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ABSTRACT

Context. Supermassive black hole (SMBH) spin is a key but poorly constrained ingredient of the feeding-feedback loop. Chaotic
cold accretion (CCA) of cold gas clouds delivers rapidly varying three-dimensional torques that drive spin evolution and jet-axis
reorientation, and in turn spin regulates jet power.

Aims. We introduce a time-dependent SMBH spin model linking resolved multiphase feeding at large and meso scales to unresolved
relativistic angular-momentum transfer at the innermost stable circular orbit (ISCO).

Methods. We perform GPU-accelerated hyper-zoom hydrodynamical simulations of a radiatively cooling group atmosphere with jet
feedback and SMBH spin evolution, resolving multiphase inflow and angular-momentum direction below parsec scales. We compare
fixed-axis, direct, and hybrid prescriptions, with the latter preserving the resolved torque direction while filtering its magnitude through
a Kerr ISCO closure. We then apply the hybrid model to low- and high-turbulence group setups.

Results. The cold-gas reservoir is nearly independent of whether the jet is fixed, spin-coupled, or rapidly reorienting. The spin
prescription instead controls the inner feeding-feedback coupling, modulating central accretion, jet efficiency/power, and feedback
geometry. The hybrid model remains bracketed by analytic limits, whereas the direct model overestimates spin variability and jet-axis
wandering, showing that an ISCO closure is required. Low-spin SMBHs are easier to reorient because a misaligned torque acts on a
smaller angular-momentum reservoir. The decisive quantity is the coherence of the delivered angular momentum: the low-turbulence
run preserves longer rainy connections and stronger secular spin evolution, whereas stronger turbulence fragments the inflow and
enhances torque cancellation.

Conclusions. CCA represents both a stochastic fuel supply and a chaotic torque engine. In the BLack HOLEWEATHER framework,
turbulence regulates whether the cold reservoir remains connected, how the angular momentum reaches the SMBH, where the next
jet points, and how feedback is imprinted onto the halo.

Key words. black hole physics — accretion — galaxies: jets — galaxies: active — galaxies: groups — hydrodynamics — methods:

numerical

1. Introduction

Observations have long established the solidity of several corre-
lations between central supermassive black holes (SMBHs) and
the physical properties of host galaxies (Kormendy & Ho 2013),
making the study of these objects central to galaxy evolution.
The observed bipolar conical jets emitted by accreting SMBHs
are among the most energetic events in the observed Universe
and are believed to be able to fundamentally shape the evolu-
tion not only of the host galaxy, but also of the large-scale en-
vironment (see Mukherjee 2025 for a review). These jets are

* olmopiana@unimore.it

observed in a great variety of shapes, sizes, and energies, of-
ten with misaligned axis, as in X-, S- and Z-shaped jets (Krause
etal. 2019; Bruni et al. 2021; Misra et al. 2025). Also in the case
of restarted radio galaxies the bubbles inflated by the jets can be
misaligned, indicating multiple cycles of AGN outbursts occur-
ring on a short timescale in different directions (e.g., Ubertosi
et al. 2023). These observations point to a picture in which jet
precession can be closely linked to the variability of the SMBH
spin. Indeed, according to the long-standing Blandford—Znajek
model (Blandford & Znajek 1977; Tchekhovskoy et al. 2011),
jets are powered by the rotational energy (spin) of SMBHs,
which is extracted during the launch phase by the local magnetic
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field. Part of this energy is then deposited into the surround-
ing medium, from the interstellar medium (ISM) to the intra-
group and intracluster medium (IGrM/ICM), injecting momen-
tum and turbulence together with stellar feedback (e.g., Barbani
et al. 2023, 2025) and thereby regulating the availability of fuel
for SMBH growth. At the same time, the angular momentum of
the material falling into the black hole actively impacts its spin
(King et al. 2008; Ricarte et al. 2025). Given this tight accretion—
spin—jet connection, studying spin evolution offers a privileged
perspective in understanding the processes that regulate the in-
teraction between the central SMBH and its environment (see Di
Matteo et al. 2005; Volonteri et al. 2013; Sesana et al. 2014, for
the importance of spin in galaxy evolution), as well as provid-
ing a coherent explanation for a wide range of observed proper-
ties and morphologies of AGN and radiogalaxies (Sikora et al.
2007; Garofalo et al. 2010; Tchekhovskoy et al. 2010; Martinez-
Sansigre & Rawlings 2011; Danehkar 2024).

The physical regime in which we aim to study this connec-
tion is chaotic cold accretion (CCA; Gaspari et al. 2012, 2013,
2015, 2017; Gaspari & Sadowski 2017), namely the multiphase,
time-variable mode of SMBH fueling expected in hot halos sub-
ject to radiative cooling, turbulence, and AGN heating (see Gas-
pari et al. 2020, for a review). In this framework, AGN feed-
back is a self-regulated mechanism within which nonlinear con-
densation, chaotic fueling, and recurrent jet-regulated feedback
emerge as coupled elements of the same multiscale baryon cy-
cle in stratified hot halos. In this environment, nonlinear thermal
instability causes cold clouds and filaments to condense out of
the hot atmosphere and rain toward the galaxy centre, where re-
peated collisions, mixing, and fragmentation generate a strongly
stochastic supply of mass and angular momentum. This general
interpretation is supported by a growing body of multiwave-
length observations of multiphase gas, chaotic kinematics, and
CCA-regulated feedback in hot halos (McDonald et al. 2018;
Tremblay et al. 2018; Maccagni et al. 2021; Temi et al. 2022;
Olivares et al. 2022, 2025; Reefe et al. 2025; Romero et al. 2025;
Omoruyi et al. 2026). Notably, in this regime the accretion rate
becomes highly variable, and the black hole is fed through a se-
quence of misaligned, three-dimensional torque episodes across
recurrent multiphase duty cycles, expected to drive both spin
variability and jet reorientation. To study spin evolution, it is
then important to check whether the inflow preserves a coher-
ent torque direction over 100 Myr timescales, or is repeatedly
reset by the multiphase weather cycle: cold gas condenses, the
accretion rate rises, jet feedback reheats and partially clears the
nucleus, and condensation resumes in the next cycle.

Observationally, in addition to the direct connection with the
jet power, SMBH spin is strictly linked to jet precession, as
it is commonly assumed that jets are launched along the spin
axis. The re-orientation of AGN jets can be driven by several
physical processes, including warped accretion discs (Greenhill
et al. 2003; Nixon & King 2016), misalignment between the ac-
cretion disc and the SMBH spin vector (Bardeen & Petterson
1975; Lu & Zhou 2005; Krolik & Hawley 2015), misaligned ac-
creting filaments (Aalto 2015), binary dynamics of the SMBH
(Krause et al. 2019; Gerosa et al. 2019), with different typi-
cal precession timescales depending on the underlying physi-
cal process. Despite all of the evidence, direct measurements of
SMBH spin in the real Universe are still limited, as of now, and
mostly delivered by X-ray studies (Brenneman 2013; Reynolds
2021; Danehkar 2024). Theoretical studies have tried to model
the evolution of SMBH spins with semi-analytic models (Volon-
teri et al. 2005; King et al. 2008; Perego et al. 2009; Dotti et al.
2013; Volonteri et al. 2013; Sesana et al. 2014), using analyti-
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cal results from general relativity (GR) to follow spin evolution
in highly-idealized (symmetric) scenarios (Bardeen et al. 1972).
Numerical simulations, on the other hand, struggle to couple the
inherently multi-scale problem of AGN feedback; GRMHD sim-
ulations aiming at resolving the inner accretion disc accurately
capture jet launching from magnetically charged, spinning black
holes (Pu & Takahashi 2020; Narayan et al. 2022; Lowell et al.
2024), but are often limited in box size, and might miss the
contribution of the large-scale gas cycle, which ultimately re-
plenishes the accretion disc. Big-box simulations (Dubois et al.
2014a; Cielo et al. 2018b; Beckmann et al. 2019; Bustamante
& Springel 2019; Horton et al. 2020; Talbot et al. 2021, 2022;
Beckmann et al. 2024), instead, are extremely useful to study
the spin evolution of the overall AGN population from a cosmo-
logical perspective, but do not have the horizon-scale resolution
required to accurately track the angular momentum transfer be-
tween the accretion disc and the black hole in individual systems,
especially in those characterized by high variability. The pur-
pose of this work is to start building a coherent bridge between
the micro-scales, which determine the details of SMBH accre-
tion and spin evolution, and the meso- and macro-scales, which
regulate the delivery of cold gas toward the centre of the galaxy.
We do this by building a grid with multiple refinement levels in a
group-size box (e.g., Gaspari et al. 2013, 2017; Guo et al. 2023),
reaching a central resolution of 0.7 pc, and ultimately filling the
gap with the horizon scale by applying a GR-informed ISCO
(innermost stable circular orbit) model of the accreted mass and
angular momentum.

This work is embedded within the broader Brack-
HoLEWEATHER program (Gaspari et al. 2020), whose goal is to
build a unified, self-consistent framework for SMBH feeding and
feedback throughout the entire baryon cycle, from halo scales
down to the immediate black-hole vicinity. Within this perspec-
tive, AGN activity is not treated as a one-way heating process,
but as a genuinely multiscale weather engine in which cool-
ing, condensation, accretion, and feedback continuously reshape
one another. In this broader context, companion studies (Barbani
et al. 2026a,b, B26a,b) explore the pure feeding side of the prob-
lem, isolating how radiative cooling and turbulence alone gener-
ate different CCA weather regimes across scales, while (Cam-
melli et al. 2026b,a, C26a,b) investigate how fixed AGN jets
shape the thermodynamics of the multiphase medium. The spe-
cific role of the present study is to include in this framework the
spin evolution and the derived jet precession in a self-consistent
fashion, as opposed to treating it as a free parameter. In par-
ticular, we focus on how the multiphase CCA cycle delivers
angular momentum to the SMBH in a time-dependent, three-
dimensional manner, and on how this stochastic torque cascade
affects both the secular evolution of the spin and the direction
and power of the associated jets.

Similarly to B26a,b and C26a,b, the present spin-focused
study is divided into two companion articles. In this paper
(P26a), we introduce and validate the SMBH spin framework,
focusing on how spin coupling affects the morphology and
thermodynamic evolution of the multiphase medium through
angular-momentum transfer and jet feedback. The companion
paper (Piana et al. 2026, P26b) will instead address comple-
mentary kinematic and variability diagnostics, with particular
emphasis on torque coherence, jet-axis reorientation, and time-
dependent signatures of CCA.

In the following sections, we first describe the numerical
setup in §2, including the jet prescription and the SMBH spin-
evolution model. In §3, we analyse a suite of idealized no-
turbulence runs used as control experiments to isolate the role of
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spin—feedback coupling. These include a Benchmark model with
a fixed-axis, spin-decoupled jet, and a Direct model in which
the resolved sink-scale angular momentum is deposited onto the
SMBH without an ISCO-based closure. We compare both con-
trols with our fiducial Hybrid model, which preserves the re-
solved, time-dependent direction of the inflowing angular mo-
mentum while filtering its magnitude through a GR-motivated
ISCO prescription. After testing the self-consistency of this fidu-
cial model, we apply it in §4 to higher-resolution turbulent CCA
runs, focusing on how spin-coupled feedback modifies the inner
feeding—feedback loop, jet morphology, thermodynamic struc-
ture, and SMBH spin response. We discuss the broader implica-
tions and comparison with previous spin and jet-coupling models
in §5, and summarize our main conclusions in §6.

2. Numerical setup

In this work we employ the well-tested numerical simulation
AthenaPK, a powerful GPU-accelerated public MHD code, to
which we have added several modules to model black hole
feeding, feedback, and spin evolution. AthenaPK' (Grete et al.
2022, 2025; Fournier et al. 2024; Prasad et al. 2026) is built on
Athena++ (Stone et al. 2020), extended through the Parthenon
and Kokkos (Carter Edwards et al. 2014) libraries, ensuring both
portability and scalability across current and next-generation
HPC (high-performance computing) systems. In this design,
Parthenon manages adaptive mesh refinement (AMR) and inter-
node communication, while Kokkos provides highly efficient on-
node data parallelism. Although the details of feeding and feed-
back in different regimes are presented in the companion papers
by B26a and C26a, the focus of this paper is to develop and im-
plement a spin evolution model fully coupled to both feeding and
feedback processes. In practice, the simulations resolve the mul-
tiphase inflow and its time-dependent angular-momentum direc-
tion down to the sink scale, whereas the final coupling between
the accreted gas and the SMBH spin is modeled through an inner
relativistic closure described below. This separation is central to
the present work, whose goal is to connect resolved CCA torque
delivery to unresolved horizon-scale spin evolution in a physi-
cally controlled way.

The mesh structure is a box with a side length of 100 kpc, di-
vided into a root grid of 128 cells per side. The grid is further di-
vided into mesh blocks, each made up of 32 cells per side, which
act as computational units. The first level of refinement takes the
central cube formed by 32 meshblocks and refines it with a sub-
grid effectively halving the cell-size, and hence the resolution,
within the refined region. We perform this refinement operation
until we reach the target resolution of 0.7 pc (for the highest-
resolution runs) within the innermost region, which includes the
sink, with a radius of 4 cells, and the jet injection cells. Given
that the code is non-relativistic, to maintain numerical stability
and consistency, we impose velocity and temperature ceilings of
respectively veeii = 0.3¢ and Ty = 5 x 10° K (although both
very rarely reached), making sure that the removed energies ac-
count for up to just a few percent of the energy injected with the
jet. As per common practice, we also impose density and tem-
perature floors and ceilings to prevent local instabilities caused
by the steep gradients between high-resolution cells close to the
jet region. The density floors and ceilings correspond to roughly
1076 and 10%cm~3, and the temperature floor to 1 K. The cooling
function for 7 > 10*? K is taken from Schure et al. (2009) for
solar metallicity, while for T < 10*2 K we use the volumetric

! https://github.com/parthenon-hpc-lab/AthenaPK

cooling rate defined in Gaspari et al. (2017) as n%,ACO]d, with

Acold = 2 x 107 exp[—1.184 x 10° /(T + 10°)]

+2.8 % 1077 VT exp[-92/T]. 1)
This includes atomic line cooling, rotovibrational line cooling,
and molecular collisions with dust grains, and is necessary to
generate atomic and molecular gas.

The simulations start from a gaseous halo in hydrostatic
equilibrium within a static gravitational potential. We model a
representative intermediate-mass galaxy group, which both re-
flects the dominant baryonic environment of the present-day cos-
mic web and enables shorter central cooling times with #.oo ~
10-20 Myr (e.g. O’Sullivan et al. 2017). The potential includes
a dark matter halo with mass Myrw = 1.5 x 103 M, described
by an NFW profile (Navarro et al. 1996), a central dominant
galaxy modeled with a Hernquist profile (Hernquist 1990) and
stellar mass M, = 1.4 X 1011M@, and a point-mass SMBH with
M, = 2.8x108M,, with total acceleration gio; = SNFW + &cD + &e-
This SMBH mass is consistent with low-redshift central black
holes in galaxy groups, as well as with predictions from semi-
analytic models (Piana et al. 2021, 2024; Cammelli et al. 2025).
Following the ACCEPT catalog (Cavagnolo et al. 2009), the gas
entropy profile follows K(r) = Ky + Kjpo(r/100 kpc)*¥, rescaled
to the galaxy-group regime, and is combined with hydrostatic
equilibrium to derive the initial density and pressure profiles. See
B26a (Figure 2) and C26a for more details. For the detailed time
evolution of the thermodynamic radial profiles, see Appendix A.

For the runs with driven turbulence presented in Section 4,
turbulence is injected through a continuous stochastic accelera-
tion field (e.g. Schmidt et al. 2009; Gaspari & Churazov 2013;
Grete et al. 2018, 2025). The forcing is solenoidal and is injected
at a characteristic mode number 7., = 4, corresponding to a
scale of Li,; = 25 kpc. The correlation time is feorr = 30 Myr.

Throughout our morphological and thermodynamic analy-
sis, we normalize the time to the characteristic raining time
T = t/tain, Which denotes the time of first nonlinear cold-gas
condensation and is used only as a normalization scale for cross-
run comparison. We adopt i, = 14 Myr for the benchmark runs
and i, = 18 Myr for the turbulent runs. Furthermore, through-
out the analysis we use the same thermodynamic phase bins as
adopted in the companion BLaAckHoLEWEATHER papers. We de-
fine molecular gas as T < 2x 102 K, cold atomic gas as 2x 10% <
T < 1.6 x 10* K, warm gas as 1.6 X 10* < T < 1.16 x 10° K, hot
soft-X gas as 1.16 x 10° < T < 5.8 x 10° K, and hot hard-X gas
as T >58x10°K.”

2.1. Jet power and efficiency

Both the jet and disc radiative efficiency are usually parametrized
or assumed in many jet models; however, in this work, we use
a formalism based on GR results of the Kerr metric combined
with the Blandford-Znajek process, assuming the thin Novikov-
Thorne disc model (Novikov & Thorne 1973; Rezzolla 2016).
According to the Blandford-Znajek process (Blandford & Zna-
jek 1977), the magnetic field around the horizon of the accret-
ing SMBH extracts angular momentum from the spinning black
hole. We then consider two separate efficiencies: €, is defined
as the specific (dimensionless) total mass-energy fraction a par-
ticle carries during its infall towards the ISCO radius. In prac-
tice, it represents the fraction of the mass that falls into the sink

2 These labels are used as thermodynamic analysis bins, not as full
synthetic observables.
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effectively reaching the ISCO. For a Kerr black hole with dimen-
sionless spin a, it is computed as

.
1SCO

1722
2
Tisco (risco — 3risco £ 2a Vrisco)

where the dimensionless radius of the ISCO is calculated as
Fisco = 3+ Zp F VB =2Z)(B + Z, + 27,), with the minus sign
indicating prograde orbits and the plus sign retrograde orbits
(Bardeen et al. 1972). The auxiliary functions Z; and Z, are de-
fined as in Bardeen et al. (1972). Within this picture, we assume
that the complementary mass-energy fraction €,q9 = 1 — €50 T€p-
resents the binding energy lost by the gas particles on their way
to the ISCO, and is radiated away.

By contrast, we define ngz as the jet efficiency, namely, the
fraction of rest-mass energy effectively reaching the ISCO that
is converted into jet power. We then write (Tchekhovskoy et al.
2011; Piana et al. 2024)

= 2risco = A \iseo

2

€isco =

2
Ppz = 7]BZ€iscojwinc2 =2.8f(a) (%) eiscoMincz» (3)
where
2
f@y=a(1+V1-a?) ", @

M, is the accretion rate onto the sink and ¢, is the dimensionless
magnetic flux parameter in the immediate vicinity of the black
hole (see Event Horizon Telescope Collaboration et al. 2019).
In this first proof-of-concept implementation, we adopt a fixed
magnetic-flux parameter ¢, = 15, with the goal of consistently
capturing the relative modulation of jet power by spin rather
than modeling from first principles the absolute normalization
of the Blandford-Znajek process within a fully self-consistent
magnetic-flux evolution framework. This simplified formalism
allows us to couple black hole feeding, spin evolution, and jet
feedback in a controlled and transparent way. A consistent treat-
ment of magnetic-flux evolution will be included in future work.

Within this picture, the SMBH mass evolution needs to take
into account both the mass loss during the infall towards the
ISCO and the mass carried away by the jet. Therefore, the net
mass accreted onto the black hole AM, after accounting for ra-
diative losses is given by

AM, = €isco (1 - fml) MinAt’ (5)
whereas the mass ejected with the outflow reads
AMyy = eiscofmlMinAt (6)

In other words, the sink inflow AMj, is first reduced by the ISCO
energy-loss factor €, and the remaining budget is then divided
between the net black-hole growth and the mass loaded into the
jet through fi.

The computed jet power is divided into jet kinetic energy and
jet internal energy, so we can write
(7

1. .
_ 2
Pgz = _Moulvjet + Moutgjeu

2
where vie; is the velocity of the jet at injection and i its specific
internal energy per unit of mass. We set the jet injection temper-
ature on the pc-scale to Tje = 10% K, making it unambiguously
hotter than the ambient material, and define the internal jet tem-
perature gjer = kpTjet/[(y — D)ump], where kg is the Boltzmann
constant, ¥ = 5/3 is the adiabatic index for a fully ionized gas,
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1 = 0.6 the mean molecular weight, and m;, the proton mass. We
then solve for the velocity, obtaining

1/2
et — . et .
! Moul !

We assume that our jets are characterized by a mass loading fac-
tor fm = 0.9, such that the mass carried by the jet is Moy =
Fl€iscoMin and that Vier remains safely below 0.6c. This choice
is consistent with our focus on a low-spin regime characterized
by sub-relativistic, baryon-loaded jets. Since M;, is tracked by
our simulation, the jet velocity vje is consistently derived at each
time step.

We assume that the AGN jet is injected into the simulation
along the instantaneous SMBH spin vector, allowing the jet axis
to reorient with the evolving spin. In order to reduce spurious
variations in the injected mass due to grid alignment effects as
the AGN jet axis re-orients, we replace the classic binary (on/off)
selection of jet injection cells—defined by a Boolean mask for
a cylindrical injection region—with a smooth transition scheme,
in which cells near the radial and axial boundaries of the injec-
tion cylinder receive a fractional contribution. Instead, we as-
sign each cell a weight w € [0, 1] that varies linearly with the
signed distance to each boundary over approximately one local
cell width. This suppresses artificial orientation-dependent fluc-
tuations in the effective deposition volume and injection rates.
The spin evolution model adopted in this work is described in
detail in the next section. This smooth weighting is numerically
important because it suppresses purely grid-induced modulation
of the effective injection volume as the jet axis precesses. The
resulting variability in the injected feedback is therefore more
directly tied to the physical spin evolution than to geometric dis-
cretization effects.

(®)

2.2. SMBH spin model

The evolution of the supermassive black hole spin is a critical
component of our simulation, as it dictates the physical quan-
tities at ISCO and the jet efficiency. To benchmark our model,
we implement two different formalisms. A first simpler Di-
rect model directly updates the SMBH angular momentum by
adding the 3D vector of accreted angular momentum carried
by the mass swallowed by the sink particle at the center of
the simulation box. This provides a purely resolved sink-scale
angular-momentum deposition prescription, without imposing
an explicit GR closure on the angular-momentum transfer ef-
ficiency. In parallel, our fiducial Hybrid model retains the re-
solved, time-dependent 3D direction of the inflowing angular
momentum—thereby capturing the chaotic reorientation of cold
accretion—but it determines the magnitude of the angular mo-
mentum transferred to the hole using the Kerr thin-disc expres-
sions at the ISCO, accounting for the GR energy and angular
momentum budget required for the gas to reach the last stable
orbit before capture. These two models are then compared to a
Benchmark model in which the spin — set to an initial value of
ap = 0.1 — and jet evolution are fully decoupled; see Table 2 for a
full description of the different simulations. We also show the re-
sults from a Hybrid run with a higher initial spin gy = 0.5. What
we expect is that when a SMBH grows by consuming material in
a stable, coherent accretion, the incoming material adds angular
momentum in the same direction, causing the spin to increase,
often approaching the maximum possible speed. On the other
hand, in a chaotic accretion environment like this one, small,
random amounts of matter fall in from different directions and
can cause retrograde events that spin the black hole down.
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Table 1. Model parameters and description.

Parameter Description
€isco Specific energy of a particle at the ISCO (dimensionless)
Fisco ISCO radius
a SMBH dimensionless spin magnitude
D Dimensionless magnetic flux
Viet Jet velocity
Smi Mass loading factor

Large-scale gas cycle
(cooling + turbulence + gravity)
= chaotic cold accretion

}

Hybrid
uses re-scaled lis.o(a) but
keeps direction Licc sink

Direct
uses resolved Lac sink

Resolved accreted angular momentum at sink
Lacc,sink

| !

Accretion torque
= (1= fml)Lacc.sink

Update BH status M, and a
efficiencies €gc0(@) and npz(a, o)

Accretion torque
Lo,acc = AM-[iscoLacc, sink

L-,acc

Jet injection and spin-down
Pz, Mou, Vier, @

Fig. 1. Flowchart of the SMBH accretion—spin—feedback coupling used in the simulations. The central branch shows the shared feeding and
feedback steps; the two side branches highlight the only difference between the Direct and Hybrid spin-update prescriptions (an ISCO-based GR

closure for the deposited angular-momentum magnitude).

The two prescriptions do not play the same physical role.
Our fiducial Hybrid model is a closure in which the simulation
resolves the instantaneous three-dimensional direction of the in-
flowing angular momentum down to the sink scale, while the
magnitude of the angular momentum transfer to the SMBH is
determined through a Kerr-ISCO prescription. By contrast, the
Direct model is retained only as a control experiment, aimed at
highlighting what is overestimated when the sink-scale angular
momentum is deposited onto the black hole without such a rela-
tivistic closure.

In this sense, the Direct model is meant to quantify how sen-
sitive our results are to the assumed ISCO closure by comparison
with a purely sink-scale angular-momentum deposition prescrip-
tion. We summarize the coupling between the resolved large-
scale gas cycle, the accretion torque, and the spin-dependent jet
injection in the flow chart presented in Figure 1.

In all runs, the SMBH spin magnitude is defined as

c|L.|
a=lal=——5,

GM?
where L, is the black hole’s angular momentum, M, is its mass,
c is the speed of light, and G is the gravitational constant. Its
value is then updated at each time step according to the different
prescriptions of each model.

€))

The Benchmark model — decoupled control We run a bench-
mark, control run to isolate the role of spin coupling. In this run,

the jet power is fully decoupled from the spin and is computed
using a fixed efficiency as
Pjet = EjelMincz’ (10)
following the same model used in C26. In this case, the jet is
always emitted along the z-axis and the efficiency €, = 0.007 is
chosen to match the spin-dependent gz used in our Hybrid and
Direct models evaluated at t = 0 (a = 0.1).

The Direct model — resolved control In this case, spin and
jet are fully coupled. To control for the effect of introducing
a sub-resolution ISCO closure for SMBH angular momentum
evolution, in this model we evolve the SMBH spin by directly
depositing the resolved angular momentum of the accreted gas
measured at the sink scale. The change in the black hole angu-
lar momentum is obtained from the accreted angular momentum
vector itself. Then, we simply re-scale the accreted angular mo-
mentum according to the mass accreted by the black hole, and
we update the SMBH angular momentum as

L-,acc = Lacc,sink(l - fml)- (11)

We then apply the spin-down effect of the jet torque, assum-
ing that the Blandford-Znajek process extracts rotational energy
from the black hole. We model this as a reduction in the magni-
tude of its angular momentum. The magnitude of the torque is
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Fig. 2. Global accretion and feedback histories for the no-turbulence
suite, showing the total cold gas mass (i.e. the mass of gas below
T = 2000 K within the central 4 kpc), the sink accretion rate, the jet
efficiency and the corresponding instantaneous jet power as a function
of time.

given by:
P
Tjex = Qiﬁz (12)
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where Qy is the spin-dependent rotational velocity on the hori-
zon (Bardeen et al. 1973; Tchekhovskoy et al. 2011):

616‘3

" 2GM. (1 + 1—a2)'

13)

The loss of angular momentum due to the jet over the time step
At is ALy = TieiAt. Finally, the new angular momentum of the
black hole, L, yew, is computed by adding the accreted compo-
nent and scaling the resulting magnitude to account for the BZ
torque:

L.,lemp = Lo,old + Lo,acc, (14)
and
L. — AL
Lepew = Lagemp (Itm["—JCt) (15)
|Lo,lemp|

The new spin vector @,y is then updated using the new mass
and angular momentum

CLo,new
G(M, + AM)?

By construction, the Direct model retains the full, time-
dependent three-dimensional angular momentum measured at
the sink scale, but it does not impose a GR-motivated ISCO
closure on the efficiency with which that angular momentum is
transferred to the SMBH. It therefore serves mainly as a con-
trol case, designed to bracket the impact of unresolved circu-
larization and ISCO physics at a given resolution. For this rea-
son, Direct should not be interpreted as a realistic description of
horizon-scale accretion, but rather as an intentionally unfiltered
sink-scale deposition test.

(16)

Apew =

The Hybrid method — fiducial In our fiducial model, we assume
that the resolved, sink-scale accretion inflow circularizes into a
thin accretion disc at the ISCO, whose axis is aligned with the
instantaneous sink-measured i,acc,sink. In this sense, the model
should be interpreted as a hybrid closure between resolved meso-
scale feeding and unresolved horizon-scale accretion physics:
the simulation provides the torque direction, while general-
relativistic disc energetics determine how efficiently that torque
is transferred to the black hole. This closure maximally preserves
the torque direction delivered by the resolved CCA flow. In re-
ality, unresolved viscous evolution, Lense-Thirring precession,
and Bardeen-Petterson alignment may partially smooth this di-
rection before the gas reaches the ISCO.

First, we determine whether the accretion is prograde or ret-
rograde relative to the black hole spin. This is done by calcu-
lating the dot product between the normalized BH spin vector
a = a/a and the normalized angular momentum vector of the
accreted gas l:acc, sink. If @ - ilacc, sink = 0, the infalling material
at the ISCO is considered co-rotating (prograde); otherwise, it is
counter-rotating (retrograde).

Similarly to equation 2, we compute the dimensionless ISCO
angular-momentum per unit mass-energy as in (Bardeen et al.
1972)

. r

_ - 2

7 isco F2a+\[risco +a
isco = 5

Vrisco(risco -2)+xa

where the upper sign corresponds to prograde and the lower sign
to retrograde orbits (with the corresponding riso). We then set
Cisco = Lisco GM ] c.

A7)
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Table 2. We list here the setups for the simulations shown in this paper.

Tag Initial spin  Jet efficiency = Spin model Turbulence Boxsize Resolution
benchmark_s®1 0.1 0.007 - fixed - none 100 kpc 1.5 pc
dir_noT_s01 0.1 spin-dependent Direct none 100 kpc 1.5 pc
hyb_noT_s01 0.1 spin-dependent Hybrid none 100 kpc 1.5 pc
hyb_noT_s05 0.5 spin-dependent Hybrid none 100 kpc 1.5 pc
hyb_lowT_s01 0.1 spin-dependent Hybrid low 100 kpc 0.7 pc
hyb_highT_s01 0.1 spin-dependent Hybrid high 100 kpc 0.7 pc

The change in the black hole’s angular momentum vector
imparted by accretion, L., is then calculated by assuming this
net mass carries the ISCO-scaled specific angular momentum
per unit mass i, and is aligned with the direction of the gas
angular momentum measured in the simulation, Ly, sink:
Lo,acc = A]MofiscoLacc, sink - (18)

We then apply the same spin-down effect from the jet torque
as in the Direct method and compute

LO,temp = LO,old + LO,acc, (19)
where now the magnitude of the accreted angular momentum
vector L, , is re-scaled according to {jg,, and

|L0,temp| - ALjet)

(20)
|Lo,temp|

Lo,new = LO,lemp(

The new spin vector @y, is then updated using the new mass
and angular momentum

CL-,neW

G(M., + AM,)?" @h

Apew =

3. Results: analysis of the spin—jet coupling
3.1. Self-consistency check and baseline

To isolate the impact of the SMBH spin evolutionary model on
the coupled feeding—feedback cycle, we first analyze a set of no-
turbulence benchmark runs (Table 2) with a central spatial reso-
lution of 1.5 pc and identical thermodynamic initial conditions.
The suite consists of: (i) a Benchmark control run with a fixed jet
efficiency benchmark_s01, (ii) two Hybrid runs hyb_noT_s01
and hyb_noT_s05 with spin-dependent jet power and different
initial spin magnitudes (ap = 0.1 and ay = 0.5), and (iii) a con-
trol run with the Direct spin model and ap = 0.1 dir_noT_s01,
that directly deposits the resolved sink-scale angular momentum
into the SMBH spin without an ISCO closure.

A key advantage of this baseline suite is that the global con-
densation pathway remains nearly unchanged across the differ-
ent runs. This allows us to isolate the role of the spin closure on
the inner feeding-feedback coupling, rather than on the large-
scale thermodynamic build-up of the cold reservoir itself. In
other words, the suite is designed to test how the same con-
densed gas couples differently to the SMBH once the angular-
momentum transfer prescription is changed. The goal of this
section comparison is twofold. First, we verify that the Hybrid
model evolves within physically reasonable spin bounds when
coupled to the resolved inflow. We then benchmark our fiducial

model against results of the spin evolution derived from analyt-
ical models, and use the inferred precession rate as a term of
comparison for observational results. Importantly, differences in
SMBH growth, jet power, and stirring primarily reflect differ-
ences in the central coupling between inflow angular momen-
tum, spin evolution, and feedback, more than in the macroscopic
evolution of the total cold gas. This is clearly visible in Fig-
ure 2, which summarizes the mass and energy budgets of the
jet-SMBH system. The top panel shows the instantaneous cold
gas mass (T < 2000 K) within a radius of 4 kpc, and its nearly
identical evolution across the suite indicates that the global con-
densation pathway is only weakly affected by the adopted spin
prescription. We can notice, however, that in the high-spin run
the onset of cooling is delayed by a few Myr, due to the higher
feedback energy injected into the box according to eq. 3. The
lower panels, on the other hand, reveal substantial differences
in sink accretion, jet efficiency, and jet power, showing that the
spin closure mainly controls how the condensed gas couples to
the SMBH and how effectively the resulting feedback couples
back to the core. Part of the cold gas falls into the sink, with an
accretion rate that is shown in the second panel, and from which
the simulation updates the SMBH mass and the jet mass outflow
via the mass loading factor parameter (eq. 5). In the third panel
we plot the jet efficiency as a function of time, while in the bot-
tom we show the evolution of the jet power, computed according
to eq. 3. In our initial simplified framework, in which the dimen-
sionless magnetic-flux parameter is kept fixed for all runs, the jet
power depends only on the sink accretion rate and on the SMBH
spin. Quantitatively, the high-spin run hyb_noT_s05 maintains
jet powers at the ~ 10%-10* erg s~! level once cold accretion
is established, while the low-spin Hybrid run (hyb_noT_s01)
remains typically in the ~ 10**-10% erg s~! range. The bench-
mark fixed-efficiency run is systematically lower at late times.
As expected from the behaviour of the npy efficiency (see eq.
3), the Direct run transitions toward high jet powers as the spin
is driven upward, reaching values comparable to the high-spin
Hybrid case.

Overall, Figure 2 highlights the key result of this base-
line comparison: although the cold-gas reservoir evolves nearly
identically across the suite, the central coupling does not. The
adopted spin closure leaves the global condensation pathway
largely unchanged, but it strongly affects how efficiently the con-
densed gas feeds the SMBH and how the resulting feedback cou-
ples back to the core.

3.2. Spin evolution and jet reorientation

Figure 3 confirms this picture, showing much higher variabil-
ity in both the spin magnitude (top panel) and in the inclina-
tion and azimuthal angles (bottom panel) for the dir_noT_s@1
run. In fact, by directly adding the resolved sink-scale angular
momentum to the SMBH, the Direct model overestimates the
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Fig. 3. Evolution of the dimensionless SMBH spin magnitude a (top
panel) and inclination and azimuthal angles 6 and ¢ (middle and bottom
panel respectively) over the first 100 Myr for the no-turbulence bench-
mark suite.

angular momentum transferred to the black hole, making the ac-
creted gas artificially efficient at reorienting the spin and chang-
ing its magnitude. In the fiducial low-spin run hyb_noT_s01,
instead, fluctuations are smaller, given the ISCO closure, and
the spin magnitude decreases from a =~ 0.1 to a few x1072 by
~ 100 Myr, indicating that (over this interval) mass dilution, in-
termittent retrograde delivery, and/or BZ spin-down dominate
over coherent prograde spin-up. The Hybrid run with higher-
spin hyb_noT_s05 shows a similar decline in spin magnitude
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from a ~ 0.5 to ~ 0.15 — 0.2 over the same period. In gen-
eral, a tendency towards a low-spin equilibrium is expected in
a CCA environment: the SMBH is fed through recurrent, mis-
aligned torque episodes, so spin-up is repeatedly interrupted by
stochastic and sometimes retrograde angular-momentum deliv-
ery (King & Pringle 2006; King et al. 2008; Dotti et al. 2013).

We now look at the bottom panel, which describes the devi-
ation from the initial SMBH spin axis. While the hyb_noT_s01
run reaches inclination angles of the order of ~ 10 — 20 degrees,
the hyb_noT_s05 run remains within a few degrees for most
of the evolution. The evolution of the direction of the spin axis
highlights therefore a second robust trend: low-spin SMBHs are
much more susceptible to reorientation, given their lower rota-
tional angular-momentum.

3.3. Impact on jet morphology and environment

The differences in spin evolution described above translate di-
rectly into different feedback-coupling geometries, and therefore
into different morphological and kinematic responses of the sur-
rounding medium. The morphological imprint of the spin pre-
scription is clearly visible, at different scales, in the temper-
ature and density projection map sequences of Figures 4 and
5. Although, as we have seen, all runs condense a very simi-
lar cold-gas reservoir, the way in which the injected jet power
couples to the surrounding medium differs substantially. The
benchmark_s®01 run inflates comparatively regular bipolar cav-
ities aligned with the initial jet direction, whereas the two Hy-
brid models preserve coherent large-scale lobes but with dif-
ferent extents and lateral spreading set by their distinct spin
axis evolution. In particular, in Figure 4, the higher-spin run
hyb _noT _s05 maintains the most extended and hottest bipo-
lar structure, consistent with its systematically higher Bland-
ford—Znajek efficiency and smaller reorientation angles. By con-
trast, the dir_noT_s01 run develops a broader and more dis-
rupted cavity system: because the jet axis wanders rapidly, the
deposited energy is distributed over a wider solid angle, weaken-
ing the persistence of a single collimated channel and producing
a more isotropically stirred core, with turbulence being injected
by the jet more diffusely. This indicates that the spin prescrip-
tion (through its impact on jet power and direction) modulates
the morphology of the cavities excavated by the jet, regulating
the subsequent condensation cascade.

The same trend is also evident in the inner column-density
maps shown in Figure 5. In the Hybrid runs, dense gas remains
organized into a relatively compact, flattened central inflow, in-
dicating that the jet continues to couple preferentially to the polar
direction without disrupting the equatorial supply of cold mate-
rial. At late times, the low-spin Hybrid case develops stronger
warping and asymmetry as the spin axis becomes more mobile,
whereas the higher-spin run combines a more stable jet direction
with stronger polar clearing. The Direct model again stands out
as the most disruptive case, even within the 2-kpc radius con-
sidered in this figure: repeated changes in jet orientation exca-
vate the central region from different directions, fragmenting the
dense gas distribution. This provides a natural morphological ex-
planation for the more suppressed and bursty sink accretion his-
tory seen in Figure 2.

The near-identical evolution of the total cold-gas mass across
the no-turbulence suite suggests that the global thermodynamic
pathway to condensation is not strongly altered by the spin pre-
scription at the level of this baseline setup. However, the kine-
matic state of the full box responds to spin-regulated feedback.
Figure 6 shows the volume-weighted velocity dispersion o, of
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Fig. 4. Time-evolution of the mass-weighted temperature projection maps of the whole box showing the morphological expansion of the jet
structure across the four baseline models at selected epochs (7 = #/t,i, = 1,3,5,7). The tiny cyan contours in the center correspond to regions
of cold gas with 7' < 200 K. The top row shows results from the benchmark model in which the spin and jet evolutions are fully decoupled. The
second and third rows represent runs using our fiducial, ISCO-closure model but with different initial spin values, respectively 0.1 and 0.5. The
bottom row shows the run performed with the control Direct model, which overestimates the angular momentum accreted onto the SMBH.

the entire gas within spherical regions of R = 50 kpc (solid lines)
and R = 1 kpc, calculated after masking high-velocity jet mate-
rial (cells with v > 1000 km s~!). For each snapshot, we com-
pute the volume-weighted mean velocities (v;),, and variances
o? = (v)),, — ()3 for i = x,, z, and report the combined disper-
sion

o-v_(O' +0y +0')1/2. (22)
For the region with R < 50 kpc, the benchmark run shows the
slowest growth, remaining below ~ 100 km s~ by ~ 100 Myr.
The high-spin Hybrid run (hyb_noT_s05) reaches o, ~ 100-
130 km s~! after the onset of sustained jet activity, consistent
with stronger kinetic injection. The Direct run shows the most
rapid rise, reaching o, ~ 250 — 300 km s~! by ~ 50-60 Myr
and then saturating at that level over the available time span, re-
flecting the combination of strong jet power and large-amplitude
axis reorientation in this model (Fig. 2). Interestingly, the fidu-
cial low-spin Hybrid run (hyb_noT_s01), which we run up to

140 Myr, shows a delayed but ultimately strong rise in o, at late
times, coincident with sustained growth in the spin inclination
(Fig. 3, bottom panel) and elevated precession rates (see also
Figure 9, described later in the text). On the other hand, the ve-
locity dispersion at small scales - for R < 1 kpc - saturates at
lower values at around o, ~ 350 — 400 km s~! for the Direct
run, relatively closer to its full-box o, indicating that faster spin
and jet re-orientation rates correspond to more uniform turbu-
lence. A similar trend, with the two curves partially converging
once the jet starts to re-orient at a faster rate, is visible also for
our fiducial hyb_noT_s01. The other runs, instead, saturate at
around o, ~ 450 — 500 km s~!.

This supports the idea that persistent axis variability redis-
tributes kinetic input over a wider solid angle, stirring the gas
more evenly. In this sense, the spin prescription affects not only
the jet energetics but also the geometry through which the energy
is deposited into the inner halo. In the companion paper P26b,
we test this interpretation by implementing different turbulence
regimes — driven and interrupted — at high resolution.
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Fig. 5. Logarithmic column density projections within the central 2 kpc highlighting the structural evolution of the central accretion disc/inflow
morphology for the baseline models at selected epochs (7 = t/t..in = 1,3,5,7). Black contours show molecular gas with 7 < 200 K.

In Figure 7, we plot the mass-weighted probability density
distributions (PDFs) within the central 100 pc. Throughout the
paper, we adopt the same thermodynamic bins used in the com-
panion BLackHoLEWEATHER works (see §2). For each simula-
tion snapshot, radial shell, and thermal phase, we compute a
mass-weighted probability density function of the logarithmic
gas number density. We define

.
=] (—) 23
X =logio | =3 (23)
where n; is the gas number density in cell i. For a given thermal
phase @ and a radial shell R, the total gas mass entering the PDF

is

MQ,R = Z mi9

i€(@.R)

24

where m; is the cell mass and the sum is restricted to cells that
satisfy both the radial-shell selection and the temperature cut
defining phase @. The mass-weighted PDF is then

Par(x) =

m; 0(x — x;), 25)

@R iC@R)
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so that

fPQ,R(x) dx=1. (26)

In practice, we estimate this quantity with a finite histogram in
x = log,y(n/cm™2). For a bin j of width Ax;, the plotted value is
1

M, g Ax;
@R 2N ie(aR,j)

PQQRJ = m;. (27)

The figures show

dpP
loglo (dloglo n) = 1Og10 Paast' (28)

Figure 7 shows that all no-turbulence models follow nearly
the same thermodynamic path toward multiphase condensation.
The hot distribution broadens toward higher densities, a warm
bridge develops, and cold atomic plus molecular gas build up
in the central 100 pc with similar timing and phase occupation
across the Benchmark, Direct, and Hybrid runs. This is a useful
control result: in the absence of externally driven turbulence, the
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Fig. 6. Evolution of the volume-weighted velocity dispersion o, for
the no-turbulence suite, averaged across 50-kpc (solid lines) and 1-kpc
(dashed lines) regions, for all phases. The late-time rise in the low-spin
Hybrid model correlates with sustained spin inclination growth. Notice
that hyb_noT_s01 is the only run we evolved for a longer time, being
our fiducial run.

formation of the central condensed reservoir is regulated mainly
by the common cooling-feedback cycle, rather than by the details
of the SMBH spin prescription.

The spin closure therefore does not primarily change
whether multiphase gas forms, but how the condensed gas cou-
ples to the SMBH once it reaches the sink scale. The key model
differences emerge in the angular momentum transferred to the
hole, the resulting jet power and axis response, and the way
feedback stirs the gas. This separation provides the baseline for
the turbulent comparison in §4.2: the no-turbulence PDFs iso-
late the near-degenerate thermodynamic condensation pathway,
while the high- and low-turbulence runs test how the weather
state changes the radial connectivity, intermittency, and torque
coherence of the cold inflow.

3.4. Fiducial model: self-consistency check

In Figure 8 we plot the spin evolution as a function of time and
SMBH mass, with the goal of benchmarking our spin model by
comparing our fiducial hyb_noT_s01 run with three theoreti-
cal benchmark curves. These analytical checks are computed in
post-processing on the exact, time-dependent black hole mass
growth history extracted directly from the simulation, but with
a different spin integration model. The prograde / retrograde
checks represent the theoretical spin magnitude and precession
rate using our fiducial hybrid ISCO closure and Blandford-
Znajek spin-down torque but forcing the orientation of the in-
flowing gas to be either 100% aligned (always prograde) or
100% anti-aligned (always retrograde) with the instantaneous
black hole spin, instead of computing the dot product between
the accreted material and the spin at each time step. The Bardeen
analytic prograde curve instead follows the classical spin-up tra-
jectory derived by Bardeen (1970), assuming a steady, thin, pro-
grade accretion disc and neglecting the BZ spin-down. It there-
fore represents an absolute upper limit for purely accretion-
driven spin-up. The purpose of this comparison is not to claim
equivalence with idealized thin-disc solutions, but to verify that
the simulated spin evolution remains within a physically sensi-

ble envelope once the same SMBH mass-growth history is cou-
pled to our Hybrid closure. The Bardeen limit lies less than
10% above our prograde check, which already includes BZ spin-
down, showing that the Hybrid model remains well bracketed
by the relevant analytic limits despite not resolving the horizon-
scale disc.

3.5. Torque delivery and jet-axis reorientation

In Figure 9 we compute the geometric spin-axis reorientation
rate between successive outputs, which provides a useful di-
agnostic for comparison with observed systems showing mis-
aligned cavities or bent and S-shaped jet morphologies. It is cal-
culated as A0; = cos™(@;-a;,1), where 6; = A6;/At; is reported in
deg Myr~!. This rate is a cadence-dependent geometric diagnos-
tic, not a directly observed periodic precession frequency. It is
used here to connect the simulated jet-axis wandering to systems
with misaligned cavities, bent jets, or S-shaped radio morpholo-
gies. The plot illustrates the evolution of the measured geometric
reorientation rate for the fiducial hyb_noT_s01, compared to the
idealized analytical timescales computed with the same analyti-
cal models used in Figure 8. Crucially, these benchmark frequen-
cies are computed using the corresponding spin curves derived in
Figure 8, which explains why for the retrograde check we obtain
an infinite precession rate (once the spin goes to zero) and for the
prograde checks we obtain slower precession rates at later times,
when the spin, and hence the gyroscopic inertia, grows higher.
This divergence of course is only a formal consequence of the
analytic estimate as the spin angular momentum tends to zero,
and should not be interpreted as a physically meaningful infinite
precession.

The simulated geometric reorientation rate in the CCA
regime naturally remains at ~ 0.1 to a few deg Myr~! for most
of the evolution, broadly consistent with the range inferred from
the observed misaligned cavities in cool-core clusters (Falceta-
Goncalves et al. 2010) and S-shaped radio morphologies (Misra
etal. 2025). In particular, between 80 and 100 Myr, the simulated
rate spikes by almost an order of magnitude above the analyti-
cal prograde solution, approaching ~ 10 deg Myr~!. This rapid
reorientation occurs because chaotic, partially retrograde accre-
tion first spins the SMBH down, reducing its angular-momentum
reservoir and therefore its gyroscopic inertia. In this low-spin
state, a newly delivered misaligned torque can tilt the spin axis
much more efficiently than in the corresponding coherent pro-
grade case. Once the accretion flow becomes coherently pro-
grade again, the SMBH spins back up, rebuilds its angular-
momentum reservoir, and the jet axis correspondingly stabilizes.
This behaviour illustrates how the time-dependent coherence
and sign of the CCA torque regulate jet-axis wandering across
the feeding-feedback cycle. It also highlights why spin models
that retain stochastic 3D angular-momentum delivery are essen-
tial for capturing the short-timescale variability of jet orientation
in multiphase AGN environments.

In Figure 10, we investigate more in depth the statistics of
torque delivery in CCA scenarios and how that drives spin evo-
lution. This figure provides the clearest physical bridge between
multiphase feeding and spin evolution, because it directly quan-
tifies whether the inflow delivers angular momentum coherently
or through rapidly cancelling torque episodes. In the top panel
we show the binned accretion rate over a trailing window W = 2
Myr, in order to show a less noisy trend, with the shaded area
representing 1-o- deviation from the average. In the middle panel,
we quantify the coherence of the torque delivered over the same
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Fig. 9. Geometric reorientation rate of the SMBH spin axis for the fidu-
cial low-spin Hybrid model (hyb_noT_s01), compared to the same an-
alytical benchmark models as in Fig. 8.

Values y; =~ 1 indicate a nearly fixed torque direction over W
(coherent, disc-like feeding), whereas y; < 1 indicates strong
cancellation from rapidly varying AL directions (chaotic accre-
tion). A value of y; ~ 0 would indicate a perfectly symmetric
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of reorienting the SMBH spin. Shaded areas represent 1-o- deviations
from the average.

or isotropic accretion, so we do not expect to see it even in a
fully chaotic scenario. Additionally, we decompose the specific
angular momentum of the accreted material, defined as
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Fig. 11. Same as Figure 2 for the two turbulence runs, showing the to-
tal cold gas mass, accretion rate onto the sink, jet efficiency and power
vs absolute time. Although the total cold-gas reservoirs are compara-
ble, the high-turbulence run shows more intermittent sink accretion and
deeper quiescent intervals, which limit the instantaneous jet power de-
spite its slightly higher spin-dependent efficiency.
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If we define a(r) = a(r)/|a(?)| as the spin unit direction, we can
introduce the (signed) component of the angular momentum that
is parallel to the spin as

I = Jace(®) - 40, 31
and a perpendicular amplitude,
jo = (P - 20) " . (32)

Here, jj > 0 corresponds to prograde delivery (tending to spin
up), while j; < O corresponds to retrograde delivery (tending
to spin down). Large j, indicates a misaligned torque capable
of rapid reorientation a. In the bottom panel, we can see how the
parallel component of the specific angular momentum transitions
to strongly negative values around 40, 80 and 100 Myr, indi-
cating pronounced, bursty phases of retrograde accretion. These
phases rapidly spin down the SMBH, stripping its gyroscopic in-
ertia and driving the order-of-magnitude spike in the precession
rate to nearly 10 deg Myr~!. Conversely, once the accretion flow
becomes persistently prograde and the torque coherence rises to-
ward unity, the SMBH is efficiently spun back up (see Figure 8)
and the jet axis becomes much more stable.

4. Results: spin evolution in turbulent scenarios

We now use the fiducial Hybrid prescription to test how explicit
halo turbulence modifies the CCA torque-delivery process. The
goal is to determine whether turbulence changes (i) the amount
of cold gas that condenses, (ii) the efficiency with which this gas
reaches the sink, and (iii) the coherence of the angular momen-
tum delivered to the SMBH. This distinction is crucial: a more
turbulent halo does not necessarily produce stronger secular spin
wandering if the same turbulence fragments the inflow and en-
hances torque cancellation.

This comparison should be read in the context of the
companion BrLackHoLEWEATHER sequence. B26a isolated the
turbulence-only CCA problem, showing that stronger stirring
produces a more extended, filament-rich stormy rain, while
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weaker stirring favours a more compact and centrally retained
rainy configuration. C26a then showed that a fixed-axis jet does
not erase CCA, but anisotropically reorganizes it through com-
pression, entrainment, shear, and mixing. Here we add the spin-
coupled layer: the jet power and direction respond to the angular
momentum delivered by the resolved CCA flow. The question is
therefore not only how much gas condenses, but how the weather
state controls the vector coupling between the cold reservoir, the
SMBH spin, and the next feedback episode.

We consider here two higher-resolution simulations, reach-
ing a central cell size of 0.7 pc, in which the fiducial Hybrid
spin prescription is coupled to explicit turbulent driving in the
hot atmosphere. These runs are designed to bracket two distinct
CCA environments: a low-turbulence case, hyb_lowT_s01,
and a high-turbulence case, hyb_highT_s01. The difference
lies in the prescribed root-mean-square acceleration amplitude
of the turbulence driving, which is amms = 6.2 x 107 cm
s72 for hyb_lowT_s01 and amms = 1.55 x 107 cm s72 for
hyb_highT_s@1. Since the spin closure is identical in both sim-
ulations, differences in the resulting spin evolution isolate the
effect of turbulence on the delivery of mass and angular momen-
tum to the sink, which is 4 cells in radius. In practice, turbulent
driving broadens the halo velocity field, enhances mixing, and
partly offsets radiative cooling, thereby reducing the mean cen-
tral accretion rate and altering the coherence of the torque deliv-
ered to the SMBH (see B26a).

The central question is therefore whether turbulence acts by
increasing stochasticity, by suppressing coherent inflow, or by
doing both at different phases of the weather cycle. We quantify
this by comparing the cold-gas reservoir, sink accretion history,
spin magnitude and reorientation rate, and the coherence and ori-
entation of the angular momentum delivered to the SMBH.

For both runs, we first let the simulations run with only tur-
bulence active, keeping both cooling and jets off, to create more
realistic initial conditions of velocity dispersion (for direct and
indirect observed velocity dispersion values, see also Gaspari
et al. 2013; Hofmann et al. 2016; XRISM Collaboration et al.
2025, B26a,b). The built-up velocity dispersions correspond to
o, =~ 60 km s~! for the low-turbulence run and o, ~ 160 km s~
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for the high-turbulence run. From that point onward, jets and
cooling are activated. We note that in the turbulent-run fig-
ures, the time axis shows the absolute simulation time, including
the initial turbulence-only relaxation stage. The dimensionless
epochs instead use T = (f — #on)/tain, Where t,, is the activation
time of cooling and jets, and #,i;, = 18 Myr for the turbulent
runs.

4.1. High- vs. low-turbulence CCA weather

Figure |1 shows that the two turbulent runs undergo broadly sim-
ilar multiphase condensation cycles, accumulating comparable
cold-gas reservoirs over the simulated interval. The first impor-
tant result is therefore that turbulence affects the delivery of con-
densed gas to the SMBH more strongly than the total amount of

-0.75

-1.00

jo (solid)
j1 (dashed)

100 150 200 250
Time [Myr]

300 350

Fig. 14. Same as Figure 10, but for the low- and high-turbulence Hy-
brid runs. This figure provides the key diagnostic link between turbu-
lent CCA feeding and SMBH spin evolution: the low-turbulence case
maintains longer coherent torque-delivery episodes, allowing succes-
sive accretion events to accumulate more effectively, whereas the high-
turbulence case shows more fragmented, cancellation-dominated in-
flow, leading to a more stable long-term spin evolution.

cold gas that forms. The main difference appears in the central
feeding history: the low-turbulence run sustains broader, longer-
lived, and on average stronger accretion episodes, whereas the
high-turbulence run breaks the inflow into shorter, more inter-
mittent bursts separated by deeper troughs in the sink accre-
tion rate M;,. This difference propagates directly into the feed-
back channel. Although the high-turbulence run retains a slightly
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higher spin-dependent jet efficiency because its spin magnitude
remains larger, its jet power is often limited by the reduced and
more intermittent inflow. The two systems therefore differ pri-
marily in how efficiently and coherently that gas is delivered to
the central few parsecs. A more detailed time-series characteri-
zation of these duty cycles, including the active accretion frac-
tion, burst durations, and accretion-rate variability amplitude rel-
ative to the mean, is presented in the companion paper P26b.
Here we use these trends primarily to interpret how turbulence
modifies the delivery of mass and angular momentum to the
SMBH, and hence the resulting spin evolution.

In the zoom-in density slices shown in Figure 12 we can
clearly see the cycles that both feeding and feedback go through.
The inner region evolves through repeated transitions between
rainy, cloudy, and sunny configurations (see §5.2). In rainy
phases, dense filaments and compact cold structures reach the
central ~ 100 pc, feed the sink, and trigger a stronger jet re-
sponse. Since we keep the mass loading factor fixed, higher ac-
cretion rates correspond to denser jets. Feedback then heats and
partially clears the nucleus, lowering the central cold-gas filling
factor and pushing the system toward a sunnier state in which the
accretion rate drops toward a low, hot-mode baseline, while cold
material can persist at larger radii R > 1 kpc or in fragmented
structures (see Appendix B.1), but it is less efficiently connected
to the sink and therefore delivers mass and angular momentum
less coherently. The next rainy episode begins when this gas, or
newly condensed material, is again channelled toward the centre.

This behaviour extends the comparison with both B26a
and C26a. In B26a, where no explicit jet is present, the tur-
bulence level mainly controls the radial topology of the cold
rain: stronger turbulence spreads condensation to larger radii,
while weaker turbulence keeps the cold reservoir more centrally
concentrated. In C26a, the fixed-axis jet reshapes this topol-
ogy by clearing the polar channel and promoting condensa-
tion, mixing, and entrainment along the jet—atmosphere inter-
face. In the present spin-coupled runs, the same jet-regulated
CCA mechanisms remain active, but the feedback geometry can
respond to the evolving SMBH spin. This likely explains why
extended sunny intervals with sub-Bondi SMBH accretion rates
of ~ 107°-10~* M, yr~! appear more clearly here than in the
fixed-axis C26a,b runs: spin-driven jet-axis variability can redis-
tribute feedback over a broader solid angle, heat or uplift the
nuclear gas more efficiently, and temporarily suppress the cold
supply to the SMBH. The corresponding duty-cycle differences
are quantified in P26b.

In the low-turbulence run, cold structures survive longer and
remain more persistently connected to the central few parsecs,
producing broader rainy episodes and more sustained accretion.
In the high-turbulence run, the same broad condensation cycle
is present, but turbulent mixing and shredding break the inflow
into shorter, less coherent delivery events separated by deeper
quiescent intervals. This recurrent loss and recovery of central
connectivity is the physical origin of the different torque-delivery
statistics discussed below.

Figure 13 shows that these different feeding statistics trans-
late into distinct, although not dramatically divergent, spin histo-
ries. The low-turbulence run undergoes the stronger secular spin-
down, with the spin magnitude decreasing by ~ 15% from its
initial value to a =~ 0.085, whereas the high-turbulence run de-
creases by ~ 8%, remaining closer to a = 0.092. The clearer dis-
tinction, however, is geometric: the low-turbulence case reaches
a larger cumulative inclination excursion, approaching ~ 2°,
while the high-turbulence run remains closer to ~ 1°. Both
runs display highly variable instantaneous geometric reorien-
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tation rates, with short-lived spikes associated with misaligned
accretion events, but the net reorientation is larger in the low-
turbulence case: in this setup, the high-turbulence run is more in-
termittent, but it also delivers less persistent net angular momen-
tum to the SMBH. Lower mean accretion rates, shorter feeding
episodes, and stronger cancellation between differently oriented
inflows reduce both the secular spin-down and the cumulative
jet-axis reorientation. Conversely, the low-turbulence run main-
tains a more coherent connection between the cold reservoir and
the sink, allowing misaligned torques to accumulate more effi-
ciently over time.

The origin of this behaviour is clarified by Figure 14, where
we compare the torque-delivery diagnostics for hyb_lowT_s01
and hyb_highT_s01. The middle panel shows that the angu-
lar momentum delivered to the sink can remain coherent over
Myr windows even in a turbulent CCA flow. In both runs, y/;
intermittently reaches values ~ 0.6-1, indicating that the ac-
creted material is not drawn from a fully isotropic distribution
of clumps, but often arrives through transiently preferred direc-
tions. The key difference is the persistence of these coherent win-
dows. The low-turbulence run maintains longer intervals of high
coherence, particularly during the phases of sustained accretion,
whereas the high-turbulence run is more fragmented: multiple
clouds, filaments, or streams with different angular-momentum
orientations contribute within the same time window, producing
sharper drops in y; and stronger cancellation of the net torque.

The bottom panel confirms that the delivered angular mo-
mentum is strongly three-dimensional in both simulations. The
perpendicular component, j, /|jl, is often large, showing that a
substantial fraction of the torque budget is in principle available
to tilt the spin axis. At the same time, the signed parallel com-
ponent, j/|jl, repeatedly changes sign, marking alternating pro-
grade and retrograde delivery. Retrograde intervals reduce the
spin magnitude and make the SMBH easier to reorient, whereas
prograde intervals rebuild the spin reservoir and tend to stabilize
the jet axis. The different balance between these components, to-
gether with the different coherence time encoded in y ;, provides
the direct link between turbulent CCA feeding and the spin his-
tories shown in Figure 13. We provide a more quantitative com-
parison between the high- and low-turbulence runs in Table 3.
The higher average accretion rate of the low-turbulence run is
associated with a larger cumulative inclination excursion, higher
median torque coherence, and a higher Eddington-ratio duty cy-
cle.

4.2. Thermodynamic structure of the turbulent runs

Figures 15 and 16 show the thermodynamic structure of the tur-
bulent runs during the recurrent weather cycle discussed above.
Figure 15 presents the mass-binned distribution in the (n,T)
plane, while Figure 16 shows the corresponding mass-weighted
density probability density functions (PDFs) within the central
100 pc. The distinction between these diagnostics is important:
the phase diagrams emphasize where most of the gas mass re-
sides in thermodynamic space, whereas the PDFs trace the vol-
ume filling and phase occupancy of the nuclear region. Both sim-
ulations populate a similar broad cooling sequence, extending
from the hot X-ray phase toward a warm, cold, and molecular
gas. This confirms that explicit turbulent driving does not pre-
vent multiphase condensation. Instead, turbulence primarily reg-
ulates how the condensed gas is organized, how long it remains
connected to the centre, and how efficiently it repopulates the
central accretion region.
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Fig. 15. Mass-binned density-temperature phase diagrams for the low- and high-turbulence Hybrid runs at selected epochs (r = #/fyyn =
1,4, 8, 16). Both runs follow a similar broad cooling sequence from the hot phase toward warm, cold, and molecular gas, while turbulence mainly
changes the organization and persistence of the condensed high-density material. The dashed box marks the region highlighted with black contours

in Figures 5 and 12.

Run (Mgnky  (ag—ag)/ag  Omax  mediany;  f(x;>0.7)  f(jj<0) (Agda)  f(Agaa > 0.01)
hyb_lowT_s01 0.0669 -0.149 2.13 0.92 0.645 0.444 0.0107 0.701
hyb_highT_s01 0.0177 -0.0808 1.12 0.692 0.495 0.599 0.00284 0.383

Table 3. Statistical comparison between the low- and high-turbulence runs: average sink accretion rate, fractional spin change, maximum inclina-
tion angle, median torque coherence, coherence duty cycle, retrograde duty cycle, mean Eddington ratio, and Eddington-ratio duty cycle.
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Fig. 16. Mass-Weighted PDFs of gas density for the 5 phases within the central 100 pc for the low- and high-turbulence Hybrid runs at selected
epochs (1 = t/tn = 1,4,8,16). The PDFs trace the recurrent repopulation and clearing of the nuclear region across the weather cycle: the low-
turbulence run shows more persistent multiphase central occupancy, whereas the high-turbulence run more frequently returns to a hot-dominated
state. This indicates that stronger turbulence does not suppress condensation globally, but reduces the residence time and volume filling of cold
gas in the central accretion region, consistent with the reduced torque coherence shown in Figure 14.

The reference lines in Figure 15 help clarify the thermody-
namic nature of this cooling path. Isobaric evolution follows
T o n~', while adiabatic compression or expansion follows
T « nv~ ! with v = 5/3. Much of the transition from the hot
phase toward dense cold gas proceeds broadly toward higher
density and lower temperature, closer to an isobaric condensa-
tion path than to pure adiabatic compression. This is expected

for gas cooling while remaining approximately pressure-coupled
to the surrounding halo. Purely adiabatic compression would in-
stead heat the gas as its density rises, and cannot by itself gen-
erate the cold and molecular branch. Deviations from the iso-
baric direction, together with intermediate-temperature material
between the hot and cold phases, trace the combined effects of
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turbulent mixing, jet-driven compression or expansion, shocks,
and reheating.

The difference between the two runs is clearest in the central
100 pc PDFs. In the low-turbulence run (top row), the inner re-
gion shows a broad multiphase distribution at 7 = 1 and 7 = 4,
becomes hot-dominated at 7 = 8 as the cold gas is reduced and
shifts to lower densities, and is repopulated by molecular gas
by 7 = 16. This sequence traces the feeding and feedback cycle:
cold gas first reaches the centre, feedback then clears or heats the
nucleus, and the inner region is later refilled by newly delivered
condensed material. In the high-turbulence run, by contrast, the
central 100 pc is strongly multiphase at around 7 = 4, while the
PDFs att = 1 and 7 = 16 are more strongly dominated by the hot
phases. At T = 8, instead, we see an example of what we mean by
sunny weather, in which the central region is completely devoid
of cold gas. In general, in the high-turbulence case, the cold-gas
residence time and volume filling factor in the nuclear region
are reduced. This lowers the mean sink accretion rate and limits
the ability of the jet to sustain a long-lived multiphase nuclear
weather cycle. By contrast, the low-turbulence run allows cold
structures to remain more coherently connected to the sink, pro-
ducing stronger accretion episodes and a more effective jet re-
sponse. This behaviour is consistent with the torque diagnostics
in Figure 14. The hot-dominated PDFs within the central 100 pc
(micro-meso scale) during sunny phases indicate a temporary
interruption of central delivery, not a global shutdown of con-
densation. The zoom-out density slices and outer-shell PDFs in
Appendix B show that cold gas can persist at larger radii, remain
fragmented or weakly connected to the sink, and later re-enter
the inner accretion cycle.

This behaviour provides a useful thermodynamic link with
both B26a and C26a. Relative to the no-jet B26a runs, where
turbulence alone produces a sharper contrast between extended
stormy rain and compact rainy condensation, the jet partially
washes out the difference by redistributing low-entropy gas
through uplift, compression, and interface mixing. This is es-
pecially visible at meso and inner-macro scales, where jet-
regulated condensation can maintain warm/cold material even
when the central 100 pc is temporarily depleted. Relative to the
fixed-axis C26a runs, the spin-coupled models retain the same
basic jet-regulated CCA pathway, but the nuclear phase occu-
pancy becomes more intermittent: the centre can enter genuinely
hot-dominated sunny intervals, while cold gas persists at larger
radii and later reconnects to the sink. Thus, spin coupling does
not appear to change the existence of the CCA condensation cas-
cade; it mainly modifies how feedback geometry regulates the
residence time, clearing, and reconnection of cold gas in the nu-
clear region.

5. Discussion
5.1. Comparison with other work

SMBH spin evolution has been studied with semi-analytic
models, cosmological simulations, sub-grid accretion-disc pre-
scriptions, and horizon-scale GRMHD calculations. These ap-
proaches have established a broad physical picture: coherent ac-
cretion tends to spin black holes up, while mergers and ran-
domly oriented accretion episodes can reduce the mean spin
and increase the scatter (e.g. Volonteri et al. 2005; King &
Pringle 2006; King et al. 2008; Perego et al. 2009; Dotti
et al. 2013). Recent cosmological implementations have ex-
tended this framework by including spin-dependent feedback
and disc-mediated angular-momentum transfer. For example,
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Bustamante & Springel (2019) implemented SMBH spin evo-
lution in AREPO, while Sala et al. (2024) studied spin evolu-
tion with OPENGADGET3. Related cosmological studies based on
Horizon-AGN, NewHorizon, and Galactica further connected
the spin magnitude and orientation to the assembly history and
the angular momentum of the host galaxy (Beckmann et al.
2024, 2025; Peirani et al. 2024). These works provide the large-
scale demographic context for our study, but their cosmological
resolution necessarily requires sub-grid prescriptions for the fi-
nal delivery of mass and angular momentum to the SMBH.

A second set of studies has focused more directly on the
unresolved accretion flow around the black hole. Dubois et al.
(2014b) showed that turbulent ISM angular momentum can ran-
domize SMBH spin evolution, while also suppressing accretion
when cold dense gas is inefficiently supplied. Fiacconi et al.
(2018) introduced a moving-mesh AREPO model in which the
SMBH is coupled to a sub-grid thin a-disc and evolves through
accretion and Bardeen-Petterson torques. Talbot et al. (2021,
2022) coupled such disc-mediated spin evolution with spin-
driven Blandford-Znajek jets, allowing the jet power and direc-
tion to respond to the evolving BH-disc system. More recently,
Koudmani et al. (2024) and Husko et al. (2026) emphasized that
the predicted spin evolution depends sensitively on the assumed
accretion-disc state, including transitions between radiatively ef-
ficient discs, truncated discs, winds, and jet-dominated modes.

Our Hybrid model shares with these works the idea that
the angular momentum delivered by the hydro solver should not
be deposited directly onto the SMBH without an inner closure.
This is precisely what our Direct control run demonstrates: us-
ing the sink-scale angular momentum without an ISCO filter
strongly overestimates spin variability and jet-axis wandering.
The difference is that our model is designed specifically for the
chaotic cold accretion regime. In this regime, the simulation re-
solves the multiphase clouds and filaments that deliver rapidly
varying torque directions down to the sink scale. We therefore
use the resolved inflow to set the instantaneous torque direction,
while the Kerr ISCO prescription sets the angular-momentum
magnitude transferred to the SMBH. This does not replace a full
viscous-disc model, but it preserves the time-dependent three-
dimensional torque information that is central to CCA.

Our results also connect to simulations of jet reorientation
in group and cluster atmospheres. Prescribed reorienting or pre-
cessing jets can distribute energy over a wider solid angle, inflate
multiple detached cavities, and produce curved or misaligned ra-
dio structures (e.g. Cielo et al. 2018a; Horton et al. 2020). In
those works, however, the jet direction is imposed through a cho-
sen precession law or reorientation pattern. In our simulations,
the jet axis follows the evolving SMBH spin vector, which is it-
self driven by the stochastic angular-momentum delivery of the
CCA flow. The feedback geometry therefore emerges from the
coupled feeding-spin-feedback cycle rather than from an exter-
nally prescribed jet motion.

At smaller scales, GRMHD simulations provide the rela-
tivistic basis for the spin-dependent feedback channel. Magneti-
cally arrested discs can launch highly efficient Blandford-Znajek
outflows when magnetic flux accumulates near rapidly spinning
black holes, with total efficiencies that can exceed the rest-mass
energy flux (e.g. Tchekhovskoy et al. 2011). Tilted-disc simu-
lations further show that misaligned accretion can produce pre-
cessing jets and complex disc-spin-jet coupling, with the mag-
netic flux regulating how strongly the inner disc and the jet align
with the BH spin (e.g. Liska et al. 2018). These calculations
resolve the horizon-scale plasma physics that our group-scale
AthenaPK simulations cannot capture. In contrast, they cannot



O. Piana et al.:. SMBH spin modeling and regulation in chaotic cold accretion

yet follow the condensation, fragmentation, turbulent stirring,
and feedback-regulated recycling of gas from tens of picosec-
onds down to the central parsec. Our approach is therefore best
viewed as a meso-to-micro closure: the large-scale simulation
supplies the CCA torque direction, and the ISCO closure sup-
plies the unresolved relativistic angular-momentum transfer.

The distinctive contribution of the present work is to place
the evolution of the SMBH spin inside the CCA weather cy-
cle. Previous CCA studies showed that cold clouds and filaments
condensing out of a turbulent hot halo collide, mix, and cancel
the angular momentum, driving strong AGN variability. Here we
extend that picture from mass accretion to spin evolution: the co-
herence, sign, and three-dimensional orientation of the delivered
angular momentum determine whether the SMBH is spun down
and reoriented, or spun up and stabilized.

Finally, we point out here that the exact normalization of
the spin-down rate and the fastest reorientation episodes remain
subject to the fixed magnetic-flux prescription and inner-disc
alignment physics, to be addressed in future work.

5.2. Spin-regulated BH weather states

The above results place the validated Hybrid spin model within
the broader BLack HoLEWEATHER cycle framework (Gaspari et al.
2020, B26a,b, C26a,b). Here we use the weather language to
interpret how the spin-coupled turbulent runs move between
different feeding states; the in-depth analysis of these weather
states, including inflow continuity, torque coherence, jj, j, ac-
cretion variability, projected CCA diagnostics, and the schematic
weather diagram, is developed in the companion paper P26b
(which also includes more extended turbulent/CCA runs).

A weather state is a scale-dependent configuration of the
hot atmosphere and its multiphase condensate, defined by where
cold/warm gas forms, how efficiently it remains connected to
the sink, and, in the spin-coupled problem, how coherently it
delivers angular momentum to the SMBH. We find four phe-
nomenological weather states. A rainy state is tied to centrally
connected precipitation, in which cold/molecular gas reaches the
micro scale, sustains sink feeding, and can deliver coherent an-
gular momentum. A stormy state is extended, filamentary, and
burst dominated, with a broad hot—warm—cold bridge over meso-
to-macro radii and rapidly varying torque delivery. A cloudy
state contains fragmented or jet-processed multiphase gas, but
with inefficient or intermittent nuclear delivery. A sunny state is a
hot-dominated or feedback-cleared central configuration, where
the cold-gas filling factor is low and the sink accretion rate ap-
proaches a weak hot-mode baseline. These states are scale de-
pendent and can overlap: the central ~ 100 pc may be sunny
while the inner kpc remains cloudy or stormy.

The turbulent Hybrid runs show that the spin response is con-
trolled by where the system sits in this weather cycle. Both low-
and high-turbulence models form multiphase gas, but the low-
turbulence run preserves longer rainy connections between the
cold reservoir and the sink. These connected intervals sustain
stronger sink feeding, stronger secular spin-down, and a larger
cumulative reorientation. The high-turbulence run is more dis-
turbed, but its inflow is also more fragmented and cancellation-
prone: cold gas survives at larger radii, yet its delivery to
the SMBH is less coherent, so the long-term spin response is
weaker. Stronger turbulence therefore does not automatically im-
ply stronger secular spin wandering; it can instead stabilize the
SMBH spin by shortening the coherence time of the feeding
channel.

The companion papers isolate successive layers of the
same BLackHoLEWEATHER cycle. B26a establish the turbulence-
controlled feeding baseline, showing how cold rain becomes
either compact and centrally retained or extended and stormy.
C26a add fixed-axis mechanical feedback, showing that jets re-
shape the multiphase bridge through compression, entrainment,
and mixing, without globally suppressing condensation. The
present work adds the spin-coupled layer: the same weather state
also regulates the direction and coherence of the torque delivered
to the SMBH, while the evolving spin returns this information
to the halo through the orientation and power of subsequent jet
episodes.

The weather cycle therefore becomes a vector feedback
loop. Rainy states favour coherent reservoir-fed torque delivery;
stormy states can generate bursty misaligned torques but also
enhanced cancellation; cloudy states weaken central delivery;
and sunny states correspond to torque-starved hot-mode inter-
vals. The spin vector thus stores a finite memory of recent CCA
feeding and feeds it back into the next jet direction. P26b quan-
tifies this vector cycle in time and phase space, connecting it to
inflow continuity, torque coherence, variability, and observable
multiphase kinematics.

6. Conclusions

In this work, we introduced and tested a time-dependent SMBH
spin framework for chaotic cold accretion (CCA) environments
in a GPU-accelerated AMR code. The simulations resolve the
multiphase inflow and its three-dimensional angular momentum
down to the sub-Bondi, parsec-scale sink region, while the unre-
solved final transfer to the SMBH is handled through a relativis-
tic ISCO closure. We first used a no-turbulence benchmark suite
to isolate the role of the spin prescription, and then applied our
fiducial Hybrid model to low- and high-turbulence CCA runs
to determine how weather-regulated feeding controls spin evo-
lution and jet-axis reorientation. Our main conclusions are as
follows.

— The large-scale reservoir of cold gas is nearly independent of
whether the jet is fixed, spin-coupled, or rapidly reorienting
over the simulated time span. In the no-turbulence suite,
the Benchmark, Direct, and Hybrid runs develop almost
identical cold gas masses and similar nuclear phase-PDF
trajectories. The spin prescription instead controls how the
condensed gas couples to the SMBH, how the jet responds,
and how feedback is geometrically redistributed.

— A relativistic ISCO closure is required for physically plau-
sible spin evolution. The Hybrid model remains bracketed
by analytic prograde and retrograde limits for the same
SMBH mass-growth history. By contrast, the Direct model
strongly overestimates spin variability and jet-axis wander-
ing by depositing sink-scale angular momentum without
filtering its magnitude through unresolved circularization
and ISCO physics. The resolved torque direction is valuable,
but the transferred angular-momentum magnitude must be
regularized by inner relativistic accretion physics.

— Spin modulates the inner feeding-feedback loop. Although
the global condensation pathway is nearly unchanged across
the no-turbulence models, the central accretion rate, jet
efficiency, jet power, and feedback geometry differ substan-
tially. Spin-dependent jets therefore change where and how
energy is deposited into the inner atmosphere, even when
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the total condensed gas reservoir is almost unchanged.

— Low-spin SMBHEs are easier to reorient. In the no-turbulence
suite, the low-spin Hybrid run reaches inclination changes
of order 10-20°, whereas the higher-spin run remains much
more stable. This follows from angular-momentum inertia:
at lower spin, a given misaligned CCA torque tilts the
SMBH spin vector more efficiently. The resulting geometric
reorientation rates, typically ~ 0.1 to a few deg Myr~! with
short spikes during rapid spin-down episodes, should be
interpreted as cadence-dependent jet-axis wandering di-
agnostics rather than strictly periodic precession frequencies.

— In turbulent CCA, torque coherence and central connectiv-
ity matter more than turbulence amplitude alone. The low-
turbulence run preserves longer rainy connections between
the cold reservoir and the sink, producing stronger secular
spin-down and a larger cumulative inclination excursion. The
high-turbulence run is more disturbed, but its inflow is more
fragmented and cancellation-dominated, shortening the co-
herence time of the delivered angular momentum. Stronger
turbulence can therefore stabilize long-term spin evolution
by disrupting coherent angular-momentum channels, even
while multiphase gas survives at larger radii.

Taken together, these results show that the Brack-
HoLeWEATHER cycle becomes a vector feedback loop once
SMBH spin is evolved self-consistently. In the fixed-jet BHW
runs, the weather state mainly regulates when feedback is trig-
gered and how much power is injected. In the spin-coupled runs,
the same weather state also regulates the direction and coher-
ence of the torque delivered to the SMBH, and therefore where
the next jet points. Rainy states favour coherent reservoir-fed
torque delivery; stormy states can generate strong instantaneous
misaligned torques but also enhanced cancellation; cloudy states
retain multiphase gas while weakening central delivery; and
sunny states correspond to torque-starved hot-mode intervals.
The spin vector therefore stores a finite memory of past CCA
feeding episodes and returns that memory to the halo through
the orientation and power of subsequent jet activity. The main
implication is that CCA is not only a stochastic fuel supply,
but also a chaotic torque engine. The same multiphase weather
cycle that regulates SMBH feeding also controls how the hole is
spun, how the jet is redirected, and how feedback anisotropy is
imprinted onto the surrounding atmosphere. The companion pa-
per P26b quantifies this vector weather cycle in time and phase
space, connecting it to inflow continuity, torque coherence,
accretion variability, and observable multiphase kinematics.
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Appendix A: Thermodynamic radial profiles of the no-turbulence suite

Figure A.1 shows the mass-weighted radial profiles of density, temperature, pressure, and velocity magnitude for the four no-
turbulence simulations. Gas is separated into the five temperature phases used throughout the paper: hot hard-X, hot soft-X, warm,
cold, and molecular gas. Each profile represents a mass-weighted average within 3D spherical shells centred on the SMBH, ex-
tending out to ~ 50kpc. The line intensity encodes temporal evolution, from early (faint, 7/, = 0) to late (bright, #/f0n = 7)
stages.

—— Molecular Hot - Soft X —— Hot - Hard X

|
)
o

| ben rnark_VSOI ~ oT_sOS L di\f_noT_sOly i

|
)
N

T

log p[gcm™3]
b
L

—26

|
—_
o

T

log P [dynecm™2]
|

log |v| [kms™!]

W > Q1N
T

N
T

[
I L
N
ok
1L
N
ot
1L
N
ot
1L
N
ot

log(r [kpc]) log(r [kpc]) log(r [kpc]) log(r [kpc])

Fig. A.1. Time evolution of the mass-weighted radial profiles of density, temperature, pressure, and velocity magnitude for the no-turbulence suite
at selected epochs (7 = t/t, = 1,3,5,7).

Appendix B: Macro-scale multiphase structure in the turbulent runs

We show complementary density slices and phase distributions on larger spatial scales. These diagnostics demonstrate that, during
sunny phases, cold gas can be depleted from the immediate nuclear region while still surviving in the inner kpc or halo, either in
fragmented structures or in partially coherent filaments that may later re-enter the central feeding cycle.

Appendix B.1: Density structure

Figure B.1 shows density slices for the low- and high-turbulence runs on progressively larger scales. The maps confirm that the
absence or weakness of cold gas in the central 100 pc (micro-meso scale) at selected epochs does not correspond to a global
shutdown of condensation. Instead, cold material can remain present at larger radii, with the low-turbulence run generally preserving
more coherent structures, and the high-turbulence run showing more fragmented and mixed multiphase gas.
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Fig. B.1. Density slices for the low- and high-turbulence Hybrid runs at selected epochs (7 = t/t, = 1,4, 8, 16) on larger spatial scales. The
upper set shows the ~ 10 kpc region (inner macro-scale), while the lower set extends to the ~ 50 kpc (outer macro-scale).

Appendix B.2: Phase distributions

Figure B.2 shows the corresponding mass-weighted density phase distributions in radial shells outside the central 100 pc. These
PDFs reinforce the picture inferred from the slices: multiphase gas can persist at 0.1-1 kpc and 1-10 kpc even when the nuclear
region is temporarily hot-dominated.
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