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ABSTRACT

The feedback from active galactic nuclei (AGN) plays a crucial role in regulating the thermodynamics and the dynamics of the
intracluster medium (ICM). Studying the turbulent patterns of the hot and warm ionized phases may allow us to determine how
these phases are involved in the AGN cycle and the amount of turbulent pressure generated by the latter. For this work we used
new simulations to study the turbulent motions created by different types of AGN feedback in a cool core cluster and to predict
the observable signatures with the latest X-ray telescopes (e.g., XRISM). We ran several hydrodynamic simulations with ENZO,
simulating the self-regulated cycles of AGN feedback, starting from a static ICM in a cluster that represents the Perseus cluster. We
studied in detail different feedback modes, from pure kinetic precessing jets to almost pure thermal feedback. Our analysis reveals
that the gas velocity dispersion in the center of the cluster correlates in time with the peaks of the AGN activity. In more than 50%
of the cluster evolution different feedback modalities produce the velocity dispersion observed in the Perseus cluster, while leading to
distinct geometrical distributions and velocity dispersion profiles. Moreover, we do not find a significant kinematic coupling between
the hot and the cold phase kinematics. We find a correlation between the AGN activity and the steepening of the velocity structure
function (VSF) and that the projected 2D VSF slopes are not trivially correlated with the 3D VSF slopes. This line of research will
allow us to use incoming detections of gas turbulent motions detectable by XRISM (or future instruments) to better constrain the duty

cycle, energetics, and energy dissipation modalities of AGN feedback in massive clusters of galaxies.
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1. Introduction

Cool-core clusters of galaxies are objects that are believed not
to have undergone major merger events in the recent past. Their
intracluster medium (ICM) in the central region is characterized
by a positive temperature gradient and a relatively short cool-
ing time (<a few gigayears). The gas entropy profiles increase
toward the external regions, and show a low-entropy core with
values around 10—50 KeV cm? (e.g., Fabian 1994; Hudson et al.
2010; Sanders et al. 2010).

The (thermo)dynamics of these objects is believed to be self-
regulated by the interplay of radiative gas cooling (causing over-
all inward gas motions of the external gas layers around the
core), and feedback events by the central active galactic nucleus
(AGN) located in the central galaxy at the bottom of the cluster
potential well, triggered by the accretion of matter onto the cen-
tral supermassive black hole (SMBH; for a review see Fabian
2012). The description of the ICM still poses formidable open
problems to the theory that can be constrained by knowing the
turbulent structure of the gas: hydrostatic bias, in other words
the masses obtained considering a hydrostatic equilibrium are
underestimated with respect to those computed by gravitational
lensing, suggesting the presence of other contributions to the
pressure support in addition to the thermal pressure (Eckert et al.
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2019); the distribution of metals (i.e., how the turbulence dif-
fuses and affects the metal profile in the ICM (Simionescu et al.
2008; Werner et al. 2010); and thermal heating due to the turbu-
lence dissipation of the central AGN (Yang & Reynolds 2016;
Bourne & Sijacki 2021; Zhuravleva et al. 2014). In a cool core
cluster, there are several sources of turbulence in the ICM:
cluster galaxy motions throughout the cluster; cosmological
accretion or minor mergers occurring at the borders in the
external regions (Vazza et al. 2011); sloshing and AGN activ-
ity in the central regions (Vazza et al. 2012; Heinz et al. 2010;
Randall et al. 2015; Yang & Reynolds 2016; Lauetal. 2017;
Bourne & Sijacki 2017; Bourne et al. 2019).

The AGN activity of the central SMBH is certainly a key pro-
cess that affects the cluster in many ways. First of all, as men-
tioned above, AGN feedback is thought to be the engine that
regulates the thermodynamics of the cluster, heating the ICM
but maintaining the cool core in a self-regulated way. As sug-
gested, the feeding of the AGN is due to the cold gas that reaches
the proximity of the SMBH (Pizzolato & Soker 2005, 2010;
Soker 2006; Gaspari et al. 2012; Gaspari & Churazov 2013;
Werner et al. 2014; Voit et al. 2015). The cold gas is observed at
the center of galaxy clusters appearing as atomic and molecular
phases (Conselice et al. 2001; Babyk et al. 2019; Olivares et al.
2019; Gingras et al. 2024). It extends in regions of typical size
of 10—70 kpc for the atomic phase and 10—20 kpc for the molec-
ular phase. It often appears with filamentary and clumpy shapes
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(Olivares et al. 2019). The size of the clumps is likely smaller
than ~70pc since the clumps are not resolved even with the
highest resolutions (Conselice et al. 2001; Olivares et al. 2019).
The link between the AGN activity and the cold gas forma-
tion has been debated and is still not totally clear, but theories
and simulations have made significant progress on this topic
(McNamara et al. 2016; Voit et al. 2017; Gaspari et al. 2018).
The jets generated by the AGN are thought to be both heat
sources and catalysts of the cold gas formation: as the jets
move through the ICM, they entrain hot gas from the center and
the turbulence present at the edges of the jets helps the mix-
ing of the layers and makes the cooling time shorter, favoring
the condensation of the gas in clumps. Then, moved by grav-
ity and losing angular momentum through several processes, the
clumps fall toward the cluster center and the SMBH. This pro-
cess has been reproduced in several simulations (Gaspari et al.
2011a,b; Li & Bryan 2014a; Lietal. 2015; Beckmann et al.
2019; Wang et al. 2021). The study of the hot and cold gas
motion and the link between them helps us to better understand
the feeding and the heating of the AGN cycle.

The velocity structure function (VSF) is a tool for analyz-
ing the properties of turbulence. VSFs of the cold phase have
been calculated in many systems (e.g., Lietal. 2020, 2023;
Ganguly et al. 2023; Gingras et al. 2024). However, due to the
limitations of the current X-ray telescopes, accurate VSFs of the
hot ICM are generally not available yet (but see Gatuzz et al.
2023 for current constraints using XMM-Newton EPIC data).
Forthcoming XRISM observations are expected to greatly boost
our understanding of hot gas kinematics.

Simulations of kinetic mode feedback with different imple-
mentations have shown that this feedback mode is capable
of producing a level of turbulence observed at cluster cen-
ter (Bourne & Sijacki 2017; Ayromlou et al. 2024; Truong et al.
2024). Thermal feedback is also widely used because of its sim-
plicity, even though the presence of kinetic jets is required by
observations. It is unclear if purely thermal feedback can cap-
ture the basic physical processes at work in cluster centers.

Observations also suggest that precession of radio jets might
be common (e.g., Marti-Vidal et al. 2013; Ubertosi et al. 2024).
The precession of the SMBH can be due to the Lense—Thirring
effect or minor and major mergers of the clusters that end up with
the merging of the corresponding SMBHs. In addition, accretion
of stars and other episodes of large accretion have been proposed
as the origin of radio jet precession.

For this paper we used hydrodynamic simulations of self-
regulated AGN heating in cool-core galaxy clusters with dif-
ferent combinations of kinetic and thermal feedback, with and
without a precession effect, to study the turbulence created by
the different configurations and to check how the hot and cold
gas kinematics are affected by these characteristics. By analyz-
ing the gas kinematics through bulk motion and velocity dis-
persion, and the turbulent properties through the VSF, we were
able to constrain the physical properties of the AGN feedback, its
efficiency in creating cold gas, and the interactions between this
phase and the hot ICM. With the upcoming insights due to the
new generation of X-ray telescopes, we will be able to compare
the simulation predictions with the real data.

The paper is developed as follows. In Section 2 we explain
the initial conditions and the setup of the simulation that is based
on Li & Bryan (2014a), and show the runs performed. In Sect. 3
we look briefly at the thermodynamics of evolution to check if
the AGN feedback works as a cluster engine. In Section 4 we
show in detail the kinematic behavior of the hot and cold phases.
In Section 5 we analyze the properties of the turbulence through
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the use of the VSF. Finally, in Section 6 we discuss the results
obtained and give some future prospects.

2. Methods and simulations

In this paper, we adopt the simulation setup and feedback
mechanism by Li & Bryan (2012) and Lietal. (2015). Sim-
ilar procedures have been used in several numerical studies
(e.g., Gaspari et al. 2011a,b; Bourne & Sijacki 2017; Wang et al.
2021) and can be considered a state-of-the-art implementation
of AGN feedback in single object simulations. Nevertheless,
slight differences in the numerical parameters can generate very
diverse flows and one of the main objectives of this work is to
evaluate the sensitivity of hot and cold gas turbulence on the
details of the feedback process. We will explore other feedback
techniques in future works.

2.1. Initial conditions

We run our simulations with the ENZO code (enzo-project.org),
a cosmological Eulerian code supporting Adaptive mesh refine-
ment, and a large variety of different numerical solvers and phys-
ical modules (Bryan et al. 2014). Our simulations start from the
numerical setup implemented in a series of works by Li & Bryan
and collaborators (Li & Bryan 2012, 2014a,b; Li et al. 2015),
which represents a cool core cluster with physical properties
based on the Perseus cluster.
We summarize here the fundamental aspects of this model:
— The static gravitational potential follows the model by
Mathews et al. (2006) and is due to an NFW (Navarro et al.
1996) dark matter halo and a central Brightest Cluster
Galaxy (BCG), with the following mass distributions:

log( +y) —y/( +y)

Myew(y) = My log(1 +¢)—c/(1+0)

ey

Here y = cr/ry, ¢ = 6.81 is the concentration, ry, =
2.440 Mpc is the virial radius and M.;, = 8.5 x 10'* M.
The BCG stellar mass distribution is approximated with a
fit of a De Vaucouleurs profile with a total mass of 2.43 x
10" My, and effective radius R, = 6.41kpc,
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in cgs units with s = 0.9 and r in kpc and a central super-
massive black hole of Mgypy = 3.4 X 108 Mo,

— The initial gas temperature and electron density pro-
files are fits of X-ray observations of the Perseus cluster
(Churazov et al. 2004; Mathews et al. 2006):

L+ (/71
T(r) = 7m keV, (3)
no(r) = 0.0192 0.046 N 0.0048 e
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These initial conditions represent an ICM in approximate
hydrostatic equilibrium in the mass model described above.
Therefore, the initial gas velocity is set to zero.

— The gas loses energy through the cooling function based on
Table 4 from Schure et al. (2009). A temperature floor of 7' =
10* K is set.
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— The simulations start with a root grid of side 64 cells in a
comoving box of side L = 16 Mpc, that is redefined by the
AMR following criteria in order to resolve denser region, the
cooling time and gravitational instability. In particular, a cell
is refined when: the gas mass in the cell exceeds 0.2 times the
gas mass in a root cell; the cooling time becomes small com-
pared to the crossing time over the cell, in particular when
feool < Olcross; the size of the cell is larger than 0.25 of the
Jeans length.

More details can be found in Li & Bryan (2012).
By using up to 10 levels of mesh refinement, the highest spa-
tial resolution achieved in our simulations is ~240 pc.

2.2. Accretion and feedback physics

As stated above, we use a standard implementation of self-
regulated AGN feedback. It is built on the long stand-
ing idea of cold accretion (e.g., Soker & Pizzolato 2005;
Brighenti & Mathews 2003, 2006) onto the central SMBH,
which in turn triggers the injection of some form of energy
in the surrounding ICM. Both steps must be parametrized
in the numerical simulations. This mechanism naturally
induces a self-regulated feedback cycle, the features of
which, however, critically depend on the numerical details
of the implementation. This class of algorithms has been
widely used, refined and investigated in the last two decades
(just to cite a few Cattaneo & Teyssier 2007; Dubois et al.
2010, 2011; Gaspari et al. 2011a,b, 2012; Li & Bryan 2014a,b;
Lietal. 2015; Yang & Reynolds 2016; Cieloetal. 2017,
Bourne & Sijacki 2017, 2021, for a review see Bourne & Yang
2023).

The energy injection depends on the accretion rate, which is
controlled by the quantity of the cold gas near the SMBH. More
specifically, the gas is accreted when the following conditions
are fulfilled:

— the gas has to be colder than a threshold temperature Tipres =

3x 10*K,

— the gas must be within a cubical region of side 1 kpc around
the SMBH. This is called the accretion region.
— the mass of cold gas in the accretion region must be larger

than a threshold value, Mipres = 107 M.

When a quantity of cold gas M, satisfied these conditions, the
accretion rate onto the SMBH is estimated as M = M,../T,
where 7 = 5 Myr roughly represents the free fall time in the
accretion region.

The total power in the jet is
Piet = eMcz, (5)
where c is the light velocity and € = 1073 is the effective accre-
tion efficiency. To generate the jets, a quantity of mass (and
energy, see below) is added on two planes parallel to the equato-
rial plane, at a height on the z-axis hje; = 2kpc. The amount Am
added in each cell of the planes is calculated so that SAm = MAt
and Am o exp —r?/ 2rfet, with r being the distance from the z-axis
and rje = 1.5kpc.

Needless to say, in reality some fraction M would accrete
onto the black hole and disappear from the flow. Thus, a sim-
plifying assumption here is to neglect the black hole growth
and assume that M = Mje[ (i.e., the entire accreted mass gas
is deposited in the jet region).

The AGN energy (and power) can be injected either in
kinetic or thermal form in the jet launching region. This is reg-
ulated by the parameter fii,, which sets the fraction of the total

feedback power converted into jet kinetic power, Eyin = SiinPiet-
We see that predominantly thermal feedback (small fi;,) or pre-
dominantly kinetic feedback (large fii,) leads to quite differ-
ent flows. The launching velocity of jets thus depends on the
kinetic fraction fiip, vj2et = 2fiinec?, through the formula Ey;, =
1/2M szet’ In the jet launching planes, the momentum of each cell
is vjelAm, and the final velocity of each cell is computed consid-
ering that the total momentum is conserved. When there is no
thermal feedback, in the jet launching bases where the gas mass
is added, the temperature is lowered in order to keep the thermal
energy of the cell constant. A side effect of this choice is an artifi-
cial decrease of the local cooling time, which favors cold clumps
formation, as we show in the discussion. When there is predom-
inantly thermal feedback, energy is directly injected as thermal
energy, by adding to each cell of the jet launching region the
quantity (1 — fi;n)Amec?. In this paper, we explore a range of the
parameter fi, to investigate its impact on the feedback modes.
We also consider the possibility of jet precession along the z-
axis. The jet has an precession angle of 6, ~ 9°, and a period of
7, = 10Myr.

2.3. Runs

In order to investigate the differences in the feedback modes and
the effect of jet precession we have performed six independent
hydrodynamic simulations. In detail, the three feedback modes
explored here are:

— Kl,p, the feedback is purely kinetic (fiin = 1) and there is
no jet precession. The model K1 is similar, but precession is
present.

— KO05,p, a mixed thermal and kinetic feedback modality, in
which fii, = 0.5. Model K05 has also fii, = 0.5 but includes
jet precession.

— KOl,p, a predominantly thermal feedback model, fiin, = 0.1,
without precession. Similarly, model KO1 has fi;, = 0.1 and
precession.

We complement these feedback simulations with an extra run in
which there is no feedback whatsoever, CF, with the feedback
switched off for the entire evolution of the cluster and a classical
cooling flow develops.

In the next section, we analyze the thermodynamic evolu-
tion of the ICM and the observable radial profiles in the various
models, before analyzing in detail the ICM kinematic. Since the
AGN cycle is self-regulated and the feedback modes are differ-
ent, soon after the begin of the feedback stage we observe sig-
nificantly different feedback and cooling evolution.

3. Results: Thermodynamic evolution

Here, we present maps and profiles of the most relevant thermo-
dynamical quantities. This analysis is straightforward but essen-
tial to establish if the simulated clusters agree with the basic X-
ray observations. It is notoriously problematic, for heated flows,
to satisfy at the same time the tight constraints on the cool-
ing rate and having acceptable temperature and density pro-
files. This can be considered the first test that any realistic AGN
feedback model must pass. See, for instance, the discussions in
Brighenti & Mathews (2002, 2003, 2006) and in Gaspari et al.
(2011a,b)

The six panels of Fig. 1 show the temperature and density
of the central slice around the plane y = O of the six runs. For
each model, we display representative snapshots near the peak of
activity of each AGN model. By simple visual inspection, a few

A138, page 3 of 22



Sotira, S., et al.: A&A, 697, A138 (2025)

B
2= 0

N
-50
—100
100
50

g
2= 0

N
—-50

—100

—50 0 50
x [kpc]

—50 0 50
x [kpc]

—50 0 50
x [kpc]

—50 0 50
x [kpc]

107 <.

106

1071

1025

n [em

1073

—50 0 50
x [kpc]

—50 0 50
x [kpc]

Fig. 1. Gas temperature (top) and density (bottom) maps in the x—z plane of the K1, K1,,, K05, K05,,, K01, and KO1,, runs (from left to right).
The images are not taken at the same absolute time, but rather at the epoch of the maximum AGN feedback power in each run. Movies for the
precessing jet simulations can be watched at https://www.youtube.com/watch?v=7HgSL4xY81I, https://www.youtube.com/watch?v=

9_SnQm5R8Vs, and online

salient features can be identified of our feedback implementa-
tions, also described below in a more quantitative way. The high-
est amount of perturbation in the ICM is observed in the purely
kinetic feedback model K1, followed by the hybrid kinetic and
thermal feedback without precession K05, and finally by the
two almost purely thermal with and without precession runs,
KO1 and KO1,,. A distinctive and potentially observable feature
is the persisting presence of very elongated cavities, or tunnels,
along the jet direction. We also note (see Fig. 9) that in the purely
kinetic run, the amount of the accreted or long-lived cold gas is
larger than in KOS5, run and the purely thermal cases KO1 and
KO1,p. This suggests a close connection between the level of
disturbance or turbulence of the hot ICM and the presence of
inhomogeneities prone to thermal instability (e.g., Gaspari et al.
2012, 2013).

At variance with the previous models is run K05, which
forms a long-lasting cold gas disk that leads the system to
an accretion and feedback power almost constant with time,
leaving the ICM less perturbed. Finally, the purely kinetic run
without precession Kl,, soon runs into an unrealistic trend,
creating two thin, relatively dense jets able to escape the clus-
ter itself. They do not efficiently heat the cluster core and are
also incompatible with observations (e.g., Fabian 2012). Such
straight and X-ray bright features have never been observed in
X-rays, and assuming that jets should also be filled with rel-
ativistic plasma, they would produce radio emission features
incompatible with radio sources in clusters. We remark that
this result is a consequence of the assumed accretion scheme,
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which generates a continuous accretion. This implies that the
(not precessing and purely kinetic) jets mostly interact with a
relatively smooth and unperturbed ICM, frequently generating
new shocks and cavities. This underlines once more the impact
of the numerical schemes on the simulated feedback physics. It
should be noticed that other schemes in the literature, like those
used in Gaspari et al. (2011a,b), result in a more bursty AGN
activity.

In the following, we study the thermodynamic profiles of the
ICM in order to test our models against X-ray observations, in a
statistical sense. In particular, we want to check which run is able
to prevent the catastrophic cooling of gas in the cluster core and,
at the same time, to maintain a quasi-steady balance between
cooling and heating, preserving the cluster cool core. We first
analyze the different accretion and power histories of each run,
and compare their various thermodynamic radial profiles with
X-ray observations of real clusters, in a similar mass range of
our simulated Perseus cluster.

Figure 2 shows the evolving feedback power recorded in
all runs, as well as their total time-integrated feedback energy.
In our simulations, and as already found in many others (e.g.,
Brighenti & Mathews 2002; Revaz et al. 2008; Gaspari et al.
2011b; Li & Bryan 2014a; Qiu et al. 2020), cold clumps often
form in the outflows, out of the condensation of overdense mate-
rial formed near the jet, and then fall back into the black hole.
This circulation leads to a frequent feeding of the black hole
over short periods. This can generate both strong, sparse AGN
outbursts or a more continuous, smooth SMBH activity. Both
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Fig. 2. Evolution of the jet feedback power (top) and integrated power (bottom) for the three runs with jet precession (right) K1 (blue dot-dashed),
KOS5 (green dashed), and KO1 (red solid), and without precession (left) with the same color and line-coding.

regimes are allowed by the broad scenario of the chaotic cold
accretion (CCA; e.g., Gaspari et al. 2011a,b).

Different feedback modes heat the gas in the central region
with different efficiency, and the additional presence of jet pre-
cession further affects the net heating of the cluster core, as
well as the long term history of the injected feedback power.
In particular, even though runs K1 and KO5,, inject energy in
the ICM in a different way, kinetic the former and kinetic and
thermal the latter, they end up with similar quantity of cold gas
accreted and thus similar power histories up to ¢ ~ 3 Gyr, when
they experience a maximum power of 1.5 x 10% erg/s. However,
while in model K1 the AGN drops smoothly afterward, in model
K05, the AGN activity proceeds with a bursty regime, with
several power peaks of about 4 x 10* erg/s. The latter behav-
ior is explained by the absence of precession, which facilitates
the arrival of cold gas in the accretion region, while the former
is due to the higher efficiency in creating dense cold gas clumps.
Run KO5 has a lower and remarkably smoother power history. In
this case, the formation of a cold disk leads to an almost constant
accretion rate and a steady feedback power. Runs K01, and K01
show very similar trends, as expected, considering that the only
difference is in the precession of kinetic jets, which however
only account for a 10% of the total feedback power. They both
have a lower, albeit irregular, history of feedback power, result-
ing in a total feedback energy lower than in the other cases (i.e.
6 x 10%! erg).

The time integrated power for all the simulated models
does not exhibit large differences, being limited in the range
7-15x 10° erg (at = 6 Gyr), with the thermal models KO1 and
KO1,, being a factor of 2 less energetic than the kinetic runs.
The only exception is model K1,,, which produces two thin and
continuous jets which are unable to heat the gas in the cluster
core. The jet power and energy quickly reach extreme values,
but the heating is released at ~1 Mpc from the center. This pecu-

liar evolution, which sometimes happens for purely kinetic, non-
precessing narrow jets, causes a very non-isotropic — and so not
efficient — ICM heating (e.g., Vernaleo & Reynolds 2006). As a
counterexamples, the jets in Brighenti & Mathews (2006) or in
Gaspari et al. (2011a,b), triggered in a more intermittent way, are
able to distribute the heat in a wide volume.

We now compare the simulated radial temperature, density
and entropy profiles with the observed profiles in cool core clus-
ters within the mass range of our simulated Perseus cluster, taken
from the X-ray ACCEPT sample by Cavagnolo et al. (2009).
Figure A.1 (see Fig. 3 for an example) shows the density, the
emission weighted temperature and the derived entropy profiles
of some snapshots of our runs, overplotted on the observed ones
from Cavagnolo et al. (2009). Only the region r > 10kpc is
meaningful, since the inner zone is largely affected by the numer-
ical implementation of the feedback mechanism. We can see that
for most outputs the profiles of our runs are in the same range as
values of the observed one, except for run K1,, for which the
temperature and density profiles fail in the central 100 kpc size
region. Notably, in all models, the drop in the central tempera-
ture, a signature of a cool core cluster, is preserved.

The simulations last roughly 6 Gyr, a long time during which
real clusters evolve through cosmological processes like accre-
tion and merging. Our isolated cluster models neglect the impact
of the cosmological evolution, instead focusing on the effect of
AGN activity alone. This approximation is justified because Cos-
mic accretion on the outskirts of the clusters mostly affects the
outer structure and its mass profile and less the physical proper-
ties of the (relaxed) cores. These are mostly controlled by inter-
nal processes, such as cooling and AGN feedback'.

! Sloshing, generated by merging events, can strongly affect the ICM

dynamics in the central regions of cool core clusters, but we ignore this
process here.
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Fig. 3. Gas density (left), X-ray emission weighted temperature (center), and entropy radial profiles (left) obtained at several epochs during
the cluster evolution in run K1. The comparison with the other runs is shown in Fig. A.1. The additional gray lines show the distribution of
corresponding profiles obtained from the ACCEPT sample by Cavagnolo et al. (2009) for clusters with a central temperature in arange of 3 < T <
5KeV and a central entropy less than 50 KeV/cm? meant to select cool core cluster with masses close to the simulated Perseus-like cluster.

To summarize this section, we conclude that all runs, exclud-
ing K1, are able to maintain, at least at first order, a balance
between cooling and heating without breaking the cool core tem-
perature profile. Therefore, we move to the kinematic analysis of
the five survived models in the next sections.

4. Results: Kinematic ICM analysis

To study the kinematic and turbulent properties of the ICM, we
split the analysis into two components:

— the hot phase: all the gas emitting X-ray radiation (i.e., cells
with a temperature above 7 = 10°K). For the 2D pro-
jections, to compare our data with observations we weigh
the velocities by the emissivity of the cell. The emission
weighted i-component of the velocity is

Z;VZOUI"]'IZ%A(TJ')

T > 10°K,
N 2 A(T))

(6)

Uihot =
where the integration is performed along the line of sight
(LOS) in the i-direction and N is the number of cells along
the LOS specified at each computation.

the cold phase: all the cells with a temperature below 7' =
5 x 10* K. This gas phase is usually observed near the clus-
ter center, through emission lines (e.g., Ha, [OII]). The pro-
jected velocities of cold gas are computed by taking a con-
stant value of the cooling emission for the Ha line (case
B recombination, T = 10*K) Ap, = 3.3 x 1072 [cgs]
(Osterbrock & Ferland 2006):

N 2
ijovi,jnjAHa

T <5x10*K.
2;\;01’12/\}1(1

Vicold = @)
For simplicity, we assume that there is neither neutral or molec-
ular gas nor dust in the cold phase, which is optically thin, even
if this assumption is unlikely to be realistic.

In the following, we solve the two sums along the LOS of our
observations, for different volume selections which are specified
from case to case.

4.1. Hot phase
4.1.1. Kinematical maps and o profiles

We start by studying the kinematics of the hot gas phase by cal-
culating quantities observable (or potentially observable) in X-
rays. We focus first on model K1 and then briefly discuss the
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other runs. We recall that in our simulations the ICM is set ini-
tially completely at rest (i.e., no rotation or random motion is
set in the initial condition). At first, a classic cooling flow stage
sets in, with timescale #.,,; &~ 1 Gyr, during which the gas starts
flowing toward the center with average velocities on the order of
~10km/s. When the feedback gets activated, the gas along the
jet axis begins to experience strong accelerations. The first two
top rows of Fig. 4 show the temperature in the meridional plane
(first panel) and the X-ray emission weighted projected velocity
along the x-axis, a LOS perpendicular to the jets (second panel)
at three different epochs of run K1, with the time increasing from
left to right. In the same way, the first two rows of Fig. 5 show a
temperature map on a plane defined by z = 100 kpc and the X-
ray emission weighted z-component of the velocity, v,, projected
along the z-axis (that is, the jet axis).

During the first episodes of AGN feedback (r = 2.16 Gyr in
the images), the jets pierce the ICM and start to expand laterally,
at a height z ~ 100kpc. The jet material mixes with the ICM
through dynamical instabilities at the jet edges, yet the motion
of the gas is mainly confined within the cone traced by the pre-
cession of jets. The first velocity maps (first epoch of Figs. 4
and 5) allow us to approximately trace this cone. At later times
(t = 3.29 Gyr), the AGN has produced several outbursts and we
are close to the peak of the feedback power. Jets have inflated
hot and underdense bubbles, which in turn set in motion the gas
at a larger lateral distance from the jet cone (as shown in the
second epoch of Figs. 4 and 5). Later on, after ~4 Gyr since the
first feedback event, gas motions are roughly isotropic and vol-
ume filling in the central cluster regions (¢ = 5.25 Gyr in Figs. 4
and 5).

As AGN feedback can be a key driver of turbulent motions in
the core of clusters of galaxies (e.g., Gaspari et al. 2018), we also
computed maps of the gas velocity dispersion, projected along
the LOS. For example, the velocity dispersion along the x direc-
tion is computed as

ZZQ(UX,I' - Up,x)zA(Ti)n,'z
=N A(Tn?

; ®)

o (y.2) =

where the sum is done along the x direction, v, , is the EW pro-
jected velocity in a given point (y,z) on the projection plane,
obtained with Eq. (6) and N is the number of cells along the
LOS We use a cubic volume of side 300 kpc to perform the com-
putation. In a similar way, o, is computed along the z direction.
The fourth row of each epoch in Figs. 4 and 5 show the map of
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Fig. 4. Quantities listed in the following at three epochs (from left to right: r = 2.16, 3.29, and 5.25 Gyr) of the kinetic run with precession K1. Top
panels: Temperature field in the meridional plane. Second and fourth panels: X-ray emission weighted projected velocity map and corresponding
velocity dispersion obtained using Egs. (6) and (8) along a LOS perpendicular to the jet axis. Third and fifth panels: grained X-ray emission
weighted projected velocity and velocity dispersion maps obtained from Egs. (9) and (10) using a pixel of 30 x 30kpc along the same LOS
perpendicular to the jet axis.
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Fig. 5. Several quantities at three epochs (from left to right: r = 2.16, 3.29, and 5.25 Gyr) of the kinetic run with precession K1. Top panels:
Temperature field in a plane perpendicular to the jet axis at 100 kpc from the center. Second and fourth panels: X-ray emission weighted projected
velocity map and corresponding velocity dispersion obtained using Egs. (6) and (8) along the LOS parallel to the jet axis. Third and fifth panels:
Grained X-ray emission weighted projected velocity and velocity dispersion maps obtained from Egs. (9) and (10) using a pixel of 30 x 30kpc
along the LOS parallel to the jet axis.
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the velocity dispersion along the x and z directions, for model
K1.

The velocity dispersion is initially on the order of 10% km/s
within the jet cone, and only a few tens of km/s outside the cone,
typical of a (slow) cooling flow (left panel). Later on, when the
AGN activity is strong, the perturbed region widens, with o,
increasing up to ~450 km/s (central panel). After the strong out-
bursts and during the period of relatively lower AGN activity, the
velocity dispersion stabilizes at values of a few ~10% km/s. Now
o, is more homogeneously distributed in the whole field consid-
ered for these projections (300 x 300kpc?), albeit the turbulent
region maintains a broad cylindrical symmetry along the jet axis.

The turbulent region expands with time roughly with veloc-
ity ~o, ~ 100km/s, which we confound with the characteristic
turbulent velocity, rather than the sound speed, about an order
of magnitude larger. The other runs have, on average, a lower
velocity dispersion (see also Fig. 7), and the region in which the
turbulence diffuses is correspondingly smaller.

Finally, the third and the fifth panels of Figs. 4 and 5 show the
emission weighted projected velocity and velocity dispersion,
as seen with a spatial resolution of 30 x 30 kpc, for qualitative
comparison with the observations of the Perseus cluster by the
Hitomi satellite (Hitomi Collaboration 2016; Simionescu et al.
2019) and future observations with XRISM. For every pixel the
projected velocity in that pixel, vpix, is computed using the for-
mula

Zcellsz?i()vx,iA(Ti)niz
SeetsZN  A(TN?

C))

Upix =

where the first sum is over the numerical cells in the y—z plane
(the plane of the sky) within the pixel area. The second sum is
over the cells along the x direction (that is, it performs the inte-
gration along the LOS). Likewise, the velocity dispersion opix in
each pixel is computed as

Zcellsz?io(vx,i - Upi)()zA(Ti)ni2
i = o) ZOR (10)
zcellsziZOA(Ti)n,'

where uvpiy is from Eq. (9). The sum along the LOS extends out
to 300 kpc, to include the contribution of the foreground and
background ICM. It should be noticed that, although most of the
information related to this X-ray weighted quantity comes from
the dense cluster core, which is fully sampled by our procedure,
we are neglecting a relatively small contribution from the outer
layers in the cluster, due to computing limitations.

It is clear that strong AGN outbursts like the one at # ~ 3 Gyr
for model K1 are easily detectable even at relatively coarse spa-
tial resolution. Both the velocity and the velocity dispersion
achieve extreme values >250km/s, just like in the true maps
displayed in the second and fourth rows of Figs. 4 and 5. The
dilution induced by the decreased resolution do not erase this
signature of violent feedback events.

Furthermore, the kinematic maps provide important infor-
mation about the geometry of the outflows. When the jet axis is
almost perpendicular to the LOS, both the velocity and disper-
sion display a bimodal distribution on the maps, with two highly
perturbed regions symmetrically placed with respect to the clus-
ter center (see Fig. 4). On the contrary, when the outflows are
aligned with the LOS, only one central peak of velocity and dis-
persion is present (Fig. 5). During periods of weaker AGN activ-
ity, the maps are more homogeneous with average values for the
velocity and dispersion reduced by a factor of ~2 with respect
to the activity peak period. To study the geometrical differences

due to the LOS just discussed and to compare the velocity disper-
sion obtained in the other runs, we plot the velocity dispersion
profiles taken along two perpendicular directions for the edge-
on projection since the distribution appears axi-symmetric, and
one for the face-on projection which is symmetric. The first two
rows of Fig. 6 show the velocity dispersion profiles of all the
runs obtained from the grained maps projected perpendicularly
to the jet axis along the z and y direction respectively (as indi-
cated by the dashed black lines A e B of Fig. 4). The third row
of Fig. 6 shows the profiles obtained from the grained maps pro-
jected parallel to the jet axis along the x direction (as indicated
by the dashed black line C of Fig. 5). The velocity dispersion
profiles are very different, depending on the considered regions
as well as on the feedback modality. In particular, when the jets
are observed face-on (third row of Fig. 6) there is a large drop
in the o profile, especially when the AGN activity is strong. The
same behavior, with a smaller jump, occurs when we observe
the jets edge-on and move perpendicularly to the jet axis (sec-
ond row of Fig. 6). Conversely, when we see the jets edge-on
but we move close to the jet axis, the velocity dispersion profiles
show oscillating behaviors when the AGN is active and increas-
ing or decreasing profiles, depending on the run, when the AGN
is quiet (late epochs). The shape of each profile is very depen-
dent on the run (i.e., the feedback modality and the presence
of precession). We conclude that, while single pointed measure-
ments of the gas velocity dispersion in specific regions of the
cluster are generally too affected by time variations to constrain
feedback parameters, the full reconstruction of the profile of gas
velocity dispersion across a few hundreds of kiloparsecs has
the potential to discriminate between different AGN feedback
modes.

4.1.2. Evolution of velocity dispersion

The next step is the analysis of the time evolution of the central
hot gas velocity dispersion. This is a key quantity to characterize
the turbulence or bulk motion of the ICM.

Since we are focusing on only the value of the central region
of the cluster, we decide to consider a larger volume, com-
pared to the pixel considered before, of size 60 x 60kpc? in
the projected plane, with an integration over a LOS of 150 kpc.
The first column of Fig. 7 shows the three projections of the
velocity dispersion o, 0, and o, of the hot phase versus time
for the models K1, K05, KO05,,, KOI and KO1,, (from top
to bottom). The velocity dispersion is computed similarly to
Eq. (8).

The first thing to note is the strong time correlation between
the AGN activity (light gray line) and the velocity dispersion
behavior, with the latter showing an increase right after the first
powerful AGN burst, and following the later peaks of the AGN
feedback during the whole evolution. The correlation is more
evident in the runs with a more intermittent AGN activity and is
of course expected considering that AGN feedback is here the
most relevant driver of gas motions.

The velocity dispersion is strongly anisotropic in the z direc-
tion for run K1 and it is also anisotropic for models KOS5 and
KO05,;, while is almost isotropic in the runs with a major ther-
mal feedback mode, KO1 and KO1,,. Considering the velocity
dispersion projected along the LOS perpendicular to the jet axis,
which is less directly affected by the initial jet velocity, run K1
shows velocity dispersion values around 200 km/s for most of the
time, while during the strong outbursts, it reaches values around
450 km/s. Contrary to K1, run K05 exhibits an almost constant
velocity dispersion, with value ~150 km/s, with little difference
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Fig. 6. Velocity dispersion profiles measured in pixels of 30 x 30kpc (Eq. 10) taken along the z-axis (first row) and the y-axis (second row) for
the map projected perpendicularly to the jet axis (as indicated by the black dashed lines A and B in Fig. 4) and along the x-direction (third row)
for the map projected parallel to the jet axis (as indicated by the black dashed line C in Fig. 5) for runs K1 (blue solid), KOS5 (green solid), KO5,,

(green dashed), KO1 (red solid), and KO1,, (red dashed) taken at various

among the various projections®. The run K01 and K01, show
o values around 200 km/s, with peaks reaching 300 km/s after
strong AGN activities.

It is important to compare the velocity dispersion measure
above with the actual measurement of the gas velocity disper-
sion obtained for the central region of the Perseus cluster by the
Hitomi satellite (Hitomi Collaboration 2016; Simionescu et al.
2019), which represents the best constraint on the kinematics of
the hot ICM at the center of the cluster to-date. Hitomi measured
a relatively quiescent atmosphere, characterized by a gas veloc-
ity dispersion of 164 + 15 km/s in a region of 60 x 60 kpc? around
the core of Perseus. The horizontal golden band in the figure
marks the range of values oo = 164+50 km/s. The Table I reports
the total span of time in which the velocity dispersion stays in
these values for all the runs, during the first episode of feedback
~0.8 Gyr and 6 Gyr. Each different AGN modality gives a dif-
ferent probability of having core motions matching a range of
velocity dispersion around the specific value measured by Hit-
omi in Perseus. The velocity dispersion in run K05 remains in
the observed range of values for almost the entire evolution, fol-

2 In these computations, the central velocity dispersion is lower than
the central one measured in maps and profiles, due to the larger region
considered here.
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epochs t = 2.16, 2.86, 3.29, 4.02, and 5.25 Gyr (from left to right).

lowed by the thermal runs, KOS5 and K05,,. For the 40% of their
evolution (and strongly correlating with strong AGN bursts) run
K05, and, even more, run K1 show an excess of gas velocity
dispersion well beyond the Hitomi constraint.

Combined with the results of the previous section, this sug-
gests that, while measurements taken in specific portions of the
clusters and at specific times can hardly discriminate among dif-
ferent AGN feedback scenarios, the combination of spatially dis-
tributed measurements of gas velocity dispersion, and possibly
the complementary measurement of cold gas velocity statistics
(see next section) better constrain the actual modality of deposi-
tion of feedback energy from AGN.

4.2. Cold phase

Next, we analyze in detail the properties of the cold gas,
defined as a gas phase with T < 5 x 10*K. In our simula-
tions, cold gas forms by radiative cooling the hot ICM, with
an efficiency that critically depends on the interplay between
feedback and precession (or lack thereof). Particularly inter-
esting is the gas which cools off-center, usually at a distance
of a few 10s kpc. Such spatially distributed cooling, result-
ing by sustained, localized compression of the ICM and/or
lifting of low entropy gas originally located near the BCG,
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Fig. 7. Velocity dispersion of the hot gas (left) and the cold gas phase (right) computed in a region of size 60 x 60 kpc? with an integration LOS of

150kpc, projected along the x- (solid), y- (dotted), and z- (dashed) axis, for runs K1, K05, KO5,;,, KO1, and KO1,, (from top to bottom). The gray
lines show the evolution of the feedback power at the corresponding times.

is thought to play a key role in the feedback process (e.g.,
Gaspari et al. 2013, 2020; Voit et al. 2017). The physical con-
ditions that lead to off-center cooling have been investigated
by many authors (Brighenti & Mathews 2002; Gaspari et al.
2011a,b, 2012; McCourt et al. 2012; Sharma 2013; Li & Bryan
2014a,b; Valentini & Brighenti 2015; Bourne & Sijacki 2017;
Beckmann et al. 2019; Qiu et al. 2020; Fournier et al. 2024) who
tried to identify the main physical source of the (non-linear)
perturbations needed to start the cooling process. Either bulk
motion, powered by AGN outflows or cavity buoyancy, turbu-

lence or lifting — more likely a combination of these — can do
the trick (see references above). All these processes are effective
if and when the susceptibility of the ICM to cool down is high.
This property can be quantified through the cooling time 7., the
cooling-to-dynamical time ratio, #o1/Zdyn, the entropy parameter
T /5?3, and so on.

The study of the cold gas kinematics is crucial. First, it
constrains the origin of cold gas (e.g., Gasparietal. 2018)
and the nature of AGN feedback. Second, cold (ionized and
molecular) gas can be observed in great detail with current
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Table 1. Percentage of time during which the velocity dispersion com-
puted in the central region of size 60 kpc stays on the values 164 +
50kmy/s, during 5.2 Gyr, from the first feedback event.

LOS KI (%) KO05 K05, KOl KOl
X 63 89 52 64 64
y 54 84 44 73 67
z 43 71 18 53 64

instruments (Li et al. 2020; Hu et al. 2022; Ganguly et al. 2023;
Gingras et al. 2024), and this wealth of data represents a crucial
test bed for simulations (see Wang et al. 2021).

In most of our models, the combination of the parameters
of the (central) ICM and the perturbations induced by the feed-
back generates cold gas in an intermittent fashion. We gener-
ally find two main types of structures: a population of blob-like
cold clumps, often arranged in radial filaments (Fig. A.2), and
a central cold rotating disk around the SMBH. In the following,
we study several kinematic quantities, like velocity dispersion
and the first-order velocity structure function, to characterize the
motion of cold gas and its relation with the feedback models.

4.2.1. Cold disk

In a few runs (late epochs of K1 and most of the time of K05) a
long-lived rotating cold gas disk, with masses around 10'° M,
forms in the very central region of the cluster. Unlike for the case
of the cold clumps (see later), we think that the fate of long-lived
rotating disks in our simulations is entirely (or mostly) due to the
lack of physical ingredients as well as to specific way in which
AGN feedback is implemented here, and therefore our predic-
tive power in this region is extremely small. In such high density
regions, the physical processes that are expected to govern the
long term evolution of the cold gas, like star formation and its
consequent feedback are missing in our simulations. There is no
radiative feedback from the AGN that is expected to be impact-
ful especially very close to the SMBH. Moreover, all the cold
gas chemistry below the set temperature floor of 10* K is miss-
ing. Using the same setup, but including star formation, Li et al.
(2015) showed that the presence of massive rotating structures is
inhibited by the onset of star formation.

Another factor that makes it hard to assess the realism of the
forming cold gas is how feedback is numerically implemented
here: the jets start in two disks at a certain height from the center
and this configuration tends to leave the gas in the center unper-
turbed, promoting the formation of angular momentum along
the vertical axis. Moreover, the formation of angular momen-
tum along a coordinate axis, starting from gas completely at
rest, is often found in fixed grid simulations. Conversely, tran-
sient events of rotating cold gas that do not end in massive disks
should be more realistic.

4.2.2. Cold clumps

Frequently observed structures in our runs are small cold
clumps, as also found in Li & Bryan (2014a) and papers quoted
above. These clumps are under-resolved in our simulations,
with a typical size of 2—10 cells (i.e., 0.5-2.5kpc), often with
quasi-spherical shape. This implies that the physical evolution
of cold gas cannot be accurately followed. The clumps can form
filament-like structures (see models K1 and KO05,, in Fig. A.2)
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or they can physically merge, especially in the central region,
forming larger blobs. Previous works (e.g., Wang et al. 2021;
Ehlert et al. 2023; Das & Gronke 2024; Fournier et al. 2024)
have suggested that in the presence of a significant ICM mag-
netic field, the cold gas naturally assumes a filamentary shape.

A caveat in the cold clumps formation or cold gas in gen-
eral due to the numerical implementation has to be discussed. As
described in Sect. 2.2, new gas mass is added at the jet launch-
ing regions, followed by a proportional decrease of gas temper-
ature in order to keep the thermal pressure constant. Thus, the
adopted implementation artificially reduces the cooling time of
these cells (fco01 o< \NT /p in the case of bremsstrahlung losses).
It follows that in the outflowing jet material, the formation of
thermal instability is numerically accelerated. This potentially
important effect might be present in other implementations of
AGN feedback and the quantitative impact on the formation of
cold clumps will be studied in a future paper.

Nevertheless, the condensation of the cold gas in clumpy
or filamentary structures is seen in almost all simulations pre-
sented here and in the recent literature. Several general proper-
ties of cold gas nebulae (size, location, basic kinematics) agree
with observed cool core clusters (e.g., Gaspari et al. 2018), so
despite the aforementioned numerical process, which may be
acting as a catalyst, the formation of cold gas is a real physi-
cal process. The mechanisms which originate the precipitation
process are several, from the entrainment by the jets/cavities of
low-entropy gas living in or near the cD galaxy to the genera-
tion of non-linear perturbations by (subsonic) turbulence or bulk
motion (e.g., Brighenti & Mathews 2002; Revaz et al. 2008;
Gaspari et al. 2011b; Li & Bryan 2014a; Brighenti et al. 2015;
Valentini & Brighenti 2015; McCourt et al. 2012; Voit et al.
2017; Beckmann et al. 2019). Currently, it is not clear which
process dominates in real clusters.

4.2.3. Cold gas formation

In the following, we focus on the cold gas structures formed
in the different runs. We focus only on that phase of cold gas
that it is not accreted at each specific moment onto the SMBH,
which represents the potentially observable cold gas mass at
each epoch. In reality, the gas that reaches the very center of the
cluster is either accreted onto the SMBH or experiences other
processes®, but our study aims to analyze the cold gas around
the center and to compare its properties to real observations. Of
course, if this gas does not get destroyed by heating processes, it
will eventually fall into the accretion region so into the SMBH,
unless it gets stalled in the long-lived disk.

Figure A.2 (see Fig. 8 for an example) shows the column
density of the cold gas projected in a plane parallel to the jet axis
at six different epochs, in a time window of 700 Myr (from left
to right), of the various runs K1, K05, K05,,, KO1 and KO1,,
(from top to bottom). This figure has to be analyzed jointly with
the solid lines of Fig. 9, which show the amount of the cold
gas mass formed (that is not accreted in the SMBH) in each
run (right panel: runs with precession, left panel: runs without
precession) in the central volume of side 150 kpc. Run K1 (first
row of Fig. A.2) is one of the runs that form most cold gas, with a
maximum of about 2.5 x 10'° My, The cold gas structure extends

3 Actually as explained in Sect. 2, all the cold gas reaching the center
region of radius 500 pc is removed, but the part that goes in AGN power
is only 1% of this mass, this is an attempt of taking in consideration all
the difficulties of the gas in reaching effectively the SMBH, as heating
processes, the accretion disk and so on.
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Fig. 8. Column density of the cold gas, T < 5 x 10* K, projected on a plane parallel to the jet axis, for various snapshots ranged in less than 1 Gyr
(from left to right) of the K1 run. The comparison with the other runs is shown in Fig. A.2. The figure shows the crucial differences in the cold gas
formation: run K1 shows the most prominent cold gas structures in a filamentary and clumpy form. Run K05 shows the presence of a long-lived
cold gas disk, with very rare formation events of few clumps. While run K05, forms less cold gas compared to runs with precession, it shows a
spatially large distribution of cold structures, similar to run K1. Runs K05 and K05, have cold gas structures more localized in the center, with

the former, with precession, having more cold gas.
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Fig. 9. Amount of cold gas mass at each snapshot, and not accreted in the SMBH, i.e., remaining outside the accretion region, computed in volumes
of 150kpc per side (solid line) and of 50 kpc per side (dashed line) for the runs with precession K1, K05, and K01 (right), and without precession

KO05,, and KO1,, (left). For runs K05, KO1, and KO1,, the lines overlap.

out to 100kpc and 50 kpc along and perpendicularly to the jet
axis, appearing as several wide filamentary structures composed
of cold clumps raining toward the cluster center. This run forms
a stable cold disk after 4 Gyr, that continues accreting until it has
reached, 2 Gyr later, a total mass of 1.3 x 10! Mg. The latter is
in turn associated with a decreasing power of the jet: the cold
circumnuclear gas tends to accrete onto the rotating disk, rather
than feed the SMBH.

Run KO5 forms a cold disk already soon after the first
episode of feedback (=1 Gyr), and it continues accreting gas dur-
ing its whole evolution, but it also allows the prolonged accretion
of gas onto the SMBH, which overall results into a gentle power
history. In this run, there are very rare episodes of cold clumps,
and they do not out to a large radius. The disk which accretes
continuously throughout the simulation reaches a total mass after
6 Gyr of 2 x 10'°M,, and a size of 10—15 kpc. Run K05,, shows
recurring episodes of clumps formations resulting sometimes in
structures of size 100 kpc along the jet axis, but smaller perpen-
dicularly to the jet axis compared to run K1. Overall, it does not

form a huge amount of cold gas, having peaks around 6x10° M.
Runs KOI and KO1,, produce cold clumps intermittently, in the
central region, during the whole evolution, mostly created by a
continuous disruption of the disk when it forms. In this case, the
cold gas is more localized at the center in a region of size around
40 kpc.

Figure 9 also gives some spatial information about the cold
gas distribution: the solid lines measure the cold gas mass of
the gas (not accreted on the SMBH) in a central volume of side
150 kpc while the dashed lines show the same quantity computed
in a central volume of side 50 kpc. We note that in runs KOS5,
K01, and KO1,, the lines overlap, meaning that all the cold gas
is within the central smaller region, while for run K1 and K05y,
there are few epochs in which the 20—-30% of the cold gas is on
larger scales. For this reason, we can compare without ambiguity
the kinematic of this phase with the hot phase data obtained in a
smaller region.

It is clear now that some runs are more efficient than others
in creating cold clumps and accreting them or in breaking the
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cold disk when it forms. We can relate this trend with the AGN
feedback modes and the presence of precession in a qualitative
way. Following the ideas of the cold gas formation driven by
entrainment of the cold gas by the jets and a formation driven
by turbulence at the edge of the jets, we could expect that the
kinetic runs, promoting both these processes are the most effi-
cient in creating cold gas. In run K1 the precession helps the tur-
bulence created at the edge of the jets that in turn helps the clump
formation. Runs KO1 and KO1,, having a little kinetic part, do
not show a large amount of cold gas formation, but still, the pre-
cession helps the process since run KO1 forms more cold gas
than KO1,,. The absence of precession in the runs with a ther-
mal feedback component discourages the formation of cold gas:
these feedback modes heat the ICM mostly in the same regions
favoring long-lasting hot bubbles at the same points, preventing
the processes of turbulent mixing at their edges and consequent
thermal instabilities and cold gas condensation. Run K05, with
an important kinetic part produces more cold gas than K01, but
still less than run KO1, which has a minor kinetic part but pre-
cessing. At variance with this is run KOS, in which the cold gas
disk that rests untouched for all the simulation accretes all the
cold gas that is formed in the run.

4.2.4. Evolution of velocity dispersion

The right panels of Fig. 7 show the velocity dispersion of the
cold gas versus time, in the different runs computed in a box
of size 150kpc, computed using Eq. (8), counting only the cells
with T < 5 x 10*K. The velocity dispersion of this phase has
a very oscillating behavior with maximum values different for
each run. A correlation with the AGN activity is hard to find,
although in run K1 it seems that o reaches large values before
the AGN activity peaks.

The cold gas in the kinetic run K1 has velocity dispersion
values larger with respect to the other runs, as the hot phase does.
In particular, it has maximum values around 300—-500 km/s for
a short time. This is due to the cold clumps that form at a cer-
tain height close to the vertical axis, and to their motion toward
the center, gravitationally driven. After 4 Gyr, the cold gas disk
is fully formed, and at this point, the velocity dispersion is very
low. In the KOS5 run, the cold disk is formed after 1 Gyr and so
the cold gas kinematic is dominated by that, showing low val-
ues of o. Run K05,, shows a cold gas velocity dispersion with
the major part of maximum values around 100km/s and some
peaks around 200—-300 km/s, showing no correlation at all with
the AGN activity. Runs KO1 and KO1,, have large values of
velocity dispersion reaching 200-300 km/s, but the run KO1,,
has some maximum peaks of 500 km/s, in the y and x directions.

Looking at both panels of Figure 7, and comparing the hot
and cold phase velocity dispersion, we conclude that the two
phases are not significantly coupled. Although the values range
around the same numbers sometimes there can be discrepancies
of the 30-50%.

5. Results: Velocity structure functions

In this section, we analyze the properties of turbulent gas
motions by computing the velocity structure functions (VSF)
of the hot and cold phases in the various runs. Structure func-
tions of the velocity field are usually employed (together with
the complementary view of power spectra) to study other tur-
bulent astrophysical environments (e.g., Kritsuk et al. 2007). A
few recent studies investigated turbulence in simulated galaxy
clusters using VSF and reported statistics of velocity fluctu-
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Fig. 10. Example of a VSF’® (solid red) and a VSF'® (dashed blue)
computed for a snapshot of run K1.

ations compatible with the Kolmogorov model of turbulence
(Kolmogorov 1941) (i.e., VSF o ['/3) for the first-order struc-
ture function, or slightly steeper (e.g., Vazza et al. 2009; Li et al.
2020; Wang et al. 2021; Mohapatra et al. 2022; Simonte et al.
2022; Ayromlou et al. 2024). Observations of cold, ionized ICM
return detailed information on the VSF, showing that its slope
is always steeper than the Kolmogorov prediction, suggesting
that the dynamics of cold gas reflects more the feedback driver
than the true turbulent cascade (Li et al. 2020; Hu et al. 2022;
Ganguly et al. 2023). It is therefore not clear if cold gas is a reli-
able tracer of hot gas turbulence (Gaspari et al. 2018).

Here we consider the first-order VSF in the i-direction,
defined as
VSFi()) = (Jui(x + 1) = vi(x)]). (1D
The angular brackets (), which theoretically mean the ensemble
average, impossible to have in observations, here denote a spa-
tial average. The computation is done in a box of side 150 kpc
for both phases. One of the objectives of the analysis is to deter-
mine the relation between the observed slope of the VSF, which
is intrinsically emission-weighted projected along the LOS, and
the real slope of the VSF in 3D, which is strongly linked to the
physical properties of the turbulent evolution in the central clus-
ter region.

To infer that, we need the VSF computed using the emission-
weighted projected velocities on the plane of the sky, obtained
with Egs. (6) and (7) for the hot and cold phase respectively,
in Eq. (11). In that way, we obtain an emission-weighted VSF
along the LOS, VSF'. We compute VSF'* along the three coor-
dinate axes x, y, orthogonal to the axis of the jets, and z parallel
to that axis. Then we compare the VSF'° with the intrinsic 3D
VSF computed using Eq. (11) substituting the i component of the
velocities considering for the hot phase only cells with a temper-
ature above 10° K and for the cold gas cells with T < 5 % 10* K,
called so on VSF®P.

5.1. Hot phase VSF

As an example, we show in Fig. 10 the VSF for model K1 com-
puted at t = 2.55 Gyr. We fit the slope of the VSF in a scale
range [ ~ [10—80] kpc. The peak occurring at scale ~70kpc is
likely due to the finite box effect, rather than the physical scale
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Fig. 11. Slopes of the hot gas 3D velocity structure function, VSF*P (red circles), and the projected function, VSF® (blue diamonds), of the x, y,
and z components of velocity and corresponding projection direction (from left to right) fitted in the range 10—80 kpc, of run K1. The comparison
with the other runs is shown in Fig. A.3. The green dotted lines show the AGN power, while the dashed black line is the Kolmogorov slope.

of the turbulence driver. At scales <10kpc the slope steepens
(this is quite a general property of our models), with slope ~2/3.
However, these scales are close to the simulation resolution
(0.25kpc) and it is unclear how much they reflect a real physical
effect.

Figure A.3 (see Fig. 11 for an example) shows the VSF’P
(red circles) and VSF'® (blue diamonds) slopes of the x, y and
z direction (columns from left to right), of the various runs K1,
K05, K05,,, KO1 and KO1,,, (rows from top to bottom), com-
puted on a scale range ! = [10—80kpc]. The green dotted line
shows the jet power of each run and the black dashed line is
the Kolmogorov turbulence slope 1/3. We find no obvious gen-
eral correlation or trend between the VSF?® and VSF'® slopes.
Although for most models and most of the time, the two slopes
are very close, and some variation happens in phase, it seems
not possible to find a general relation between the two VSFs. In
the kinetic K1 model there is a tendency for the VSF*P slope
to be steeper than the VSF®® one by 20-30%. Some runs (K1,
K01 and KO1,;) show a tendency to have the peaks of the two
VSFs in phase, but in several cases (first 3 Gyr run K1) the peaks
in the VSF°P slopes (i.e., the steepening of the slopes) disap-
pear in the projection, while in other cases (the final part of K1
along the z axis and the x and y VSF of runs KO1 and KO01,,),
some steepening of the slopes are enhanced in the projections. A
generally expected result is that, since the ICM dynamics is not
steady throughout the simulation, the slopes in all models vary
with time showin§ an oscillating behavior. Looking carefully, we
note that the VSF° slope gets steeper after an AGN outburst. We
can explain these phenomena considering that the AGN bursts,
especially the powerful ones, put in motion gas in larger regions
creating bigger vortices and thus increasing the VSF amplitude
at bigger scales. During periods of low activities, the VSF slopes
become flatter, and trace more closely the turbulence cascade.
If we consider that an eddy life 7, is on the order of its turnover
time 7 =~ v/l, being v and [ its velocity and size, an eddy of 80 kpc
moving at 200 km/s, lives less than 500 Myr. In general, the VSF
slopes oscillate around the Kolmogorov slope, but most of the
time are flatter than it. This contrasts with observations of VSF
for the cold phase (see references above).

5.2. Cold phase VSF

For the cold phase, we compute the VSF? and the VSF'* based
on the projected velocity obtained with Eq. (7). With respect to

the hot phase, here we have fewer statistics due to the fact that
the cold phase is not volume filling, but clumpy and located in
small substructures. For this reason is not possible to have for
all the snapshots a VSF for which is possible to measure a slope.
Thus, we follow Wang et al. (2021) and average the VSF in time,
in order to have enough data to infer some statistical properties.
Figure A.4 (see Fig. 12 for an example) shows the VSF?" aver-
age during all the time in which the cold gas is present, overplot-
ted on each specific VSF.

Again, we find that the cold gas VSF is not steady, but that
it reflects the intermittent nature of the AGN feedback. Both the
slope and the amplitude vary in time. From the ensemble of gray
curves (i.e., of the single VSF*Ps) is evident that after a certain
spatial scale the VSFs become too noisy and measuring a slope
is impossible. However, we can note that when the VSFs are reg-
ular, within a spatial scale varying in time and hardly exceed sev-
eral kpc, the slopes are steeper than Kolmogorov (as in Li et al.
2020; Wang et al. 2021).

We can also find the moments in which the rotation, that
occurs especially around the jet axis, is the dominant kinematic
characteristic. Since in run KOS5 the cold disk is present for most
of the time, the resulting VSFs show this physical behavior.
Along the x and y directions, the VSF are very steep with slope
<1 and on the z direction the VSF is flat. This happens in the
final Gyr of run K1 and can be spotted for short periods in the
other runs.

Concerning the largest scales the time average of the VSF
seems to suggest a flattening of the slope. The explanation
for the single VSF can be found considering that the cold gas
is clumpy and spatially concentrated. Especially the external
parts are composed of a small number of clumps, thus the big
scales are poorly sampled, given the small number of pairs,
resulting in a noisy VSFE. Moreover, as we found for the hot
gas, the effect of the finite box in which the VSF is com-
puted can give a flattening of the VSF at scales close to the
half of the box. In the case of cold gas, the effect of the
finite box is natural since the gas is naturally confined in small
regions.

On the other hand considering the noise of all the VSFs com-
bined and the fact that they come for different kinematic behav-
ior of the gas, absolutely not steady, we do not trust the sum of
all the pairs as reflecting the intrinsic VSF characteristics. Thus
the average procedure, even though gives a regular VSF, is not
trustworthy as a tracer of the turbulent motion in the cold phase.
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Fig. 12. Cold gas phase VSF'® of the x, y, and z components of velocity and corresponding projection direction (from left to right), taken at all
the snapshots (gray lines) of run K1. The comparison with the other runs is shown in Fig. A.4. The blue lines show the time average of all the
snapshots. The dashed and dotted red lines indicate a slope of 1/3 and 1/2, respectively.

6. Discussion and conclusions

In this work we described how we produced new hydrodynamic
simulations of AGN feedback in a Perseus-like cluster of galax-
ies to study the impact of different prescriptions for feedback
on the kinematics of the ICM. We investigated models where the
BH injects energy with various combinations of kinetic and ther-
mal components. Moreover, we explored the effect of the AGN
jet precession on the ICM properties.

A first important finding is that the kinematics of the ICM is
strongly correlated with the AGN activity, which is in turn reg-
ulated by the feedback mode, and its efficiency in creating cold
gas. The accretion of cold gas controls the feedback power, set-
ting the history of the AGN power, which can result in a bursty,
intermittent, or gentle regime. In this context, the presence of
precession changes the behavior of the AGN, especially for the
models in which the feedback energy is mainly deposited as
kinetic energy.

The time evolution of the velocity dispersion of the hot and
cold gas phases, oho and o014 (Fig. 7), shows that for the kinetic
mode runs it exhibits strong variations, roughly in pace with
the AGN activity. However, the peaks of o4 often precede the
bursts in the AGN activity, by ~108 yr, which corresponds to a
few dynamical times at the location of the cold gas. Large val-
ues for ooq are the signature of the infall of cold clouds toward
the central BH, where they are eventually accreted. In contrast
t0 T colds Ohot 18 tightly correlated with the peaks of AGN power,
and this happens for all the models presented here, regardless
of the kinetic and/or thermal energy fraction. This agrees over-
all with the general picture of cold gas feeding the SMBH and
causing the hot gas stirring (Gaspari et al. 2012).

However, the velocity dispersion analysis shows that, in gen-
eral, cold and hot gas velocity dispersion do not perfectly trace
each other, but that a discrepancy up to a factor of two is com-
mon. In addition to the peak separation in time observed in
model K1, o q displays larger time variations than oy, an
effect that we ascribe to the dominant effect of gravity on the
cold clumps. Finally, the time averaged value for o g iS gener-
ally lower than o7 The latter result is in contrast with the find-
ings of Valentini & Brighenti (2015), who found o colq > Ohot
(see their Fig. 11), and Gaspari et al. (2018), who found instead
Ocold ~ Ohot, albeit with a dispersion of 30—40% (their Fig. 1).
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Clearly, further investigation must be carried out to clarify the
relation between the motion of the various thermal phases of the
ICM.

A robust result of our simulations is that the central hot gas
velocity dispersion (Fig. 7) agrees with the value observed at the
center of Perseus. For more than half of the evolutionary time
we found that o lies in the observed range (colored band in
Fig. 7, Hitomi Collaboration 2016), and this is true for every
model presented here. Evidently, the self-regulated AGN activ-
ity alone is able to stir the ICM, irrespective of the detail of the
feedback nature and numerical implementation. This is also in
agreement with what has been found by Truong et al. (2024),
who performed zoom-in simulations of clusters in the TNG-
cluster simulation. In relaxed Perseus-like clusters, they found
a link between the core gas motion and the central engine and
argued that SMBH activity can cause high turbulence levels in
their core, up to a potentially detectable level. In particular, they
showed that with a total cumulative kinetic energy released in the
ICM from 102 up to a few 10%% erg, the resulting velocity dis-
persion is of 150-200km/s. Ayromlou et al. (2024), using the
same simulation suite, also found that the VSF amplitude, which
is directly connected to the velocity dispersion, at the core of the
cluster is proportional to the AGN activity.

Further information is gained through the analysis of o
maps (see Fig. 6). The radial profiles along several directions
show that different feedback models lead to different geomet-
rical distributions of the velocity dispersion in the cluster core.
The magnitude of the velocity dispersion radial drop depends
on both the feedback mode and the direction with respect
to the LOS. In particular, our calculations show that o is
about constant along the outflow direction if the jet is seen
almost edge-on. This result can be used to verify the pres-
ence of large-scale non-relativistic hot gas outflows as a major
AGN heating mechanism. Forthcoming data by XRISM tele-
scope will allow spatial analysis of this kind in the brightest
cluster cores and will offer observational tests to discriminate
among feedback modes, as well as to identify the presence of jet
precession.

A more quantitative analysis of the dynamics and turbulence
of the multiphase ICM uses the (first-order) velocity structure
functions. Our runs show that for the hot gas the slopes of the
projected and the intrinsic VSF are similar, but most of the time
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the VSFP is slightly steeper than the projected value. In a few
cases, however, the opposite happens (Fig. A.3).

This is in contrast with what is expected theoretically, as
derived by Xu (2020), who predicted always a steeper slope,
due to projection. On the other hand Mohapatra et al. (2022),
with a different implementation of turbulence recovered both the
effects. We think in our case that the lack of stationary turbu-
lence, and the extreme variability of the driving scale and the
driving power, combined with the episodic strong outflows and
anisotropy of the turbulent cascade, makes our turbulence sys-
tem very far from homogeneous and isotropic. This implies that
the VSFs are often not single-slope and it is impossible to derive
a clear relation between 3D and projected VSF slopes.

This is more evident in the runs with dominant kinetic feed-
back that injects turbulence into the ICM anisotropically; the
VSF?P are always steeper than Kolmogorov during strong out-
bursts. The steepening of the VSF can be due to AGN-driven
coherent outflows and an excess of turbulent eddies at larger
scales, combined with a scarcity of small-scale turbulent eddies.
Especially for the kinetic run, K1, the steepening in the intrinsic
VSF during the strong outburst can be due to the fact that the
AGN, in those epochs, is injecting turbulence on large scales,
breaking the ideal Kolmogorov cascade model (if present at all).
Thus, after the AGN burst, there is a relative excess of large-
scale eddies, which have not had time yet to be processed by
the Kolmogorov cascade. Therefore, during these moments the
dominant projection effect is the cancellation of the large-scale
fluctuations due to the apparent smaller distances, leading to a
flattening of the VSF.

When the AGN is in a low activity state, the injected tur-
bulence can evolve through the full cascade. When this hap-
pens, the discrepancy disappears and the projected VSFs become
steeper than the 3D functions, as theoretically predicted. In the
end, we found that there is no obvious quantitative connection
between the intrinsic and the projected VSF slopes. In principle,
although outside of the goal of this paper, further projects can
be made by means of controlled experiments in which the AGN
feedback power is kept exactly constant among models so that
all VSFs are computed for the same overall amount of energy
Input.

Moreover, we found that most of the time the VSF slope is
close to the theoretical Kolmogorov value (1/3), with a tendency
to be slightly steeper than Kolmogorov when the VSF is com-
puted in the direction parallel to the AGN jet axis and slightly
flatter when computed in the direction perpendicular to the jet
axis.

The study of the cold gas VSF is of particular importance,
given the wealth of data available via integral field unit spec-
trographs, both in the optical and submillimeter bands. This is
a difficult task for simulations because the internal structure of
the cold gas is likely not fully resolved. Our results (Fig. A.4)
suggest that performing a time average in all our runs does
not yield a slope that corresponds to the true VSF measure
at a specific time, which can have a broad range of stochas-
tic behaviors. The single cold gas VSF slopes have a quasi-
Kolmogorov slope (~1/3) in the scale range 1-5kpc and flat-
tening for larger separations, a likely consequence of the finite
size of the cold gas system (typical size ~10 kpc). The observed
VSFs for ionized and molecular gas in BCGs show a steeper
than Kolmogorov slope (Li et al. 2020; Ganguly et al. 2023),
but observations are also affected by projection and smoothing
effects, which are not easily quantifiable (see Chen et al. 2023).
They also found a flattening of the VSF on larger scales of a
pair separation ranging from 1kpc to 10kpc, arguing that this

is due to the turbulent driving scale. However, the similar phys-
ical size of the warm gas nebula might result in a similar flat-
tening. Further theoretical work is needed to securely interpret
the VSF computed at separations close to the size of the region
considered.

To conclude, we summarize our main results, which are as
follows:

— In self-regulated AGN cycles, different feedback modes and
the presence of precession lead to a different efficiency in
cold gas formation, which in turn drastically changes the
power history of the AGN. As a consequence, the gas veloc-
ity dispersion and the VSFs of the hot and the cold gas phases
are also different in all cases, suggesting potential pathways
to discriminate between different AGN feedback modes.

— The AGN feedback with different modalities and character-
istics is able to produce the hot gas velocity dispersion mea-
sured at the center of the Perseus cluster. The powerful test
that may constrain which feedback mode is at play is the
measurement of velocity dispersion profiles across the cen-
tral region.

— Our explored variations of implementations of AGN feed-
back show that the cold and hot phases are not tightly corre-
lated, with typical discrepancies of 20—30% in values of the
velocity dispersion of the two phases. The observed time lag
between the turbulent statistics of both phases suggests that
the cold gas kinematics is more associated with an inflow of
the gas while the hot gas kinematics is associated with the
outflow from the AGN.

— The VSF slopes of the hot gas are sensitive to the AGN activ-
ity as they get steeper during strong AGN outbursts, espe-
cially for those computed along the direction parallel to the
jet axis.

— The VSF slopes, excluding the epoch in which the AGN out-
bursts make them steep, are close to the Kolmogorov values;
they show a tendency to be slightly flatter when computed
perpendicularly to the jet axis and slightly steeper when com-
puted parallel to the jet axis.

— We find no general way to predict the relation between the
intrinsic VSF and the projected function, even though some
runs show similar behaviors to both and the oscillations in
the slopes experienced are in phase.

— The cold gas VSFs have slopes around ~1/2 (i.e. steeper than
the Kolmogorov value) at small separations / < 5Skpc and
become flatter at larger scales, likely because of the finite
size of the emitting region.

— The time average of the VSF is not a good procedure due to
the non-steady state of the motion of the phases.

In the future, we plan to test other combinations of feedback
modalities and precession properties in order to improve the
AGN feedback implementation and to add missing physics at
colder gas phases. At the same time, multi-wavelength observa-
tions are required for a deeper understanding of these complex
processes.

Data availability
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Appendix A: Figures

In this Appendix we put Figs. 3, 8, 11, and 12, which cannot be
kept in the text for editorial constraints.
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Fig. A.1. Gas density (left panels), X-ray emission weighted temperature (center panels), and entropy radial profiles (left panels) obtained at
several epochs during the cluster evolution in runs K1, K05, K05,,, K01, KO1,,, and K1, (from top to bottom). The additional gray lines show
the distribution of corresponding profiles obtained from the ACCEPT sample by Cavagnolo et al. (2009), for clusters with a central temperature
in arange of 3 < T < 5KeV and a central entropy less than 50KeV/cm? meant to select cool core cluster with masses close to the Perseus-like
cluster simulated.
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Fig. A.2. Column density of the cold gas, T < 5 x 10*K, projected on a plane parallel to the jet axis, for various snapshots ranged in less than
1 Gyr (from left to right), of the five runs K1, K05, K05,,, KO1, and KO1,, (from top to bottom). The figure shows the crucial differences in the
cold gas formation: run K1 shows the most prominent cold gas structures in a filamentary and clumpy form. Run K05 shows the presence of a
long-lived cold gas disk, with very rare formation events of few clumps. While run K05, forms less cold gas compared to runs with precession, it
shows a spatially large distribution of cold structures, similar to run K1. Runs K05 and K05, have cold gas structures more localized in the center,
with the former, with precession, having more cold gas.
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Fig. A.3. Slopes of the hot gas 3D velocity structure function, VSF®® (red circles), and projected function, VSF'®® (blue diamonds), of the x, y, and
z components of velocity and corresponding projection direction (from left to right) fitted in the range 10 — 80 kpc, of run K1, K05, K05,,, K01,
and KO1,, (from top to bottom). The green dotted lines show the AGN power, while the dashed black line is the Kolmogorov slope.
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Fig. A.4. Cold gas phase VSF'® of the x, y, and z components of velocity and corresponding projection direction (from left to right), taken at all
the snapshots (gray lines) of runs K1, K05, K05,,, KO1, and KO1,, (from top to bottom). The blue lines show the time average of all the snapshots.
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The dashed and dotted red lines indicate a slope of 1/3 and 1/2, respectively.
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