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ABSTRACT

Context. Supermassive black holes (SMBHs) self-regulate galaxies, groups, and clusters, yet the pathway that transports gas from halo
scales to sub-parsec radii remains debated. In hot, stratified atmospheres, subsonic turbulence can trigger nonlinear thermal instability
and a multiphase condensation cascade, producing chaotic time-variable BH ‘weather’. A key missing link is how the meso-scale
(parsecs to kiloparsecs) connects halo rain to the nuclear inflow.
Aims. We study turbulence-driven condensation and chaotic cold accretion (CCA) in a group-scale halo, quantifying how the stirring
level shapes multiphase morphology and thermodynamics, and how this imprints on SMBH feeding down to sub-parsec scales.
Methods. We ran 3D hydrodynamic hyper-zoom simulations with a GPU-accelerated code, including radiative cooling and driven
subsonic turbulence in a hot intragroup halo. Two endpoint runs bracket weak and strong stirring, capturing distinct BH weather states.
Results. In both regimes the atmosphere becomes thermally unstable and develops a strongly multiphase medium spanning 8-10
orders of magnitude in temperature and density. Strong stirring delays cold gas accretion and sustains an extended, filament-rich
rain pattern to kiloparsec radii (‘stormy’ CCA), with broader thermodynamic distributions beyond the nucleus. Weak stirring triggers
earlier condensation but yields a more compact clumpy rain, with most cold gas confined within 100 pc (‘rainy’ CCA). At micro-
scales the inflow is partly mediated by a clumpy rotating torus. Despite large differences in condensed cold mass, the BH accretion
rate is recurrently boosted by up to 100× above the hot-mode Bondi baseline and varies only weakly between the weather regimes,
indicating that feeding is regulated primarily by how efficiently multiphase structures couple to the central inflow.
Conclusions. Modest changes in turbulence are sufficient to shift the same hot halo between stormy (extended) and rainy (centralized)
BH weather, providing a robust quantitative multiscale baseline for interpreting multiphase CCA and its impact on SMBH feeding.

Key words. Black hole physics – Accretion – Hydrodynamics – Methods: numerical – Galaxies: evolution – Galaxies: groups:
general

1. Introduction

Over cosmic time, small primordial fluctuations have grown into
large-scale structures, hosting most baryons in the form of dif-
fuse, hot plasma—the circumgalactic, intragroup, and intraclus-
ter medium (CGM, IGrM, ICM; White & Frenk 1991; Kravtsov
& Borgani 2012; Tumlinson et al. 2017). These gaseous halos act
as stratified atmospheres shaped by turbulence, gravity, cooling,
and feedback, giving rise to a ‘cosmic weather’ (Gaspari et al.
2020). Multi-wavelength observations increasingly reveal that
this hot gas undergoes multiphase condensation, forming warm,

⋆ filippo.barbani@unimore.it

neutral, and cold components (e.g. Fabian et al. 2008; Tremblay
et al. 2016; Maccagni et al. 2018, 2021; Morganti et al. 2023),
yet the physical mechanisms behind this process and its role in
galaxy evolution remain open questions.

Most galaxies host a supermassive black hole (SMBH, Kor-
mendy & Ho 2013), which plays a key role in their baryon cycle.
Through powerful outflows and jets, SMBHs inject energy into
their host halos, regulating gas cooling and heating, star forma-
tion, and the galaxy luminosity function (e.g. King & Pounds
2015; Fiore et al. 2017; Iyer et al. 2025). The ensemble of phe-
nomena tied to a SMBH is typically known as an active galactic
nucleus (AGN; Lynden-Bell 1969; McNamara & Nulsen 2012).
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Central open problems are how gas is transported from galactic
scales down to the SMBH, how angular momentum is removed,
and how AGN feedback couples back to the multiphase medium.

Bridging physical processes across more than nine orders
of magnitude, from the megaparsec scale cosmic environment
down to the black hole gravitational radius, remains a major the-
oretical and numerical challenge (Naab & Ostriker 2017; Vo-
gelsberger et al. 2020). Accretion is governed by the interplay of
turbulence, cooling, heating, angular momentum transport, and
magnetic fields (Balbus & Hawley 1998; Yuan & Narayan 2014).
Connecting theory and observation therefore requires one to fol-
low gas across this entire range of scales, with multiphase struc-
tures in hot, stratified halos providing key constraints on how
cooling, turbulence, and feedback regulate inflow (e.g. Fabian
2012).

In the absence of turbulence and feedback, accretion would
proceed as a steady, nearly spherical inflow, concentrating cold
gas and star formation at the very centre (Fabian 1994). In real-
ity, ultraviolet observations of brightest cluster galaxies reveal a
far more complex picture: star formation occurs in diverse mor-
phologies—often clumpy, in knots, or filamentary—consistent
with star formation triggered or enhanced by AGN jet activity
(e.g. Donahue et al. 2015; Fogarty et al. 2015). A similar con-
nection between star-forming structures and radio jets is also
supported by recent multi-wavelength observations (e.g. Reefe
et al. 2025). These observations suggest that gas can cool and
form stars at large radii (≈ 10–30 kpc) from the centre of mas-
sive halos, along extended, filamentary, and multiphase struc-
tures. Millimetre and sub-millimetre observations of molecular
gas (e.g. Russell et al. 2019; Olivares et al. 2019; Castignani
et al. 2025; Toni et al. 2026) reveal cold gas reservoirs and, in
several systems, cold filaments whose morphology closely fol-
lows that of the radio jets. Such structures are interpreted as fil-
aments of accreting cold gas, hosting in situ star formation and
likely regulated by AGN feedback. Consistent jet–cold gas align-
ments are also observed in high-redshift systems, where ALMA
observations reveal extended cold molecular reservoirs in the
CGM aligned with radio jets, supporting a close coupling be-
tween AGN activity and cold gas condensation (e.g. Li et al.
2021; Walter et al. 2025).

In realistic intracluster, intragroup, and circumgalactic envi-
ronments the hot plasma is, however, turbulent, intermittently
heated, and radiatively cooling via bremsstrahlung and metal-
line emission. In this stratified medium, density perturbations
can enter the nonlinear thermal instability regime: overdense
fluctuations cool faster than they are mixed and restored, so they
grow, decouple from the hot phase, and condense into warm and
cold structures. Classical Bondi accretion (Bondi 1952) offers
a useful idealised baseline for steady, spherical, and adiabatic
inflow, but fails to capture the complexity of realistic accretion
in turbulent, multiphase environments. A promising new the-
ory is chaotic cold accretion (CCA; Gaspari et al. 2013, 2015,
2017; Gaspari & Sądowski 2017), in which turbulence and ther-
mal instability promote the condensation of cold clouds that rain
stochastically onto the SMBH. This inflow naturally produces
variability and stochastic fueling, allowing the black hole to re-
spond dynamically to the state of the surrounding atmosphere.
CCA offers a coherent explanation for the observed variabil-
ity, obscuration, and multi-wavelength signatures of AGN, sup-
ported by observations with ATCA, ALMA, MUSE, Chandra,
XMM-Newton, JWST, and HST (Maccagni et al. 2014; Voit &
Donahue 2015; McDonald et al. 2018; Tremblay et al. 2018; Wa-
ters & Proga 2019; Juráňová et al. 2020; Maccagni et al. 2021;
McKinley et al. 2022; Temi et al. 2022; Ubertosi et al. 2023,

2025; Olivares et al. 2022, 2023, 2025; O’Sullivan et al. 2024;
Eskenasy et al. 2024). Most simulations, however, resolve in-
flows only down to ∼1 – 100 pc—several orders of magnitude
above the black hole event horizon—and have primarily focused
on massive cluster-scale halos. A fully consistent, multi-scale
model of SMBH fueling from halo to sub-parsec scales is there-
fore still lacking and remains a major challenge for the field.

Direct evidence of turbulence has been observed with Hitomi
in the core of the Perseus cluster, where spectral line broadening
revealed a line-of-sight velocity dispersion of σv = 164 ± 10 km
s−1 in gas with a temperature kT ≃ 4 keV (Hitomi Collaboration
et al. 2016). More recently, XRISM Resolve observations have
enabled a similar detection in the Abell 2029 cluster, measuring
σv = 169 ± 10 km s−1 in a hotter atmosphere with kT ≃ 8 keV
(XRISM Collaboration et al. 2025). These results build on ear-
lier XMM–Newton/RGS constraints on line broadening in cool-
core systems (e.g. Sanders & Fabian 2013; Pinto et al. 2015).
Assuming isotropic turbulence, these measurements correspond
to three-dimensional Mach numbers of M ≈ 0.2–0.31, placing
both systems in a weakly turbulent regime and indicating that
the ICM hosts mainly subsonic turbulent motions. These direct
measurements provide robust constraints on the level of sub-
sonic turbulence in cool-core clusters, complementing indirect
estimates derived from surface brightness fluctuations in high-
resolution X-ray images, such as those from Chandra, which can
be used to infer turbulence in the ICM (Gaspari & Churazov
2013; Hofmann et al. 2016; Khatri & Gaspari 2016; Dupourqué
et al. 2024; Romero et al. 2025). By analysing the power spec-
trum of surface-brightness and thermodynamic fluctuations, one
can estimate the amplitude and injection scale of predominantly
subsonic turbulence and relate these motions to the underlying
density and pressure perturbations. Such measurements com-
monly indicateM ∼ 0.1 − 0.5 turbulence, spanning clusters to
lower-mass groups. As future missions like NewAthena (Nandra
et al. 2013) and AXIS (Russell et al. 2024; Koss et al. 2025) are
expected to extend these measurements to larger cluster samples
and broader radial ranges, a more complete picture of ICM tur-
bulence will emerge.

Numerical hydrodynamical simulations have become an in-
dispensable tool in modern astrophysics, allowing us to model
and interpret a wide range of nonlinear, multi-scale processes
that are inaccessible to direct experimentation or analytical treat-
ment. They have been successfully applied to study galaxy for-
mation and large-scale structure (e.g. Vogelsberger et al. 2014;
Dubois et al. 2014; Pillepich et al. 2019; Hopkins et al. 2023),
the evolution of the interstellar and circumgalactic medium (e.g.
Springel et al. 2005; Marinacci et al. 2017; Hopkins et al. 2018;
Barbani et al. 2023, 2025; Zhang et al. 2025), as well as BH ac-
cretion and AGN outflows (e.g. Gaspari et al. 2012; Chen et al.
2024; Fournier et al. 2024, 2025; Grete et al. 2025; Sotira et al.
2025; Jennings et al. 2025). In the AGN context, high-resolution
simulations are particularly effective at capturing the nonlinear
interplay between cooling, turbulence, and feedback that gov-
erns the formation of multiphase gas and the stochastic fueling
of SMBHs across a wide range of scales.

This work is part of the BlackHoleWeather project (PI:
Gaspari), which aims to build a unified multi-physics framework
for SMBH feeding and feedback across cosmic environments,
from galaxies to groups and clusters. BlackHoleWeather com-
bines high-resolution numerical experiments, synthetic multi-
wavelength observables, and theory-guided diagnostics to con-

1 Three-dimensional Mach numbers are inferred assuming isotropic
turbulence from the line-of-sight velocity dispersion.
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nect multiphase halo weather, accretion variability, and AGN
self-regulation within a single consistent picture. Building on the
controlled stratified-halo setups that established the CCA frame-
work (Gaspari et al. 2013, 2017), we present the first of two
complementary papers investigating the turbulence-driven con-
densation and accretion cascade down to sub-pc scales in a hot,
stratified atmosphere representative of group-scale halos. We fo-
cus on the transitional meso-scale (parsecs to kiloparsecs) that
links halo rain to the inner inflow. In this paper, we quantify the
emergent multiphase morphology, phase structure and thermo-
dynamics as a function of the turbulence regime. The compan-
ion paper (Barbani et al. 2026, B26b hereafter) addresses feeding
variability and kinematics in the same set of simulations, char-
acterising the temporal statistics and power spectra of accretion
and the kinematical imprints via key CCA diagnostics (k-plots
and C-ratios).

To this end, we carry out a suite of idealised accretion sim-
ulations onto SMBHs, designed to isolate the competition be-
tween radiative cooling and turbulent mixing. We use AthenaPK,
an adaptive mesh refinement (AMR) hydrodynamical code de-
signed for GPU architectures, to follow the gas from halo scales
down to sub-parsec radii. By varying the strength of turbulence
driving, we assess how this key process controls the multiphase
condensation cascade from the hot to the molecular phase and
the resulting mode of SMBH feeding, resolving cold, clumpy
inflows near the SMBH and their role in regulating its growth.
Within BlackHoleWeather, activities are organised into the-
matic work packages (WPs) spanning multiscale feeding and
feedback (see main diagram in Gaspari et al. 2020). This pa-
per is part of WP2 (meso- to micro-scale feeding), focused on
turbulence-driven condensation and accretion. Complementary
efforts currently underway include simulations of micro-scale
AGN jet feedback (Cammelli et al. 2026b,a, C26a,b), simula-
tions exploring the impact of BH spin on macro-scale feedback
(Piana et al. 2026a,b, P26a,b), and simulations investigating the
role of dust physics in the multiphase feeding rain (Barbani et al.
in prep.).

This paper is structured as follows. In Section 2, we describe
the simulation setup, including the physical models, initial con-
ditions, and numerical methods. In Section 3 we present the main
results, focusing on the formation and evolution of the multi-
phase structures and their role in feeding the SMBH. In Section 4
we interpret these outcomes in terms of BH weather states and
propose an evolutionary link between regimes. In Section 5, we
compare our findings with previous observational and numeri-
cal studies. Finally, Section 6 summarises our conclusions and
outlines the directions for future work.

2. Numerical methods

The simulations performed in this work are made using
the AMR code AthenaPK, an open source, performance-
portable magneto-hydrodynamical code, directly descending
from Athena++ (Stone et al. 2020), based on the block-
structured adaptive mesh refinement framework Parthenon
(Grete et al. 2023) and the performance portability programming
model Kokkos (Edwards et al. 2014; Trott et al. 2021). In this
way, AthenaPK is compatible with a wide range of architectures
and with both CPUs and GPUs, demonstrating high efficiency
and scalability up to 73,728 GPUs.

The equations of hydrodynamics that are integrated by the
code in conservative and Eulerian form are as follows:

sink

single cell
single block

Fig. 1. Simulation grid and SMBH sink scheme. The domain is decom-
posed into blocks (shown as a green square), which are recursively re-
fined towards the centre of the domain (each block contains 323 cells).
The decreasing block size increases the effective resolution in the cen-
tral region, where the black hole sink is located. The black hole sink
(shown in black) removes mass within a radius of four finest-level cells
at each time step (an example of cell is shown as a red square).

∂ρ

∂t
+ ∇ · (ρv) = 0, (1)

∂(ρv)
∂t
+ ∇ · (ρv ⊗ v + PI) = −ρ∇Φ + ρ f turb, (2)

∂E
∂t
+ ∇ · (E + P)v = −ρv · ∇Φ − C + Sturb, (3)

where ρ is the density, v is the velocity, P is the pressure, I is
the identity tensor, Φ is the total gravitational potential, f turb is
the turbulent driving acceleration (see Section 2.5) and E is the
total energy density of the gas, defined as E = e + ρv2/2, where
e is the internal energy density. C = n2Λ(T ) is the cooling rate,
which depends on the cooling function Λ(T ) (see Section 2.4)
and the number density of the gas n, and Sturb = ρv · f turb.

The code employs a finite-volume Godunov (1959) scheme
with second-order accuracy in both space and time. Given the
highly multiphase chaotic medium, for stability, we use the
piecewise linear method (van Leer 1979) for spatial reconstruc-
tion and a second-order Runge–Kutta scheme (Butcher 2008)
for time integration. Fluxes at cell interfaces are calculated by
solving the Riemann problem using the approximate Harten-
Lax-van Leer contact (HLLC) solver (Toro et al. 1994), which
accurately captures contact and shear discontinuities. Given the
complexity of astrophysical phenomena, we applied a first-order
flux correction to ensure numerical stability and accuracy near
discontinuities (Brüggen et al. 2023). In gas cells where non-
physical values, such as negative densities or temperatures, arise,
fluxes are recalculated using a forward Euler time integration,
first-order (piecewise constant) reconstruction, and the Local
Lax–Friedrichs Riemann solver. This fallback approach ensures
physically meaningful solutions without the need to impose arti-
ficial density or temperature floors.
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Fig. 2. Thermodynamic properties of the simulated galaxy group at t = 0 Myr (black lines). Left: radial gas number density profile compared with
observed electron densities from the ACCEPT database (Cavagnolo et al. 2009, pink circles). Right: normalised temperature profile (T/Tmax) as a
function of r/Rvir, compared with early-type galaxies from the Chandra Galaxy Atlas (Kim et al. 2020, pink circles). The ICs are consistent with
observed systems, and the temperature profile follows a nearly universal shape with a broad peak around r ≃ 0.04 Rvir. The vertical dashed line
marks the maximum radius contained in the computational domain (rmax = 43.3 kpc, corresponding to half of the box diagonal).

2.1. Grid structure

The simulation is performed using a static mesh refinement
(SMR) setup. The computational domain is organised as a hier-
archy of nested Cartesian grid blocks with increasing resolution
towards the centre of the domain, where the highest spatial accu-
racy is required. Each grid block contains 323 cells, and refine-
ment proceeds by subdividing parent blocks into child blocks
with twice the resolution in each spatial direction. The refine-
ment hierarchy is static, defined at initialisation, and remains
fixed throughout the simulation. It is centred on the origin and
extends radially outwards, with higher refinement levels cover-
ing progressively smaller volumes, while coarser grids are em-
ployed in the outer halo to reduce computational cost and still
capture the large-scale gas dynamics (see Figure 1). The root
grid spans the entire simulation volume and contains 1283 cells,
with a total of ℓ = 12 refinement levels. The cell size at refine-
ment level ℓ is given by

∆xℓ =
L

N0 · 2ℓ
, (4)

where L = 50 kpc is the box size and N0 = 128 is the num-
ber of cells per side of the root grid. This configuration yields
a maximum spatial resolution of ∆x ≃ 0.1 pc within the central
3.2 pc region. Consistency across refinement levels is ensured
through appropriate prolongation and restriction operations at
all refinement boundaries. This SMR configuration enables ac-
curate modelling of multiscale processes such as gas cooling,
inflow, and feedback-driven turbulence in the central region of
the halo.

2.2. SMBH sink

Following Gaspari et al. (2013) setup, to represent the presence
of a central SMBH, we introduce a sink region at the centre of

the computational domain. The sink is implemented as a fixed
spherical region of radius rsink = 4∆xmin = 0.4 pc, centred at the
origin, and acts as an effective inner boundary condition for gas
accretion.

At each timestep, gas within rsink is removed from the sim-
ulation by resetting its thermodynamic and kinematic properties
to ρsink = 10−30 g cm−3, Tsink = 1 K, and vsink = 0 km s−1.
This prescription avoids nonphysical gas pile-up at the resolu-
tion limit of the simulation and maintains numerical stability.
Thanks to the sub-parsec spatial resolution achieved in the cen-
tral region, the simulations resolve gas dynamics well within the
Bondi radius of a group-scale SMBH (i.e. rB ∼1–30 pc, see Sec-
tion 2.3). However, the physical processes occurring at event-
horizon scales remain unresolved. The sink therefore provides a
physically motivated approximation for the unresolved accretion
flow, absorbing gas that would otherwise be expected to feed the
SMBH. The gravitational softening length ϵ (Plummer soften-
ing, i.e. Φ = −GM/

√
r2 + ϵ2) is chosen to be smaller than rsink,

ensuring that gravitational forces are well resolved within the
sink region. The SMBH mass is fixed and does not evolve dur-
ing the simulation. The total mass that would be accreted over
the simulated time span is negligible compared to the assumed
black hole mass, and does not affect the gas dynamics or the
gravitational potential in the central region.

2.3. Initial conditions

The initial conditions (ICs) consist of a gaseous halo in hydro-
static equilibrium inserted in a static gravitational potential.

Since galaxy groups are the fundamental building blocks of
the cosmic web and host the bulk of present-day baryons in
halos, we focus on a representative, intermediate-mass system
rather than an extreme, massive cluster. This also helps the com-
putational costs where the cooling time is significantly shorter
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(i.e. tcool ≈ 10 − 20 Myr in the central kiloparsec of our simula-
tions).

Gravity is modelled using a static gravitational potential
that includes contributions from a dark matter halo, a central
dominant group galaxy, and a supermassive black hole (see
also Fournier et al. 2024). The gravitational acceleration is de-
fined as g = −∇Φ. For the dark matter halo, we assume a
Navarro–Frenk–White (NFW) density profile (Navarro, Frenk,
& White 1997), for which the radial component of the gravita-
tional acceleration is

gNFW(r) =
G
r2

MNFW

[
ln

(
1 + r

RNFW

)
− r

r+RNFW

]
ln (1 + cNFW) − cNFW

1+cNFW

, (5)

where MNFW is the virial mass of the halo, RNFW is the scale
radius, and cNFW is the halo concentration parameter.

The scale radius RNFW is related to the total halo mass and
the characteristic density ρs, and is defined by the following:

RNFW =

(
MNFW

4πρs [ln (1 + cNFW) − cNFW/ (1 + cNFW)]

)1/3

, (6)

which ensures that the mass enclosed within R200 =
cNFWRNFW matches MNFW. The characteristic density ρs deter-
mines the amplitude of the NFW density profile and is calculated
as

ρs =
200

3
ρcrit

c3
NFW

ln (1 + cNFW) − cNFW/ (1 + cNFW)
, (7)

where the critical density of the Universe, ρcrit, sets the nor-
malisation, and is defined as

ρcrit =
3H2

0

8πG
,

with H0 being the Hubble parameter. This formulation al-
lows the NFW profile to be fully specified by the two parameters
MNFW and cNFW, which are typically derived from cosmological
simulations or observational constraints.

The central dominant elliptical galaxy (cD) is modelled with
a Hernquist profile (Hernquist 1990), which gives a gravitational
acceleration g(r) of

gcD(r) = G
McD

R2
cD

1(
1 + r

RcD

)2 , (8)

where RcD = 10 kpc and McD = 1.4 × 1011 M⊙, similar to NGC
5044, where recurrent evidence for CCA has been found (e.g.
Temi et al. 2022; Rajpurohit et al. 2025).

The gravity of the SMBH is derived from its mass as a point-
like source as

gSMBH(r) =
GM•

r2 , (9)

where the SMBH mass is set to M• = 2.8 × 108 M⊙, repre-
sentative of a central black hole in a low-redshift galaxy group
and consistent with the seeding prescriptions adopted in semi-
analytic and cosmological models of black hole formation (e.g.
Piana et al. 2021; Cammelli et al. 2025; Piana & Pu 2025).

2 4 6 8
log T [K]
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L
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1
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°
3 ]

cca_high

Schure et al. 2009 Low T cooling 

Fig. 3. Radiative cooling function at solar metallicity used in our simu-
lations. The curve shows Λ(T ) as a function of temperature, with tabu-
lated values from Schure et al. (2009) for T ≥ 104.2 K and the analytic
fit given by Eq. (13) for T < 104.2 K. Cooling function includes metal-
line, recombination, bremsstrahlung and low temperature cooling; it is
tabulated on a uniform grid in log T and interpolated during the simula-
tion to compute radiative losses.

Therefore, the total gravitational acceleration is given by gtot =
gNFW + gcD + gSMBH.

The entropy profile is defined following a power law as in the
ACCEPT cluster database (Cavagnolo et al. 2009), with values
rescaled to represent a galaxy group,

K(r) = K0 + K100
(
r/100 kpc

)αK , (10)

where K0 is the central entropy, K100 is the entropy at r = 100
kpc, and αK is the slope of the power law.

Knowing the gravitational acceleration g(r) and the entropy
K(r) profiles, we can derive the density profile ρ(r), assuming
hydrostatic equilibrium,

1
ρ

dP
dr
= −g(r), (11)

which can be rewritten in terms of entropy as

d
dr

[K(r)ρ(r)γ] = −ρ(r)g(r). (12)

To derive the density, we first need to close the system defin-
ing the electron density ne(rfix) at a fixed radius rfix = 10 kpc.
The derived density and temperature profiles are shown in Fig-
ure 2. The pink circles correspond to observations of electron
density in galaxy groups taken from the ACCEPT catalogue,
while the solid black lines represent the profiles derived from
our simulation. The simulated density profile lies within the ob-
served scatter and broadly reproduces the characteristic slope
and normalisation of the intragroup and intracluster medium
over more than two orders of magnitude in radius. In the right
panel, the temperature profile of our ICs also agrees well with
observational trends, following the universal shape identified by
Kim et al. (2020) from Chandra observations of early-type galax-
ies, when both the temperature and radius are normalised by the
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Table 1. Structural parameters of the galaxy group simulated in this work.

MNFW RNFW cNFW H0 McD RcD M• K0 K100 αK

[M⊙] [kpc] [km s−1 Mpc−1] [M⊙] [kpc] [M⊙] [keV cm2] [keV cm2]

1.5 × 1013 36.46 5 70 1.4 × 1011 10 2.8 × 108 0.34 71 0.5

Notes. From left to right: Dark matter halo mass (MNFW); dark matter halo scale length (RNFW); dark matter halo concentration parameter (cNFW);
Hubble constant (H0); cD galaxy mass (McD); cD galaxy scale length (RcD); SMBH mass (M•); central entropy (K0); entropy at 100 kpc (K100);
entropy power law slope (αK).

peak temperature (Tpeak) and the virial radius (Rvir), respectively.
All parameters relevant for the definition of our ICs are listed in
Table 1.

2.4. Radiative cooling

Radiative processes are the main cause of gas cooling in the Uni-
verse and are a fundamental process for the formation and evo-
lution of galaxies. The cooling function Λ is shown in Figure 3.
For T ≥ 104.2 K, we adopt the high-temperature cooling curve of
Schure et al. (2009) with solar metallicity. Their model assumes
an optically thin plasma in collisional ionisation equilibrium and
includes radiative losses from a very extensive set of metal-line
transitions in the ultraviolet and soft X-ray bands, together with
free–free and recombination continuum emission. The cooling
function accounts for thousands of transitions from the main as-
trophysical elements (H, He, C, N, O, Ne, Mg, Si, S, Ar, Ca,
Fe, Ni), providing a physically consistent treatment of radiative
losses in warm and hot gas.

For T < 104.2 K, we use the prescription from Gaspari et al.
(2017) with a volumetric cooling rate defined as n2

HΛcold

Λcold = 2 × 10−19 exp[−1.184 × 105/(T + 103)]

+ 2.8 × 10−27
√

T exp[−92/T ], (13)

which incorporates crucial low temperature processes such as
atomic line cooling, rotovibrational line cooling, and molecular
collisions with dust grains. This implementation is crucial to re-
alistically generate cold (10-100 K) gas.

We integrated the cooling source term, L, with an exact im-
plicit scheme (Townsend 2009; Gaspari et al. 2012), which pro-
vides an analytically exact update of the thermal energy over
each timestep. This method is unconditionally stable, preserves
positive internal energies, and eliminates the stringent timestep
constraints normally imposed by stiff cooling functions, making
it well suited for simulations where gas can cool rapidly over
many orders of magnitude in temperature.

2.5. Turbulence driving

No explicit AGN feedback through jets and/or winds is included
in this setup, as our primary focus is on the dynamics of the pure
gas inflow transitioning from macro- to micro-scales. Neverthe-
less, we include gentle, large-scale AGN-motivated turbulence to
capture the dynamical impact of SMBH activity on the surround-
ing medium. This approach provides a controlled framework for
isolating inflow and cooling processes in the central regions of
group-scale halos.

To sustain turbulence, we drive the gas with a stochastic
acceleration field constructed from a superposition of random

Table 2. 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.

Fourier modes and evolved as an Ornstein–Uhlenbeck (OU) pro-
cess (Schmidt et al. 2009; Grete et al. 2018, 2025), following the
original CCA setup (Gaspari et al. 2013, 2017), in which contin-
uous, predominantly subsonic stirring of a stratified atmosphere
seeds a turbulent cascade and fosters nonlinear multiphase con-
densation.

The forcing peaks at a characteristic dimensionless mode
number npeak, corresponding to an injection scale Linj =
Lbox/npeak. The associated physical wavenumber is kpeak =
2πnpeak/Lbox. The OU process is characterised by a correlation
time tcorr, while the solenoidal versus compressive composition
of the forcing is controlled by a weighting parameter ζ, such that
ζ = 1 yields purely solenoidal forcing and ζ = 0 purely com-
pressive forcing.

In Fourier space, the OU update of each individual accelera-
tion mode reads

âi(k, t + ∆t) = cdrift âi(k, t) +
√

1 − c2
drift Pa(k)Pi jN j, (14)

where k is the Fourier wavevector, cdrift = exp(−∆t/tcorr) sets the
temporal correlation,N j are complex random numbers with zero
mean and modulus smaller than unity, and the target spectrum
peaks at kpeak with

Pa(k) = k̃2 (2 − k̃2)Θ(2 − k̃2), (15)

where k̃ ≡ k/kpeak and Θ denotes the Heaviside step function,
which confines the forcing to a narrow shell around kpeak.

The solenoidal or compressive nature of the forcing is
imposed through the projection tensor which implements the
Helmholtz decomposition

Pi j = ζ δi j + (1 − 2ζ)
kik j

|k|2
, (16)

where δi j is the Kronecker delta. Eq. (14) describes the OU evo-
lution of each individual Fourier coefficient. The real-space tur-
bulent acceleration field is then constructed by summing a finite
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Table 3. Turbulence driving parameters.

turbulence arms npeak Nmodes ζ tcorr

[10−8cm s−2] [Myr]
weak 0.62 4 64 1 30
strong 1.55 4 64 1 30

Notes. Parameters of the stochastic turbulence-driving module. The
acceleration field has an RMS amplitude arms and is injected with a
solenoidal fraction ζ = 1, corresponding to purely incompressible driv-
ing. The power spectrum peaks at the dimensionless mode number
npeak = 4, with Nmodes = 64 random Fourier modes refreshed every
tcorr = 30 Myr. The two sets of simulations differ only in the driv-
ing strength: the weak-turbulence runs (turb_low, cca_low) and the
strong-turbulence runs (turb_high, cca_high).

number Nmodes of such modes, whose wave-vectors km are ran-
domly drawn within a narrow shell around kpeak:

a(x, t) = ℜ

Nmodes∑
m=1

â(km, t) eikm·x

 , (17)

where ℜ denotes the real part of the complex Fourier sum. The
turbulent forcing term entering the hydrodynamic equations (2
and 3) is defined as f turb(x, t) ≡ a(x, t), where a is the real-space
stochastic acceleration field obtained from the Fourier-space OU
driving described above. The overall forcing strength is con-
trolled by the prescribed root-mean-square (RMS) acceleration
amplitude,

arms ≡
〈
|a(x, t)|2

〉1/2
, (18)

where angle brackets denote a volume average over the compu-
tational domain. At each timestep, the acceleration field is renor-
malised to match the prescribed value of arms and to ensure zero
net momentum injection.

This method injects kinetic energy at large scales in a con-
trolled and statistically stationary way. The resulting turbulent
velocity dispersion and energy injection rate are determined by
the combination of arms, Linj, and tcorr. The parameters used
for our simulations are listed in Table 3. Energy is injected
solenoidally at an intermediate spatial scale, Linj = 12.5 kpc,
which is neither purely small-scale nor fully large-scale. As
such, this choice is not uniquely associated with a single physi-
cal mechanism, but is broadly consistent with turbulence driven
by AGN feedback, sloshing and/or minor mergers (e.g. Gaspari
et al. 2012; Vazza et al. 2012). This intermediate-scale forcing
initiates a turbulent cascade in which kinetic energy is trans-
ferred non-linearly from the injection scale to smaller scales,
where it is eventually dissipated. This approach allows the sys-
tem to self-consistently develop a turbulent spectrum character-
istic of galaxy groups and clusters.

2.6. Simulation suite

All simulations were performed with the AthenaPK code using
SMR. The simulation box has a size of Lbox = 50 kpc, with
12 nested levels of refinement reaching a finest resolution of
≃ 0.1 pc within the inner region. All the runs start from identical
initial density and temperature profiles (see Figure 2) represent-
ing a static hot gaseous halo in hydrostatic equilibrium.

The simulation suite is summarised in Table 2. We progres-
sively add physical processes to isolate their effects on the gas

dynamics. The bondi run is obtained with an adiabatic simula-
tion, with both driven turbulence and radiative cooling not ac-
tive, and we use it as a benchmark to compare to the other sim-
ulations. The turb_low and turb_high runs include stochas-
tic solenoidal driven turbulence with root-mean-square accelera-
tions of arms = 6.2×10−9 cm s−2 and arms ≃ 1.6×10−8 cm s−2, but
without radiative cooling. These two cases isolate the dynami-
cal impact of different levels of subsonic turbulent stirring in a
stratified hot atmosphere. Furthermore, we carry out two main
simulations to investigate how the strength of turbulence influ-
ences the development of CCA. Both runs include radiative cool-
ing but differ in their level of turbulence during the simulation
time. We test two extremal weather regimes: a weak turbulence
case (cca_low) and a strong turbulence case (cca_high), char-
acterised by typical velocity dispersions of σv ≃ 60–90 km s−1

and σv ≃ 210–230 km s−1, respectively. Radiative cooling is ac-
tivated after an initial evolution of 35 Myr, allowing turbulence
to evolve towards our target velocity dispersions before conden-
sation begins.

In our simulations, the sound speed of the IGrM in the cen-
tral region is cs ≈ 500–600 km s−1, corresponding to average
turbulence (3D) Mach numbers of M ∼ 0.15 in cca_low and
M ∼ 0.4 in cca_high. Both cases therefore exhibit subsonic
turbulence but differ by a factor of ∼3, bracketing direct and
indirect observational constraints (e.g. XRISM and fluctuations
power spectra; see Section 1). Note that galaxy groups can reach
higher Mach numbers due to the lower sound speed or X-ray
halo temperature (e.g. Hofmann et al. 2016). These bracket-
ing setups provide a controlled framework to study how turbu-
lence and cooling jointly regulate multiphase condensation and
AGN feeding under significantly different weather conditions.
Throughout the paper, we adopt a ‘BH weather’2 terminology
to qualitatively label different thermodynamical and dynamical
states of the IGrM, using ‘sunny’, ‘rainy’, and ‘stormy’ condi-
tions (see Figure 7 for a quantitative illustration of these regimes
and Figure 13 for the conceptual framework) to denote, respec-
tively, hot turbulence-dominated atmospheres and two different
states of CCA.

3. Results

We now present the key results of our analysis, focusing on
how turbulence affects gas condensation and accretion onto
the SMBH. Our aim is to investigate how multiphase structure
and inflow dynamics differ between the simulations with strong
(cca_high) and weak (cca_low) turbulence. Although we treat
them as distinct setups, cca_high and cca_low can also be in-
terpreted as two possible evolutionary stages of the same system
(see Section 4). Because stronger 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, so the two simulations evolve on intrinsically different
physical timescales. For this reason, we normalise the time by
the raining time train, defined as the moment when the first cold
(T ≈ 104 K) raining gas appears. This normalisation allows for
a direct comparison of their evolution relative to their respective
raining cycles. train is measured starting from the moment when
radiative cooling is switched on. Each simulation is evolved up
to t/train = 3, corresponding to train = 30 Myr for cca_high and
train = 7 Myr for cca_low (tied to the very inner cooling times).

2 In analogy with terrestrial weather, a chaotic and complex system,
characterised by a high sensitivity to ICs.
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t/train = 1.5

10 kpc

cca_high

t/train = 2.5

t/train = 2

30 pc300 pc1.5 kpc

t/train = 3

outer macro inner macro meso micro
t/train = 2.5

Fig. 4. Gas density slices of the central 50 kpc region in the cca_high simulation. Rows show the time evolution from t/train = 1.5 (top) to
t/train = 3 (bottom), while within each row the panels from left to right present a progressive zoom-in from the halo scale (macro) to the filamentary
condensation region (meso) and finally to the innermost clumps (micro). The sequence reveals the characteristic morphology of CCA: a complex
network of cold, dense filaments condensing out of the turbulent hot halo and converging towards the galactic centre. Panels at different spatial
scales adopt independent logarithmic colour ranges to optimise contrast and highlight the gas substructures; colour scales are thus not directly
comparable across panels. The top right corner of each panel in the last column shows a zoom-in of the innermost rotating structure.

For each analysis, we divided the gas into five thermal phases
corresponding to distinct temperature ranges and observational
bands: cold molecular (radio), cold (optical), warm (UV), and
hot gas further separated into soft X-ray and hard X-ray com-
ponents. The temperature boundaries for each phase are listed in
Table 4. To investigate how the multiphase components form and
evolve across scale (cf. the BlackHoleWeather diagram in Gas-
pari et al. 2020), we partitioned the computational domain into

four radial regimes: micro (r ≤ 0.1 kpc), meso (0.1 < r ≤ 1 kpc),
inner macro (1 < r ≤ 10 kpc), and outer macro (r > 10 kpc). In
this context, the intermediate meso-scale (parsecs to kiloparsecs)
remains one of the least explored regimes in current numerical
studies, despite being the critical bridge between halo-scale con-
densation in cosmological simulations and the inner accretion
flows resolved in general-relativistic magneto-hydrodynamical
(GR-MHD) black hole simulations. This definition also aligns
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t/train = 1.5

300 pc

cca_low

t/train = 3

3 pc10 pc30 pc

Fig. 5. Gas density slices of the central region in the cca_low simulation. Rows show the time evolution from t/train = 1.5 (top) to t/train = 3
(bottom), while within each row the panels from left to right present a zoom-in from the inner kiloparsec to 15 pc around the SMBH. At both
epochs, the system hosts a dense, clumpy cold core on parsec scales, continuously fed by smoother filamentary inflows from larger radii. The
top right corner of each panel in the last column shows a zoom-in of the innermost rotating structure. Cooling dominates over turbulent mixing,
allowing cold gas to accumulate and recycle within a long-lived multiphase region where clouds and filaments move along intersecting, colliding,
and shearing trajectories. The morphology remains irregular and fragmented, illustrating the CCA mode also in a weakly turbulent galactic
atmosphere.

Table 4. Thermal phase classification used in this work.

Phase Temperature range
Cold molecular (radio) T < 2 × 102 K
Cold (optical) 2 × 102 ≤ T < 1.6 × 104 K
Warm (UV) 1.6 × 104 ≤ T < 1.16 × 106 K
Hot (soft X-ray) 1.16 × 106 ≤ T < 5.8 × 106 K
Hot (hard X-ray) T ≥ 5.8 × 106 K

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.

naturally with our radially concentric SMR design, allowing
scale-by-scale diagnostics at a nearly uniform effective resolu-
tion within each regime.

The analysis of the results is organised as follows. In Sec-
tion 3.1, we examine the morphology of cold clumps and fil-
amentary structures. In Section 3.2, we study the SMBH accre-
tion rate variability in the two turbulence regimes. In Section 3.3,
we present radial profiles of the key thermodynamic variables
and discuss the implied thermal and dynamical balance of the
atmosphere. We then characterise the emergence of multiphase
gas using density-temperature phase diagrams (Section 3.4) and
phase mass evolution (Section 3.5). Finally, in Section 3.6, we
analyse the probability density functions of the condensed mul-
tiphase gas.

3.1. Filamentary structure

Turbulence governs the chaotic motions of the hot gas and seeds
the density and temperature fluctuations from which the multi-
phase medium condenses via nonlinear thermal instability (Gas-
pari et al. 2013, 2017). Its strength plays a key role in regulating
how gas cools, fragments, and is ultimately accreted onto the
SMBH. We begin our analysis by comparing the morphologi-
cal structure of the filaments and clumps that emerge in the two
turbulence regimes cca_high and cca_low.

Figure 4 shows gas density slices at different times and phys-
ical scales in the cca_high run, illustrating how the gas transi-
tions from an initially smooth medium to a fully developed mul-
tiphase structure. The first panel in each row provides a large-
scale view of the hot halo showing the full 50 kpc simulation
box. At the beginning of the simulation, the hot gas forms a
coherent and thermally stable structure, with only mild fluctu-
ations induced by turbulence. As turbulence develops, it stirs
the hot atmosphere, generating elongated density fluctuations
aligned with the large-scale shear of the flow. Nonlinear com-
pressions induced by turbulence trigger localised catastrophic
cooling, generating cold gas filaments and clumps around t ≈ 30
Myr. By t/train ≈ 1 (see Figure 4, first row), the first fila-
mentary condensations appear along regions of converging mo-
tions. The turbulent compression locally enhances the density
and cooling rate, allowing cold gas to form despite the hot back-
ground. The filaments are often aligned with the turbulent ed-
dies and concentrated in the central ≈ 10 kpc. At later times
(t/train ≃ 2.5–3), the system shows fragmentation of the cold and
dense gas driven by the turbulent cascade, which transfers ki-
netic energy to smaller scales and increases the velocity disper-

Article number, page 9 of 23



A&A proofs: manuscript no. aa59838-26

cca_high

t/train = 3

1.5 kpc

30 pc

cca_low

Fig. 6. Slices of the simulated galaxy group core for the cca_high (top row) and cca_low (bottom row) simulations at t/train = 3, showing
temperature (left), pressure (middle), and velocity magnitude (right). The maps highlight the multiphase structure of the IGrM and the role of
turbulence in driving thermodynamic fluctuations in the hot atmosphere, seeding local thermal instability and the condensation of cold gas. Each
panel in the top row shows an 8 kpc × 8 kpc region, while each panel in the bottom row shows the central 0.2 kpc × 0.2 kpc region.

sion in the core to σv ≈ 230 km s−1. Multiple filaments interact,
merge, and break apart under the action of turbulence, cooling,
and gravity. The dense structures develop internal denser sub-
filaments and knots, forming a tangled network surrounding the
central region.

From left to right (Figure 4), the columns progressively zoom
in from the halo scale (tens of kpc, i.e. macro-scale) to the fila-
mentary condensation region (≈ 1 kpc, i.e. meso-scale) and fi-
nally to the innermost clumps (central parsec, i.e. micro-scale),
capturing the end state of the condensation cascade. Towards the
galactic centre, this clumpy multiphase complex extends all the
way to the SMBH, where thin cold filaments transport gas in-
ward as clouds rain in from kiloparsec scales.

In the cca_low simulation (Figure 5), the central ∼ 1 kpc re-
gion is shown at t/train = 1.5 and t/train = 3, zooming in towards
the centre of the halo, exhibiting distinct morphology and dis-
tribution compared to cca_high. The initially smooth inflows
condense after t = 7 Myr, earlier than in the cca_high case
due to the lower turbulent heating-forming a multiphase struc-
ture that remains predominantly filamentary rather than clumpy.
The resulting morphology is irregular yet more coherent than in
cca_high, with cold gas circulating in a less disordered pattern.
Compared to cca_high, the cold phase is more centrally con-
centrated, being largely confined within the innermost 100 pc.

In both simulations, a clumpy rotating structure (see the in-
set panels in the last panels of Figures 4 and 5) emerges spon-
taneously at the centre despite the initially non-rotating condi-
tions. Indeed, turbulent eddies induce local vorticity and stochas-
tically broaden the angular momentum distribution in the hot
phase (see also Gaspari et al. 2015); as gas cools and condenses,
anisotropic inflows transfer a small residual angular momentum
to the collapsing material. Since multiphase inflows do not per-
fectly cancel out, the remaining angular momentum accumulates
in the centre, forming a rotating structure of characteristic ra-
dius ≈ 10 pc in cca_high and ≈ 5 pc in cca_low composed
mainly of cold and molecular gas but with a substantial fraction
of warm gas. Given our resolution and sink treatment, we do not
interpret this feature as a fully resolved, rotationally supported
accretion disc; rather, it is best viewed as a torus-like, clumpy
rotating complex at the micro-scale, potentially analogous to
the commonly observed clumpy AGN torus (and/or the outer-
most reservoir feeding the unresolved inner disc). This struc-
ture is continuously perturbed by infalling filaments; therefore,
the inflow remains chaotic and highly time-variable despite the
presence of net rotation. These simulations show that the meso-
scale (parsecs to kiloparsecs) is not a passive transition region,
but an active regime where turbulence and radiative cooling to-
gether shape the filamentary network. In this range, cold fila-
ments form, fragment, and interact, establishing the geometry
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and radial extent of the cold phase before it is accreted towards
the central region.

Figure 6 illustrates the contrasts in the thermodynamic prop-
erties by showing slices of temperature (left panel), pressure
(middle panel), and velocity magnitude (right panel) across the
group core in the cca_high (top row) and cca_low (bottom
row) simulations. The temperature map reveals the coexistence
of hot ambient gas (T ≈ 106 − 107 K) and cooler condensed
gas (T ≈ 10 − 100 K), with a clear multiphase structure within
the filaments and clumps, where warm gas (≈ 104 K) surrounds
cold molecular cores. The diffuse halo gas instead remains in
the 106–107 K range. The pressure slice reveals thermal pressure
contrasts between the cold structures and the volume-filling hot
gas, especially in the cca_high. Cold structures correspond to
regions of lower thermal pressure (≈ 10−13–10−12 dyne cm−2)
compared to the surrounding hot medium (≈ 10−10–10−9 dyne
cm−2), showing a non-isobaric condensation. Finally, the veloc-
ity field shows the strong, chaotic motions that continuously re-
shape the filamentary network. The velocity maps reveal com-
plex kinematics driven by turbulent motions, spanning veloci-
ties from ∼ 10 to 103 km s−1, with most cold structures being
transported and accreted towards the central region. The slices
emphasise the contrasting filament distributions, with cca_high
showing extended structures across the central kpc and cca_low
retaining cold gas confined to the innermost tens of parsecs. An
in-depth quantitative analysis of cold clouds and filaments, in-
cluding their properties and spatial distribution, will be presented
in a separate, upcoming work.

3.2. Accretion rates

To highlight the differences between these different CCA
regimes we analyse the time evolution of the accretion rate in
our simulations. Here we provide a brief overview, while a more
detailed analysis of gas accretion is presented in the companion
paper (B26b). Ṁ is computed as the mass accreted within the
sink region (r < 0.4 pc) at each simulation timestep. We ex-
press the accretion rate in units of the Bondi rate ṀB, which pro-
vides a natural reference scale for hot mode accretion. Figure 7
shows the normalised accretion rates Ṁ/ṀB as a function of nor-
malised time t/train for the cca_high (blue, stormy weather) and
cca_low (cyan, rainy weather) simulations, compared with the
adiabatic Bondi run (bondi, black), the purely turbulent control
runs (sunny weather) turb_high (red) and turb_low (yellow),
and the cooling-only simulation cool (purple).

The classical Bondi accretion rate (Bondi 1952) is given by

ṀB = λ 4π(GM•)2 ρ∞

c3
s,∞
, (19)

where λ = (1/2)(γ+1)/2(γ−1)[(5 − 3γ)/4]−(5−3γ)/2(γ−1) is a normal-
isation factor of order unity, γ is the gas adiabatic index, M• is
the black hole mass, ρ is the gas density and cs is the gas sound
speed (the infinity symbol denotes very large radii). Although
this expression is widely employed in numerical and observa-
tional studies, often even when the Bondi radius is unresolved
(e.g. Di Matteo et al. 2005; Cattaneo & Teyssier 2007; Booth &
Schaye 2009; Yang et al. 2012), it assumes a steady, homoge-
neous, adiabatic, and spherically symmetric inflow, which is not
found in realistic galactic environments. Therefore, the adiabatic
bondi run provides a stable reference for the hot-mode flow but
cannot be used to compute a realistic accretion rate. The BH ac-
cretion rate has a nearly constant value of Ṁ• ≃ 6×10−4 M⊙ yr−1,
in close agreement with the analytic Bondi prediction based on
the ambient hot-gas density and temperature (Eq. 19).

stormy

rainy

sunny

Fig. 7. SMBH accretion rate Ṁ normalised to the Bondi accretion rate
ṀB as a function of normalised time t/train for the cca_high (blue
line, stormy weather) and the cca_low (cyan line, rainy weather) sim-
ulations, compared with the turbulence simulations (sunny weather)
turb_high (red line) and turb_low (yellow line), with the radia-
tive cooling simulation cool (purple line) and with the idealised adi-
abatic simulation bondi (black line). The CCA phenomenon produces
a highly variable accretion rate due to its chaotic nature.

The impact of turbulence in the absence of cooling is isolated
in the purely turbulent runs. Both turb_low and turb_high re-
main firmly in the hot accretion regime, but exhibit systemati-
cally sub-Bondi accretion rates. In the turb_low run, charac-
terised by moderate subsonic stirring (M ≃ 0.1–0.2), the accre-
tion rate fluctuates around Ṁ• ≈ 0.6 ṀB. Increasing the turbu-
lent velocity dispersion in turb_high (M ≃ 0.4) further sup-
presses the inflow, yielding Ṁ• ≈ 0.5 ṀB and a gradual decline
at late times. In these runs, turbulent motions generate vorticity
and small rotating eddies that support gas against the accretion,
decreasing direct inflow towards the SMBH. In addition, bulk
turbulent motions introduce a non-zero relative velocity between
the gas and the black hole, reducing the effective accretion rate
in a Bondi–Hoyle–like manner (Bondi & Hoyle 1944).

The cool simulation shows a strong increase in the accretion
rate, from ≈ 1 ṀB up to ≈ 104 ṀB. This occurs because gas
in the central region cools efficiently and accumulates towards
the centre, producing accretion rates several orders of magnitude
above the Bondi value. This configuration is not realistic, as it
neglects perturbations in the medium, which are expected to be
present in real astrophysical systems.

Including radiative cooling in a turbulent medium fundamen-
tally changes the accretion regime. Once multiphase condensa-
tion sets in, the SMBH transitions from a turbulence-dominated,
sunny atmosphere to a CCA mode, corresponding to rainy and
stormy weather conditions. The formation of cold filaments and
clumps, followed by their inelastic interactions and loss of angu-
lar momentum, leads to accretion rates that are strongly super-
Bondi. In both cca_high and cca_low, the accretion rate rises
sharply after t/train ∼ 1, reaching values one to two orders of
magnitude above the Bondi rate. Typical levels of Ṁ• ∼ 10–
100 ṀB are sustained for extended periods, accompanied by
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cca_high

cca_low

Fig. 8. Mass-weighted radial profiles of gas density, temperature, thermal pressure, and velocity magnitude for simulations cca_high (top row)
and cca_low (bottom row). The gas is divided into five temperature phases: hot, hard X-ray (red) and soft X-ray (orange), warm (violet), cold
(blue) and molecular (cyan, see Table 4). Increasing colour intensity indicates later stages of evolution. Profiles are computed in spherical shells
around the group centre out to 25 kpc, showing how the thermodynamic and kinematic structure of the multiphase IGrM evolves in the two CCA
regimes. Pink circles show observational density, projected temperature, and pressure profiles from the ACCEPT database (Cavagnolo et al. 2009),
where applicable.

strong variability. The accretion becomes highly intermittent,
with rapid fluctuations driven by chaotic cloud–cloud collisions
and the sporadic infall of cold filaments. Despite their markedly
different filamentary morphologies, the cca_high and cca_low
runs display qualitatively similar accretion histories once CCA
is established, indicating that the presence of multiphase gas
dominates the regulation of SMBH fueling. On average, both
runs remain strongly super-Bondi, highlighting the inefficiency
of Bondi-based prescriptions in capturing accretion in cooling,
multiphase halos.

3.3. Thermodynamic variables radial profiles

To investigate the thermodynamic stratification and time evolu-
tion of the multiphase IGrM, we computed mass-weighted radial
profiles of density, temperature, pressure, and velocity magni-
tude for the two fiducial simulations, cca_high and cca_low
(Figure 8). Gas is separated into five temperature phases (see Ta-
ble 4): hot hard X-ray (red), hot soft X-ray (orange), warm (vi-
olet), cold (blue) and molecular (cyan) phases. Each profile rep-
resents a mass-weighted average within 3D spherical shells cen-
tred on the centre of the simulation, extending out to ≈ 25 kpc.
The colour intensity encodes the temporal evolution, from early
(faint, t/train = 0) to late (bright, t/train = 3) stages. The over-
laid ACCEPT profiles (pink circles) show that the simulated hot
X-ray phase is broadly consistent with observed IGrM density,
temperature, and pressure profiles on kpc scales3.

In the cca_high run, the hot plasma fills the entire simula-
tion volume, with densities of 10−25–10−24 g cm−3 at r ∼ 1 kpc
and temperatures of several 107 K. The profiles also reveal a
non-negligible amount of gas below 106 K, confined within the

3 While the simulated temperature profile lies towards the lower part of
the ACCEPT distribution, it remains consistent with the observed range
of galaxy groups rather than the hotter massive cluster population.

innermost ∼ 10 kpc. As expected, the gas density increases to-
wards colder phases, from the hard X-ray component down to
the molecular phase, which reaches 10−19–10−18 g cm−3 in the
central 100 pc. This central region exhibits the strongest vari-
ability in the density profiles, as clumps and filaments can be
disrupted from their mutual interactions or turbulence effects,
while the outer halo remains comparatively stable. The tempera-
ture of the hard X-ray phase remains nearly flat beyond the cen-
tral 100 pc and slightly increases towards the centre. The hot
soft X-ray, warm, and cold components show mildly increas-
ing temperatures with radius. The molecular phase instead ex-
hibits small-scale fluctuations with radius but no clear systematic
trend, remaining roughly constant on average.

The pressure peaks in the centre and decreases with radius
in all gas phases. The hot hard and soft X-ray components show
a pronounced central excess of ≈ 10−6dyne cm−2. The colder
phases reach central pressures of 10−7–10−8dyne cm−2 and start
to separate beyond ∼ 10 pc: the warm gas maintains the highest
pressure at ≈ 10−11dyne cm−2, followed by the cold phase, while
the molecular cold component drops to nearly 10−12dyne cm−2.
This radial decline reflects gravitational stratification and is con-
sistent with approximate local pressure balance between the dif-
ferent phases. Differences between the temperature phases pres-
sure profiles are expected, since the warm, cold, and molecular
gas tend to occupy different parts of the multiphase structures,
such as mixing layers or filaments centres.

Although the molecular, cold and warm components seem
to be thermally under-pressured relative to the ambient hot
medium, the hot and cold phases are in approximate pressure
equilibrium once non-thermal turbulent pressure (e.g. Khatri &
Gaspari 2016) is included. We defined a total pressure,

Ptot ≡ Pth + Pnt ≃ nkBT +
1
3
ρσ2

v , (20)
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where kB is the Boltzmann constant and σv is the gas velocity
dispersion. We can simply derive this pressure equilibrium for
the molecular component in cca_high, as it is the final outcome
of the condensation cascade. For the hot phase, adopting typical
values of the gas in the central kiloparsec (nhot ≈ 0.1 cm−3 and
Thot ≈ 107 K, see Section 3.4) yields

Pth,hot = nhotkBThot ≈ 1.4 × 10−10 dyne cm−2. (21)

The corresponding non-thermal term for σhot ≈ 200 km s−1 is

Pnt,hot =
1
3
ρhotσ

2
hot ≈ 1.3 × 10−11 dyne cm−2, (22)

so that Ptot,hot ≈ 1.5 × 10−10 dyne cm−2. In contrast, the cold
molecular gas has a much smaller thermal pressure. Using
n ≈ 100 cm−3 and T ≈ 100 K, we obtain Pth,cold ≈ 10−12–
10−13 dyne cm−2 (see also the second panel in Figure 6). The
high densities of the molecular gas imply that even modest inter-
nal motions provide substantial non-thermal support. Adopting
µ ≃ 2.3 for molecular gas and σcold ≈ 10 km s−1, we obtain

Pnt,cold =
1
3
ρcoldσ

2
cold ≈ 1.3 × 10−10dyne cm−2. (23)

Therefore, despite being thermally under-pressured, the cold
molecular phase satisfies Ptot,cold ≈ Ptot,hot, implying that the
multiphase medium is close to pressure balance when consider-
ing the non-thermal pressure component (magnetic fields could
further increase this contribution). More broadly, recent SZ ob-
servations of AGN-inflated X-ray cavities also suggest that non-
thermal pressure components can provide an important contribu-
tion to the pressure budget in hot halo atmospheres (e.g. Abdulla
et al. 2019; Orlowski-Scherer et al. 2022).

Importantly, the degree of thermal under-pressure depends
on turbulence strength. In the cca_high run, strong non-thermal
support allows cold clouds to remain dynamically confined while
being significantly under-pressured in thermal terms. In contrast,
in the cca_low case the reduced non-thermal support requires a
higher thermal compression of the cold gas, bringing the sys-
tem closer to an almost isobaric configuration (Figure 6). The
weaker turbulent motions in the hot phase also limit the spatial
coherence of cooling compressions, leading to the formation of
smaller and more compact cold clouds compared to cca_high.

The velocity field is dominated by subsonic turbulent mo-
tions on kiloparsec scales, with characteristic speeds of ≈
300 km s−1 in the hard and soft X-ray phases and ≈ 200 km s−1

in the cold and warm gas, with a mild decline towards colder
phases, reflecting the decoupling of cooler gas from the hot tur-
bulent eddies and the partial dissipation of turbulent motions
during condensation. Towards the innermost parsecs, the flow
accelerates in the deep gravitational potential of the SMBH, and
the typical velocities rise to ≈ 103 km s−1 within the central sub-
parsec region.

The cca_low run shows broadly similar radial trends but
with a more centrally concentrated cold and warm component.
The molecular phase reaches high densities in the inner few hun-
dred parsecs, but its density declines more rapidly beyond r ∼
0.1 kpc and it is effectively confined within ∼ 1 kpc. Its temper-
ature remains in the tens to ≈ 100 K range and the corresponding
pressure profile lies systematically below that of cca_high be-
yond r ∼ 0.01 kpc, reflecting the smaller radial extent of the
coldest gas. The warm and cold phases are likewise more com-
pact, typically extending only out to ∼ 2–3 kpc, while the hot
atmosphere dominates at larger radii. Overall, cca_low still de-
velops a multiphase core, but the cold and warm gas are less ex-
tended and more centrally concentrated than in cca_high, con-
sistent with weaker turbulent transport.

3.4. Phase diagrams

To characterise the multiphase nature of the IGrM (as recurrently
found in observations, e.g. Sun et al. 2009; Temi et al. 2018;
Eckert et al. 2021; Olivares et al. 2022; Ubertosi et al. 2025;
Temi et al. 2026), we start by comparing the phase diagrams ob-
tained from the different simulations. Figure 9 shows the phase
diagrams of the benchmark runs in which radiative cooling is
deactivated (turb_high and turb_low) and of the run in which
turbulent driving is switched off (cool). The oblique grey dashed
lines indicate reference thermodynamic paths. Lines with nega-
tive slope represent isobaric evolution (T ∝ n−1), corresponding
to gas cooling or heating while remaining in pressure equilib-
rium with its surroundings. Lines with positive slope show adi-
abatic evolution (T ∝ n2/3), associated with compressions and
expansions driven by turbulent motions. These guides help illus-
trate the dominant thermodynamic behaviour of the gas.

In the turbulence-only simulations, the initial conditions
form a stripe at low density. With time, a high-density tail
emerges as gas is adiabatically compressed towards the cen-
tre, similarly to Bondi accretion. Meanwhile, turbulence causes
the initial stripe to widen through repeated adiabatic compres-
sions and expansions. turb_high maintains gas at systemati-
cally higher temperatures, while reaching lower maximum den-
sities with respect to turb_low. The stronger turbulent motions
disrupt the gas in the centre, preventing it from accumulating.
The gas remains confined to a hot, low-density branch. As a re-
sult, these runs do not produce a realistic multiphase medium,
but instead maintain a nearly single-phase atmosphere.

In the cool simulation, the opposite behaviour is observed.
Gas undergoes radiative cooling, forming a cooling sphere ex-
panding from the centre in which material rapidly transitions
from the hot phase to very cold temperatures, from the stable
T ∼ 104 phase down to 10 K. As a result, cold gas accumulates
near the centre and fails to reproduce the extended multiphase
structure observed in galaxy groups. A realistic multiphase IGrM
does not arise from turbulence or cooling alone, but from their
combined action.

Figure 10 shows the temporal and spatial evolution of the
gas density–temperature phase diagram in the cca_high and
cca_low fiducial simulations. In the first two rows, the pan-
els illustrate how the phase structure develops in the full sim-
ulation volume at increasing times, expressed in units of train
(t/train = 0, 1, 2, and 3). The last two rows show the gas phase
structure at t/train = 3, decomposed into the four radial ranges:
micro-scale (r ≤ 0.1 kpc), meso-scale (0.1 < r ≤ 1 kpc), an
inner macro-scale (1 < r ≤ 10 kpc), and an outer macro-scale
(r > 10 kpc). In each panel we show dashed oblique lines indi-
cating adiabatic (T ∝ n2/3) and isobaric (T ∝ n−1) evolution.

At the beginning of both simulations (t/train = 0.1), the
gas lies almost entirely in the hot, volume-filling phase with
T ≳ 106 K and densities 10−2 < n < 1 cm−3, as seen in the
ICs profile (Figure 2). The atmosphere is still monophase and
in approximate hydrostatic equilibrium. At this stage, the cool-
ing time is much longer than the dynamical time; condensation
is negligible and most of the mass remains in the hot turbu-
lent halo. By t/train = 1, the picture starts to change. The lo-
cus in the phase diagram broadens significantly: while a large
fraction of the gas remains on the hot branch, a tail of mate-
rial extends towards higher densities (up to n ≈ 102 cm−3) and
lower temperatures. In cca_high, the gas spans a broader range
of thermodynamical conditions, reaching temperatures as low as
102 K, whereas in cca_low, the cold component is confined to
the 104 K phase, indicating a slower progression towards the cold
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Fig. 9. Mass-weighted density-temperature phase diagrams for the cool
(blue), turb_high (red) and turb_low (orange) simulations. Dashed
oblique lines indicate adiabatic (T ∝ nγ−1 = n2/3) and isobaric (T ∝ n−1)
relations.

molecular regime. The phase plot at this stage shows gas popu-
lating mainly intermediate densities (n ∼ 1−102 cm−3) and tem-
peratures (T ∼ 104−5 K), forming a continuous bridge between
the hot ambient medium and the emerging cold phase. This is
the first signature of thermal instability triggered by the interplay
of radiative cooling and turbulent fluctuations. Such overdensi-
ties can grow non-linearly when the cooling time becomes suf-
ficiently short relative to the free-fall time, commonly expressed
by tcool/tff ≲ 10 (e.g. Field 1965; Pizzolato & Soker 2005;
Gaspari et al. 2012; McCourt et al. 2012; Sharma et al. 2012),
thereby forming the chaotic cold rain. Overdense regions, com-
pressed by turbulent motions, cool more efficiently and move
away from the hot phase locus.

At t/train = 2, a distinct multiphase structure has developed.
In addition to the hot background, there is now a well-populated
branch extending down to T ≲ 10 K reaching densities up to
n ∼ 105 − 106 cm−3. Dense clumps and filamentary structures
condense at n ≳ 1 cm−3, becoming thermodynamically decou-
pled from the surrounding medium.

At t/train = 3, a wider multiphase picture appears. In the
cca_high run, the stronger turbulence produces a highly frag-
mented and extended phase-space distribution: the gas spans
over ten orders of magnitude in density and almost eight in tem-
perature. The cold component reaches down to T ≲ 10 K and
n ≳ 106 cm−3. Although the hot phase is still dominant, the
IGrM is multiphase, signaling a fully developed regime of CCA.
The broader extent of the distribution in the cca_high simula-
tion is a direct consequence of the stronger turbulent motions.
Turbulence continuously compresses and expands the gas, driv-
ing its evolution along the oblique adiabatic trajectories. These
rapid compressions and rarefactions widen the distribution in
both density and temperature, preventing the gas from remain-
ing confined to a narrow distribution. As a result, the cca_high
simulation exhibits a significantly broader phase-space structure
than cca_low, where weaker turbulence produces more limited
density contrasts and a more compact distribution. In contrast,
the cca_low run remains more compact in phase space. Weaker

turbulence limits both density contrasts and the nonlinear effi-
ciency of cooling. Cold gas forms only in the centre (see Figure
5) partially, reaching minimum temperatures of T ∼ 10 K and
densities up to n ≲ 106 cm−3. Most of the mass stays in the
hot or warm regime, with a smoother transition between phases
and without the sharp multiphase separation seen in the high-
turbulence case. In both simulations, and more prominently in
cca_high, part of the gas evolves along isobaric tracks towards
higher temperatures (T ≳ 107 K), consistent with heating driven
by turbulent dissipation.

The diagram reveals the presence of a rich multiphase
medium, we highlight 6 different coexisting components in the
forth panels: (a) The diffuse hot phase (T ≳ 106 K, n < 1 cm−3)
represents the volume-filling hot plasma in quasi-hydrostatic
equilibrium. (b) The dense hot phase (T ≳ 106 K, n > 1 cm−3)
consists of gas locally compressed by turbulent stirring or
shocks, where cooling is about to become effective. (c) The dif-
fuse warm phase (104 < T < 106 K, n < 1 cm−3) traces the
mixing interfaces between the hot atmosphere and condensed
filaments. (d) The dense warm phase (104 < T < 106 K,
n > 1 cm−3) marks thermally unstable gas rapidly cooling to-
wards the cold regime. (e) The diffuse cold phase (T < 104 K,
n < 100 cm−3) forms the extended envelopes of filaments and
clumps. (f) The dense cold phase (T < 104 K, n > 100 cm−3)
corresponds to the molecular gas that can eventually form stars
(Ferrière 2001). The presence of ongoing star formation in active
AGN environments has been detected also by recent JWST ob-
servations (e.g. Reefe et al. 2025). In our simulations, cold dense
gas is present and could potentially form stars before reaching
the central SMBH, provided that the local free-fall time is shorter
than the Jeans time (e.g. tff ≈ 10 Myr > tjeans ≈ 1 Myr). This
scenario is supported by observations revealing star formation
within cold filaments located several kiloparsec from the galaxy
centre (Tremblay et al. 2016). While star formation is not explic-
itly included in the present work, we plan to investigate its role in
future studies. The emergence of the cold and molecular phases
reflects the thermodynamic transition driven by density fluctua-
tions induced by turbulence and radiative cooling, leading to the
formation of cold clumps and filaments that decouple from the
hot halo and sink towards the SMBH enhancing accretion.

The spatial distribution of the gas changes markedly with ra-
dius (Figure 10, third and fourth rows). At the micro-scale, both
simulations show the majority of the multiphase gas. This high-
lights the crucial importance of resolving these small physical
scales to correctly study the accretion of gas at the centre of
galaxies. Both very hot and very cold gas phases are present in
this compact region.

At the meso-scale region the two simulations diverge. In
the cca_high simulation, the enhanced turbulent motions pre-
serve a complex network of cold filaments and clumps embed-
ded within the hot atmosphere. In contrast, cca_low still hosts
both warm and cold gas, but the IGrM is dominated by more
discrete phases — a warm component with T ≈ 104 K and
n ≈ 1–102 cm−3, and a colder, denser component with n ≈ 102

cm−3. This suggests that weaker turbulence leads to less efficient
mixing and fragmentation.

At the inner macro-scale, the cca_high simulation retains
significant amounts of intermediate-temperature gas (104.5–
106 K) and cold gas down to 10 K, whereas the cca_low case
is mainly composed by the hot phase with a small fraction of
warm and 104 K gas. Finally, at the outer macro-scale, both runs
are dominated by a tenuous, hot medium (T ≳ 106 K), but the
cca_high simulation shows a non negligible amount of cold
gas at T ≈ 104 K, indicating that turbulence promotes the per-
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Fig. 10. Mass-weighted density–temperature phase diagrams for the cca_high (rows 1 and 3) and cca_low (rows 2 and 4) simulations. The first
two rows show the time evolution at t/train = 0.1, 1, 2, 3, while the last two rows show the corresponding distributions at t/train = 3 in four radial
ranges: 0 < r ≤ 0.1 kpc (micro-scale), 0.1 < r ≤ 1 kpc (meso-scale), 1 < r ≤ 10 kpc (inner macro-scale), and r > 10 kpc (outer macro-scale).
Colours denote the total gas mass in each (n, T ) bin, from dark brown (low mass – 10−5 M⊙) to yellow (high mass – 105 M⊙). Phases (a-f) are
classified by temperature (hot: T ≳ 106 K; warm: 104 < T < 106 K; cold: T < 104 K) and density (diffuse vs. dense, with thresholds at n = 1 cm−3

for hot/warm and n = 100 cm−3 for cold). Dashed oblique lines indicate adiabatic (T ∝ n2/3) and isobaric (T ∝ n−1) relations in each panel.

sistence of multiphase structures even in the outskirts, whereas
cca_low shows no presence of cold gas. Overall, at the same
normalised time, both simulations show a rich multiphase envi-
ronment but with very different spatial distribution. cca_high
develops a more violent fragmentation and a fully established
multiphase structure until ≳ 10 kpc, while cca_low remains
more dominated by the hot medium, with smaller and more sta-
ble condensations in the central kiloparsec.

3.5. Mass evolution

The differences between the two turbulence regimes become
clear when examining the amount of gas in the different thermal
phases. Figure 11 shows the gas mass of each phase as a function
of time at the micro (r ≤ 0.1 kpc), meso (0.1 < r ≤ 1 kpc), and
inner macro (1 < r ≤ 10 kpc) scales. The total average mass of
each phase for the two simulations is shown in Table 5 together
with the mass ratio. Overall the cca_high simulation contains
larger masses of warm, cold, and molecular gas at all radii.

At the micro-scale (top panel), all the phases masses in
cca_high vary strongly with time due to the stronger turbu-
lence and the interaction between different clumps and filaments
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Fig. 11. Gas mass for cca_high (solid) and cca_low (dashed) sim-
ulations divided in molecular (cyan), cold (blue), warm (violet), soft
(orange), and hard (red) X-ray gas and in different scales: macro, meso,
inner macro and outer macro.

that can heat up or disrupt the cold gas. At t < train the medium
is dominated by the hot gas in both simulations (Mhot ≈ 104

M⊙). After t/train = 1 warm, cold and molecular gas start to ap-
pear, with the molecular gas mass reaching Mmol ≈ 106 M⊙ at
t/train = 3. At the same time, the cca_low run shows a much
smaller molecular mass, Mmol ≈ 5 × 104 M⊙, with a smoother
and more gradual increase. A similar behaviour is found for the
cold phase, although with lower masses of Mcold ≈ 105 M⊙ in
cca_high and Mcold ≈ 104 M⊙ in cca_low. In contrast, the
warm gas mass is comparable in the two runs, with values around
Mwarm ≈ 103 M⊙. Even at these small scales, differences between
the two regimes are already present.

The meso-scale region (middle panel) marks the first appear-
ance of warm and cold gas in cca_high, at t/train = 1. By con-
trast, in cca_low the cold phase first forms at the micro-scale.
This highlights a difference in where condensation initially de-
velops, although in both simulations a large fraction of Mcold
is later found in this region. The cold gas mass in cca_high
(Mcold ≈ 106 − 107 M⊙) remains systematically higher than the
warm phase (Mwarm ≈ 105 − 106 M⊙) throughout the simulation,
without a steady monotonic increase but again with an oscilla-
tory trend showing the strong turbulence and variability of the

Table 5. Average gas mass in the different thermal phases for
cca_high and cca_low.

Phase cca_high [M⊙] cca_low [M⊙] ratio
Hot (hard X) 2.6 × 109 3.7 × 109 0.7
Soft (soft X) 1.2 × 109 1.1 × 107 110
Warm 5.8 × 107 2.0 × 104 2900
Cold 8.4 × 108 4.3 × 105 2000
Molecular 2.4 × 107 8.5 × 104 280

Notes. Masses are time-averaged and integrated over the full simulation
volume.

medium. The molecular gas forms later, after the appearance of
the warm and cold phases. This happens at all scales for both
simulations and provides insight into the condensation cascade:
gas first cools into the warm phase and then rapidly transitions
into the colder, more stable phase. As a result, most of the warm
gas is confined to the interfaces between hot and cold mate-
rial within clumps and filaments, as also seen in Figure 6. The
molecular gas mass in cca_high remains high, although slightly
below the cold gas mass, almost reaching Mmol ≈ 107 M⊙ at
t/train = 3. In contrast, in cca_low the molecular component
is much smaller, appearing only after t/train ≈ 1.5 and reaching
Mmol ≈ 105 M⊙ at t/train = 3. The hot phase in cca_high is
irregular over time (Mhot ≈ 105 − 107 M⊙), whereas in cca_low
it is almost constant (Mhot ≈ 107 M⊙).

At the inner macro-scale (bottom panel), the cca_low simu-
lation shows almost no warm or cold gas during the early evolu-
tion, with these phases starting to grow only after t/train ≈ 2.
In cca_high, at larger distances from the centre, the phase
masses display a smoother, less oscillatory evolution and in-
crease steadily with time. As a consequence, the hot gas mass
slowly decreases from ≈ 5 × 109 M⊙ to ≈ 109 M⊙ as gas
cools and transitions into lower-temperature phases. The mass
of cold gas in cca_high strongly increases over time passing
from Mcold ≈ 106 M⊙ to 109 M⊙, the same happens to the warm
phase which increases reaching Mwarm ≈ 108 M⊙. The molecu-
lar phase is formed soon after also steadily increasing with slight
oscillations arriving to 2 − 3 × 107 M⊙ by the end of the simula-
tion.

Despite the cca_high simulation developing a substantially
larger cold and molecular gas reservoir (Table 5), the SMBH
accretion rate remains comparable, and in some phases slightly
lower, to the one measured in the cca_low run (see Figure 7).
This indicates that BH feeding is not directly set by the to-
tal mass of cold gas present, but rather by the efficiency with
which cold structures can lose angular momentum and be trans-
ported towards the centre. This is consistent with high-resolution
ALMA observations showing no clear correlation between ≲
100 pc molecular gas mass and AGN activity tracers (Elford
et al. 2024). In the stormy regime, a significant fraction of the
cold gas remains stored in extended, rotationally supported and
dynamically stirred structures, while only a limited portion effec-
tively participates in accretion. Conversely, in the rainy regime,
cold gas forms less abundantly but is accreted more efficiently
once it condenses, leading to comparable inflow rates despite
the much smaller cold gas reservoir.
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Fig. 12. Probability density functions (PDFs) of gas density measured in three radial shells, spanning the micro, meso, and inner macro-scales.
The top two rows show the evolution within the inner r ≤ 0.1 kpc region (micro-scale), the middle two rows correspond to 0.1 < r ≤ 1 kpc
(meso-scale), and the bottom two rows to 1 < r ≤ 10 kpc (inner macro-scale). For each radial shell, the upper row displays the cca_high (strong
turbulence) run, while the lower row shows the cca_low (weak turbulence) case. Different columns represent successive snapshots, with times
normalised to the rain timescale t/train. Coloured curves trace the various thermal phases: hot hard X-ray (red), hot soft X-ray (orange), warm
(violet), cold (blue), and molecular (cyan).
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3.6. Multiphase density structure across scales

In Figure 12 we present the time evolution of the mass-weighted
gas density probability distribution functions (PDFs) for differ-
ent thermal phases, measured in three radial shells spanning the
micro, meso, and inner macro regimes. For each shell we se-
lect all gas cells within the specified radial range and bin them
uniformly in log n. The PDFs are mass-weighted: in each den-
sity bin i we compute the mass fraction pi ≡

1
Mshell

∑
j∈i m j,

where m j is the mass of cell j and Mshell =
∑

j m j is the to-
tal gas mass in the shell. The corresponding differential PDF is
dP/d log n ≃ pi/∆ log n, with ∆ log n the bin width. By construc-
tion,

∑
i pi = 1 (equivalently

∫
(dP/d log n) d log n = 1), so the

integral over any log n interval yields the corresponding mass
fraction. We adopt 150 bins spanning log n = −3 to 6 and quan-
tify each phase via the mass-weighted mean µlog n and dispersion
σlog n (and the skewness Slog n where quoted below).

The innermost 100 pc region (micro-scale), where most of
the cooling and condensation occur, is shown in the top two pan-
els of Figure 12. In cca_high, the initially hot and nearly homo-
geneous core (n ∼ 0.1 cm−3) exhibits a narrow, nearly lognor-
mal density PDF, as expected for subsonic, pressure-supported
turbulence in the hot phase. After t/train ≈ 1 a cold molecu-
lar component with µlog n ≃ 2.0 dex and a relatively small dis-
persion (σlog n ≃ 0.2 dex) has emerged, with strongly negative
skewness, indicating that most of the molecular mass sits in a
well-defined high-density peak with only a shallow tail towards
lower densities. Cold and warm gas populate smaller densities
(µlog n ≃ 1.4 dex and 0.3 dex, respectively) with moderate dis-
persions (σlog n ∼ 0.3–0.5 dex) and near-symmetric skewness,
tracing filaments and clumps in the intermediate stage of the con-
densation cascade. At t/train ≃ 2 there is a slight broadening of
the PDFs in all phases, while maintaining a similar average and
distribution. At later times (t/train ≃ 3) the molecular PDF broad-
ens a lot, the mean shifts to µlog n ≃ 4.3 dex with σlog n ≃ 1.6 dex,
and skewness becomes mildly positive, which could signal the
recurrent formation and disruption of dense clumps. The hot X-
ray phases, in turn, become more dilute (soft X-ray µlog n drops
from ≃ −0.4 dex to ≃ −1.2 dex) and develop positive skewness,
which is consistent with cooling interfaces embedded in this
volume-filling medium, which indicates the hot gas from which
the condensation cascade is generated. Also the distributions of
the warm and cold phases have broadened over time, spanning
intermediate densities between the hot and molecular gas. Taken
together, the broadening and skewness evolution likely reflect in-
termittent compressions and mixing layers at hot–warm–cold in-
terfaces; in the companion paper (B26b) we will corroborate this
interpretation using scale-dependent velocity statistics and kine-
matic CCA diagnostics (such as k-plots; Gaspari et al. 2018).

Also in the cca_low simulation the gas becomes strongly
multiphase. By t/train ∼ 1, a molecular component appears
with µlog n ≃ 1.2 dex and moderate dispersion, while cold and
warm phases occupy intermediate densities (µlog n ≃ 1.6 dex
and 0.4 dex). The hot gas remains relatively dense and posi-
tively skewed. By t/train ≃ 3, the coldest gas reaches high den-
sities (µlog n ≃ 5.3 dex for the molecular phase), but its PDF
stays narrower than in cca_high and the hot components re-
tain higher mean densities and very positive skewness, point-
ing to rare cooling sites embedded in a largely smooth hot
core. In cca_high, the hot gas PDFs on average extend to
lower densities (≲ 10−2 cm−3), reflecting the stronger compres-
sion–rarefaction cycle driven by turbulence in this regime.

At meso-scales (middle panels, 0.1 < r ≤ 1 kpc), both sim-
ulations still exhibit multiphase structures, but with different in-

tensities. In cca_high, the hot gas becomes progressively more
dilute and structured as condensation proceeds. From t/train ≃ 1
to 3, the soft X-ray phase shifts from µlog n ≃ −0.6 dex to ≃ −1.1
dex, with dispersions increasing from σlog n ∼ 0.1 dex to ∼ 0.2
dex and skewness evolving from mildly positive to mildly neg-
ative values. The hard X-ray component follows a similar trend,
maintaining µlog n ≃ −0.8 to −1.2 dex with small dispersions
(σlog n ∼ 0.04–0.11 dex) and fluctuating skewness, indicative of
intermittent turbulent compressions and rarefactions. This evo-
lution reflects the continuous depletion of the densest hot gas as
it cools and feeds the colder phases. The warm and cold com-
ponents populate intermediate densities throughout this radial
range, with typical means µlog n ≃ −0.4–0.1 dex and µlog n ≃ 0.7–
1.3 dex respectively, and moderately broad PDFs (σlog n ∼ 0.3–
0.5 dex). Their skewness is generally mildly negative or near
zero. The molecular phase is the most intermittent: its PDF al-
ternates between relatively narrow and very broad shapes, with
µlog n ranging from ∼ 0.6 to ∼ 3 dex and dispersions up to
σlog n ∼ 0.6 dex, tracing episodic formation and destruction of
dense clumps driven by CCA.

In cca_low, the meso-scale atmosphere remains signifi-
cantly more stable. Both the soft and hard X-ray phases retain
nearly constant mean densities over time, with µlog n ≃ −0.63 to
−0.70 dex for the soft X-ray gas and µlog n ≃ −0.83 to −0.85
dex for the hard X-ray component. Dispersions remain small
(σlog n ≲ 0.1 dex), and skewness stays systematically positive,
particularly for the soft X-ray phase (Slog n ∼ 1–1.6), indicat-
ing localised, non-runaway cooling perturbations embedded in
an otherwise smooth hot medium. The hard X-ray PDFs remain
close to lognormal at all times. Cold and warm phases are present
but evolve weakly: their mean densities and dispersions change
little with time, and their PDFs remain relatively narrow com-
pared to cca_high. The molecular component appears later than
in the strong-turbulence case, becoming appreciable only after
t/train ≈ 2, with µlog n ∼ 2 dex and modest dispersions. Overall,
between 0.1 and 1 kpc, cca_high develops increasingly dilute,
negatively skewed hot gas and a broad, intermittent cold compo-
nent, whereas cca_low maintains denser, positively skewed hot
phases and a more weakly evolving multiphase structure, reflect-
ing the reduced efficiency of turbulence-driven condensation at
meso-scales.

At the inner macro-scale (bottom panels, 1 < r ≤ 10 kpc) the
thermodynamic evolution of the two simulations is very differ-
ent. In cca_high, the hot soft and hard X phases have an evolu-
tion similar to the other scales. Cold phases are already present
from t/train ≃ 1: a diffuse warm component with µlog n ∼ −0.3
dex to −0.1 dex and an optical component with µlog n ∼ 0.2–0.9
dex (dispersions σlog n ∼ 0.3–0.5 dex) trace low-level conden-
sation and mixing at meso–macro transition scales. A molecular
component appears intermittently with µlog n ∼ 0.6–1.6 dex and
broad PDFs, signaling sporadic transport of dense clumps out to
a few kiloparsecs.

In cca_low, the same radial range remains much closer to
a single-phase hot atmosphere for most of the evolution. From
t/train = 0 to 2, only the hot phases are present. Only by t/train ≃

3 a weak multiphase component emerge: faint molecular, cold,
and warm phases appear with µlog n ∼ 1.2 dex, 1.4 dex, and −0.1
dex, respectively, and relatively narrow dispersions, indicating
that the condensed gas remains a minor, centrally sourced com-
ponent rather than an extended filament network.

Overall, between 1 and 10 kpc, cca_high sustains intermit-
tent cooling and partial multiphase mixing, with cold and warm
gas present – albeit in small amounts – throughout the inner halo.
In cca_low, the hot phase stays denser and more stable, and
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multiphase structure at these radii only appears late and remains
weak, confirming that most condensation is confined to the cen-
tral kiloparsec.

In the outer macro-scale halo (panel not shown, 10 < r ≤
50 kpc), both simulations are trivially dominated by diffuse hot
plasma. In cca_high, only at late times (t/train ≃ 2 − 3) faint
warm and cold components appear, with ⟨log n⟩ ≲ 0.

In cca_low, the outer region remains almost perfectly
single-phase. At all epochs, only the hard X-ray gas is present,
with ⟨log n⟩ ≃ −1.54 to −1.49 and small dispersions. No warm,
cold, or molecular phases develop in this region, indicating that
condensation and turbulent mixing are effectively confined to
smaller radii.

The density PDFs provide a compact, quantitative summary
of the multiphase condensation cascade across scales. In the
strong-turbulence case (cca_high), the hot phases progressively
develop broader, increasingly asymmetric distributions, while
the cold and molecular components become highly intermittent,
with extended high-density tails that appear early and persist
from the micro- and meso-scale out to the inner macro region.
This behaviour is consistent with a turbulent condensation cas-
cade in which mixing layers and repeated compressions con-
tinuously seed nonlinear overdensities, leading to recurrent for-
mation and disruption of dense clumps. In contrast, the weak-
turbulence case (cca_low) shows systematically narrower PDFs
outside the central region, with hot phases remaining closer to a
quasi-stationary atmosphere and cold gas largely confined to the
inner scales. The resulting multiphase medium is therefore more
centrally concentrated and less stochastic at meso–macro radii,
indicating a reduced efficiency of turbulence-driven fragmenta-
tion and transport. Overall, the PDF evolution links the morpho-
logical picture (filaments and clumps) and the phase-diagram
view into a single scale-resolved statistical framework: stronger
stirring broadens the thermodynamic distributions and sustains
multiphase structure to larger radii, while weaker stirring favours
a more stable hot halo with localised condensation.

4. An evolutionary link between the two turbulence
regimes

Although cca_high and cca_low are designed as two fixed-
turbulence experiments, they do not represent intrinsically dif-
ferent classes of group atmospheres. Instead, they can be in-
terpreted as two limiting manifestations of the same underlying
CCA process along a feedback–feeding cycle, in which the level
of stirring and the efficacy of radiative condensation vary in time.
In this context, the ‘BH weather’ terminology provides a com-
pact way to connect the phenomenology seen in the simulations
to physical regimes: (i) a sunny state, in which turbulence and
heating dominate over cooling so that the atmosphere remains
largely hot and condensation is suppressed or strongly reduced,
(ii) a stormy CCA state, in which multiphase condensation is
active over an extended region and produces a filament-rich net-
work at meso to macro radii, and (iii) a rainy CCA state, in which
condensation is still present but is more centrally concentrated,
leading to a compact, clumpy cold core at micro to inner-meso
radii.

Our results naturally map onto this picture. The two fiducial
runs bracket the outcome of CCA under different stirring levels,
while preserving the same stratified halo and cooling physics.
The strongly stirred case (cca_high) delays the onset of raining
(with train = 30 Myr versus 7 Myr in cca_low) and sustains a
broader, more radially extended multiphase medium: cold and

warm structures persist to larger radii, the density PDFs broaden
markedly beyond the central region, and the morphology is dom-
inated by a tangled filamentary network that reaches kilopar-
sec scales. Conversely, the weak-turbulence case (cca_low) ex-
hibits faster condensation but a more localised precipitation pat-
tern: the hot halo outside the central region remains closer to
a quasi-stationary configuration with comparatively narrower
PDFs, while cold gas is largely confined to the inner tens of
parsecs and organises into a compact, clumpy multiphase core.
These differences show that the same halo can host qualitatively
distinct ‘weather’ outcomes depending on how turbulence redis-
tributes, mixes, and compresses the gas during the condensation
cascade.

A simple evolutionary interpretation, schematically sum-
marised in Figure 13, is as follows. In a low-stirring phase (rainy-
like), condensation is concentrated towards the nucleus and the
cold phase is spatially confined, which can in principle promote
stronger central inflow and trigger an AGN response (winds or
jets) in a full feedback model. The injected energy and momen-
tum would then heat the atmosphere and raise the turbulent ve-
locity dispersion, potentially shifting the system towards a hot-
ter, turbulence-dominated state in which multiphase condensa-
tion is temporarily reduced (sunny-like). As the driving weak-
ens and turbulence decays, radiative cooling progressively re-
gains importance and condensation can restart over a broader
radial range, producing a filament-rich, extended precipitation
configuration (stormy-like) reminiscent of cca_high. With fur-
ther decay of stirring and continued cooling, the condensation
region can contract again and cold structures can collapse back
towards the nucleus, returning the system towards a more cen-
trally concentrated, rainy-like configuration closer to cca_low.
In this narrative, stormy and rainy represent two CCA flavours
regulated primarily by how turbulence distributes multiphase gas
in radius, rather than two distinct accretion modes.

The characteristic timescales in our simulations support the
plausibility of such a cycle. For example, the onset of raining dif-
fers by a factor ∼ 4 between the two endpoints (train = 30 Myr in
cca_high versus 7 Myr in cca_low): stronger stirring increases
mixing and non-thermal support, leading to a longer raining time
and a more extended multiphase structure once condensation de-
velops, whereas weaker stirring produces earlier raining and a
compact multiphase core. While our setups impose constant tur-
bulent forcing and therefore cannot demonstrate temporal transi-
tions within a single run, they show that modest changes in tur-
bulence amplitude are sufficient to move the same group-scale
halo between an extended, filament-rich CCA configuration and
a centrally concentrated, compact multiphase state. The compan-
ion paper (B26b) will further connect the weather classification
to kinematic CCA diagnostics and time-domain variability, pro-
viding an independent corroboration of the physical picture pro-
posed here.

Differences in weather states may also arise from differences
in halo mass. Lower-mass groups, with shallower gravitational
potentials, may be more susceptible to AGN-driven uplift and
turbulent stirring, allowing cold gas to be displaced more ef-
ficiently and favouring extended stormy configurations. Con-
versely, more massive groups may confine the condensed phase
more effectively, promoting faster recycling towards the nucleus
and producing compact, centrally concentrated rainy-like reser-
voirs. Thus, the distinction between stormy and rainy weather
may reflect both temporal variability within individual systems
and a halo-mass dependence in the likelihood of different CCA
states.
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Fig. 13. Cartoon scheme illustrating a possible evolutionary sequence driven by the interplay between turbulence and gas condensation. Rainy
phase (cca_low): in a low-turbulence state, cold clumps and filaments are concentrated near the nucleus, leading to coherent accretion and a
centrally confined cold phase. Sunny phase (turb_low/turb_high): increased turbulent stirring redistributes the cold gas and temporarily sup-
presses further condensation, producing a more diffuse, extended atmosphere. Stormy phase (cca_high): in a strongly stirred cooling atmosphere,
multiphase filaments reform over a broader radial region, before progressively collapsing towards the nucleus as turbulence weakens, ultimately
returning the system to the initial, centrally concentrated state.

The companion jet-regulated BlackHoleWeather simula-
tions including self-consistent AGN feedback (cf. C26a,b) sug-
gest that, in those simulations, a fully sunny state is rarely
achieved. Even when AGN-driven turbulence and heating sup-
press condensation in the central region, multiphase gas can con-
tinue to survive and condense at larger radii, where jet-driven
uplift, mixing, and compression around the outflow cones can
locally trigger thermal instability and promote cold gas forma-
tion. This naturally gives rise to an intermediate ‘cloudy’ regime,
in which the inner atmosphere is hotter and more turbulence-
dominated while cold clouds persist at the meso-scale. Comple-
mentary BlackHoleWeather simulations including SMBH spin
evolution and jet precession (cf. P26a,b) instead show transitions
from rainy or stormy configurations towards a sunny phase at
the meso-scale, with sub-Bondi accretion rates (10−4 − 10−5 M⊙
yr−1). A possible interpretation is that jet precession distributes
the feedback energy more isotropically across the central at-
mosphere, increasing the efficiency of volumetric heating and
suppressing condensation more globally. This suggests that the
long-term weather cycle may depend sensitively not only on the
feedback power, but also on the geometry and coupling of AGN
energy injection.

5. Comparison with previous works

Our setup is intentionally based on the stratified-halo CCA
framework introduced in Gaspari et al. (2013, 2017) which
showed that in a turbulently stirred atmosphere radiative cool-
ing can trigger a nonlinear top-down multiphase condensation
cascade: warm filaments and colder clouds form out of the hot
phase, inherit its turbulent kinematics, and rain towards the cen-
tre where chaotic cloud collisions promote angular-momentum
cancellation and strongly time-variable SMBH feeding. The phe-
nomenology we recover is largely consistent with these key CCA
expectations: extended multiphase structures arise once cool-
ing becomes competitive with turbulent stirring with correlated
thermo-kinematics, the accretion rate is recurrently boosted by
orders of magnitude relative to the classical hot-mode baseline,
and the fueling remains highly bursty. At the same time, our re-

sults advance the CCA framework in a regime that is particu-
larly relevant to link the meso-micro scales under different BH
weather conditions. By explicitly contrasting two subsonic tur-
bulence levels, we show that changes in the turbulent weather
(stormy vs. rainy) are sufficient to move the same group-scale
halo between an extended, filament-rich CCA precipitation state
and a more centrally concentrated CCA configuration with a
compact, clumpy inner structure. Advancing here the dynamic
range in one calculation further allows us to follow how large-
scale filaments progressively fragment into smaller clumps and
streams across the three main phases with improved spatial and
temporal resolution. This provides an important controlled ref-
erence baseline for the forthcoming BlackHoleWeather exten-
sions that include jets, spin, and dust, and for more direct con-
frontation with multi-wavelength constraints.

Other numerical works studied SMBH accretion with high-
resolution simulations, albeit with significantly different condi-
tions. Cho et al. (2024) developed a multizone GR-MHD frame-
work that self-consistently bridges the Bondi scale down to the
event horizon. While their simulations achieve a global steady-
state solution over several decades in radius, the absence of
radiative cooling restricts the accretion flow to a purely hot
mode. As a result, despite realistic outer boundary conditions
and strong magnetic fields, the mass accretion rate remains
strongly suppressed (∼ 1% of the Bondi rate), with no contri-
bution from cold or multiphase accretion. Guo et al. (2023) sim-
ulated an M87-like elliptical galaxy with radiative cooling and
distributed heating down to the SMBH micro-scales (with an
aggressive first-order flux correction), finding that despite cold
discs and chaotic phases seeded by small initial perturbations,
the innermost accretion flow remains hot-mode dominated with
suppressed accretion rates. Guo et al. (2024) extended this to
MHD, showing that magnetic fields create filamentary cold in-
flows, enhance angular momentum transport, and boost accre-
tion by an order of magnitude while launching powerful polar
outflows. At variance, we use 3D hydrodynamic simulations of
a hot intragroup halo with driven subsonic turbulence that mod-
els realistic astrophysical turbulence injection and weather (e.g.
Wittor & Gaspari 2020), as found by multi-wavelength observa-
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tions. Rather than seeding the cold phase through small decaying
initial perturbations, our turbulence continuously drives multi-
phase condensation, allowing us to track multiple realistic rain-
ing episodes and isolate how turbulence shapes the multiphase
structure.

6. Summary and conclusions

In this work, we analysed the process of gas accretion onto
SMBHs in group-scale halos, focusing on how turbulence reg-
ulates the condensation, structure, and feeding of multiphase
gas. We performed a set of high-resolution (∆xmin ≃ 0.1 pc)
3D hydrodynamical simulations with AthenaPK, including ra-
diative cooling and driven, subsonic turbulence in a hot, strat-
ified atmosphere representative of the IGrM. Our two fiducial
runs explore contrasting turbulence regimes, a strongly stirred
halo (cca_high) and a weakly stirred one (cca_low), and are
evolved through recurrent raining episodes. Thanks to the SMR,
we follow the condensation cascade from tens of kpc across the
crucial meso-scale (parsecs to kiloparsecs) down to the inner
0.1 kpc, resolving well within the Bondi radius and explicitly
tracking how cold clouds and filaments feed the SMBH. Our
main results can be summarised as follows.

(i) In both turbulence regimes, radiative cooling in a strati-
fied, turbulently stirred intragroup medium triggers nonlinear
multiphase condensation and rain, giving rise to CCA. Tur-
bulence primarily regulates the radial distribution and mor-
phology of the condensed phase: strong stirring (cca_high)
delays the onset of raining and sustains extended, filamentary
structures reaching kpc scales (stormy weather), whereas
weaker stirring (cca_low) yields a more centrally concen-
trated, clumpy multiphase core, with most cold gas confined
within the inner tens of parsecs (rainy weather).

(ii) The meso-scale (parsecs to kiloparsecs) is an active, con-
trolling regime rather than a passive bridge. In this range,
filaments repeatedly form out of the hot phase, fragment
into clumps and streams, and interact through collisions and
shearing layers before being funneled towards the inner re-
gion. This sustained, multiscale condensation cascade cou-
ples halo precipitation to micro-scale inflow, in part medi-
ated by a clumpy, rotating nuclear structure reminiscent of
an AGN torus.

(iii) We directly follow cold clumps and filaments down to sub-
pc radii and measure the SMBH accretion rate at the sink.
In both cca_high and cca_low, the accretion rate is recur-
rently boosted by ∼ 10–100 relative to the classical hot-mode
(Bondi-like) baseline, with stochastic excursions of up to ∼ 2
dex, reflecting the intrinsically chaotic nature of CCA.

(iv) Although the strongly stirred case develops a much larger
cold and molecular reservoir than the weakly stirred case, the
accretion rates remain comparable. This demonstrates that
SMBH feeding is not set by the total condensed mass, but by
how efficiently the condensed structures couple to the central
inflow once they form.

(v) Cooling in a turbulent halo produces a strongly multiphase
medium spanning ∼ 10 orders of magnitude in density and
∼ 8 in temperature. In cca_high, stronger stirring broadens
thermodynamic distributions and sustains warm and cold gas
to larger radii, yielding markedly broader density PDFs be-
yond the nucleus. In cca_low, density contrasts outside the
centre remain smaller, the outer halo stays closer to a classi-
cal hot atmosphere, and the density PDFs beyond ∼ 100 pc

are narrower and more time-stationary. Across phases, incor-
porating turbulent support reduces apparent thermal pressure
imbalances, bringing the multiphase medium closer to local
pressure balance in terms of Ptot = Pth + Pnt.

Taken together, these results show that the explored turbu-
lence regimes are best interpreted as different ‘BH weather’ re-
alisations within the same CCA process. Stronger stirring de-
lays condensation and favours an extended, filament-rich precip-
itation pattern (a longer, hot turbulence-dominated sunny stage
in a full cycle, followed by stormy CCA), whereas weaker stir-
ring promotes earlier condensation and a compact, centrally con-
centrated multiphase core (rainy CCA). In this first paper we
therefore focus on the thermodynamic and morphological man-
ifestation of multiphase condensation across scales, quantified
through phase structure, PDFs, and mass budgets. The compan-
ion paper (Barbani et al. 2026) builds directly on the same sim-
ulations to quantify the condensation criteria (via CCA diagnos-
tics such as C-ratios and k-plots) and to connect the weather
states to time-domain inflow variability and its statistical signa-
tures.

Overall, the simulations presented here provide a new
step towards a unified, multiscale theory of AGN feeding in
group atmospheres. By combining stratified intragroup initial
conditions, driven subsonic turbulence, radiative cooling, and
GPU-enabled dynamic range, we follow in a single calculation
the full CCA cascade from halo rain at tens of kpc down to
∼ 0.1 pc. In doing so, we corroborate the core CCA framework
established by Gaspari et al. (2013, 2017, 2020) and extend
it by quantifying how distinct ‘BH weather’ regimes imprint
on multiphase morphology and thermodynamics across the
meso-scale. This controlled reference baseline sets the stage for
forthcoming BlackHoleWeather studies that will incorporate
additional physics and confront the predicted diagnostics
with multi-wavelength observations across a broad range of
environments and scales.
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