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ABSTRACT

Context. Accretion onto supermassive black holes (SMBHs) in realistic halos is inherently time-variable, governed by the interplay
of turbulence, radiative cooling, and multiphase condensation. In chaotic cold accretion (CCA), multiphase clouds and filaments
condense out of the hot atmosphere and feed the central SMBH stochastically.

Aims. We investigate how varying turbulence regulates the variability, radial transport, and kinematics of CCA, focusing on the
meso-scale that connects halo rain to the inner inflow.

Methods. We analyse 3D hydrodynamic simulations with a GPU-accelerated code, including radiative cooling and driven subsonic
turbulence in a stratified galaxy group, resolving scales from tens of kpc down to sub-pc and probing two turbulent weather regimes.
Results. In both regimes, SMBH accretion proceeds through CCA, remains strongly super-Bondi, and varies by up to ~2 dex. The
runs diverge mainly at meso-scales: strong stirring sustains an extended, fragmented multiphase feeding and a clear inflow enhance-
ment at 0.1-1 kpc, whereas weaker turbulence yields a smoother, more centrally concentrated cascade. Yet the innermost feeding rates
remain similar, implying that SMBH accretion is not directly supply-limited by the macro-scale weather. The accretion rate distri-
butions peak at low Eddington ratios, indicating a predominantly maintenance-mode state. The accretion rate power spectra follow a
broken power law, with pink noise on long/medium timescales and a steeper red-noise tail at high frequencies, consistent with a parsec-
scale collisional damping transition. CCA modes are well captured by two complementary diagnostics: the C-ratio (= feoo1/feagy) ~ 1
identifies the soft X-ray gas as the gateway of the condensation cascade, while the k-plot (line broadening vs. shift) shows that the
weather distinction is strongest on meso-scales, where the stormy regime produces broader, more overlapping multiphase kinematics
than the rainy regime.

Conclusions. The meso-scale is the critical bridge between halo rain and micro-scale CCA feeding, regulating the spatial transport,
kinematic imprint, and temporal coherence of the SMBH growth.

Key words. Black hole physics — Accretion — Hydrodynamics — Methods: numerical — Galaxies: evolution — Galaxies: groups:
general
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1. Introduction

Most massive galaxies host a central supermassive black hole
(SMBH), whose growth is linked to the evolution of its host
galaxy and surrounding halo (Kormendy & Ho 2013). Through
accretion-powered activity, SMBHs release large amounts of en-
ergy and momentum in the form of radiation, winds, and rel-
ativistic jets, giving rise to the so-called active galactic nuclei
(AGN, Lynden-Bell 1969). This feedback plays a fundamental

* filippo.barbani @unimore.it

role in regulating gas cooling, star formation, and the thermody-
namic structure of galactic halos, thereby shaping the observed
galaxy population across cosmic time (e.g. McNamara & Nulsen
2012; Gitti et al. 2012; King & Pounds 2015; Fiore et al. 2017).

On large scales, most baryons reside in diffuse, hot gaseous
atmospheres—the circumgalactic, intragroup, and intracluster
medium (CGM, IGrM, ICM, White & Frenk 1991; Kravtsov &
Borgani 2012; Tumlinson et al. 2017), which behave as strati-
fied plasmas governed by the interplay between gravity, turbu-
lence, radiative cooling, and feedback. Far from being smooth
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and static, these halos exhibit complex thermodynamic and kine-
matic structure. Multi-wavelength observations increasingly re-
veal that hot halos host multiphase gas, including warm ionised
and cold atomic and molecular components, frequently arranged
in extended filamentary structures (e.g. Fabian et al. 2008; Mc-
Donald et al. 2011; Tremblay et al. 2016, 2018; Maccagni et al.
2021; Morganti et al. 2023; Ubertosi et al. 2023, 2025; Toni et al.
2026). These filaments can extend tens of kiloparsecs from the
galaxy centre and are often spatially correlated with AGN jets
and cavities, indicating a close coupling between cooling gas
and feedback activity. The formation and evolution of multi-
phase gas is one of the key open questions in extragalactic as-
trophysics (e.g. McNamara et al. 2016; Voit et al. 2017; Waters
& Proga 2019; Gaspari et al. 2020). Indeed, large-scale conden-
sation can launch a precipitation cascade (akin to Earth weather)
of cold clouds and filaments (e.g. Wittor & Gaspari 2020, 2023)
that delivers multiphase inflows towards the nucleus. A key open
step is to connect this halo-scale condensation cascade to the
time-domain statistics and kinematic signatures of SMBH fuel-
ing across the meso-scale (parsecs to kiloparsecs) bridge.

In a stratified atmosphere, turbulence seeds density fluctu-
ations; when cooling becomes competitive with turbulent stir-
ring, the densest perturbations survive mixing, decouple from
the hot phase, and condense into warm and cold structures via
nonlinear thermal instability. This behaviour is commonly de-
scribed within the chaotic cold accretion (CCA) framework,
in which turbulence and thermal instability promote the con-
densation of cold clouds and filaments that rain stochastically
onto the SMBH (Gaspari et al. 2013, 2015, 2017; Gaspari &
Sadowski 2017; Barbani et al. 2026). In this picture, SMBH fu-
eling is intrinsically clumpy, anisotropic, and time-dependent.
Collisions between cold clouds and filaments efficiently cancel
angular momentum, enhancing accretion rates relative to classi-
cal Bondi inflow and naturally producing strong variability. CCA
provides a coherent physical framework linking halo thermody-
namics, multiphase structure, and AGN fueling, and is supported
by growing observational evidence across radio, millimeter, op-
tical, ultraviolet, and X-ray wavelengths (e.g. Maccagni et al.
2014; Voit & Donahue 2015; McDonald et al. 2018; Tremblay
etal. 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). This CCA picture is distinct from, but complemen-
tary to, sub-pc chaotic-accretion models, where SMBHs grow
through randomly oriented accretion episodes linked to galaxy
interactions (King & Pringle 2006; King et al. 2008).

The intrinsically stochastic nature of multiphase accretion
naturally links to AGN variability, reflecting the time-dependent
and clumpy character of SMBH fueling. Variability is observed
across the electromagnetic spectrum and over a wide range of
timescales, from hours to decades and beyond (see Paolillo &
Papadakis 2025, for a review). Typical luminosity fluctuations
reach amplitudes of 10-30% on timescales of days to months,
increasing to factors of a few on yearly to decadal scales (e.g.
McHardy et al. 2006; Kelly et al. 2009; Mushotzky et al. 2011;
Cammelli et al. 2025b). In extreme cases, such as changing-look
AGN, optical and X-ray fluxes can vary by one to two orders of
magnitude, implying dramatic changes in the instantaneous ac-
cretion rate onto the SMBH (LaMassa et al. 2015; Runnoe et al.
2016; MacLeod et al. 2019; Tozzi et al. 2022). Recent studies
indicate that these variations are predominantly driven by intrin-
sic changes in M,, rather than by variable obscuration along the
line of sight (e.g. Yang et al. 2023; Lyu et al. 2025). On longer
timescales, AGN activity is also highly intermittent, as revealed
by X-ray cavities, radio lobes, and ionisation echoes that trace
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duty cycles of 10*-10° yr (Keel et al. 2012; Schawinski et al.
2015; French et al. 2023). Such flickering behaviour is also con-
sistent with theoretical expectations, which predicts character-
istic feeding episodes of ~ 10° yr (King & Nixon 2015). The
amplitude of variability generally increases with timescale, con-
sistent with the idea that longer-term fluctuations originate from
processes operating on progressively larger spatial scales and in-
volving more massive gas reservoirs (Arévalo & Uttley 2006;
Vagnetti et al. 2016). These observations suggest that AGN vari-
ability encodes information about the physical mechanisms gov-
erning gas inflow across a broad range of radii, from the halo to
the innermost accretion flow.

Numerical hydrodynamical simulations have become a cor-
nerstone of modern astrophysics (see e.g. Vogelsberger et al.
2020; Bourne & Yang 2023, for a review), enabling the study
of nonlinear, multi-scale processes across a wide range of sys-
tems and physical regimes, such as star-forming galaxies (e.g.
Hopkins et al. 2018; Pillepich et al. 2019; Hopkins et al. 2023;
Barbani et al. 2023, 2025) and more massive quiescent galax-
ies, groups and clusters (e.g. Gaspari et al. 2012; Fournier et al.
2025; Sotira et al. 2026). In the AGN context, high-resolution
simulations are essential to capture the interplay between cool-
ing, turbulence, and feedback that drives multiphase conden-
sation and stochastic SMBH fueling. Significant progress has
also been made in recent multiscale simulations of AGN accre-
tion and feedback (e.g. Beckmann et al. 2019; Anglés-Alcazar
et al. 2021; Bourne & Sijacki 2021; Guo et al. 2025; Shin et al.
2025). Despite this progress, fully resolving the cascade from
halo scales down to sub-parsec accretion remains computation-
ally and physically challenging. Most numerical simulations re-
solve inflows only down to parsec or tens-of-parsec scales and
have primarily focused on massive cluster environments, limit-
ing direct predictions for accretion variability.

This study is conducted within the BrackHoLEWEATHER
project (PI: Gaspari), which targets a unified, multi-physics de-
scription of SMBH feeding and AGN self-regulation across envi-
ronments ranging from galaxies to groups and clusters. BLack-
HoLeEWEATHER integrates high-resolution simulations with syn-
thetic multi-wavelength observables and theory-driven diagnos-
tics to connect multiphase halo weather, accretion variability,
and feedback in a single consistent framework. Building on the
controlled stratified-halo experiments that underpin the CCA
picture (Gaspari et al. 2013, 2017), we examine turbulence-
induced condensation and SMBH fueling down to sub-pc scales
in a hot, stratified atmosphere representative of group-scale
haloes. The companion paper (Barbani et al. 2026, B26a here-
after) presents the multiphase morphology and thermodynamics
across the transitional meso-scale (pc to kpc) linking halo precip-
itation to the inner inflow. Here we concentrate on variability and
kinematics, quantifying the temporal statistics and power spectra
of the SMBH accretion rate and connecting them to CCA diag-
nostics (e.g. k-plots and C-ratios; Gaspari et al. 2018) that trace
the competition between condensation and turbulence.

We use the same numerical setup analysed in B26a. We
employ ATHENAPK, a GPU-boosted adaptive-mesh-refinement
(AMR) hydrodynamics code, to follow the halo atmosphere
from large scales to sub-parsec radii. By varying the turbulence
driving strength, we explore how different halo-weather regimes
regulate the time variability of SMBH inflow, affecting inter-
mittency and characteristic timescales, and how these temporal
signatures are connected to the emergent multiphase structure.
Within BLackHoLEWEATHER, the project activities are grouped
into thematic work packages spanning multiscale feeding and
feedback (cf. Figure 1 in Gaspari et al. 2020). The present study
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contributes to the feeding-focused package (WP2), centred on
turbulence-driven condensation and multiscale accretion onto
the SMBH.

This paper is structured as follows. In Section 2 we sum-
marise the numerical setup and physical prescriptions. In Sec-
tion 3 we analyse the SMBH accretion histories and compare
the two turbulence regimes. Section 4 discusses the statistical
properties of the variability and the corresponding power spec-
tra. Section 5 introduces CCA diagnostics linking the competi-
tion between cooling and turbulence to the halo thermodynamic
state. Section 6 compares the results with previous studies, and
Section 7 summarises the conclusions and future perspectives.

2. Physics and numerical methods

The implemented physics and numerics are described in detail in
B26a, to which we refer the reader for a complete explanation of
the processes used in the simulations. Here we provide a concise
overview of the numerical setup and physical models.

All simulations are performed with the AMR code
ATHENAPK, a performance-portable magnetohydrodynamics
code based on the Athena++/Parthenon/Kokkos framework
(Stone et al. 2020; Grete et al. 2023; Edwards et al. 2014; Trott
etal. 2021). The code solves the Euler equations of hydrodynam-
ics in conservative Eulerian form using a second-order Godunov
scheme (Godunov 1959) with piecewise-linear reconstruction
(van Leer 1979) and an HLLC Riemann solver (Toro et al. 1994),
with time integration performed via a second-order Runge—Kutta
scheme (Butcher 2008). To ensure numerical robustness in the
presence of strong cooling and multiphase flows, a local first-
order fallback scheme is applied whenever non-physical states
arise. Magnetic fields are not included in the present simulations,
in order to isolate the hydrodynamic effect of turbulent stirring
on the CCA cascade. This is a controlled hydrodynamical limit:
the hot IGrM/ICM is expected to be globally high-8, with mag-
netic pressure sub-dominant to thermal pressure, although mag-
netic fields may still affect the morphology, survival, and kine-
matics of the locally condensed phase. Their impact will be ex-
plored in upcoming BLaAck HOLEWEATHER work.

The computational domain is a cubic box of size Lyox = 50
kpc, discretized using a static mesh refinement (SMR) hierarchy
of nested Cartesian grids centred on the origin. The root grid
contains 1283 cells, and refinement proceeds through 12 fixed
levels, each increasing the spatial resolution by a factor of two
towards the centre. This setup yields a finest spatial resolution of
AXpmin = 0.1 pc within the inner ~ 10 pc, while efficiently cap-
turing large-scale IGrM dynamics on coarser grids. The SMR
progressively increases the resolution towards smaller radii, such
that the cooling length (i.e. €¢o01 ~ €5 feool, Where ¢ is the sound
speed and f., is the cooling time) of the cooling gas approach-
ing condensation is well resolved in the central ~ 10 kpc region'.
The finest fragmentation of the cold phase, however, may still re-
tain some resolution dependence. Each grid block contains 323
cells, and standard prolongation and restriction operators ensure
consistency across refinement boundaries.

The simulations are initialized with a hot gaseous halo in
hydrostatic equilibrium embedded in a static gravitational poten-
tial. The potential includes contributions from a Navarro—Frenk—
White dark matter halo (Navarro et al. 1997, with Mypw =
1.5x 10" My, Rypw = 36.46 kpc and cnpw = 5), a central dom-

! In the presence of turbulence, the classical cooling length should be
interpreted as a lower estimate, since turbulent transport can broaden the
effective scale over which thermally unstable gas cools and condenses.

inant elliptical galaxy modelled with a Hernquist profile (Hern-
quist 1990, M.p = 1.4 X 10'' Mg and Ryp = 10 kpc), and a
central SMBH with mass M, = 2.8 x 108 My, (e.g. Cammelli
et al. 2025a; Piana & Pu 2025). The gas entropy profile follows
a power-law K(r) = Ky + Koo (r/100 kpc)*® motivated by the
ACCEPT cluster database (Cavagnolo et al. 2009), rescaled to
represent a galaxy group environment using Ky = 0.34 KeV cm?,
K00 = 71 KeV cm? and ag = 0.5. The density and temperature
profiles are obtained assuming hydrostatic equilibrium and are
consistent with observed IGrM properties (see B26a). The cen-
tral SMBH is modelled using a spherical sink region of radius
Fsink = 4 Axmin = 0.4 pc. At each timestep, gas within the sink
radius is removed by resetting its density, temperature, and ve-
locity to pgink = 10730 g em™3, Tgx = 1 K, and vy = 0 km
s~!, preventing unresolved gas accumulation at the resolution
limit. M, is fixed throughout the simulation, and the gravitational
softening length € is chosen to be € < rgy. The total mass ac-
creted over the simulated time span is negligible compared to the
SMBH mass and does not affect the gas dynamics.

Radiative cooling is implemented using a temperature-
dependent cooling function A(T). For T > 10*? K, We adopt
the cooling curve of Schure et al. (2009), appropriate for opti-
cally thin plasma in collisional ionisation equilibrium, assuming
solar metallicity, consistent with an enriched hot central group
atmosphere (e.g. Sun 2012). At lower temperatures, additional
atomic and molecular cooling processes are included following
Gaspari et al. (2017)

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

+2.8 % 107" VT exp[-92/T], (1
which approximates the combined contribution of several chem-
ical processes, including atomic line cooling (hydrogen Lya, C*,
O1, Fe* and Si*), rovibrational cooling from molecules such as
H; and CO, and gas—grain collisional cooling (Koyama & Inut-
suka 2000), allowing gas to cool down to ~ 10-100 K. Cooling
losses are integrated using an exact implicit scheme (Townsend
2009; Gaspari et al. 2012), which is unconditionally stable and
preserves positive internal energy.

In this work, we do not explicitly model AGN jets or
winds. Instead, we adopt an idealized turbulence-driving scheme
intended to represent the effective stirring of the hot atmo-
sphere. Companion BLack HoLEWEATHER studies (Cammelli et al.
2026b,a; Piana et al. 2026a,b, C26a,b and P26a,b) extend this
framework to accretion-powered Kkinetic jets, indicating that
feedback does not erase the CCA rain cycle but reshapes it by
opening hot channels and shifting condensation towards the jet—
ambient interface. Thus, AGN feedback is expected to modify
the geometry and duty cycle of CCA, rather than fully suppress
multiphase accretion.

Turbulence is sustained by a stochastic acceleration field
evolved as an Ornstein—Uhlenbeck process in Fourier space (e.g.
Schmidt et al. 2009; Grete et al. 2018, 2025). The forcing is
solenoidal and injected at an intermediate spatial scale corre-
sponding to a characteristic dimensionless mode number npe.x =
4,1i.e. Linj = Lyox/npeax = 12.5 kpc. This scale is not meant to cor-
respond uniquely to a single physical driver. Rather, it is broadly
consistent with the effective stirring expected from AGN feed-
back and/or sloshing and minor mergers (e.g. Gaspari et al. 2012;
Vazza et al. 2012; ZuHone et al. 2013; Iapichino et al. 2017). The
driving strength is controlled by the prescribed root-mean-square
acceleration amplitude a;n,s and a correlation time .o = 30 Myr.
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Fig. 1. Evolution of the projected gas surface density Xy, in the cca_high (top panels) and cca_low (bottom panels) simulations at four times
normalised by 7,,;,. Projections are computed along the x-axis. The top row spans a 15 kpc region, highlighting the extended multiphase structure,
while the bottom row focuses on the central 0.5 kpc, emphasising the inner condensation and inflow.

Two turbulence regimes are considered (weak and strong) differ-
ing only in a;nys. This controlled approach injects kinetic energy
on large scales and allows it to cascade non-linearly to smaller
scales. In this way, the flow self-consistently develops a turbulent
spectrum representative of the stirred hot atmospheres of galaxy
groups. Because the acceleration field is applied in a volume-
filling manner, the resulting phase coupling should not be inter-
preted as a literal statement that hot, warm, and cold gas respond
identically to a given physical driver. Rather, the forcing main-
tains a stirred hot atmosphere from which colder phases con-
dense and inherit part of the ambient kinematic structure, while
their subsequent evolution is shaped by gravity, radiative cool-
ing, cloud—cloud interactions, and multiphase mixing.

All simulations share identical initial conditions and dif-
fer only in the inclusion of radiative cooling and the strength
of turbulent driving (Table 1). The simulation suite comprises
an adiabatic reference run, a cooling-only run, turbulence-only
runs with different stirring levels, and simulations including both
cooling and turbulence. The main CCA runs have cooling acti-
vated after 35 Myr with weak (cca_low) and strong (cca_high)
turbulence, driven with the same RMS accelerations adopted in
the turbulence-only runs, i.e. amms = 6.2 X 1072 cms™2 (weak)
and dyms ~ 1.6 X 1078 cm s72 (strong). Over the simulated time,
we target subsonic turbulence bracketing two extremal 3D Mach
numbers of M ~ 0.15 in cca_low and M ~ 0.4 in cca_high
(as found by direct or indirect observations; e.g. Gaspari &
Churazov 2013; Hofmann et al. 2016; XRISM Collaboration
et al. 2025a; B26a), with corresponding velocity dispersions of
o, = 60-90km s~! and o, ~ 210-230 km s~!, respectively. As a
useful estimate, the turbulent energy injection rate per unit mass
can be written as éqyw ~ 0'3 /Liyj. Using the measured velocity
dispersions and the common injection scale Li,; ~ 12.5 kpc, we
obtain éyp ~ 1072 and ~ 3 x 107! erg g‘1 s~! for cca_low and
cca_high, respectively, corresponding to a factor of ~ 25 dif-
ference between the two runs. However, the associated turbulent-
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Table 1. Summary of the simulation suite.

Simulation Name cooling turbulence
bondi no no
cool yes no
turb_low no weak
cca_low yes weak
turb_high no strong
cca_high yes strong

Notes. Summary of the simulation suite. Each run is labelled by its short
name and characterised by the physical processes included: radiative
cooling and turbulence driving (weak and strong turbulence correspond
to M ~ 0.15 and 0.4, respectively).

heating time scales as fheat ~ €t /b ~ l‘eddy/\/(’2 (e.g. Gaspari
et al. 2014), implying that, for the subsonic turbulence consid-
ered here, turbulent dissipation acts over many eddy times. Since
condensation usually occurs when f.oo ~ feady (se€ Section 5),
cooling proceeds faster than turbulent heating can offset it
Building on the results presented in B26a, we now focus on
the accretion and variability properties of CCA in the same set of
simulations. In B26a, we showed that radiative cooling in a tur-
bulent stratified atmosphere leads to the formation of a strongly
multiphase medium, with cold filaments and clouds condensing
out of the hot halo and raining towards the central SMBH. In
Figure 1 we show a density projection at increasing times for
cca_high (top) and cca_low (bottom). The morphology and
spatial extent of the multiphase gas depend sensitively on the tur-
bulence strength, which produces very different ‘BH weathers’.

2 For instance, using the characteristic Mach numbers of our two fidu-
cial runs, the scaling ey ~ teddyM’z implies fyeq ~ 45 feaqy for cca_low
(M ~ 0.15) and fyeqe ~ 6 feaay for cca_high (M ~ 0.4).



Filippo Barbani et al.: Variability and kinematics of multiphase accretion

The cca_high case develops an extended, highly fragmented
network of filament-dominated structures on kiloparsec scale
(‘stormy’ weather) and contains a cold gas mass that is larger
by 2 — 3 orders of magnitude, depending on radius, compared to
cca_low. In contrast, the cca_low case produces a more cen-
trally concentrated and less fragmented cold component (‘rainy’
weather). These morphological differences highlight the key role
of turbulence in redistributing multiphase gas during the con-
densation cascade. Strong stirring promotes the formation of
long, radially extended filaments and sustains multiphase struc-
ture over meso to macro-scales, while weaker turbulence favours
rapid condensation followed by the collapse of cold gas into
a compact nuclear core. Importantly, both morphologies arise
within the same underlying halo and cooling setup, emphasising
that filament extent and geometry are not fixed properties of the
atmosphere but depend sensitively on how turbulence shapes the
spatial development of CCA.

Table 2. Thermal phase classification used in this work.

Phase Temperature range
Cold molecular T <2x10’K

Cold 2x10°<T <1.6x10*K
Warm 1.6x10*<T <1.16 x 10°K

1.16 x 106 < T < 5.8 x 10°K
T >58x10°K

Hot (soft X-ray)
Hot (hard X-ray)

Notes. The temperature intervals define the thermal phase bins used
throughout the paper. The labels in parentheses indicate the approxi-
mate observational band in which each phase predominantly emits.

Here, we investigate how these distinct multiphase weathers
translate into differences in inflow variability and kinematical
properties. Because stronger turbulent stirring enhances mixing
and provides additional non-thermal support, the hot atmosphere
in cca_high requires a longer time to cool and condense than
in cca_low, causing the two simulations to evolve on intrinsi-
cally different physical timescales. To enable a direct compar-
ison between the two regimes, we normalise time by the rain-
ing time ., (tied to the effective cooling time), defined as the
moment when the first cold (T ~ 10* K) gas begins to rain to-
wards the centre. The raining time is measured starting from the
moment when radiative cooling is switched on. Each simulation
evolves up to t/tyin = 3, where f.,;, =~ 30 Myr for cca_high
and f.,i, = 7 Myr for cca_low (correlated with the very inner
cooling times).

For the analysis, we divide the gas into five thermal phases
based on temperature: cold molecular, cold, warm, and hot gas
further separated into soft and hard X-ray components. The tem-
perature ranges defining each phase are listed in Table 2.

To characterise the multiscale development of condensation
and inflow, we partition the computational domain into four ra-
dial regimes: micro (r < 0.1 kpc), meso (0.1 < r < 1 kpc), inner
macro (1 < r < 10kpc), and outer macro (» > 10 kpc). This scale
separation enables a consistent comparison of gas properties and
accretion dynamics from kpc scales down to the central parsec,
which is possible owing to the very high resolution reached in
our simulations (= 0.1 pc). This multi-phase and multi-scale de-
composition provides the common framework used throughout
the paper to link the thermodynamical state of the gas to the vari-
ability, kinematics, and efficiency of SMBH fueling.

3. Multiphase mass inflows

To assess how the thermodynamical state of the IGrM affects
SMBH fueling, we analyse the time evolution of the mass inflow
rates in our simulations.

3.1. SMBH accretion

We define the SMBH accretion rate as the mass accreted within
the sink region (r < 0.4 pc) during each simulation timestep. Fig-
ure 2 shows the resulting accretion histories, normalised by #in,
for cca_high (blue) and cca_low (light blue), compared with
the adiabatic (bondi, brown), and purely turbulent control runs
turb_high (red) and turb_low (orange). The figure highlights
both the high variability and the contrasting fueling behaviour
across different turbulent regimes.
The classic Bondi (1952) accretion rate is

(GM.)? pes
3 9

5,00

Mg = 4 A(y) @)

where A is a dimensionless factor (of order unity) that de-
pends on the adiabatic index v,

1\ (5 — 3\ %D
v- -3y y-
o= (1) .

where p., and c;. denote the ambient density and sound
speed at large radii. This convenient expression has been widely
employed in the past years across a broad range of astrophys-
ical contexts. In particular, a lot of theoretical, numerical, and
observational studies assume that the accretion flow follows the
Bondi solution even when the Bondi radius (rg = GM./cg’w)
is unresolved (e.g. Di Matteo et al. 2005; Cattaneo & Teyssier
2007; Booth & Schaye 2009; Yang et al. 2012). However, real-
istic galactic atmospheres deviate from the highly idealized and
restrictive assumptions of a homogeneous, adiabatic, radial and
steady flow, requiring numerical models that incorporate stratifi-
cation, cooling, and turbulence. Thus, while the adiabatic bondi
simulation provides a controlled reference for the hot-mode ac-
cretion regime, it cannot be used to infer a realistic SMBH ac-
cretion rate. After a brief initial transient, the accretion rate set-
tles to a nearly constant value of M, ~6x107* Mg yr‘l, in close
agreement with the analytic Bondi prediction based on the ambi-
ent hot-gas density and temperature. The absence of cooling and
turbulence preserves the self-similar inflow structure, resulting
in a smooth, steady accretion pattern without significant variabil-
ity. Minor deviations from the analytic rate (at the ~30% level)
arise over time from the stratification of the galactic atmosphere
in the inner 50 kpc, which slightly lowers the central density rel-
ative to the idealized uniform case. Overall, the simulation con-
firms that, under realistic thermodynamic gradients, purely adia-
batic Bondi accretion remains laminar, quasi-spherical, and dy-
namically stable over multiple dynamical times. As an additional
check, we also computed the instantaneous Bondi rate using the
time-dependent hot-gas properties measured in the fiducial sim-
ulations. These estimates are typically ~ 0.3-0.4 dex below the
accretion rate of the adiabatic bondi run.

The effect of subsonic turbulence in the absence of radiative
cooling is isolated in the purely turbulent runs. The turb_low
simulation features moderate solenoidal stirring (M =~ 0.1-0.2),
where the turbulent kinetic energy constitutes only a minor frac-
tion of the thermal budget, yielding a mildly overheated halo
as might follow an AGN outburst or minor merger. The flow
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Fig. 2. SMBH accretion rate M, as a function of normalised time 7/f,,
for the cca_high (blue line, stormy weather) and the cca_low (light
blue line, rainy weather) simulations, compared with the only turbu-
lence simulations (sunny weather) turb_high (red line) and turb_low
(orange line), with the radiative cooling simulation cool (blue dashed
line) and with the idealized adiabatic simulation bondi (brown line).
The CCA phenomenon produces a high variability accretion rate due to
its chaotic nature.

is in a pure hot accretion mode, leading to a reduced accretion
rate compared to the adiabatic case (bondi): the accretion rate
M, decreases by a factor of a few below the Bondi reference,
settling around M, ~ (3-4) x 107*Mgyr~! ~ 0.6 Mp. The in-
flow becomes increasingly intermittent, with fluctuations driven
by the formation of vortical structures that redistribute angular
momentum. The reduction in accretion occurs because turbulent
motions generate vorticity in the stratified halo, producing small
rotating eddies that hinder the direct inflow of gas towards the
black hole. These eddies provide effective angular-momentum
support, forcing the gas to circulate rather than accrete. In addi-
tion, transient bulk motions induced by turbulence create a non-
zero relative velocity between the black hole and the surrounding
gas, further decreasing the capture rate in a Bondi—Hoyle-like
fashion (Bondi & Hoyle 1944).

The turb_high run, characterised by stronger subsonic stir-
ring (M =~ 0.4), exhibits a similar evolution but with a slightly
lower accretion rate of M, =~ (2-3) X 107* My yr~! ~ 0.5 M.
In this case, turbulent eddies are produced more rapidly and
the maximum velocity dispersion is reached sooner, as the eddy
turnover time is shorter (Section 5). Towards the end of the sim-
ulation (# = 100 Myr), the accretion rate declines further, drop-
ping below 10~ M, yr~!. This drop coincides with a rise in the
velocity dispersion (due to the more diffuse stirred atmosphere),
which increases turbulent support and effectively makes the gas
too kinematically hot to be accreted efficiently onto the SMBH.

The cool simulation illustrates the opposite limiting case, in
which radiative cooling is included but the gas is not perturbed
by turbulence. In this run, the central gas cools efficiently, loses
pressure support, and accumulates towards the sink region (akin
to a pure ‘cooling flow’), leading to a rapid and sustained in-
crease of the SMBH accretion rate up to M, ~ 10 — 20 M, yr!
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As found in B26a, including radiative cooling fundamentally
changes the accretion mode: multiphase condensation sets in and
the SMBH transitions from ‘sunny’ weather (i.e. a hot turbu-
lence dominated atmosphere) to CCA precipitation (e.g. rainy or
stormy weathers). The formation of cold filaments and clumps
characteristic via CCA, followed by their infall towards the cen-
tre, boosts the accretion rate by orders of magnitude. Despite
their contrasting filamentary morphologies (see Figure 1), the
two main runs cca_high and cca_low display accretion histo-
ries similar in shape.

In the cca_high simulation, the accretion rate is highly vari-
able, spanning 1-2 orders of magnitude (1073-10"" Mg yr™!). At
early times, the accretion remains comparable to the purely tur-
bulent counterpart turb_high. Following the first major con-
densation event around #/#.,i, ~ 1, the inflow becomes bursty and
irregular, with M, oscillating between minima of ~ 1073 Mg, yr~!
and peaks up to ~ 107! Mg yr~!. These rapid fluctuations are
driven by interactions among the infalling cold clouds, which
can then lose angular momentum and fall into the centre. In this
regime, the large-scale condensation remains extended and fila-
mentary, but the innermost feeding does not settle into a single
stable, coherent filamentary channel; instead, accretion proceeds
through recurrent, clumpy rain events driven by cloud and fila-
ment interactions.

The cca_low simulation yields a slightly higher average
inflow than cca_high, as weaker turbulent velocity disper-
sion allows denser and more coherent filaments to reach the
SMBH more efficiently. At early times (f < tin), the accre-
tion rate remains comparable to the turb_low case, with M. <
1073 M, yr~! during the first #,;, = 7 Myr. Once condensation
sets in, M, rises sharply by more than an order of magnitude,
reaching ~ 1072 M, yr~!, after which it fluctuates around this
level with high variability, with a shape similar to cca_high.
The overall behaviour reflects a chaotic, filamentary mode of
condensation. On average, both cca_high and cca_low accre-
tion rates remain strongly super-Bondi.

3.2. Mass inflow rates

Having characterised the accretion rate onto the SMBH, we now
investigate how gas is transported through the halo at progres-
sively larger radii. Figure 3 shows the mass inflow rates as a
function of ¢/, for cca_high (top panels) and cca_low (bot-
tom panels) measured at r = 0.1 kpc (solid lines), 1 kpc (dashed
lines), and 10 kpc (dotted lines). We compute the mass inflow
rate through a spherical shell at radius » by summing the radial
mass flux over inflowing cells only:

Vi

Min(r) = - Z PiVri Z_Air’

vy,i<0

“

where p; is the gas density, v,; the radial velocity, V; the cell
volume, and Ar = 0.03 kpc is the half-thickness of the shell.
The sum includes all cells with |r;, — 7| < Ar and v,; < 0, so
that M;,(r) > 0 by construction denotes inward mass flux. Be-
cause turbulent and bulk motions can produce large, partially
cancelling inward and outward streams, M;,(r) should be in-
terpreted as an instantaneous shell inflow rate, rather than as a
global mass deposition (cooling-flow) rate.

The total inflow rate (black line) exhibits a clear radial hi-
erarchy in both simulations. At large radii (r = 10 kpc), the
inflow is dominated by the hot phase and reflects the global
inward movement of the atmosphere. The mass inflow rate at
this scale reaches values between 10-50 Mg yr~!, with M;, in
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Fig. 3. Mass inflow rates at different radii. The mass inflow rate M;, is shown as a function of normalised time ¢/, for different thermal phases
(panels) and measured at spherical radii of » = 0.1 kpc (solid lines), 1 kpc (dashed lines), and 10 kpc (dotted lines). The top two rows correspond
to the cca_high simulation, while the bottom two rows show the cca_low case. The last panel displays the total inflow rate for both simulations

(black), obtained by summing over all thermal phases.

cca_high increasing more rapidly than in cca_low. Moving to-
wards smaller radii, the inflow progressively decreases, indicat-
ing that only a fraction of the large-scale hot inflow effectively
propagates to the central region. At 7 ~ 1 and 0.1 kpc, the inflow
becomes increasingly intermittent in both simulations, reflect-

ing the transition to a multiphase regime. This radial meso-scale
transition marks the onset of local multiphase condensation: the
hot inflow sets the outer boundary condition, while the inner
kpc becomes regulated by phase conversion, fragmentation, and
cloud interactions. In cca_high, the variability strongly ampli-
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Fig. 4. Mass inflow rate as a function of radius for cca_high (solid line)
and cca_low (dashed line). The lines represent the average value over
the full simulation, while the shaded regions indicate the 10~ temporal
dispersion. The grey shaded area marks the sink region (r < 4 x 107
kpc). The points represent the average SMBH accretion rate M, mea-
sured on the sink, with error bars showing the 1o variability.

fies towards small scales, with pronounced bursty events, par-
ticularly for #/f4n > 2, coincident with the formation of an ex-
tended network of cold filaments. These structures fragment and
collide, producing rapid fluctuations in the inflow rate. In con-
trast, cca_low maintains a lower and smoother inflow across
most radii. The hot phase dominates the large-scale inflow, while
colder components become significant mainly inside ~ 1 kpc,
with the molecular phase largely confined to » = 0.1 kpc. The
reduced turbulence level leads to a more compact cold gas dis-
tribution and consequently to a less fragmented and less variable
inflow towards the centre.

Following this global radial hierarchy, we now examine the
phase decomposition of the inflow. After r = t,, the mass
transport becomes strongly multiphase in both simulations. In
cca_high, molecular gas rapidly becomes the dominant con-
tributor at r = 0.1 kpc, displaying strong variability. Around
t ~ 2 frain, a substantial molecular reservoir (~ 10° Mg, at meso-
scales) assembles and subsequently rains towards the nucleus,
producing molecular inflow rates approaching ~ 1 Mg, yr™'. The
fact that molecular inflow is already significant at » = 1 kpc
(between ~ 1073 Mg, yr~! and ~ 0.5 M, yr~!, with a strong vari-
ability) but negligible at 10 kpc supports a scenario in which
condensation occurs in situ at intermediate radii, followed by
chaotic inflows. Cold inflow rates are higher at r = 1 kpc, reach-
ing > 1 Mg yr~!, whereas they follow a trend similar to molecu-
lar gas at r = 0.1 kpc, increasing after r = 2f,5,. At r = 10 kpc
cold inflow rates are non negligible after ¢t = 2.5¢,5,. The cold
and warm phases evolve coherently, reflecting their thermody-
namic coupling at phase interfaces, as also discussed in B26a:
warm gas is typically formed at the boundaries between cold
clumps/filaments and the surrounding hot plasma.

By contrast, in cca_low the molecular component remains
much weaker (~ 1072 M, yr~!) and largely confined to the in-
nermost region. The cold and warm have similar values at 0.1
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and 1 kpc with the warm phase having smaller inflow rates, but
the overall contribution remains modest compared to cca_high.
The reduced turbulence suppresses large-scale fragmentation
and limits the buildup of an extended molecular reservoir.

Figure 3 also reveals a clear thermodynamic and radial or-
dering of the inflow. In both simulations, the hot phase domi-
nates the transport at large radii, setting the large-scale supply
background, whereas progressively colder phases emerge only
towards smaller radii and later times. In cca_high, the fact that
molecular inflow is already substantial at » = 1 kpc but re-
mains negligible at »r = 10 kpc indicates that the coldest gas
does not simply advect inward from the outer halo, but is assem-
bled in situ at intermediate radii through a condensation cascade.
The coherent evolution of the warm and cold components fur-
ther supports this interpretation, suggesting that they trace phase
interfaces and transitional cooling layers, while the molecular
phase becomes dominant only after a sufficiently dense inner
reservoir has formed. Compared with this stormy, strongly in-
termittent behaviour, cca_low displays a more radially confined
and smoother transport mode, in which multiphase inflow re-
mains modest outside the central kpc and the molecular compo-
nent is largely restricted to the innermost region.

These inflow rates underscore a pronounced divergence in
how cold gas is transported across kpc and meso-scales in the
two turbulent weathers. Yet, despite order-of-magnitude differ-
ences in multiphase inflow at larger radii, the SMBH accretion
rates are remarkably similar. This implies that, in these simu-
lations, SMBH feeding is not determined solely by the instan-
taneous cold-gas supply at kiloparsec and/or macro-scales. In-
stead, the accretion rate is also shaped locally within the meso-
scale, where angular-momentum cancellation and cloud—cloud
interactions regulate how efficiently the inflowing material can
be captured. In this sense, distinct large-scale halo-weather
states, stormy in cca_high and rainy in cca_low, can converge
towards comparable micro-scale accretion efficiencies.

Figure 4 shows the average total mass inflow rate as a func-
tion of radius for both fiducial simulations. At large radii (» > 10
kpc), the two profiles are broadly comparable within the 1o scat-
ter, since both simulations start from the same hot-halo initial
conditions and condensation has only a limited impact at these
distances. At r < 10 kpc cca_high shows a higher inflow rate at
all radii. A prominent peak is present between r ~ 0.1 kpc and
r = 1 kpc, corresponding to the meso-scale region where mul-
tiphase gas is particularly present. This feature is present only
in cca_high and could be used as a diagnostic to differentiate
between the stormy and rainy regimes. In cca_high, the cold
gas extends from several kpc down to the central region. The
resulting extended and fragmented multiphase atmosphere en-
hances the inflows, generating a pronounced bump of about one
order of magnitude (~ 5-6 M, yr~!). This peak in M, arises be-
cause stronger turbulent stirring in cca_high builds an extended
meso-scale reservoir of cold/warm clouds and filaments, which
is then efficiently channelled inward. In contrast, cca_low de-
velops a more centrally concentrated cold component, lacking
the extended reservoir seen in cca_high (Figure 1; see also
B26a for the morphological analysis). As a result, the inflow en-
hancement between r ~ 1 and 0.1 kpc is absent in cca_low.

At the innermost resolved radii (r ~ 1073-1072 kpc), both
simulations display a secondary bump associated with micro-
scale accretion. This similarity between the two simulations
shows that cca_high is not purely stormy at all scales. While
strong turbulence creates a fragmented and extended multiphase
atmosphere at kpc and meso-scales, the character of the flow
changes as gas moves inward. At micro-scales, the inflow nat-



Filippo Barbani et al.: Variability and kinematics of multiphase accretion

urally reorganises into a more centrally concentrated configura-
tion, effectively transitioning from stormy large-scale weather to
rainy inner accretion. At r < 1073 kpc the average inflow rates in
the two simulations are of the same order of magnitude (6x 10~
M, yr~! for cca_low and 2 x 1072 M,, yr~! for cca_high). In
cca_low the inflow rate shows large variability and a strongly
skewed distribution. In contrast, in cca_high the distribution is
less skewed, suggesting a more continuous and steadier feeding
mode. While the average accretion level is similar, cca_high
provides a more consistent supply of gas to the SMBH, whereas
cca_low is characterised by episodic and highly variable inflow.

Stormy and rainy weathers are not separate or mutually ex-
clusive states, but scale-dependent expressions, in both space and
time, of the same CCA process. Stormy weather mainly char-
acterises the large-scale fragmentation and chaotic transport of
multiphase gas, while rainy weather captures the final, more cen-
trally concentrated phase of accretion. A similar convergence
may also arise in simulations with major AGN jet episodes
(C26a,b and P26a,b): even in the strongly stirred cca_high run,
the multiphase cascade ultimately approaches an inner feeding
flow similar to cca_low. At the same time, this interpretation
should be viewed as physically motivated rather than definitive,
since the present simulations do not yet include self-regulated,
time-dependent AGN feedback.

3.3. Eddington ratios

While the absolute accretion rates provide insight into the effi-
ciency of gas inflow onto the SMBH, their physical relevance
is best assessed by comparing them to the Eddington accre-
tion rate Mgqq, defined as the accretion rate required to pro-
duce the Eddington luminosity Lgqg = 4nGMgum,c/or, where
or = 6.65 x 1072 cm? is the Thomson scattering cross sec-
tion, m, = 1.67 x 107 g is the proton mass and ¢ = 3 X
109 cms~! is the speed of light. Assuming a radiative efficiency
n = 0.1, we obtain MEdd = LEdd/(ﬂcz) = 6.2 Mg yI'_l. Fig-
ure 5 shows the probability density functions (PDFs) of the
Eddington-normalised accretion rate, 4 = M./ Mgdq. By con-
struction, A provides a dimensionless measure of the accretion
rate relative to the black hole mass. Focusing on the turbulence-
driven, hot-mode accretion runs, turb_high has an average Ed-
dington ratio of A ~ 107>, while turb_low exhibits a slightly
higher mean value, 1 ~ 5 x 107>, Despite their similar aver-
age accretion levels, the two simulations display markedly differ-
ent distributions: turb_high shows a broader spread, extending
from A ~ 107° upto ~ 2 X 1074, whereas turb_low is more nar-
rowly clustered around its mean value. Both fiducial simulations,
cca_high and cca_low, exhibit accretion predominantly at low
Eddington ratios, with distributions spanning 1 ~ 1074-1072.
Such values are expected for massive systems in low-redshift
environments (e.g. Russell et al. 2013), where the SMBH has
already grown to large masses and the surrounding IGrM is pre-
dominantly hot, in the so-called radio mode feedback (1 < 1072).
These low Eddington ratios do not imply negligible accretion
in absolute terms; rather, they primarily reflect the large black
hole mass, which sets a correspondingly high Eddington accre-
tion rate. cca_high peaks at 4 =~ 3 X 10~*, whereas cca_low
peaks at 1 ~ 7 x 107, indicating a systematically higher ac-
cretion efficiency in the latter case, as highlighted also by Fig-
ure 2. cca_high is highly skewed towards large A , whereas
cca_low exhibits a more Gaussian distribution. At higher Ed-
dington ratios, both simulations PDFs exhibit an extended tail
that roughly follows a power law with index between —1 and
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Fig. 5. Probability density functions (PDFs) of the Eddington-
normalised accretion rate, 4 = M,/Mgaq, for the cca_high (blue),
cca_low (light blue), turb_high (red) and turb_low (orange). The
distributions of the fiducial CCA simulations peak at low Eddington ra-
tios (a few x107%), indicating that the SMBH spends most of its time
in a low-accretion regime, while a high-A tail extends towards a self-
similar power law.

—2, as indicated by the dashed lines. In an idealized simulation
with unlimited resolution, such a tail would be expected to ex-
tend to higher A, albeit with progressively decreasing frequency,
reaching A > 1072, Extending the integrations to Gyr timescales
would also better sample the rare, high-accretion episodes that
populate the tail, likely flattening the inferred slope and bringing
it closer to unity.

Overall, the Eddington-ratio distributions indicate that the
black hole spends most of its time in a low-accretion,
maintenance-mode state, with growth driven by intermittent,
chaotic infall of condensed cold clouds rather than by pro-
longed high-A episodes. High-1 events are still expected, but
they remain rare and transient. This behaviour is broadly consis-
tent with observations of radio-mode AGN in massive galaxies
and cluster cores. Low-excitation radio galaxies (LERGs) typ-
ically accrete below ~ 1072 Lgqq, whereas high-excitation sys-
tems are more commonly found above this threshold (Best &
Heckman 2012). Likewise, low-redshift BCGs hosting X-ray
cavities are often strongly radiatively inefficient (Russell et al.
2013; Hlavacek-Larrondo et al. 2013), with radiative Edding-
ton ratios spanning the same broad low-A regime explored here,
from quiescent sunny states to more active rainy/stormy phases.
More generally, the local AGN population is dominated by low-
Eddington accretion, while radiatively efficient, high-A systems
constitute only a minor fraction of the total population (e.g. Best
& Heckman 2012; Aird et al. 2012, 2018). This is in good agree-
ment with our low-redshift simulations, in which accretion at
A > 1072 occurs for only ~ 1.5% of the time in cca_high and
~ 0.8% in cca_low, confirming that the overall growth history
is dominated by low-A phases. This interpretation is further sup-
ported by observational studies of cluster cores: McDonald et al.
(2018) identify A ~ 1072 as the characteristic transition below
which AGN remain in the low-accretion feedback regime, while
Somboonpanyakul et al. (2022) show that Phoenix-like, high-
accretion BCGs (quasar-like) are very rare and that most BCGs
host AGN accreting at low relative-to-Eddington rates.
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Fig. 6. SMBH accretion rate M, as a function of time in the cca_high
simulation shown over progressively shorter time intervals. The top-
left panel spans the time range ¢ = [80,97] Myr, while the top-right
panel zooms into ¢ = [90, 95] Myr. The bottom-left panel further mag-
nifies the interval r = [91,92] Myr, and the bottom-right panel shows a
close-up of r = [91.3,91.35] Myr. Variability persists across all resolved
timescales, with its amplitude progressively decreasing towards shorter
timescales. Two red arrows highlight rare high-A events.

Importantly, this maintenance-mode regime does not im-
ply purely hot, adiabatic feeding from the ambient halo. In the
BrackHoLEWEATHER scenario, most of the accreted mass is in-
stead supplied by cold gas that condenses out of the hot at-
mosphere through turbulence-driven thermal instability, namely
CCA. In this sense, CCA provides a natural mechanism to rec-
oncile predominantly low Eddington ratios with sustained, and
at times super-Bondi, accretion in radio-mode systems. At the
same time, nearby ellipticals and FR I radio galaxies show that
low-Eddington accretion can still sustain substantial jet power
despite very low radiative efficiency (Allen et al. 2006; Bal-
maverde et al. 2008), reinforcing the interpretation that the sim-
ulated CCA inflow is primarily associated with kinetic/radio-
mode feedback rather than persistent quasar-mode emission.
More generally, CCA is expected to operate across a wide range
of environments, including high-redshift, quasar-like systems:
while the characteristic median accretion rate depends on am-
bient conditions, black-hole mass, and thermodynamic state, the
underlying chaotic and scale-free nature of the feeding process
should remain broadly self-similar (see also Fiore et al. 2024).

4. Time variability

A defining property of the SMBH accretion rate in both fidu-
cial simulations is its strong time variability (Paolillo & Pa-
padakis 2025). Both simulations show fluctuations spanning up
to ~ 2 orders of magnitude and flickering across a broad range
of timescales. If transmitted through the unresolved inner accre-
tion flow, such variability could induce substantial changes in
the AGN power output, although, since the micro-scale accre-
tion disc is not resolved, M, should be interpreted as the fueling
rate into the unresolved inner region; once gas joins the disc,
the actual SMBH accretion rate may depend on the disc proper-
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ties and viscous timescale (Shakura & Sunyaev 1973; Turner &
Reynolds 2021).

From Figure 2, it is evident that the accretion rates in both
cca_high and cca_low display a complex, hierarchical vari-
ability pattern. The accretion history exhibits a sequence of
peaks nested within peaks across multiple timescales, consistent
with the scale-dependent nature of CCA. This behaviour is illus-
trated in Figure 6, which shows a zoomed view of the accretion
rate of the cca_high run over different temporal intervals. At
each timescale, the accretion rate exhibits several peaks likely
associated with the infall and interactions of multiphase struc-
tures in the inner flow. These fluctuations occur over timescales
ranging from ~ 10 Myr down to 0.01 Myr. The amplitude of
variability depends strongly on the characteristic timescale: in
the upper-left panel, fluctuations on ~ 1 Myr scales reach ampli-
tudes up to a factor of ~ 25 (corresponding to ~ 1.4 dex); in the
upper-right panel, variations on ~ 0.1 Myr scales reach a factor
of ~ 3 (~ 0.5 dex); in the lower-left panel, ~ 0.05 Myr fluctua-
tions have amplitudes of about ~ 75% (~ 0.25 dex); and in the
lower-right panel, ~ 0.01 Myr fluctuations remain at the level of
~ 15% (~ 0.06 dex).

This trend arises because variability on longer timescales is
associated with the formation, transport, and accretion of more
massive multiphase structures, which produce larger and more
coherent accretion events. On shorter timescales, the signal is in-
stead increasingly shaped by smaller, rapidly decorrelating fluc-
tuations in the inner multiphase flow, including cloud interac-
tions and local turbulent stirring, which suppress the variability
amplitude.

4.1. Power spectral density

A key diagnostic for understanding the variability of the accre-
tion process is the distribution of power in the frequency do-
main. Figure 7 shows the power spectral density (PSD) of the
black hole accretion rate M, for cca_low (light blue), cca_high
(blue), turb_low (orange) and turb_high (red). The PSD is
computed from the squared modulus of the Fourier transform
of the accretion rate time series using only times ¢ > fy,,, and
quantifies how variability power is distributed across temporal
frequencies, f = 1/t.

The median PSD of the accretion rate in both fiducial simu-
lations is well described by a broken power law

= f<h
e e h

where | and «; are the low- and high-frequency slopes, respec-
tively, and f; is the break frequency.® At low frequencies the
spectrum roughly follows P(f) o< f~!, often referred to as pink
(or flicker) noise, as previously discovered in CCA simulations
by Gaspari et al. (2017), where it was interpreted as the signa-
ture of a chaotic, nonlinear, self-similar feeding process. Similar
stochastic CCA-like variability has also been suggested for the
changing-look AGN Mrk 1018 (Dunn et al. 2025). This picture
is further supported by recent timing studies of AGN obscuration
variability. Using long-term X-ray monitoring of the changing-
look Seyfert NGC 1365, Serafinelli et al. (in prep.) found that
the PSD of the hardness-ratio-variability, which may track ob-
scuration from clumpy circumnuclear medium, follows a similar
P(f) o f~! scaling during heavily obscured phases.

PP { )

3 Such broken stochastic variability is sometimes discussed phe-
nomenologically in terms of damped-random-walk models in the AGN
literature (e.g. Zu et al. 2013; Ivezi¢ & MacLeod 2014).
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Fig. 7. Power spectral density (PSD) of the accretion rate onto the
central SMBH for the cca_low (light blue) and cca_high (blue)
runs, using the time interval ¢ > #,4,, together with the corresponding
turbulence-only cases turb_high (red) and turb_low (orange). Solid
thick lines show logarithmically binned spectra, while thin lines indi-
cate the unbinned periodograms. Dotted lines show the best-fitting bro-
ken power-law models over the fitted frequency range. The upper x-axis
reports the corresponding timescale # = 1/f. In the fiducial simulations
(cca_low and cca_high), the PSD displays pink-noise-like behaviour
at low frequencies (P o f~!), transitioning to red-noise—dominated
slopes (P o« f~* with @ 2 2) above the break frequency.

In the frequency domain, the approximately constant power
per logarithmic interval (fP(f) = const) indicates that accretion
rate variability is distributed comparably across each decade in
timescale, with no single temporal scale dominating the fluctu-
ations. This behaviour reinforces the self-similar nature of CCA
variability and is also found in the temporal behaviour of tur-
bulent flows in hydrodynamic and magnetohydrodynamic sim-
ulations (e.g. Herault et al. 2015; Yuen et al. 2025). At higher
frequencies the PSD steepens towards P(f) o f~2, approaching
a red-noise-like regime. In physical terms, long-timescale vari-
ability retains the memory of stochastic condensation, cloud in-
teractions, and multiphase inflow, whereas short-timescale fluc-
tuations are progressively decorrelated and damped as structures
enter the strongly mixed inner region, where collisions, turbulent
stirring, and local inflow dynamics reduce temporal coherence.
A negative spectral slope indicates that most of the power resides
at low frequencies, corresponding to longer timescales, consis-
tent with the larger amplitude variations of the accretion rate ob-
served over extended periods (Figure 6). This behaviour is in
line with the accretion rate seen in Figure 2: in the pink-noise
regime, variability power increases towards low frequencies but
remains distributed across a broad range of timescales, whereas
in the red-noise regime the power is increasingly dominated by
the longest timescales. Based on the retrieved PSDs, we can dis-
tinguish between three different regimes:

1. Purely turbulent hot mode (sunny weather): in both
turbulence-only simulations, the PSD is dominated by red-noise
variability. At low frequencies, the spectra show slopes @ =
1.61 + 0.14 (turb_high) and @; =~ 1.35 = 0.07 (turb_low),

steeper than the pink-noise behaviour found in the fiducial runs.
At higher frequencies, the PSD further steepens to a; ~ 2.54 +
0.12 and a, ~ 4.36 + 0.12, respectively, indicating a strong sup-
pression of short-timescale variability. The two cases differ in
break frequency, with turb_high exhibiting a break at lower
frequency (fi, ~ 9Myr™!) than turb_low (f;, ~ 53 Myr™), re-
flecting differences in the strength of the turbulent forcing.

2. Strongly turbulent CCA (cca_high, stormy weather): the
PSD exhibits a break at f, =~ 30 Myr~' (corresponding to a break
time #, = 0.033 Myr), with low- and high-frequency slopes
a; =~ 1.06 + 0.10 and @, =~ 2.15 + 0.14, respectively. These
slopes are very close to the canonical values expected for pink-
noise (@ =~ 1) and red-noise (@ = 2) variability, indicating a
transition from long-timescale correlated accretion variability to
a strong suppression of power towards short timescales. After
the break, the PSD slope becomes similar in magnitude to that
of the turbulence-only simulations, indicating that on these short
timescales the accretion signal becomes increasingly decorre-
lated and damped in the strongly mixed inner flow.

3. Weakly turbulent CCA (cca_low, rainy weather): the low-
frequency PSD remains consistent with pink-noise—like variabil-
ity, though with a slightly steeper slope (a; =~ 1.20 + 0.03). The
spectrum exhibits a break at a significantly higher frequency,
fi = 284 Myr~! (1, = 0.0035 Myr), followed by a much steeper
high-frequency decay (a, =~ 3.11 + 0.20), indicating a strong
suppression of short-timescale variability. This mixed behaviour
is consistent with the coexistence of long-timescale correlated
accretion variability and a more efficient damping of rapid fluc-
tuations in the inner inflow region. Also in this case, the high-
frequency variability beyond the break is increasingly decorre-
lated and damped as the inflow enters the strongly mixed inner
region.

The corresponding break times (#, ~ 3.5-33 kyr) are consis-
tent with an inner-flow origin. For our M, ~ 2.8x108 M, SMBH,
kyr-scale variability matches characteristic dynamical/crossing
times on parsec scales,

3 \1/2 3/2 -1/2
3 M.
d =~ 5.6kyr I _— ,
GM, 1pc 2.8 x 108 My

(6)

implying that the measured #, corresponds to characteristic radii
of ~0.7-3 pc (or to comparable free-fall/crossing scales at
slightly larger radii, depending on geometry and thermodynam-
ics). In this view, f;, identifies the timescale below which the
accretion signal progressively loses temporal coherence as mul-
tiphase structures enter the strongly mixed, collision-dominated
inner region; rapid fluctuations are then more efficiently decor-
related and damped, steepening the PSD at high frequencies.
At the same time, the absolute value of f#, should not be over-
interpreted, since it lies only modestly above the sink scale in
temporal terms; the more robust result is the relative shift in f,
between cca_low and cca_high. Crucially, #, is far longer than
the Courant timestep and sink-update cadence, yet far shorter
than the driving correlation time (f.oy = 30 Myr) and the large-
scale eddy turnover time, indicating that the break is unlikely
to be set by numerical update frequencies or by the outer forc-
ing timescale. The systematic shift in f, between cca_low and
cca_high further supports a physical sensitivity to the turbu-
lence regime and multiphase coupling.

This low-frequency behaviour is in agreement with the CCA
variability reported by Gaspari et al. (2017) (M ~ 0.4 weather),
who found that the accretion rate power spectral density fol-
lows a nearly scale-free pink-noise law, with a fitted slope of

Idyn = 27r(
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—1.09, and interpreted it as the signature of a chaotic, nonlin-
ear, self-similar process. Our results corroborate that picture:
the low-frequency slopes of the two fiducial runs (@; =~ 1.06
in cca_high and @; =~ 1.20 in cca_low) remain consistent
with that CCA discovery. At the same time, the present higher-
resolution simulations extend that result by showing that the
PSD may be more accurately described as a broken power law,
with a turbulence-dependent break frequency and a steeper high-
frequency tail. In this sense, Gaspari et al. (2017) established the
pink-noise backbone of CCA variability, while the present work
resolves how the transition to short-timescale damping depends
on the strength of turbulence and on the degree of inner multi-
phase coupling.

Taken together, the different break frequencies mark the tran-
sition from correlated variability to a more rapidly decorrelating
regime. In cca_low, the extension of the pink-noise spectrum
to higher frequencies indicates that temporal correlations persist
to shorter timescales, consistent with a more coherent inner in-
flow. In cca_high, the earlier transition to red-noise behaviour
implies that correlations are confined to longer timescales,
with short-timescale variability more efficiently suppressed by
stronger turbulent mixing and damping. Future longer-duration
and higher-resolution BLackHoLEWEATHER runs will help test
whether sustained precipitation shifts f, upward, prolonging the
pink-noise regime as micro-scale variability strengthens.

5. Kinematics — CCA diagnostics

We now turn to the kinematic diagnostics of multiphase con-
densation. To connect the thermodynamic state of the halo to
the dynamical state of the inflow, we use two complementary
tools: the C-ratio, which compares radiative cooling and turbu-
lent eddy timescales, and the kinematic phase-space diagram (k-
plot), which traces how the different thermal phases populate
line-shift/line-broadening space. Together, these diagnostics pro-
vide an observation-ready framework to identify where conden-
sation is triggered and how the resulting multiphase structures
couple to turbulent motions.

5.1. C-ratio

Understanding where and when multiphase condensation occurs
in hot gaseous halos is central to connecting simulations of AGN
feeding and feedback with observations in different bands. As
discussed in B26a, the emergence of cold filaments and clouds
is closely linked to the interplay between radiative cooling and
turbulent mixing, rather than gravity alone. To quantify this in-
terplay, the C-ratio was introduced (Gaspari et al. 2018) and de-
fined as

Tcool
= oo 7
teddy

fcool 18 the plasma cooling time, defined as

3kgT

A (8)

Teool =

where kg = 1.38 x 10"'®erg K~! is the Boltzmann constant, T
is the gas temperature, n, is the electron number density and
A is the cooling function described in Section 2. The eddy gy-
ration time feqqy is the characteristic time required for a (sub-
sonic/solenoidal) turbulent eddy to complete one turnover, i.e.
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to circulate once over its own size. It therefore quantifies how
rapidly subsonic turbulence cascades stirring significant pertur-
bations on a given spatial scale (Gaspari et al. 2018):

237173
foy = 21—, ©)

O-V,L
where L is defined as the turbulence injection scale and o,
is the velocity dispersion at the injection scale. The formula is
derived under the assumption that turbulent velocities follow a
Kolmogorov (1941) cascade, i.e. o,(I) o« '3, as confirmed in
simulations of subsonic turbulence in hot halos (e.g. Gaspari &
Churazov 2013), and that at a given radius within a galaxy or
cluster atmosphere, the characteristic eddy size is expected to be
of the order of the local radius, since turbulent structures larger
than r cannot be self-contained within that region, hence [ ~ r.
For reference, at the driving scale adopted in these simulations,
Linj = 12.5 kpc, the corresponding outer-eddy gyration times in
the hot, hard X-ray phase are of order feqgy(Linj) ~ 0.3 Gyr in
cca_high and ~ 0.9 Gyr in cca_low.

Unlike traditional criteria such as 7.y /tg (McCourt et al.
2012; Gaspari et al. 2012; Sharma et al. 2012; Voit & Don-
ahue 2015), where tg is the free-fall time and depends on un-
certain gravitational potentials, the C-ratio offers a more di-
rectly turbulence-based diagnostic. Observationally, both ingre-
dients of the C-ratio can in principle be constrained with multi-
wavelength spectroscopy: X-ray data can provide cooling-time
profiles 7.01(r), while turbulent velocity dispersions can be in-
ferred from line broadening or resolved gas kinematics using fa-
cilities such as XRISM/Resolve, MUSE, JWST, and in the fu-
ture NewAthena/X-IFU. The C-ratio therefore offers a power-
ful, testable way to identify regions susceptible to multiphase
condensation in the intracluster, intragroup, and circumgalactic
medium.

When C << 1 (i.e. feool < feqdy), Tadiative cooling is much
faster than turbulent stirring, so the gas cools coherently be-
fore turbulence can act. Rather than forming a turbulence-driven
multiphase medium, the system approaches a classical cooling-
flow—like regime, characterised by rapid, large-scale inflow of
cooling gas. In contrast, when C > 1 (i.e. fcool > feddy), tur-
bulent mixing operates faster than cooling, erasing density per-
turbations before they can cool, thereby suppressing multiphase
condensation and maintaining the gas in a hot, single-phase state.
When C = teo01/teaay = 1, i.6. when the cooling time is compara-
ble to the eddy turnover time (usually within a ~0.3 dex scatter
from unity; Gaspari et al. 2018), turbulent density perturbations
have enough time to grow and condense before being mixed
or reheated. In this regime, multiphase condensation develops,
producing extended warm and cold filaments, as observed in a
wide range of galaxies, groups, and clusters (e.g. Maccagni et al.
2021; Juranova et al. 2020; Temi et al. 2022; Olivares et al. 2022;
Singha et al. 2023; Mehdipour et al. 2023; Lepore et al. 2025).

Figure 8 shows the radial profiles of the C-ratio for the
cca_high (left panel) and cca_low (right panel) simulations
across multiple gas phases, colour-coded by temperature: hot
(hard and soft X-ray), warm, cold, and molecular phases, as de-
scribed in Table 2. Each curve corresponds to a different time
from the start of the simulation to #/f.,;, = 3, with the spread
within each colour indicating the passage of time. It is impor-
tant to note that, in this analysis, all plotted C-ratios use the hot-
phase eddy time, feqdy,not» @ @ common normalisation. This is
appropriate for tracing coupling to the large-scale/ensemble tur-
bulent cascade, but it likely underestimates the intrinsic C-ratio
of the colder phases, which reside in progressively smaller fila-
ments and molecular clouds. #.,0 for each phase is computed as a
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Fig. 8. Radial profiles of the C-ratio (= fcoo1/%aay) in the cca_high (left) and cca_low (right) simulations, shown for different gas phases and
colour—coded by observational band (see Table 2). For each phase, the sequence of shades traces the temporal evolution from the start of the run
to t/tin = 3, as indicated by the colour bar at the top. The horizontal grey band marks the range 0.5 < C < 2 (i.e. a reasonable 0.3 dex scatter on
unity threshold), where multiphase condensation is expected to be most efficient.

mass-weighted average within spherical radial shells, while the
hot-phase velocity dispersion o, ho(r) is evaluated in the same
shells after subtracting the bulk motion.

We begin by examining the hot phase. In the cca_high sim-
ulation (left panel), the C-ratio is approximately flat at large radii
(r 2 10 kpc), with values of ~ 1-2. Moving inward, however, it
rises steeply and reaches ~ 103-10* in the central region. This
increase is primarily driven by the rapid inward decline of the
eddy-turnover time, since smaller eddies stir the gas on progres-
sively shorter timescales (feqay o [*/*), more rapidly than the
cooling time decreases as the density rises. As a result, the hard
X-ray phase remains turbulence-dominated over most radii, with
C = 1, implying that radiative cooling is generally inefficient un-
less perturbations reach nonlinear amplitudes.

This condition is met when the hard X-ray gas enters the con-
densation band, C ~ 0.5-2, which in cca_high occurs mainly
at r 2 1 kpc, especially at earlier times (¢ < f.,;,). In this regime,
nonlinear cooling can efficiently develop and drive the transition
towards the soft X-ray phase (1.16 x 10® < T < 5.8 x 10° K).
Physically, the densest hard X-ray regions cool first into the soft
X-ray regime, while the residual hard X-ray gas is left at lower
density and therefore becomes progressively less prone to fur-
ther condensation. Consistently, the hard X-ray C-ratio increases
with time, indicating that nonlinear perturbations become less
effective in this phase.

The soft X-ray gas, which forms directly out of the cooling
hard X-ray phase, follows a similar radial trend but with sys-
tematically lower C values, reaching C ~ 10-100 in the cen-
tral core. Most importantly, it remains close to the condensation
band, with 0.5 < C < 2 over much of the radial range ~ 5—
15 kpc, where it acts as the immediate thermodynamic precursor
of further cooling towards the warm and cold phases. This high-
lights the soft X-ray component as the key transition layer of the
condensation cascade and the gateway to filamentary multiphase
structure, in agreement with recent observational results (Oli-
vares et al. 2025). Figure 8 therefore suggests a self-regulating
thermodynamic sequence: condensation selectively removes the
low-C tail of the hard X-ray distribution, while the remaining hot

atmosphere shifts to larger C values and becomes increasingly
mixing-dominated.

In the cca_low simulation (right panel), the hard X-ray
phase maintains a nearly constant C-ratio of = 0.5—1 over most
radii ( 2 0.1 kpc), before rising steeply to ~ 10°~10* in the cen-
tral region. Overall, these values are systematically lower than
in cca_high, implying that nonlinear cooling can develop more
easily. At early times, the resulting condensation and soft X-ray
formation are largely restricted to within ~ 10 kpc. The soft X-
ray phase itself begins at C = 0.4-1 at larger radii, then rises
sharply towards the centre up to C ~ 100. This indicates that in
cca_low the soft X-ray component can still enter the conden-
sation band, but over a narrower radial range and with a more
centrally concentrated evolution than in cca_high.

Taken together, the C-profiles identify the soft X-ray phase as
the key thermodynamic gateway of condensation. In cca_high,
this phase remains within the canonical condensation band over
a broad radial range, enabling sustained formation of warm fil-
aments and colder structures out to several kpc. In cca_low,
the same transition is more centrally concentrated and devel-
ops later, consistent with a weaker and more spatially confined
condensation cascade. The C-ratio therefore captures the main
difference between the stormy and rainy regimes: not whether
cooling occurs, but how broadly turbulence and cooling remain
matched across the halo. A complete assessment, however, re-
quires combining thermodynamic diagnostics such as the C-ratio
with kinematic and temporal probes, including k-plots, multi-
phase inflow measurements, and accretion rate variability/PSD
analyses.

In contrast, the warm and cold phases exhibit C-ratios sev-
eral orders of magnitude below unity, typically in the range
1072-10"" across most radii in both simulations (given the sub-
stantially shorter cooling times but the same macro-scale eddy
time). Notably, the warm and cold neutral phases differ substan-
tially from the molecular phase. The warm and cold components
display nearly identical C-values—systematically higher than
those of the radio-emitting gas—typically around 1072-107".
This intermediate regime bridges the transition between the
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cooling and condensed states, suggesting that these phases act
as precursors from which molecular gas originates. Their C-ratio
profiles show a mild central rise, peaking at » ~ 1072-10~! kpc
before flattening outwards, implying that cold neutral gas re-
mains partially coupled to the turbulent cascade within the in-
ner core. This intermediate state reflects a dynamically mixed
population of recently cooled structures and marginally unsta-
ble gas still exchanging energy and momentum with the hot
background. The molecular phase instead shows lower C-ratios,
around 1073102 in the central region, while overlapping with
the warm and cold phases between 1 and 10 kpc. In the cca_low
simulation, the three phases display comparable C-ratios, though
the gas extends only to ~ 1 kpc.

The consistently low C-values of the molecular phase mark
it as the endpoint of the instability cascade, namely dense con-
densates that are increasingly decoupled from the large-scale
turbulent flow. Radially, its C-profile remains flat or mildly de-
clining, consistent with its confinement to the inner cooling re-
gion. If the characteristic size decreases by a factor £/€hoy ~
1072-103 from the hot outer scale to cold/molecular struc-
tures, then the effective turnover time is shorter by a factor
teddy(0)/teaayhot ~ (€/€ho)*® ~ 107'=1072. This would increase
the phase-dependent C-ratio by ~ 10-100, potentially bring-
ing the cold/molecular gas from the plotted C ~ 1073-1072 up
to C ~ 0.1-1 near the characteristic condensation region (see
coloured arrows in Figure 8). A more quantitative assessment re-
quires measuring the typical structure size ¢ for each phase and
their internal velocity dispersion, which we defer to future work.

Overall, for direct comparison with observational applica-
tions of the C-ratio, the most relevant quantities are therefore
the hard- and especially soft-X-ray profiles, since they trace the
ambient hot atmosphere in which condensation is triggered. By
contrast, the plotted C-values of the warm, cold, and molecular
phases should be regarded as lower limits when a common hot-
phase eddy time is adopted, because these phases reside in pro-
gressively smaller structures with intrinsically shorter turnover
times.

5.2. Kinematic plot (k-plot)

To characterise the velocity structure of the multiphase medium,
we use kinematic diagnostics known as k—plots (Gaspari et al.
2018; Maccagni et al. 2021), which display the line-of-sight
velocity offset from the systemic velocity (here set to zero),
[Vios — Vsys|, against the corresponding line-of-sight velocity dis-
persion oos. The k-plots are computed by using mass-weighted
values for each phase and radial range, projecting along the z-
axis.

Figure 9 presents k—plots at two representative epochs,
t/tin = 1.5 (top panels) and #/t.i, = 3 (bottom panels), for
the three characteristic spatial scales: micro (r < 0.1 kpc), meso
(0.1 < r < 1kpc), and macro (1 < r < 50 kpc), in the two turbu-
lence regimes, cca_high and cca_low. Gas phases are colour-
coded by temperature (see Table 2). The dashed lines divide the
plane at [vios — Veys| = 100 km s~ and oo = 50 km s™!, separat-
ing distinct kinematic regimes. Within the framework of CCA,
k—plots provide a compact diagnostic of the dynamical state of
the inflow (or outflow). Quiescent gas (no chaotic motions) oc-
cupies the lower-left region of kinematic space, where both ve-
locity offsets and dispersions are small, while strongly turbulent
flows populate the upper-right, where both quantities are large.
The morphology, extent, and overlap of the phase-dependent loci
in k—space therefore encode the transition from a quiet state to
chaotic accretion, with developed CCA rain typically occupying
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the central ~50-100 km s~ locus (cf. Gaspari et al. 2018). The
remaining quadrants trace mixed kinematic states: gas with rel-
atively large dispersion but modest centroid shift is consistent
with turbulence-dominated, ensemble-like motions, whereas gas
with large centroid shift but narrower lines is more naturally as-
sociated with discrete, rapidly infalling cloud components, anal-
ogous to the high-velocity-cloud (HVC) population discussed in
absorption studies (e.g. Tremblay et al. 2016, 2018).

On the micro-scale (r < 0.1 kpc; first column), the cca_high
simulation exhibits intermediate velocity offsets and significant
velocity dispersions across all gas phases, consistent with a
strongly perturbed central environment. The hot gas transitions
from the centre to the high velocity offset region of the k—plot
at t/tmin = 3, with typical centroid values of order [vios — Vgys| ~
200-250 km s~!, both with low and high velocity dispersions.
On the other hand, warm, cold and molecular gas have sub-
stantially lower offsets, [Vigs — Vsys| ~ 30-100 km s~!, with the
molecular gas moving towards the quiescent quadrant over time.
At both times, cold and molecular phases have the centroids
roughly coincident, showing a strong correlation in the veloc-
ity space. Despite this separation in bulk motion between colder
and hotter phases, the line-of-sight velocity dispersions remain
comparable. In particular, the different phases show overlapping
Oios ~ 20-60 km s~!, indicating a strong multiphase kinematic
coupling. An important nuance of the micro-scale kinematics is
that the phases can remain strongly coupled in dispersion while
being partially separated in centroid velocity. This indicates that,
near the centre, the multiphase gas still shares a common turbu-
lent environment even when individual clouds or filaments de-
velop distinct bulk motions relative to the hotter background. In
contrast, the cca_low simulation shows a much more ordered
micro-scale kinematic structure (given the lower driven turbu-
lence variance). All condensed phases collapse into compact loci
around [Vips — Vsys| < 50-100 km s7! and o5 < 20-30 km s~ 1.
In this regime, cold and molecular gas can still reach relatively
large bulk velocities, but their internal dispersions remain very
small.

On meso-scales (0.1 < r < 1 kpc; second column), the kine-
matic differences between the two simulations become more pro-
nounced. In cca_high, all gas phases occupy broad and strongly
overlapping regions, indicating efficient multiphase coupling
also at these scales. From #/#.,;, = 1.5 to t/t,;, = 3 all the phases
transition from low [vios — Vsys| and ojes to higher values moving
diagonally from the quiescent to the strongly turbulent quadrant.
This diagonal migration in the kinematic plane reflects the pro-
gressive increase in both bulk velocities and internal turbulence
driven by the stronger stirring at meso-scales. It is precisely at
these radii that condensation becomes most efficient, leading to
enhanced multiphase fragmentation and the formation of the ex-
tended cold structures characteristic of the stormy regime. The
hot gas spans large velocity offsets and dispersions, with typical
values of [vis — Veys| & 100-300 km s~! and o5 ~ 80-200 km
s~!. Intermediate-temperature gas fills the central part of the dia-
gram, continuously connecting the hot and cold components, as
this warm gas is typically formed at the edge of filaments and
clumps. In contrast, the meso-scale kinematics of the cca_low
simulation remain in the more quiescent quadrant, showing fee-
ble evolution over time. All phases collapse into narrow loci with
relatively small velocity dispersions, typically oo < 10 km s71,
and limited velocity offsets. The small velocity offsets and dis-
persions, reflecting the weaker stirring, explain why meso-scale
condensation remains weak and spatially confined in cca_low.
In contrast to cca_high, the phase loci remain compressed in
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Fig. 9. Multi-scale k—plots of the gas in cca_high and cca_low computed at #/f,,i, = 1.5 (top) and at #/t,,,, = 3 (bottom) in three radial scales.
Each panel shows log(|vies — Vsysl) versus log(ores). Coloured shaded regions and contours give the 2D distribution of gas in each thermal phase
(colour—coded as in the legend); increasing opacity and darker contours mark the 85th, 92nd, and 97th percentiles of the underlying histogram,
respectively. Gas in the lower—left corner (low velocity offset and dispersion) traces quiescent gas, whereas gas towards the upper-right corresponds
to high—velocity, high—dispersion motions characteristic of turbulent, collisionally mixed CCA.
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the quiescent region and do not develop the broad multiphase
spread associated with strongly nonlinear cooling at these radii.
As a result, cold gas remains largely confined to the central re-
gion, yielding a compact, rainy configuration.

Looking at macro-scales (1 < r < 50 kpc; third col-
umn), both simulations show close to no evolution over time.
In the cca_high simulation, the multiphase medium contin-
ues to occupy broad and partially overlapping regions in the
k-plot (now becoming a more ensemble description). The hot
gas spans moderate-to-large dispersions, with typical values
O1os & 100120 km s~!, while the soft X-ray and intermediate-
temperature gas retain wide spreads in velocity offset. Warm and
cold components develop extended tails towards higher disper-
sions, indicating that large-scale turbulent motions still perturb
the inflowing material and maintain multiphase coupling well
beyond the central region. At this scale we can see very well
how the k—plot directly traces the condensation cascade, with
gas progressively cooling out of the hot, high-dispersion phase
and transitioning towards colder components characterised by
systematically lower velocity dispersions (as expected during a
top-down turbulence cascade), down to the molecular phase. In
contrast, the macro-scale kinematics of the cca_low simulation
are again more compact and only the weakly stirred hot phase is
present, which clusters into a narrow locus with relatively small
dispersions, o5 < 40 km s~!, and limited spreads in velocity
offset, especially in the soft X-ray phase.

Taken together, the k-plots across micro, meso, and macro-
scales show that both simulations sustain CCA-like multiphase
inflow in the central region, but only cca_high maintains strong
multiphase coupling and extended condensation out to macro-
scales. Strong (still subsonic M ~ 0.4) turbulence in cca_high
produces broad, overlapping kinematic loci and preserves a dy-
namically connected condensation cascade across radii, whereas
in cca_low (M ~ 0.15) the multiphase gas remains largely
confined to the inner halo and the outer regions are dominated
by a comparatively quiescent hot phase. The k-plot therefore
provides a direct kinematic discriminator between spatially ex-
tended, stormy CCA and centrally concentrated, rainy accretion.

A useful comparison can be made with recent Brack-
HoLeWEaTHER simulations including explicit AGN feedback
(C26b). In both cases, the stormy weather is associated with
broad and overlapping multiphase loci in the k-plane, whereas
the rainy weather remains more compact and kinematically co-
herent. In C26b, jet-driven uplift and recycling further broaden
the phase distributions and enhance the stochastic wandering of
the condensed gas across the kinematic quadrants, particularly
in the inner kpc. This suggests that large-scale turbulent stirring
alone is sufficient to establish the main kinematic signatures of
multiphase CCA, while explicit jet feedback primarily amplifies
the circulation, recycling, and phase mixing of the condensates.

These two main CCA diagnostics, C-ratio and k-plot, thus
provide a compact and observation-ready framework to con-
nect where condensation is triggered to how the resulting mul-
tiphase gas moves across scales. Among all radii, the meso-
scale emerges as the clearest dynamical separator between the
two halo-weather states: it is here that strong turbulence sustains
broad, overlapping multiphase kinematics and extended conden-
sation, whereas weak turbulence leaves the flow confined to a
compact, more quiescent locus.

6. Comparison with observations

A growing body of multi-wavelength observations supports the
emerging picture of CCA in group- and cluster-scale atmo-
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spheres (e.g. Perseus, M 87, Centaurus, Abell 1795, Abell 2597,
Hydra-A, PKS 0745-191). In cool-core clusters, deep Chan-
dra and optical imaging reveal extended, filamentary multiphase
structures, with warm He nebulae closely aligned with soft X-
ray filaments and molecular gas over projected scales of several
to tens of kpc (e.g. Olivares et al. 2022, 2025). The tight spatial
correspondence between hot, warm, and cold phases is naturally
explained if the filaments form in situ from the hot atmosphere
through a condensation and mixing cascade, rather than being
purely externally supplied. These observational trends are con-
sistent with the stormy CCA picture, where turbulence maintains
multiphase coupling and fragmented transport over a wide radial
range.

At lower halo masses, ALMA observations of group-centre
ellipticals provide a complementary view. Temi et al. (2018) de-
tect numerous CO-emitting clouds in NGC 5044, NGC 5846,
and NGC 4636. The CO structures are highly fragmented on
scales of ~ 10% pc and have virial parameters a.; > 1,
indicating that they are not classical bound giant molecular
clouds but unbound molecular associations embedded in a tur-
bulent medium. The close spatial correspondence between CO,
Ha+[N,u], and soft X-ray emission strongly supports in-situ
condensation from the hot halo and a CCA-like origin of
the multiphase gas. The total molecular mass that we find in
cca_high, My =~ 5.5 x 107 M,, lies at the upper end of the
observed group range, as expected for a strongly cooling atmo-
sphere and sustained multiphase precipitation.

More direct evidence for CCA-like ‘rain’ comes from molec-
ular absorption measurements against bright nuclear continuum
sources. In the Abell 2597 BCG, ALMA observations reveal
cold, clumpy clouds seen in absorption and moving inward at
a few x10? kms~! on sub-kpc to <100 pc scales (Tremblay et al.
2016, 2018). A larger ALMA absorption survey of cool-core
BCGs finds multiple narrow absorption components with veloci-
ties biased towards inflow, consistent with small, discrete clouds
feeding the nucleus in a chaotic manner (Rose et al. 2019). These
observations map naturally onto the “HVC” and central CCA
loci in the k-plot found in this work (Figure 9), supporting the
interpretation that at least part of the fueling proceeds through
compact, rapidly varying cold structures rather than a smooth
hot inflow.

A recent observational study of multiphase gas in group-
centred galaxies (Temi et al. 2026) resolves distinct dust and gas
structures within the central few kpc, revealing a dynamically
unsettled medium. Chaotically distributed dusty fragments and
filaments are present, consistent with cold gas in a transient or-
bital state at several kpc radii, where the free-fall time is ~ 107
years. Off-centre orbiting molecular clouds, with radial veloci-
ties matching nearby Ha emission, indicate a true physical link
between dust, molecular, and warm ionised gas, disfavouring ax-
isymmetric inflow in favour of chaotic, clumpy condensation in
the hot X-ray halo. The presented simulations are broadly con-
sistent with these observations of group-central galaxies, with
the diversity of thermodynamic and kinematic properties among
individual systems naturally emerging within the explored pa-
rameter range.

The C-ratio diagnostic has been applied to a variety of real
systems hosting multiphase gas. Using X-ray and optical ob-
servations of galaxy clusters, Olivares et al. (2019) derived C-
profiles with typical values C =~ 0.3—1.7, while for galaxy groups
Olivares et al. (2022) found C = 0.5-1.6 at r ~ 10 kpc. Simi-
lar values are reported for rotating early-type galaxies: Jurdanova
et al. (2020) showed that systems hosting cold gas discs exhibit
C ~ 0.5-2, with values close to unity in regions where cold gas
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is observed, even when classical #.,./ff criteria are not satis-
fied. Extending this picture, Temi et al. (2022) found that galax-
ies with multiphase gas are characterised by C-ratios of order
unity within the inner ~1-10 kpc, whereas galaxies devoid of
cold gas typically show significantly larger values, indicative of
overheated atmospheres; in the same sample, NGC 4406 reaches
C ~ 10, suggesting that precipitation is very weak and that the
cool gas may instead have an external origin. A mildly super-
unity case was reported by Ubertosi et al. (2023), who measured
C ~ L5 atr = 10 kpc in a cluster hosting He filaments. An-
other super-unity but more ambiguous case is the multiphase
orphan cloud in Abell 1367, for which Ge et al. (2021) found
C = 2.3-4.5; however, in that system the cool gas may be re-
lated to stripped material and mixing, rather than to in-situ con-
densation. A direct measurement of the condensation ratio was
recently obtained for the cool-core cluster Abell 2667 by Lepore
et al. (2025), who found C =~ 0.4 within the central ~ 25 kpc,
consistent with a system approaching or crossing the condensa-
tion threshold. Finally, consistent results were obtained for the
nearby group-central galaxy Fornax A, where Maccagni et al.
(2021) measured C =~ 1 in regions coincident with ionised and
molecular filaments. Overall, these observational studies consis-
tently indicate that multiphase condensation preferentially oc-
curs in regions where turbulent and cooling timescales are com-
parable, in broad agreement with the C-ratio values measured in
our simulations.

Complementing the C-ratio constraints, spatially resolved
observations probe the kinematics of multiphase gas and en-
able a direct comparison to k-plots. IFU and ALMA studies of
cool-core BCGs and massive ellipticals commonly find line-of-
sight dispersions o, ~ 50-200 km s~ and bulk velocities of
a few x10? km s~ on kpc scales, often with multiphase com-
ponents that are co-spatial and share correlated kinematics (e.g.
Rose et al. 2019; Russell et al. 2019; Vantyghem et al. 2019;
Maccagni et al. 2021; Olivares et al. 2022; Temi et al. 2022;
Singha et al. 2023), consistent with a prevalent CCA rain. In
this observational context, the broad, overlapping cold and warm
loci in cca_high mirror the tangled, filament-dominated kine-
matics seen in strongly disturbed cool cores, where injected tur-
bulence (typically via AGN jets/outflows; e.g. Mehdipour et al.
2023) promote widespread multiphase coupling. Conversely, the
narrower, more stratified loci in cca_low resemble systems in
which cold gas forms a more ordered structure (often rotation-
dominated) within a calmer hot halo, as suggested in rotating
early-type galaxies with disc-like multiphase reservoirs (e.g. Ju-
ranova et al. 2019, 2020). In this way, our sub-parsec CCA sim-
ulations provide a unified physical framework to interpret the
observed diversity of multiphase morphologies and kinematics
in galactic nuclei.

In the hot phase, XRISM/Resolve is now directly measur-
ing the velocity dispersions and bulk flows that enter turbulence-
regulated condensation models. In relaxed cool cores such as
Abell 2029, Resolve finds a subsonic ICM with o, ~ 169 km
s~! and |[vpuk] < 100 km s™! (XRISM Collaboration et al. 2025a),
while in the archetypal radio-mode system Hydra-A it measures
o, =~ 164 km s~! across most of the cooling volume (Rose et al.
2025). In Centaurus, Resolve detects a structured core bulk flow
(sloshing-driven “wind”) of ~130-310 km s~! within ~30 kpc,
yet with low small-scale dispersion (o, < 120 km s~!) (XRISM
Collaboration et al. 2025b), highlighting that coherent motions
can be substantial even when turbulent pressure support remains
modest. These values lie in the same o, ~ 50-200 km s~! band
that characterises the hot phase in our simulations on kpc scales,
supporting a CCA picture where multiphase precipitation and

intermittent clumpy feeding occur without requiring supersonic
stirring, consistent with C ~ O(1) in the condensation region.
Recent multi-cluster comparisons further show that cool-core o,
values measured by XRISM tend to fall systematically below
several cosmological simulation predictions (XRISM Collabo-
ration et al. 2025¢), qualitatively favouring gentler, less ejective
feedback implementations that do not over-stir the atmosphere,
in line with CCA-regulated self-regulation.

We also compare with Gaspari et al. (2018), who originally
introduced both the turbulence-based C-ratio (C = fcool/feddy)
and the k-plot as observationally testable diagnostics of CCA-
driven multiphase condensation and fueling. Here we recover
quantitatively consistent behaviour and extend these diagnos-
tics to a fully resolved, time-dependent group-halo simulation.
In our runs we find that the hot soft X-ray phase lies within it
over the radii where filaments are expected to form and seed
colder phases (e.g. C =~ 0.5-2 between ~ 5 and 15 kpc in
cca_high, and approaching the same band in cca_low as the
halo evolves). Also, the Gaspari et al. (2018) k-plot provides
a clean observational mapping between “ensemble-beam” mea-
surements, which average over many structures and therefore
yield relatively large line broadening but small centroid shifts
(typically oo ~ a few x10% km s~! with |vjs| < several x10' km
s71), and “pencil-beam” measurements, which isolate individual
clouds and can thus reveal narrow but fast components (mean
0105 ~ 40 km s~! with shifts reaching several x10? km s~!). Our
macro-scale k-plot approaches the ensemble-beam locus, while
exhibiting a slightly broader o, scatter during the stormy phase,
as expected when extended multiphase coupling and stirring
widen the range of turbulent velocities sampled along the line of
sight. Our meso/micro-scale k-plots reproduce the pencil-beam
phenomenology, we recover the same large spread towards high-
[vios| at modest oo, corresponding to discrete infalling clouds
and occasional HVC-like components. The resulting progression
from an ensemble-like locus on large scales to a more scattered,
cloud-dominated locus on small scales provides a physical ex-
planation for the two observational regimes highlighted by Gas-
pari et al. (2018), and shows explicitly how turbulence strength
regulates the extent and overlap of the multiphase kinematic loci
within the same CCA cascade.

Finally, independent constraints on AGN intermittency from
“echo” phenomena provide a qualitative bridge between ob-
served duty cycles and the CCA-driven variability characterised
here. Ionisation echoes indicate that AGN activity can occur in
discrete episodes with characteristic durations of order ~ 10° yr
(Schawinski et al. 2015; Keel et al. 2012). This is compatible
with a picture in which the nucleus is supplied by a sequence of
stochastic multiphase accretion events rather than by a perfectly
steady inflow. In this framework, the supply-side variability gen-
erated by condensation from meso to micro-scales can contribute
to multi-timescale AGN flickering, while the shortest-timescale
radiative variability is expected to arise within the unresolved
accretion flow.

7. Summary and conclusions

In this work, we investigated SMBH feeding in turbulent, mul-
tiphase group-scale halos, focusing on how turbulence shapes
the variability and kinematics of chaotic cold accretion (CCA)
across the meso-scale. Building on the thermodynamic and
morphological analysis presented in the companion BrLAck-
HoLeWEaTHER study B26a, we examined here the radial inflow
structure, the accretion history onto the SMBH, and the statisti-
cal properties of the resulting variability. Using high-resolution
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3D hydrodynamical simulations with ATHENAPK, we followed
the condensation cascade from tens of kpc scales down to the
micro-scale region and quantified how different turbulence lev-
els regulate both the spatial transport of multiphase gas and the
temporal coherence of SMBH fueling. Our main results can be
summarised as follows.

(1) In the absence of radiative cooling, turbulent accretion re-
mains sub-Bondi and relatively steady, characteristic of hot-
mode feeding. Once cooling is included, the system tran-
sitions to CCA and the accretion rate rises by more than
an order of magnitude. Thanks to the sub-parsec resolu-
tion, we directly follow cold clumps and filaments down to
~ 0.1 pc and measure the SMBH feeding rate without rely-
ing on subgrid Bondi prescriptions. In both cca_high and
cca_low, the mean accretion rate remains strongly super-
Bondi, with stochastic excursions spanning up to ~ 2 dex.
Despite their different turbulence levels and filamentary mor-
phologies, both fiducial simulations ultimately reach compa-
rable mean SMBH accretion rates.

(i) Turbulence regulates the spatial extent and efficiency of cold-
gas transport at kpc and meso-scales: strong stirring sustains
extended, fragmented multiphase inflows, whereas weaker
stirring yields smoother and more centrally concentrated
transport. However, these order-of-magnitude differences in
cold inflow at large radii do not translate into proportional
differences at the smallest scales. Towards the centre, the in-
flow reorganises and converges to similar feeding efficien-
cies, indicating that SMBH accretion is governed primarily
by meso-scale regulation rather than being directly supply-
limited by the type of macro-scale weather.

(iii) The radial inflow profiles reveal a scale-dependent struc-

ture of CCA. In the strongly stirred run (cca_high), two

distinct enhancements emerge: a meso-scale bump (0.1-1

kpc) associated with extended, fragmented multiphase trans-

port, and a second inner bump at the innermost resolved
scales tracing micro-scale accretion. In contrast, the weakly
stirred case (cca_low) lacks the meso-scale amplification
and shows only the inner accretion bump. This demonstrates
that the stormy regime primarily boosts transport at interme-
diate radii, while both systems ultimately converge towards

a common, centrally regulated feeding mode at small scales.

Stormy and rainy weather are therefore not separate accre-

tion modes, but scale-dependent expressions of the same

condensation-driven cascade.

(iv) Although CCA drives strongly super-Bondi inflow, the

Eddington-normalised accretion rate remains low for most

of the time, with PDFs peaking at a few x10™* and extend-

ing through a broad tail towards higher A. High-A episodes

(A1 2 1072, e.g. quasar-like) occur only for ~ 1% of the

time, confirming that the system predominantly resides in a

low-accretion, maintenance-mode state (at least at low red-

shift). CCA therefore provides a natural mechanism to rec-
oncile sustained multiphase fueling with predominantly low-

Eddington black hole growth in radio-/maintenance-mode

systems.

(v) The power spectral density of the accretion history is well

described by a broken power law, with pink-noise behaviour

on long/intermediate timescales (P(f) o« f~!, as previously
found in CCA studies; Gaspari et al. 2017) and a steeper
red-noise slope at high frequencies. Consistent with the fit-
ted break frequencies (f, ~ 30 Myr~! for cca_high and
fo =~ 284 Myr~! for cca_low), the cca_low run preserves
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the f~! regime to higher frequencies, that is, to shorter
timescales, than cca_high. This indicates that weaker turbu-
lence allows longer-lived, more coherent inflow fluctuations,
whereas stronger turbulence accelerates decorrelation and
damps short-timescale variability. The corresponding break
times (~ 3.5-33 kyr) are consistent with an inner parsec-
scale damping/decorrelation transition, plausibly connecting
halo-scale condensation to the temporal coherence of SMBH
feeding and to the collisional, chaotic nature of CCA.
(vi) CCA diagnostics provide a direct bridge between the ther-
modynamics of condensation and the observable kinematics
of the multiphase halo. The multiphase C-ratio profiles iden-
tify the soft X-ray phase as the key thermodynamic gateway
of condensation: it is this phase that most persistently oc-
cupies the canonical C ~ 1 band at radii of a few to sev-
eral kpc, marking the region where nonlinear cooling is most
efficient. By contrast, the cooler phases rapidly evolve to-
wards C < 1, marking their transition into the lower-scale,
top-down condensation cascade. In this regime they remain
coupled within the multiphase rain, but trace progressively
denser and more localised structures that channel gas to-
wards the micro-scales. The multiphase k-plot provides a ro-
bust observational test of CCA and condensation, separating
ensemble-like turbulent coupling from pencil-beam cloud in-
fall, as originally proposed by Gaspari et al. (2018) and cor-
roborated here with fully resolved, time-dependent simula-
tions. In our runs, the clearest stormy versus rainy sepa-
ration emerges on meso-scales: cca_high develops broad,
overlapping multiphase loci with large velocity offsets and
dispersions, whereas cca_low remains confined to a more
compact and quiescent locus. Together, the C-ratio and k-
plot form a physically grounded, observation-ready frame-
work to interpret the diversity of multiphase morphologies
and kinematics in group and cluster cores and to discrimi-
nate between condensation-driven CCA fueling and quies-
cent hot-mode accretion.

Overall, together with B26a, this work builds on and
extends the CCA framework developed in earlier theoretical
and numerical studies (e.g. Gaspari et al. 2013, 2017, 2018,
2020) by providing a more unified, multiscale view of SMBH
feeding in turbulent group-scale halos. By jointly analysing
radial inflow rates, micro-scale accretion, variability statistics,
and observation-ready kinematic diagnostics within the same
simulations, we show that turbulence regulates not only the
morphology of the multiphase medium, but also the temporal
coherence and spatial transport of black-hole fueling. A key
new result is that the meso-scale acts as the critical bridge be-
tween halo condensation and sub-parsec feeding: it is here that
turbulence most strongly determines whether the atmosphere
develops an extended, stormy multiphase cascade or a compact,
rainy inflow, even though both ultimately converge towards
locally regulated SMBH accretion at the smallest scales. In
this sense, the present work confirms the core CCA picture
while extending it towards a more explicit characterisation of
the multiscale transport, variability, and kinematic signatures of
feeding. Together, these results provide a quantitative baseline
for future BrackHorLEWEaTHER studies including additional
physics, and for direct comparison with multi-wavelength
observations of multiphase halo weather and AGN variability.
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