al. 2013; H. Nagai et al. 2019; T. Oosterloo et al. 2024).
NGC 4696 shows a similar con guration: the CND has an east{west velocity gradient, with approaching (blueshifted)
gas to one side and receding (redshifted) gas to the other, while the radio jets are oriented roughly north to south.
However, the CND in NGC 4696 is approximately twice as large (r 120 pc) as that in NGC 1275. The velocity varies
by roughly 600 km s across the CND in NGC 4696, comparable to what is observed in NGC 1275 (T. Oosterloo
et al. 2024). H. Nagai et al. (2019) imaged the CND in NGC 1275 at cold temperatures using CO(2-1), HCN(3-2), and
HCO™" (3-2) with ALMA, nding a mass of 10 8 M within the CND, though limited spatial resolution and artefacts
restricted the analysis.

In a broader context, H. R. Russell et al. (2019) analyzed ALMA observations of molecular gas in twelve central
cluster galaxies, revealing massive cold gas reservoirs (10°{10**M ), often in extended lamentary structures spanning
tens of kiloparsecs and associated with AGN-in ated bubbles. These results support a scenario in which uplifted low-
entropy X-ray gas becomes thermally unstable and cools into molecular laments cycling through AGN-regulated
feedback. H. R. Russell et al. (2019) also identi ed rare kpc-scale rotating disks (e.g., Phoenix, Abell 262, Hydra A),
though limited spatial resolution prevented resolving sub-kpc CNDs and parsec-scale structures such as those seen
in NGC 1275 and NGC 4696 (J. Scharwachter et al. 2013; H. Nagai et al. 2019; T. Oosterloo et al. 2024). Their
prevalence and connection to kpc-scale disks therefore remain uncertain.

4.2. Closing the feedback loop: laments

By reprocessing ALMA CO(2{1) data of NGC 1275, T. Oosterloo et al. (2024) improved the resolution and mitigated
imaging artefacts, allowing the molecular laments to be decomposed into thinner, kinematically distinct structures
and more clearly separated from the CND, although still with some overlap between laments. They found that the

laments converge toward the CND, suggesting either in ow or out ow, and argued that the ow is predominantly
inward. Their work highlights the importance of high-resolution observations for resolving the connection between
kpc-scale laments and the CND. We nd evidence for a similar picture in NGC 4696. However, unlike NGC 1275,
NGC 4696 does not exhibit multiple overlapping laments within the central 618 pc 618 pc region, making the
connection between the lament and the CND much more clearly visible. We argue that the ow is also predominantly
inward in NGC 4696, based on the same lines of evidence as T. Oosterloo et al. (2024).

First, T. Oosterloo et al. (2024) showed that gas surrounding the CND in NGC 1275 is organized east-west, incon-
sistent with a jet-driven out ow given the north-south orientation of the radio jets. A similar con guration is observed
in NGC 4696 (Fig. 1): if the western lament were an out ow, it would be expected to align with the radio jet axis,
essentially north to south as seen in VLBA observations on 30 pc scales and in 8.4 GHz VLA data on 200 pc scales
(see G. B. Taylor et al. 2006). Instead, it extends toward the west, indicating a di erent origin.

Second, the CND in NGC 1275 contains a fast-rotating component at its center, surrounded by a slightly larger
disk-like structure with less regular kinematics, consistent with gas accreting onto the disk. We see a similar feature
in NGC 4696, in which the velocity dispersion as traced with wgg increases in the outskirts of our CND, notably to
the west of the CND (see Fig. 1). The Pa velocity eld shown in Fig. 1 also reveals positive (redshifted) velocity
ionized gas on the east side of the CND, which may also indicate disordered infall and active accretion onto the CND.

Third, the position-velocity (PV) diagram of NGC 1275 shows that the outer CND is not only spatially connected to
an eastern lament, but also kinematically linked, suggesting it feeds the disk and drives the more disturbed kinematics
observed in its outer regions of the CND. We observe a similar behavior in the PV diagram of NGC 4696, shown in
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Figure 3. Position-velocity (PV) diagrams. (a) v 5o map with slit positions and extraction directions (green circle marks AGN
position from A. C. Fabian et al. 2016). (b) PV diagram along the blue slit (CND), showing velocities rapidly declining to
systemic on both sides. (c) PV diagram along the green slit, highlighting the laments kinematic connection to the CND.
Velocities are relative to systemic (dashed horizontal line); contours start at 3 and increase by 1. The scale bar shows the
NIRSpec/IFU spatial resolution. (d,e) Example Pa spectra from the receding (red) and approaching (blue) sides, extracted
from the regions and positions marked in (a,b). The continuum is shown with the grey curves. (f) Snapshot of 3DMHD
simulated velocity eld within a NIRSpec/IFU eld of view, same as in Fig. 2 with slit position shown with the green rectangle.
(g) PV diagram along the green slit, highlighting the lament s kinematic connection to the 3DMHD CND.

Fig. 3. Here, PV diagrams were generated from the observations using the pvextractor Python package (A. Ginsburg
et al. 2015), which averages spectra along spatial bins and plots them as a function of position along an aperture.
The plotted contour levels are determined relative to the noise ( ms) sampled in a wavelength range close to the Pa
emission and averaged over all non-edge spaxels. The rst aperture (blue) was chosen such that it passes through the
kinematic center of the CND and along the maximum gradient in the rotation. The kinematic center and maximum
gradient are detailed in Marquis et al. (submitted). The position of the second aperture (green) was selected to follow
the lament and connect to the rst slit, enabling us to probe the kinematic link between the two slits. We note that
changing the orientation of the slit does not signi cantly a ect our results. The PV diagram essentially shows that
the western lament is kinematically linked to the CND, with matching velocities at their interface, consistent with
the CND being fed by the lament. The diagram also reveals a fast-rotating central component surrounded by a more
disturbed, disk-like structure.

4.3. Similarities to MHD simulations

To interpret the lamentary in ow and CND observed in NGC 4696, we compare our observations to tailored 3SDMHD
simulations designed speci cally to reproduce the conditions of this system (see Section 3). These simulations build
directly on the framework developed by M. Guo et al. (2023) and M. Guo et al. (2024). Below, we rst summarize the
key physical processes identi ed in these simulations before comparing them directly to NGC 4696.
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M. Guo et al. (2023) performed a set of nested-mesh hydrodynamic simulations with radiative cooling and heating
that resolve the multiphase accretion ow from the event horizon of a SMBH in an elliptical galaxy out to galactic
(kpc) scales. Building on this work, M. Guo et al. (2024) presented 3DMHD simulations in a similar framework,
but including the impact of magnetic elds on the accretion ow. These simulations were designed to reproduce the
turbulent cooling medium of a typical massive elliptical galaxy, speci cally tailored to another central cluster galaxy,
Ma7.

They found that relatively weak magnetic elds have a profound impact on the ow. In particular, the accretion rate
increases by a factor of 10 when including magnetic elds. What happens is an example of magnetohydrodynamic
precipitation (see G. M. Voit et al. 2026, for a tutorial): magnetic- eld tension can promote formation and precipitation
of cold gas clouds by slowing the descent of cooling gas that is gaining density contrast (M. Loewenstein 1990; S. A.
Balbus 1991; S. Ji et al. 2018; B. D. Wibking et al. 2025). As the cooling gas descends, it vertically stretches and
locally strengthens the magnetic eld that is trailing it, shaping the cooling gas into a magnetized lament. The
trailing magnetic tether that forms then applies a torque that drains the lament’s angular momentum, so that it falls
almost directly toward the center (C. Wang et al. 2020).

The simulated laments therefore play a key role in fueling the SMBH. Large-scale Maxwell stresses provide one of
the main mechanisms for angular momentum transport (M. Guo et al. 2024). As a result, the cold laments rapidly
lose angular momentum and rain back down toward the SMBH. However, rather than falling directly onto the black
hole, the lamentary accretion rst feeds a thick, cold, and highly magnetized CND with a typical size of a few tens
of parsecs. This disk then dominates the nal stage of accretion onto the SMBH (see also E. Gaburov et al. 2012).
Some laments may also follow more complex conical or helical trajectories while raining back down toward the AGN
(M. Gaspari et al. 2013).

The resulting in ow consequently exhibits three distinct regimes: (1) on scales of 0:03{3 kpc, cooling gas disorderly
accretes along magnetized multiphase laments; (2) on scales of 0:3{30 pc (or 10 3{10°r), the ow transitions into
a highly magnetized, rotating cold disk (essentially a CND); and (3) inside of 0:3 pc (or 10 3rg), the ow becomes a
magnetized, turbulent hot accretion ow. M. Guo et al. (2024) also note that, in addition to the accretion ow, strong
out ows perpendicular to the CND are also driven by magnetic elds. Overall, the feedback from the SMBH out ows
is su cient to o set most of the cooling out to 50 kpc.

In Fig. 2, we compare the CND observed in NGC 4696 with tailored 3DMHD simulations designed to reproduce
the conditions of this system (see Section 3). The simulations show that gas cools and condenses into magnetized

laments (top left panel of Fig. 2) that channel material toward a disc around the central SMBH (top right panel of
Fig. 2). The morphology bears a striking resemblance to the observations, with a similarly sized disk embedded within
a network of lamentary structures. On larger scales ( 10kpc), the simulations also exhibit a rich reservoir of cold
gas, consistent with what is observed in NGC 4696 (C. S. Crawford et al. 2005). Most importantly, the simulations
demonstrate that the laments are not only kinematically linked to the disk, but continuously supply the CND,
funnelling gas inward toward the SMBH. To enable a direct comparison to our data, we extract a PV diagram in the
3DMHD simulations along a slit extending from the center toward the top-right lament, mirroring the con guration
used in the observations (see Fig. 3). This comparison reveals a continuous velocity structure linking the lament to
the CND, supporting a scenario in which lamentary gas ows inward and feeds the CND rather than being driven
outward. This agreement provides strong support for a multiphase, lament-fed accretion process in which cold gas
loses angular momentum mainly through Maxwell stresses, rains toward the black hole, and settles into a rotating
CND before being accreted.

In the simulations, the disc size varies over time (right panel of Fig. 2), consistent with the behaviours reported in M.
Guo et al. (2023) and M. Guo et al. (2024). We also show in Fig. 2 the evolution of the orientation of the CND, as
traced by its angular momentum along three di erent projection axes. The simulations demonstrate that lamentary
accretion can induce signi cant variations in the orientation of the CND over time. If the angular momentum of the
accretion ow is communicated to the central CND and then accretion disk, such CND wobbling could naturally lead
to changes in the jet axis, providing an e cient mechanism for distributing AGN feedback heating more isotropically
throughout the cluster core. We note that the present simulations still employ a morphological heating model, in which
the heating rate balances cooling within each radial shell to maintain global equilibrium while permitting local thermal
instability. A more realistic feedback prescription, as proposed in M. Guo et al. (2025), will enable the development of
a self-consistent, multiscale model of the accretion ow that incorporates feedback-driven heating from rst principles.
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4.4, Implications for AGN feedback

In J. Hlavacek-Larrondo et al. (2025), STIS/HST observations of the central SMBH in the galaxy cluster PKS
0745-191 (Pcay 5 10 “ergs! ; 100 more powerful than in NGC 4696) provided the rst spatially resolved view
of ionized gas dynamics within the sphere of in uence under extreme feedback with Py > 104 erg s . This is in
contrast to NGC 4696, where Pc,, 14 %/ 10 “2ergs® (H. R. Russell et al. 2013). The kinematics in PKS 0745-191
appear disordered, with no evidence for a rotating CND, suggesting that strong feedback may disrupt CND formation
and drive more disordered ows with stronger jet-gas coupling.

T. Oosterloo et al. (2024) argued that the CND in NGC 1275 is not fully relaxed, with irregular outer kinematics
consistent with ongoing lamentary accretion. Continuous in ow with varying angular momentum may reorient the
CND, and if the inner jet remains perpendicular to the CND, this can drive changes in jet direction. Remarkably, a
similar behaviour emerges naturally in our 3DMHD simulations (panel d) of Fig. 2), where ongoing accretion from

laments from various direction (see 4) causes the CND to continuously change orientation with time. This lament-
driven wobbling of the CND o ers a plausible physical mechanism for reorienting AGN jets and may help explain how
jet feedback can heat cluster cores in a nearly isotropic manner. A similar mechanism may operate in NGC 4696.
In addition, sloshing motions in the cluster core ( XRISM Collaboration et al. 2025) may further perturb lament
directions, leading to variations in the CND and jet orientation, which could in turn provide an e cient mechanism
for isotropic heating in the cluster core over the lifetime of the cluster.

The strong similarity between our observations and the 3DMHD simulations in Figure 2 points to a multiscale
connection in the gas ow. As in M. Guo et al. (2024), cold accretion (e.g., F. Pizzolato & N. Soker 2010; Y. Li &
G. L. Bryan 2012; M. Gaspari et al. 2013, 2017) arises from thermally unstable magnetothermal drip modes in the hot
halo (e.g., M. Loewenstein 1990; S. A. Balbus 1991; S. Ji et al. 2018; B. D. Wibking et al. 2025; G. M. Voit et al. 2026),
while magnetic elds with plasma 1 100 organize the gas into thin laments on kpc scales. This precipitation
mechanism is morphologically consistent with the laments observed in cluster cores, including NGC 4696, which
require magnetic support (P. Tamhane et al. 2026; A. C. Fabian et al. 2016; J. S. Sanders et al. 2008, 2016; A. C.
Fabian et al. 1982; R. Mittal et al. 2011; R. E. A. Canning et al. 2011; C. S. Crawford et al. 2005); in NGC 1275,

elds of 24 G are su cient (A. C. Fabian et al. 2008; P. Tamhane et al. 2026). These laments can be extremely
narrow ( 70 pc) yet extend over 6 kpc. In NGC 1275, HCN(3-2) and HCO * (3-2) absorption within 1.2 pc also
reveal out ows of 300-600 kms * which are consistent with simulations (M. Guo et al. 2024), though such features
have yet been detected in NGC 4696.

Together, these results support a picture in which multiphase laments transport gas from kpc to sub-kpc scales.
Our observations suggest that the missing link is the formation of a CND: lamentary in ow feeds a cold CND that
mediates accretion onto the SMBH, implying that Bondi accretion from hot gas is unlikely to dominate (see also
Marquis et al. submitted). One key di erence with simulations is that they predict predominantly cold CNDs (where
cold is de ned as 2 10 ® K gas, see M. Guo et al. 2024), whereas here the CND is detected in Pa ( 10 * K) and
multiple H, transitions (a few 102{10° K; Marquis et al., submitted), revealing a highly multiphase disk. This suggests
that the disk is thermally strati ed, with heated outer layers and colder gas embedded within clumps (M. Gaspari
et al. 2017), a con guration that will be explored in detail in Pereira et al. (in prep.).

5. CONCLUDING REMARKS

The growth of a galaxy s central SMBH through accretion and the energetic feedback from the resulting AGN
are tightly coupled processes that regulate galaxy evolution across vastly di erent scales. Understanding how this
self-regulation operates remains a central challenge in astrophysics.

Our JWST /NIRSpec observations provide a direct view of this connection. By resolving sub-kpc gas dynamics in
NGC 4696, we show that the ionized swirl seen with HST (A. C. Fabian et al. 2016) is a compact CND physically
connected to larger-scale laments. This establishes the long-sought link between kpc-scale multiphase laments and
gas dynamics within . 100 pc, where in owing gas settles into a CND that feeds the SMBH. The rotating CND
kinematics established here ] a disk of radius 120 pc spanning 600 km's ! | provide the kinematic framework
that will anchor the full multi-line analysis of Marquis et al. (submitted) and the ionization diagnostics of Pereira
et al. (in prep.), enabling a complete multiphase picture of accretion in NGC 4696. The strong agreement with
3DMHD simulations indicates that this process arises naturally in magnetized atmospheres via thermally unstable
magnetothermal drip modes. The later produce laments with magnetic tethers capable of facilitating infall and
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accretion onto a rotating CND. By resolving this transition, our observations provide direct evidence that magnetized
multiphase gas ows connect large-scale cooling to SMBH fueling, e ectively closing the AGN feedback loop.
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Figure 4. Eight snapshots of the 3DMHD simulated velocity eld within a JWST/NIRSpec IFU eld of view, analogous to
panel b) of Fig. 2, and approximately evenly spaced in time. All panels are centered on the black hole position with the same
surface density threshold in panel b) of Fig. 2. The size and orientation of the CND vary with time, but the CND remains
present and is typically connected to a larger-scale feeding lament.

APPENDIX

A. TEMPORAL EVOLUTION OF THE CND IN THE 3DMHD SIMULATIONS

Figure 4 presents eight snapshots of the 3DMHD simulation, approximately evenly spaced in time and displayed
over a eld of view comparable to the JWST/NIRSpec observations. We omit the rst 20 Myr as it takes time for the
CND to set up (see also panel ¢) of Fig. 2). All panels are centered on the black hole position. The morphology of
the central gas distribution evolves substantially throughout the simulation, with the CND varying in both size and
orientation (see also Fig. 2).

Despite this variability, a CND remains present in all snapshots. Furthermore, the CND is typically connected to one
or more larger-scale laments throughout the temporal evolution extending beyond the central few hundred parsecs.
These laments provide a direct pathway through which condensed multiphase gas can be transported toward the
central regions.

The purpose of this gure is to demonstrate that the lament/CND connection shown in Figure 2 is not unique to
a particular simulation output. Rather, the presence of a CND and its connection to larger-scale feeding laments are
common features throughout the evolution of the simulated system.
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