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ABSTRACT

Turbulence in the intracluster, intragroup, and circumgalactic medium plays a crucial role in the self-regulated feeding and
feedback loop of central supermassive black holes. We dissect the 3D turbulent ‘weather’ in a high-resolution Eulerian simulation
of active galactic nucleus (AGN) feedback, shown to be consistent with multiple multiwavelength observables of massive galaxies.
We carry out post-processing simulations of Lagrangian tracers to track the evolution of enstrophy, a proxy of turbulence, and
its related sinks and sources. This allows us to isolate in depth the physical processes that determine the evolution of turbulence
during the recurring strong and weak AGN feedback events, which repeat self-similarly over the Gyr evolution. We find that
the evolution of enstrophy/turbulence in the gaseous halo is highly dynamic and variable over small temporal and spatial
scales, similar to the chaotic weather processes on Earth. We observe major correlations between the enstrophy amplification
and recurrent AGN activity, especially via its kinetic power. While advective and baroclinc motions are always subdominant,
stretching motions are the key sources of the amplification of enstrophy, in particular along the jet/cocoon, while rarefactions
decrease it throughout the bulk of the volume. This natural self-regulation is able to preserve, as ensemble, the typically observed
subsonic turbulence during cosmic time, superposed by recurrent spikes via impulsive anisotropic AGN features (wide outflows,
bubbles, cocoon shocks). This study facilitates the preparation and interpretation of the thermo-kinematical observations enabled
by new revolutionary X-ray integral field unit telescopes, such as XRISM and Athena.

Key words: hydrodynamics — turbulence —methods: numerical — galaxies: active —galaxies: clusters: intracluster medium—

quasars: supermassive black holes.

1 INTRODUCTION

The intracluster medium (ICM) forms the gaseous atmospheres
filling galaxy clusters: massive objects with masses of ~ 10" Mg,
that consist of dark matter (~ 85 per cent), gas (~ 13 per cent),
and stars (~ 2 per cent). Similar to the Earth’s weather, the ICM
is a highly complex hydrodynamical system that is continuously
disturbed by turbulence, shock waves, and galaxy motions. During
the processes of hierarchical structure formation, the ICM is shock
heated to temperatures of 10’—10% K (Kravtsov & Borgani 2012)
and then cools due to plasma X-ray radiative emission. However, the
feedback from the central supermassive black hole (SMBH), a.k.a.
active galactic nucleus (AGN), will prevent the runaway of a pure
cooling flow catastrophe towards the core of the galaxy cluster or
group (e.g. Peterson & Fabian 2006; McNamara & Nulsen 2007;
Fabian 2012).

Such AGN feedback response is tightly linked to the feeding of the
central SMBH in a self-regulated cycle. Throughout the past decade,
observations and simulations have shown that SMBHs in massive
galaxies grow mainly via chaotic cold accretion (CCA), which is
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best understood as raining on to black holes: here, warm filaments,
and cold clouds condense out of the turbulent atmosphere and rain on
to the SMBH at the centre of each galaxy, in particular of the most
massive galaxy of the cluster/group halo (Gaspari, Ruszkowski &
Oh 2013; Voit et al. 2015a,b; Barai et al. 2016; Gaspari, Temi &
Brighenti 2017; Prasad, Sharma & Babul 2017; McDonald et al.
2018; Temi et al. 2018; Tremblay et al. 2018; Voit 2018; Gaspari et al.
2019; Juranova et al. 2019; Rose et al. 2019; Storchi-Bergmann &
Schnorr-Miiller 2019). In response, the AGN feedback is triggered,
when the binding energy of the infalling and inelastically colliding
clouds is converted into mechanical energy. This mechanical energy
is released into the ambient medium predominantly via collimated
jets and ultrafast outflows (e.g. Ghisellini, Haardt & Matt 2004;
Tombesi et al. 2013; Sadowski & Gaspari 2017). On larger scales,
~5—100kpc, AGN feedback drives turbulence, shocks, and bubbles
(e.g. Brighenti & Mathews 2003; Gitti, Brighenti & McNamara
2012; McNamara & Nulsen 2012; Hlavacek-Larrondo et al. 2015;
Gaspari & Sadowski 2017; Hillel & Soker 2017; Liu et al. 2019;
Yang, Gaspari & Marlow 2019). Thus, AGN heating quenches the
SMBH feeding/cooling for several Myr, before the feeding process
re-starts. Hence, the feeding and feedback processes are linked
through a self-regulated loop that acts over a large range of scales,
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i.e. from mpc to Mpc and vice versa (Gaspari, Tombesi & Cappi
2020, for a review).

To advance our understanding of the above AGN feeding/feedback
cycle, it is crucial to understand the origin and evolution of the hot
halo turbulence, which can alter the heating, cooling, and transport
processes over the long-term evolution of the gaseous halo. The
Hitomi X-ray telescope has probed directly such turbulent motions
in the Perseus cluster, finding a line-of-sight velocity dispersion of
~ 164 kms~' (Hitomi Collaboration 2016). At large cluster radii,
~Mpc, mergers, and galaxy motions are mainly responsible for
the turbulent motions (e.g. Vazza et al. 2011; Miniati 2015; Wittor
et al. 2017b). On the other hand, AGN feedback is the main driver
of turbulence inside the cluster core, r < 100kpc (e.g. Vazza,
Roediger & Briiggen 2012; Yang & Reynolds 2016; Lau et al.
2017; Simionescu et al. 2019, for a review). Hence, understanding
turbulence linked to the AGN jet/outflows is one of the milestones
in studying the self-regulated loop of AGN feedback and feeding.
With the advent of groundbreaking integral-field-unit (IFU) X-ray
spectrometers (e.g. XRISM and Athena), which will be able to unveil
turbulent motions down to kpc scales, it is now even more pressing
to explore the detailed properties of AGN turbulence.

To achieve the above goals, in this contribution (which is part of the
BlackHoleWeather program; Gaspari et al. 2020), we combine state-
of-the-art Eulerian and Lagrangian simulations to study turbulence
injected by the AGN, in particular in mechanical form — the long-
term maintenance mode of feedback. We dissect the weather driven
by the AGN feedback, focusing on the evolution of enstrophy, the
primary tracer of solenoidal turbulence, and all its related source
and sink terms. In Section 1.1, we provide an overview of enstrophy
and its related physics. In Section 2, we introduce our Eulerian and
Lagrangian simulations. We present and discuss the results of the
Eulerian and Lagrangian analysis in Section 3 and 4, respectively.
The summary and conclusions are given in Section 5.

1.1 Enstrophy and physical sources

Enstrophy, the magnitude of vorticity € = %|V x v|?, is a primary
proxy of solenoidal turbulence (e.g. Porter, Jones & Ryu 2015;
Vazza et al. 2017; Wittor et al. 2017b). As enstrophy is a measure
for the solenoidal component of the turbulent velocity field, it can
be understood as the kinetic energy per unit mass and area of the
hydrodynamical flow [with units of (time~2)]. In other words, it can
be seen as the squared magnitude of the frequency of the ensemble
vortex tubes. In subsonic turbulence (like the ICM here), most of
the motions are solenoidal, thus enstrophy provides an excellent
measure of the relative magnitude of the driven turbulence. Thus, it
is related to the dissipation rate of the specific turbulent energy and
to the fraction/number of turbulent eddy turnovers per characteristic
injection time.!

In the Eulerian frame, the evolution of enstrophy is governed
by compressive, baroclinic, and stretching motions, as well as by
advection and dissipation (e.g. Porter et al. 2015). The evolution of
enstrophy in the Lagrangian frame is derived from the Eulerian frame
(see Wittor et al. 2017b). For pure hydrodynamics, the equations that
describe the evolution of enstrophy take the form

de
<*) = adv+ Fcomp+ Fslrelch+Fbaro+ Fdiss’ (1)
dr Euler

Here of the order of an AGN bubble size, L ~ 10kpc.
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(%) = 2Fcomp + Fstretch + Fbaro + Fdiss' (2)
Lagrange

The dynamical terms on the right-hand-sides (RHS) of equa-
tions (1) and (2) account for different physical processes that gener-
ate, amplify, and weaken enstrophy. The conservative advection of
enstrophy is described by the advection term F,q,. In the Lagrangian
frame, the advection is incorporated into both the time derivative and
the factor 2 in front of the compression term. The compression term,
Feomp, describes both the enstrophy amplification by compression
and its reduction by rarefaction. We note that, in the Lagrangian
analysis (Section 4), we will refer to 2F.,,, when we analyse the
compression term. The amplification of enstrophy through vortex
stretching is described by the stretching term Fiyeich. The baroclinic
term, Fy,,, accounts for the enstrophy generation in non-barotropic
and stratified atmospheres. For an adiabatic equation of state, as
in our case, this corresponds to the development of enstrophy due
to unaligned gradients of density and pressure. Such a scenario
might occur behind curved or interacting major shocks, as well as in
regions of strong radiative cooling inside a cooling flow. The viscous
dissipation of solendoidal flows is described by the dissipation term
Fiss, that is mainly dominated by the damping of turbulent eddies.
Specifically, the different dynamical terms are computed as follows:

Fuy = =V - (ve), 3)

Feomp = —€V -0, 4)

Fstretch = 26((:) . V)v . é\), (5)
®

Foaro = E(Vvap)a (6)

Fiiss = V@ - (Vzw +V x G) , @)

with w =V xvand G = (1/p)Vp - S, (8)

where P, p, and v are the pressure, the density, and the kinematic
viscosity, respectively, and S is the traceless strain tensor (Mee &
Brandenburg 2006). We define the effective dynamical term, Fegr
(the net growth/decay rate), as the sum of all the terms (positive
and negative) on the RHS of equations (1) and (2). Since we have
no physical viscosity in our simulation and numerical viscosity is
low, we neglect Fgiis. We compute the relative contribution of each
dynamical term to the effective term as

F;
Fege

FrcLi = ’ . (9)

Here, i accounts for the different types of motions, equations (3)—(6).
As an additional observable, we use the effective growth time of
enstrophy:

€(1)
Fere

tgrowlh(t) = . (]O)

Being an unsigned quantity, it does not indicate whether enstrophy
is growing or decaying. The effective time-scale is correlated with
the turbulence turnover rate.

2 NUMERICAL SIMULATIONS

We use both Eulerian and Lagrangian numerical simulations of
self-regulated AGN feeding and feedback in a typical massive
galaxy. In this section, we summarize the relevant properties of our
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complementary numerical simulations. For further details on each
code/simulation, we refer the interested reader to the respective core
numerical papers (Gaspari, Ruszkowski & Sharma 2012b; Wittor,
Vazza & Briiggen 2017a).

2.1 Eulerian simulation withFlash

The Eulerian simulation set-up used in this work was first presented in
Gaspari et al. (2012b — G12), with the goal of studying the long-term
evolution of self-regulated kinetic AGN feedback. The simulations
are carried out with theFlash4 adaptive-mesh-refinement code
(Fryxell et al. 2000). Using the 3D Euler conservation equations
of hydrodynamics (section 2 in G12), they model a typical brightest
cluster galaxy (BCG) within a cool-core cluster halo with virial mass
My, ~ 105 Mg and temperature 7y; ~ 5.5keV >~ 6 x 107 K (akin
to Abell 1795). In addition to the Euler equations, the main included
physics is the source terms related to the plasma radiative cooling
and mechanical AGN feedback. The radiative cooling ~n*A (where
n is the gas density and A the cooling function; Sutherland & Dopita
1993), which is integrated with an exact explicit solver, induces the
loss of temperature/pressure in the gaseous atmosphere (from 7' ~
5 x 107K down to 10*K). In the unbalanced regime, this would
rapidly induce a catastrophic, radial cooling flow towards the central
AGN. However, the SMBH responds back by injecting momentum
and kinetic energy via recurrent jets/ultrafast outflows in the nuclear
region, hence generating a counterbalancing heating mechanism
affecting up to r ~ 100 kpc (the details of the self-regulated AGN
feeding and feedback are described below in Section 2.1.1).

The global domain covers a volume of (1.3 Mpc)® sampled with
10 levels of concentric static meshes (static mesh refinement, SMR),
which are refined by a factor of 2 x between each other along each
dimension (the evolution is advanced using only the time-step at the
finest level, for maximum accuracy). In this work, we focus on the
central (170kpc)?, i.e. the cluster core that includes the BCG with
the central AGN and its impact region. The maximum level has a
resolution Ax 2~ 300 pc. Here, we focus on a 100 Myr period of the
5 Gyr simulation of G12. However, we use a much finer time output
with a temporal resolution of Az 2~ 0.1 Myr. As shown in Section 3,
this period covers a dozen (strong and weak) AGN outburst events,
which properly sample the recurrent evolution of self-regulated AGN
feedback. We randomly selected such interval in the core of the long-
term evolution. However, we inspected other 100 Myr subperiods,
finding analogous results as shown here, corroborating the self-
similar nature of the feeding and feedback loop.

2.1.1 AGN feeding and feedback

Given the central role of AGN feeding and feedback, we outline
here the related modeling and main features. While we describe the
essential numerical ingredients, we refer to G12 for an extensive
analysis of the AGN feedback properties and imprints not tackled
here (e.g. the evolution of the radial profiles and cross-sections/maps
of the thermodynamic variables).

Self-regulated AGN feedback is modelled via the well-known
relativistic rest-mass energy rate equation:

Pjet =&m Mfeedczs (11)

where the feeding rate Mj..q is computed directly from the simulated
gas accreting within the ‘nuclear’ region (r < 500 pc). As shown in
G12, the accreted gas mass results to be almost entirely composed
of cold gas (T < 5 x 10’ K). Such cold clouds arise from the top-
down multiphase condensation triggered within the turbulent hot
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Figure 1. Eulerian analysis: evolution of the enstrophy (top), the effective
source term (middle), and the instantaneous mechanical AGN feedback power
(bottom). In the top two panels, the red solid lines is the mean, while the blue-
dashed line is the median computed across the grid (notice the respective,
different left/right y-axis labelling).

halo, also known as CCA rain (Section 1). The mechanical efficiency
&m A~ 5 x 1073 used here is the optimal macro efficiency found to
substantially counterbalance cooling flows in massive haloes such as
galaxy clusters (see also Gaspari & Sadowski 2017).

The second key component of proper self-regulation is the AGN
feedback response. The triggered bipolar jets are injected with a
thin ‘nozzle’ approach, i.e. via opposing internal boundaries in the
middle of the domain (with a one cell cylindrical radius). The
nozzle jet flux rates (mass, momentum, and kinetic energy) are
based on equations (11) and M, = 2 Pt/ v]%l. The initial, nuclear
jet velocity is fixed at 5 x 10* kms~!, motivated by observations
of ultrafast outflows (e.g. Tombesi et al. 2013) and entrained radio
jets (e.g. Giovannini 2004). As the outflow propagates outwards, the
jet/outflow loads more ambient mass, decelerating by over an order of
magnitude. In the simulation analysed here (e.g. Fig. 1), the jet power
oscillates between Pje; ~ 10* and 10* ergs~', hence with variable
nuclear mass outflow rates between My, ~ 0.1 and 10 Mg yrfl. In
this simulation, the injected nuclear feedback always point towards
the z-axis; however, previous AGN outburst events and turbulence
injection create a highly chaotic inner environment, thus leading to a

MNRAS 498, 4983-5002 (2020)
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natural wobbling of the jets typically within a few kpc radii and half
opening angles of ~25°.

In G12, we tested different values of the AGN feedback parameters
(e.g. injection zones, velocities, inclination angles), finding that
varying the details of how AGN jets are injected lead to a similar
global evolution after a few self-regulation cycles, i.e. with macro
outflows generating large X-ray cavities and shocks (up to 50—
100 kpce) that counterbalance the impending cooling flow. The key
shaping factor is the AGN jet power, which will be also the dominant
driver of enstrophy, as shown in Sections 3 and 4. We note that,
in this study, we are interested in the ensemble properties of the
AGN feedback over several Myr, rather than matching observations
of instantaneous X-ray bubbles or shock morphologies.

In the past decade, among all the tested models, the CCA rain
regulating mechanical feedback has proven to be that more robust
and best consistent with key observables. Among the most notable
properties worth to highlight are the following: (i) quenching the
recurrent cooling flow by over 2 dex in a gentle manner, i.e. without
a central entropy inversion, as shown by Chandra and XMM-Newton
data (G12); (ii) quenching the X-ray spectra more vigorously towards
the soft X-ray band (Gaspari 2015); (iii) reproducing X-ray imaging
disturbances, such as large-scale X-ray cavities/bubbles with cool
rims and entrained metals (Gaspari, Brighenti & Temi 2012a); (iv)
reproducing the tightness and slope of the cluster/group scaling
relations, such as the Ly —T7 (Gaspari et al. 2014); and (v) stimulating
extended warm/cold filaments emitting in H o, which then condense
into compact molecular clouds raining on to the AGN (Gaspari et al.
2017, 2018). Here, we explore in more depth the kinematical aspects
of this AGN feeding/feedback model.

2.2 Lagrangian simulations with crater

Unlike Eulerian codes, which are based on a control volume
discretization, Lagrangian codes discretize the fluid into mass par-
ticles. Lagrangian particles can be used as ‘passive’ tracers of the
hydrodynamical flow. The combination of an Eulerian baseline and
a Lagrangian tracer infrastructure allows us to exploit the accuracy
of the former and versatility/speed of the latter. Specifically for our
study, this enables to precisely control each set of mass particles,
where and at which time they are injected, while being able to repeat
such procedure for multiple experiments and generations of particles.
To do so, we useCRaTer, a novel Lagrangian tracer code presented
in Wittor, Vazza & Briiggen (2016) and Wittor et al. (2017a), to
which we refer for comprehensive numerical details.

The core idea ofCRaTer is as follows: in post-processing, N,
mass particles are injected on top of the output of the Eulerian
simulation. The particles read out the underlying grid data by
interpolating the associated values to the tracer position on the
grid. Next, the particles are passively advected forward in time to
the next snapshot (with subcycling in between), where they repeat
the interpolation of the grid data. This loop is repeated for the
desired period of the Eulerian simulation. At runtime, tracers are
injected/removed following the mass inflows/outflows of the Eulerian
simulation.CRaTer was originally developed to model cosmic ray
particles and, later on, turbulence in cosmological simulations of
galaxy clusters (e.g Wittor et al. 2017a,b, 2020). Hence, we made a
few modifications to CRaTer that are highlighted in the following.

Due to the large density/mass range in theFlash simulation, we
do not assign a fixed mass to the tracers. Each particle has its own
mass depending on its location of initialization within the simulation
box. In this work, the average particle mass is ~4 x 10*Mg. In
addition, to mimic the continuous mass injection from the AGN,
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we inject 10 tracer particles in each of the 2* nuclear cells. Each
of the injected particles obtains mass of 1/80 of the mass injected
by the AGN outflow. In theFlash simulation, mass accretion on to
the SMBH is modelled by removing the amount of nuclear accreted
mass, Mpeq (Section 2.1). We mimic the same behaviour with the
tracer particles by counting the number of tracers, N;, which cross
the nuclear region and whose velocity vector is pointing towards
the SMBH. We estimate the accreted mass per tracer, Meeq/N;, and
remove this mass from each tagged particle. If the mass of a tracer
becomes <0, it is removed from the simulation. Particles that move
outside of the simulation box are removed from the computation,
too.

At the start of eachCRaTer simulation, we inject a total of N,
~ 107 tracer particles inside a sphere with radius of ~40kpc that is
centred around the SMBH. To obtain an initial higher mass resolution
in the vicinity of the SMBH, we divide the sphere into three shells
and we inject a larger number of particles per grid cell in the inner
shells. More specifically in the innermost sphere, r < 10kpc, we
inject four particles per cell each carrying a fourth of the cell mass.
In the intermediate shell, 10 kpc < r <20 kpc, we inject two particles
per cell each having half of the cell mass. In the outer shell of the
sphere, 20kpc < r < 40kpc, we inject one particle per cell each
carrying the mass of their host cell. These particles are advected
forward in time for 100 Myr. Following the injection and removal of
particles, the number of tracers increases by a factor of &3 to a total
number of &3 x 107 at the end of the simulation. At every time-step,
we save the interpolated grid quantities, e.g. density or temperature,
as well as the enstrophy and the different dynamical terms recorded
by each tracer. Saving the interpolated data at every time-step allows
us to group individual particles based on their location at the end of
the simulation, and thus to backtrace their physical evolution in time
(see Section 4.1).

For the interpolation of particle velocities (e.g. Vazza, Gheller &
Brunetti 2010) and other grid quantities, we use a nearest grid-cell
interpolation. Albeit being slightly more diffusive than a cloud-in-
cell interpolation, this method assures a proper treatment of the
interpolation at the interface between the different levels of the nested
SMR grids. At the interfaces, we compute the enstrophy and the
different dynamical terms using the data of the coarser grid.

Time-wise, since the time-step between theFlash snapshots is
larger than the CFL condition, we use subcycling to advect the
tracer particles between subsequentF1ash snapshots. This approach
has been extensively tested and applied in previous works (Wittor
2017; Wittor et al. 2017a,b). Here, we further tested different parent
integration time-steps and snapshots (e.g. 5 x higher/lower than
the default 0.1 Myr), finding convergent results as those shown in
Section 4.

3 EULERIAN ANALYSIS

As afirst step, we analyse the evolution of enstrophy and the effective
dynamical term in the Eulerian frame, see Fig. 1. To indicate the AGN
activity throughout the simulation, we further show the evolution of
the injected mechanical AGN power Pj. in Fig. 1 (bottom panel).
The overall thermodynamical framework is as follows (see also
G12): the core ICM halo experiences quiescent phases of slight
overcooling that drive the CCA rain towards the SMBH, quickly
triggering self-regulated bipolar AGN outflows, which inflate a pair
of cavities within an expanding elliptical cocoon (e.g. Figs 5 and A2).
This triggers an intense phase of turbulent cascade along/within the
cocoon, which is followed by a slower isotropization of the deposited
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Figure 2. Eulerian analysis: median of the relative contributions of the dif-
ferent source terms (as absolute value) computed on the grid (see equation 9).
Top: the red solid line is the compressive/rarefaction term, the blue long-
dashed line is the stretching term and the black short-dashed line is the
advection term. The black solid line in the bottom panel displays the relative
contribution of the baroclinic term. We note that, as the effective term is the
sum of both positive and negative values, each relative term Fy is often >1;
for similar reason, the related peaks can also differ from those in Figs 1 and 3.

AGN feedback energy over the 477 solid angle, with turbulent velocity
dispersion oscillating between o, ~ 80 and 700 kms~!.

Fig. 1 shows that, with a short delay of <2Myr, the mean
enstrophy follows the active periods of the AGN/SMBH. They show
the same number of local maximums, which can be divided into
three strong and roughly six weak events. The relative amplitudes of
the enstrophy maximums usually scale with the power of the AGN
activity. Although sometimes, part of the kinetic energy is more
quickly converted into thermal energy instead of vorticity (e.g. at ¢
~ 90 Myr).

The median of enstrophy (blue and dashed) is several orders of
magnitude, ~10~*, smaller than the mean (red and solid), indicating
that the distribution of enstrophy on the grid is non-Gaussian and
asymmetric. Indeed, the mean is dominated by relatively small
regions that are strongly affected by the AGN activity, creating fat
tails in the distribution. Conversely, the median is a good estimator
of the properties of the bulk of the gas, here in terms of volume.
A more careful comparison of the mean and median shows that
the maximums of the median follow the peaks of the mean with a
significant delay of ~10 Myr, as the enstrophy/turbulence propagates
more slowly over the bulk of the ICM atmosphere after the initial
jet-inflated cocoon phase.

The mean and median of the effective dynamical term, i.e. the RHS
of equation (1; the net growth/decay rate), show analogous behaviour
to that of the AGN power and enstrophy. The mean is several orders of
magnitude larger than the median, by ~107, remarking that the mean
is dominated by confined gas volumes that are majorly affected by
the AGN activity. On the other hand, the evolution of the two values
follow roughly the same trend without any delay.

To investigate the importance of each dynamical term, we com-
puted their relative contribution on the grid, equation (9). In Fig. 2,
we plot the median of the relative contribution of each dynamical
term. Both compression and stretching motions are the two dominant
and comparable terms. Hence, they are the main driver of the
enstrophy/turbulence evolution. Stretching tends to be slightly more
persistent than compressions/rarefactions, preserving a low level of
turbulence even during weak AGN feedback periods (more below).
Advection of enstrophy is mostly subdominant and it becomes rarely

The AGN feedback chaotic weather — 4987

mean(F ypen [Myr™])
median(F e [1077 Myr™])

meon(F ey [Myr~])
&
o
median(F .., [1077 Myr™])

40 60
time [Myr]

Figure 3. Eulerian analysis: evolution of the mean (red solid) and median
(blue dashed) of the stretching (top) and compressive/rarefaction (bottom)
terms computed on the grid, including the dominant positive/negative range.
(Notice the respective, different left/right y-axis labelling).

comparable. Throughout the whole simulation, baroclinic motions
are instead negligible; evidently, density and pressure gradients
remain fairly well aligned during such a subsonic ICM turbulence.

As only compression and stretching motions determine the evolu-
tion of enstrophy, we plot their evolution in Fig. 3, now considering
signed quantities. As both quantities can be positive and negative,
they can act either as a source or a sink of enstrophy. Both the mean
and median show that stretching motions are always a source of
enstrophy, i.e. amplifying it. On the other hand, the compressive
motions are predominantly negative, i.e. the rarefaction mode is
acting as a sink of enstrophy. Their peaks follow the evolution of AGN
jet activity. Right after the jet—cocoon injection, the mean amplitudes
of the stretching term are larger than that of the rarefactions. This
leads to a local growth of enstrophy, which is gradually compensated
by the rarefactions throughout the bulk of the volume. This shows
another key dynamical self-regulation of AGN feedback turbulence
— highlighted further via the Lagrangian analysis in Section 4.

In summary, there is a strong correlation between the amplification
of enstrophy and the AGN activity. Almost simultaneously with an
AGN outburst, both stretching motions and rarefaction are amplified
and they act as the main drivers of the enstrophy evolution. On the
other hand, advection is rarely important and baroclinicity is always
subdominant. Moreover, most of the amplification of enstrophy and
the dynamical terms is fairly localized (more below). This supports
the idea that the enstrophy evolution is closely connected to the
evolution of impulsive AGN outbursts.

3.1 Zoom-in volumetric enstrophy evolution

To further investigate the local spatial dependence of enstrophy and
the dynamical terms, we compute their evolution inside five pairs
of short cylinders aligned with the bipolar jet path. Each cylindrical
radius is r >~ 15kpc. The paired cylinders are located at the same
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Figure 4. Eulerian analysis: evolution of the mean values of enstrophy (top
row), effective dynamical term (second row), advection (third row), stretching
(fourth row), and compression term (fifth row). The means are computed
within pairs of short cylinders aligned with the bipolar jet path, with a
cylindrical radius of 15kpc and increasing distance from the AGN (*~1,
9, 18, 36, 72 kpc; dark red to bright yellow colour).

radial distance on the opposite sides of the AGN. The first two pairs
of cylinders are located in the most refined grid at radial distances
(cylinder centre to AGN) of 1.3 and 9.0 kpc, respectively, both with
a cylindrical height of 2.5 kpc. The other three pairs are located at
radial distances (cylinder centre to AGN) of 17.9, 35.9, and 71.7 kpc,
with cylindrical heights of 4.9, 9.9, and 19.8 kpc (given the coarser
grids), respectively. In Fig. 4, we plot the evolution of the mean values
within each pair of cylinders. Here, we do not show the baroclinic
term since it is dynamically unimportant.

We find that enstrophy (first panel) is always the strongest in the
two pair that is located at an intermediate distances from the AGN, i.e.
at ~17.9 kpc. Hence, enstrophy is mostly amplified around the BCG
region (r ~ 10—30 kpc). Then, it is transported further away from the
AGN, with only mild amplification, before becoming negligible at
large ~100 kpc radii. The effective dynamical term shows a similar
global trend (second panel). Its magnitude in the two inner pairs is
similar. However, in the innermost cylinder, the sign of its mean value
is negative, which is due to the strong amount of rarefactions induced
by the inner ultrafast outflow (fifth panel; remind that unlike in the
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above section, here we are analysing very localized control volumes
along the outburst path). At tens of kpc from the AGN, stretching
motions (fourth panel) overcome rarefaction and amplify enstrophy.
Advection plays a minor role in evolving global enstrophy (third
panel), as it quickly moves enstrophy from one place to another in
fairly balanced way. Thus, it acts as a rapidly flipping source and
sink term. We note that Fig. 4 emphasizes the peaks and strongest
enstrophy region (via the mean statistics) having rapid growth time-
scales; however, over the bulk of the volume, the effective rates are
substantially lower (Fig. 1), hence leading to larger growth time-
scales (>>Myr).

Overall, the above findings corroborate that the cylindrical jet is
a very strong localized source of both stretching and rarefactions at
short and medium distances from the AGN, <30kpc. Enstrophy is
amplified via stretching motions while it is transported away from
the AGN in bipolar manner, until the rarefactions take over in the
whole ICM volume (Fig. 2). The latter leads to the significant decay
of turbulence, as the jet power subsides between each major AGN
feeding/feedback cycle (Fig. 1).

4 LAGRANGIAN ANALYSIS

Following Section 2.2, we evolve up to ~30 million tracer particles
on top of theFlash data usingCRaTer. This allows us to study the
fine details of the AGN chaotic weather. In the top row of Fig. 5,
we show the mass-weighted (equation 12) maps of enstrophy in the
period of 55—65 Myr. This period covers the time before and after
the strongest event of enstrophy amplification (see Fig. 1). It also
includes a major bipolar jet launching that is visible in the enstrophy
map.

Both the advection of particles and the amplification of enstrophy
are enhanced along the jet axis, maximally near the AGN jet spear-
heads/hotspots (the green arrows). The maps reveal that enstrophy is
first generated in the centre close to the SMBH, and it is transported
outwards along the jets. During the transport, enstrophy is amplified
before it starts to diffuse. In the equatorial region, enstrophy is
significantly lower and shows only minor variations. The spatial
distribution of enstrophy is not symmetric with respect to neither the
jet axes nor the equatorial plane. This reflects the anisotropic nature
of the wobbling AGN jets, which are continuously precessing due to
the long-term chaotic weather (cf. G12).

To investigate the spatial distribution of the dynamical terms,> we
show their maps in Fig. 5 (second to fourth rows). In the blue regions
of the maps, the individual dynamical terms act as sources and, in
the red regions, they act as sinks. At each time-step, the stretching
term (second row) is positive throughout most of the volume and.
Mostly in the equatorial region, it becomes negative in a few zones.
However, these regions have low enstrophy. The dominance of vortex
stretching over vortex squeezing is a common feature of subsonic
hydrodynamical turbulence: in the full incompressible regime, the
lengthening of the fluid/turbulent element implies thinning due to
volume conservation.

As counterbalance, the compression term is negative (red) through-
out most of the volume indicating motions of rarefaction. In most
places, the sign of the compression and stretching term are the
opposite, equilibrating each other, as suggested by the above Eulerian
analysis. A remarkable feature in the maps of the compression term
is the outwards expanding cocoon of compressions (the major AGN

2We note that, in the Lagrangian frame, the compression term is 2Fcomp,
equation (4), which is the quantity that we plot and analyse in this Section.
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Figure 6. Lagrangian analysis: projected enstrophy and dynamical terms recorded during two periods of low AGN activity (analogue of Fig. 5).

shock) that confines a large internal volume of strong rarefaction.
Spatially, this envelope correlates with the tip of the region of
amplified enstrophy (the green arrows). The only other regions of
positive compression lie in the equatorial region, where enstrophy
is low, a sign of ringing sound waves (e.g. see the Perseus cluster;
Sanders & Fabian 2007).

Throughout the whole volume, baroclinicity is smaller than the
other two source terms and its sign is not confined to specific regions,
flickering rapidly in nearby zones. Nevertheless, the launched jet
enhances the baroclinic term again slightly more along the jet axes.
Evidently, the gentle AGN feedback is able to modify both the
pressure and density gradient fairly coherently, despite the globally
stratified ICM (in both n and 7). As analogy to the Earth’s weather,
this would compare to barotropic zones, i.e. those found towards
central latitudes, in contrast with polar regions suffering stronger
cyclones.

We observe a similar behaviour around the other two events
of maximum enstrophy and AGN power: namely in the periods
7—17Myr (Fig. A1) and 85—95 Myr (Fig. A2). The associated maps
are shown in the appendix App. A. While the global evolution
is similar to the above description (a jet injection, followed by
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a cocoon and bipolar hot spots driving a large stretching zone,
leading to rarefactions and expanding weak/transonic shocks), it
is important to notice how variable and asymmetric the jet axis
and cocoon are. While a single cycle is substantially anisotropic,
the total AGN feedback energy is nearly isotropically re-distributed
over tens of AGN events. This sustains an average mild background
level of subsonic turbulence (Mach ~ 0.1-0.3), which is often found
indirectly via X-ray surface brightness fluctuations and optical H -
emitting filament observations (e.g. Walker, Sanders & Fabian 2015;
Hofmann et al. 2016; Gaspari et al. 2018; Simionescu et al. 2019).
Further, during periods of lower AGN activity and enstrophy, the
enstrophy and the dynamical terms show a behaviour analogous to
the active phases. In Fig. 6, we show the same kind of maps as above
for the periods 27.7—34.6 Myr and 47.2—53.3 Myr, in which Pj
is ~5—6 x lower than that of the major outbursts. While previous
feedback features are redistributed isotropically, there are still weaker
AGN jet/bubble events which superpose further enstrophy along the
jet cylinder. Nevertheless, the relative importance of the dynamical
terms is similar as in the majorly active phases of the AGN: within
the expanding cocoon, stretching motions are mainly positive (blue)
and act as a source. On the other hand, compression remains mostly
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the last panel.

negative (red) and, hence, serves as a sink. During more quiescent
times, we observe a more disrupted morphology of the cocoon and
bubble structures, making it more difficult to discern them from the
background level of fluctuations/turbulence. The sign of baroclinicity
changes again on very small scales.

Overall in line with the Eulerian analysis, the processes that
determine the evolution of enstrophy are self-similar during active
and quiescent times. Mainly the AGN jet power regulates the
high/low turbulence states (which is, in turn, self-regulated by the
CCA feeding).

4.1 Sixteen families of tracer particles

At the end of the simulation, i.e. # = 100 Myr, we select all tracer
particles that end up in 16 different spheres (with radius 3.4 kpc)
located in various places around the AGN. The 16 regions are
labelled in red in Fig. 7 (bottom right-hand panel). We refer to
each selected subgroup as tracer ‘family’. Each family consists
of N, & 2 x 10°-2 x 10* particles. In Fig. 7, we visualize
their trajectories throughout the simulation, superposed to the gas
density. Families with ID name 1obe_nl-lobe_n5 are selected in
the ‘northern’ hemisphere, within the AGN bubble/lobe. Families
lobe_sl-lobe_s5 are located at the same positions but in the
‘southern” hemisphere. Finally, we select four families (named
equa_l-equa-4) with a final location in the equatorial region
(perpendicular to the jets), and two families (jet_n and jet_s)
that are located inside the intermediate jets.

We use the data recorded by the tracers to investigate the evolution
of enstrophy and the associated physical processes recorded by each
family (equation 2). We employ a variety of proxies that are defined
as follows.

As first step, we compute the mass-weighted mean of the enstrophy
and the dynamical terms. For reference, the mass-weighted mean of
a quantity x is

Np N,
(Omass = Y _mixi/ > my, (12)
i=1 i=1

where the sums are taken across the number of tracers per family,
Ny, and m; is the mass of the ith tracer particle.

As seen in Section 3, the values of enstrophy and the dynamical
terms span several orders of magnitude. Hence, a few localized
tracers can bias the mean to larger values and, thus, the mean
and the median might differ significantly, signalling non-Gaussian
distribution deviations (e.g. fat tails). In this case, the mean mirrors
the dominant or strongest physical process that a few particles are
exposed to. In the following, we will refer to these particles as out-
liers. On the other hand, the median provides information about the
values recorded by the bulk of tracers, i.e. those filling the majority
of the ICM atmosphere. To understand the physical processes, which
the bulk of particles are exposed to, we compute the mass-weighted
distribution of enstrophy and the three dynamical terms for each
family in logarithmic space at every time-step of the simulation.
Since the dynamical terms, equations (4)—(6), can act as both sink
and source terms, we compute the mass-weighted distributions for

MNRAS 498, 4983-5002 (2020)

120Z Jaquiardag z( uo Jasn AlsisAlun uoiaduld Aq | | ZE06S/S861/7/861/2101e/seuw/woo dno olwapeoae//:sdiy Woll papeojuMo(]



4992  D. Wittor and M. Gaspari

the positive and negative values separately. Hence, we define the
medians of the positive and negative part the distributions of the
dynamical term F; as

F;" = median [D (log,, F;)], where F; > 0; (13)

F; = median [D (log,, |F;|)] . where F; < 0. (14)

i

Here, D(x) denotes the the mass-weighted distribution of the quantity
x. By definition, enstrophy is always positive, so we compute the
corresponding medians using equation (13). Analogous to equa-
tions (13) and (14), we compute the standard deviation for each
distribution. In Figs 8-11, we plot the evolution of the median
plus/minus the standard deviation of each distribution. In each plot,
the blue/orange bands display the median of the positive/negative dis-
tribution (equations 13 and 14), respectively. In the bottom subpanel
of each plot, we provide the absolute value of the mass-weighted
mean; again, a blue/red data point indicates a positive/negative value
and, hence, the dynamical term acts as a source/sink. Finally, we
show the relative contribution of each source term over all families
in Fig. 12.

4.1.1 Evolution of enstrophy

The evolution of enstrophy varies among the families (Fig. 8). Most
families inside the lobes show an increase/decrease of enstrophy as
the major cavities are inflated/fade away. In particular, such decay
is evident towards the end of the simulation, i.e. within the last
10—20 Myr. In particular, they start to trace the decay of enstrophy
developing at large radii from the sustaining power of the AGN
(compare with Fig. 4). Conversely, the two families inside the jets
are located at positions where enstrophy is expected to be at its
maximum and, indeed, they measure an increase in enstrophy during
the same period, in correlation with the AGN jet power, wheras
tracers living in the equatorial region do not show strong variations
of enstrophy and both the associated mean and median values remain
fairly steady.

To first order, the outliers and the bulk of each family show similar
trends of enstrophy evolution, which increase and decrease simul-
taneously and mostly differ in their magnitudes. More specifically,
inside the lobes and jets, the outliers record values that are all above
~1073 Myr~2 and, only in 1obe_s2, they show lower enstrophy.
Temporarily, these values even spike above ~10>Myr~2. In a
few remarkable instances, 1obe_s4 and lobe_s5, the enstrophy
increases to a few 10° Myr=2, due to the stronger instantaneous
jet hotspot. On the other hand, the bulk of particles (medians)
measure significantly smaller enstrophy, mostly below 1 Myr—2. Only
lobe_n4, lobe_n5, lobe_s4, and lobe_s5 show values that
are above 1 Myr~2. Hence, the enstrophy recorded by the bulk of
particles is 10>2—10° below the measurements of the outliers. This
corroborates the picture of a stable background turbulence, boosted
recurrently in bipolar cones (up to several 100 kms~!). Noticeably,
the median recorded by the family jet _s is a few 10* smaller than
the mean, signalling the presence of major outliers (given the violent
intermediate-scale jet impact).

The scatter of the distributions resides mostly within £(0.2—1.2)
dex, regardless of the AGN power. For a few families that reside in the
lobes, it can, however, increase above 1.2 dex; e.g. for lobe_s4 and
lobe_s5 the scatter reaches values of +2.4 and 2.2 dex, respectively.
This corresponds to linear variations of factors of 100. Conversely,
at large radii, as enstrophy decays, the scatter tends to thin down.

The values recorded in the equatorial region tell a more quiescent
story. Here, the mean values of enstrophy lie within the range of
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107>~ 1072 Myr 2. Furthermore, the outliers and the bulk of particles
record similar values of enstrophy, deviating just by factor of a
few. Such milder differences are also reflected in the scatter of the
distributions that is significantly smaller in the equatorial region.
Here, the particles never record a standard deviation above ~0.8
dex, i.e. corresponding to variations in enstrophy below a factor of
6 x.

These findings support and expand the Eulerian results found in
Section 3: enstrophy strongly propagates along the jet path and is
amplified for a significant amount of time before it decays again,
mimicking the self-regulated AGN feeding and feedback cycle. The
particles in the lobes are already experiencing the ensuing decay of
enstrophy, whereas the particles in the jets are located where the peak
of enstrophy is expected and measured, in particular towards the end
of the simulation with two close AGN outbursts. As the scatter of
enstrophy is larger along the jet axis, the bulk of particles in the jets
and lobes do not measure the same level of variation of enstrophy
like the few outliers that dominate the mean.

4.1.2 Evolution of the dynamical terms

As shown in Figs 9-11, the absolute value of each dynamical
term (equation 2) coherently increases/decreases, mirroring the
enstrophy evolutionary trends. Again, this correlates with the main
AGN power outbursts (the vertical dashed lines), intervaled by
weaker outflow/bubble events, which sustain a turbulence base level
(o, ~ 100 kms™!). Notice that, essentially at all times, the enstro-
phy evolution is a continuous competition between both positive
and negative stretching/squeezing (Fig. 9), compression/rarefaction
(Fig. 10), and baroclinic terms (Fig. 11), albeit one signed component
can dominate over the other on average (hence, the importance of
showing all separate signed components).

In the lobes and jets, stretching motions (Fig. 9) mostly amplify
enstrophy (blue), while rarefactions (Fig. 10) reduce enstrophy
(red). The particles residing close to the equatorial zone, measure
stretching motions that are also recurrently negative (squeezing) and
compressions that are also positive (shocks/sound waves), at variance
with the jet/lobe families. This quantifies better the findings from the
visual maps of Fig. 5: in the equatorial region, the stretching and
compression term flip their signs more frequently and, hence, both
can act as sinks and sources in a short time span. This is due to the fact
that such families experience gentler dynamics with a composition
of weak transonic shocks, uplift/backflow, and turbulent mixing,
compared to the violent concussions experienced along the jet path.

Indeed, we observe that the magnitudes of the stretching and
rarefaction terms are significantly weaker in the equatorial region
than in the lobes and jets, where the mean stretching is often as
vigorous as ~1 Myr~2 and peaks at 102—10° Myr—3. In the equatorial
region, the mean value of the stretching term instead barely increases
above ~1073 Myr—3. Similar magnitudes and behaviour are seen for
the rarefaction term. In all families, the baroclinic term is highly
chaotic, randomly changing sign and acting rapidly as a sink or
source term, with no clear mean long-term up- or down-trend. Again,
this shows that the dynamics of the baroclinic term do not depend on
the environment and randomly vary on small spatial scales (Fig. 5).
Nevertheless, the low values of baroclinicity point out that the density
gradient and pressure gradient are well aligned throughout the whole
volume. Hence, baroclinicity remains dynamically unimportant and
does not determine the evolution of enstrophy in any of the families.
This is corroborated by the fact that over the bulk of the volume
most shocks are transonic, approaching sound waves, thus not
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Figure 10. Lagrangian analysis: compression term. Analogue of Fig. 9 for the compressive term measured via the 16 tracer families.
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Figure 12. Lagrangian analysis: temporal evolution of the relative strength
of the different source terms, equation (9). The light lines give the median
measured by each tracer family. The superposed symbols give the aver-
age of each set of lines. The colours are similar as in Fig. 2: the blue
lines/crosses are divergences (compressions or rarefactions), the red long-
dashed lines/diamonds are stretching motions, and the black short-dashed
lines/asterisks are tied to baroclinicity.

having enough power to create complex misaligned gradients (similar
concept applies to the gently quenched cooling flow).

Independent of their functionality, the magnitude of the dynamical
terms fluctuates more along the jet axis. Here, the bulk of particles
(median) tends to show weaker dynamical terms than the associated
outliers (mean). The related intrinsic scatter (blue/orange bands) can
exceed the typical £=1—2 dex, indicating large variations of motions
inside the impulsive jets and cocoon. In a few cases (see lobe_s3,
lobe_s4, and lobe_s5), the standard deviation is dramatically boosted
up to £3 dex, i.e. the strength of each particle source terms can
differ by factors of up to 10°, even if spatially correlated. In the
equatorial zone, the intrinsic scatter of the dynamical term fluctuates
less prominently, remaining below £1.5 dex, despite the rapid sign
flickering. At variance with the cocoon region, in this zone the mean
and median are often comparable, approaching smoother Gaussian
distributions. The latter is a sign of less shocked dynamics.

For each family, we plot the median (light curves) of the relative
contribution of the different source terms (equation 9) in Fig. 12. We
further superpose the average behaviour of the families (symbols). As
ensemble, the compressive and stretching motions are the key drivers
of the chaotic AGN weather. Baroclinicity is always smaller and it
merely contributes 0.01 per cent to the effective dynamical term.
Remarkably, the relative strengths of stretching and compression
are similar throughout the whole duration. Again, this is a sign of an
irreducible background level of turbulence, when averaged over large
spatial (or temporal) scales, despite recurrent superposed boosts in
the jet cones. In particular, as the turbulence cascades fill the whole
volume, stretching motions are slightly more dominant and steady
than rarefactions, while the bubbles/sound waves fade away.

Finally, the characteristic growth time (equation 10) gives the time-
scale over which enstrophy is substantially modified by the effective
source term. Averaging over all the families, we find an effective
growth time of the order of 10-100 Myr (from the inner to outer
radii), which is roughly comparable to the radial cooling time (e.g.
Gaspari et al. 2018). Non-linear thermal instability driven directly via
turbulence is indeed one of the main mechanisms for the formation
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of CCA and precipitation in the ICM and intrahalo medium (e.g.
Gaspari et al. 2013; Voit et al. 2017).

4.2 Zoom-in tracer family analysis

The above findings point towards a global consistent picture of
the evolution of enstrophy and its source terms. However, on
smaller scales, there are differences and asymmetries between the
measurements within each of the macro families (equatorial, lobes,
jets) shown in Figs 9-11. Before concluding, it is worth discussing
them further. We note that the retrieved chaotic behaviour (tied
to turbulence stochasticity) remarks the difficulty of predicting the
turbulent motions/weather injected by the AGN feedback in a given
slice of space—time, unless in possession of the detailed boundary
conditions in the very recent past, akin to the Earth’s weather
forecasts (Bauer, Thorpe & Brunet 2015).

4.2.1 Families within the equatorial region

Most families in the equatorial region show a fairly steady enstro-
phy evolution without any strong fluctuations. Yet, the enstrophy
measured by equa_4 is significantly larger, with both the mean
and median reaching ~1073Myr~3. This is ~10 x larger than
that measured by the other three families. equa-1 and equa_3
are located in the equatorial region at opposite sides of the AGN.
In the first half of the simulation, their median enstrophy takes
similar values. However, the enstrophy of equa-1 is significantly
lower after r 2 50 Myr. Indeed, equa-1 shows the least amount
of scatter and its recorded enstrophy gradually decreases over time,
experiencing less turbulent mixing. These findings point out that,
even in the equatorial region where there is no significant amount of
enstrophy being generated, the spatial distribution of turbulence can
be anisotropic, over short periods of time.

The positive and negative medians of the dynamical terms recorded
by all four families are also fairly steady in time. Yet, the stretching
term of equa_4 varies less than the ones of the other families. The
compression and baroclinic terms, in particular, often act as both
sources or sinks of enstrophy for these families, underlying the gentle
but rapid variations occurring in the equatorial region. Indeed, the
amplitudes of the dynamical terms do not show any major increase or
decrease, with a few exceptions. For example, the stretching motions
recorded by equa_2 increase by an one order of magnitude during
the entire run. Another example is the baroclinic term recorded by
equa_4, which decreases by more than one order of magnitude
during the simulation.

4.2.2 Families within the northern lobe

There are substantial differences in the enstrophy evolution of the
families that reside in the northern lobe. The enstrophy recorded by
lobe.nl and lobe.n3 is mainly affected by the first two strong
outburst of the AGN at 8 and 56 Myr. Conversely, 1obe_n4 and
lobe.n5 show a significant increase of enstrophy after ~60 Myr,
i.e. right after the AGN outburst at 56 Myr (see Fig. 1). Subsequently,
they are affected by the strong AGN outburst at 86.6 Myr. Strikingly,
lobe n2 is the only family that does not record any major amplifi-
cation of enstrophy. This unveils the highly wobbling and precessing
nature of the AGN jets/outflows, even along one direction.

The several dozen minor AGN events affect the evolution of
enstrophy, too: 1obe_n1 records amplification and variation of en-
strophy at ~40 and 50 Myr, which are associated with the concurrent
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outbursts. Even though, 1obe_n3 records the same major AGN
outbursts as Lobe_n1, it does not indicate any evolution of enstrophy
associated with the intermediate minor AGN outbursts at ~31, 40,
and 48 Myr. 1obe_n4 and lobe_n5 are the only families that show
amplification of enstrophy directly connected to the minor events
at ~70 and 80 Myr, closer tracing the hotspots of the driven AGN
bubbles. These findings emerge in the the evolution of the different
dynamical terms too: for all three terms the medians and scatter
recorded by lobe n4 and lobe_n5 fluctuate and increase after
~60Myr. lobe_n2 and lobe_n3 measure fairly constant median
values with small amplifications. Remarkably, the dynamical terms
recorded by 1obe_nl dramatically decrease towards the end of the
simulation. Hence, they are not affected by major AGN bubbles
(unlike the opposite 1lobe_n4).

4.2.3 Families within the southern lobe

Similarly, the particles that reside in the southern lobe do not measure
amplification and decay of enstrophy simultaneously: 1obe_s1 and
lobe_s4 record variations of enstrophy that is associated with
the major and minor AGN outbursts between 10 and 60 Myr. In
contrast, lobe_s2 and lobe_s5 measure an enhanced enstrophy
evolution after 60 Myr, which is affected by several subsequent
AGN events. Finally, 1obe_s3 measures amplification of enstrophy
during the entire run, mirroring each feedback event. Interestingly,
the enstrophy uptrend in lobe_s5 is significantly boosted only at
late times. This is connected to the fact that the particles of 1lobe_s5
were not aligned with the jet path at early times (we remind that the
tracer selection is done at final time).

The dynamical terms display such differences as well: the stretch-
ing motions recorded by 1obe_s1 and 1obe_s4 are the strongest
within the first ~60 Myr of the simulations, while, for the other
three families, they grow towards the end. We observe 1obe_s2 and
lobe_s5 experiencing major stretching motions only once, while
lobe_s3 undergoes four peaks of strong stretching (intersecting
multiple AGN bubbles and cocoons). For all southern lobe families,
the compression and baroclinic term evolve similarly to the stretching
term, aside the different sign.

4.2.4 Families within the lobe tips

It is also worth to compare the evolution of 1obe_n5 and 1obe_s5
as they are located at the tip of the jet but on opposite sides of the
AGN. Quantitatively, they measure the same evolution of enstrophy:
at first the enstrophy is fairly constant (~1073 Myr—2), before it
starts to substantially increase after 40—50 Myr, as they align with
the outflow path and drilled hotspots. However, 1obe_s5 undergoes
a much stronger episode of stretching and, thus, the maximum of its
median enstrophy is much stronger than the one of 1obe_n5. This
highlights the multiple asymmetries, not only between the cocoon
and perpendicular region, but also between different hemispheres.

4.2.5 Families within the jets

The families jet n and jet_s are located along the intermediate
jet path on opposite sides of the AGN. Initially, the bulks of particles
record similar values of enstrophy of ~10~2 Myr~2. Towards the end
of the simulation, the bulks of particles measure instead an enstrophy
of ~107%> Myr~2. The intermediate evolution of enstrophy is similar
between the two families. Analogous behaviour applies to the median
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dynamical terms. The particle outliers reveal a slightly different
picture: throughout most of the simulation, the outliers of jet_s
measure a larger enstrophy/turbulence. Between ~30 and ~70 Myr,
the mean enstrophy of jet_s is larger by a factor of a few, later
increasing up to 100 x. Indeed, the particles of jet_s are often
more aligned and thus more affected by the two AGN outflows at
~31 and ~40Myr. On the other hand, jet_n is more exposed
to the outburst at ~80Myr. In jet_n, all three dynamical terms
show an overall constant increase with mild variations, whereas in
jet_s they show a large spike at ~35 Myr and smaller variations
afterwards.

Unlike the more violent and localized motions of jet_s, the
majority of the particles related to jet_n are exposed to coherent
flows. This proves that turbulent motions can be significantly dif-
ferent and intermittent, even deep within the strongest zones of the
AGN feedback bipolar injection.

5 CONCLUSIONS

In this work, we studied the turbulent motions injected by AGN
outflows/jets in the hot halo (within and around the BCG). We
dissected the evolution of enstrophy, a robust proxy for solenoidal
turbulence, and its dynamical terms (equations 1 and 2) in a zoom-
in SMR hydrodynamical simulation of AGN feedback, which has
passed several observational tests (Section 2.1). We analysed in-
depth this simulation in both the Eulerian and Lagrangian frame,
by employing our novelCRaTer post-processing tracer code. In
particular, we could isolate the key physical processes tied to the
evolution of enstrophy/turbulence. Our main results are summarized
as follows.

(1) The evolution of enstrophy follows the evolution of AGN activ-
ity, i.e. enstrophy is being amplified right after an AGN outburst (with
a very short delay <2 Myr). The amount of enstrophy amplification
closely correlates with the mechanical power of the AGN (Fig. 1).
The regions of amplified enstrophy are significantly stronger along
the jet cylinder rather than in the perpendicular/equatorial plane
(Figs 4, 5, and 8). The enstrophy then starts to decay as turbulence
propagates over the bulk of the ICM volume (Figs 2,4, and 5) between
lower levels of feeding CCA rain and AGN feedback injection.

(i1) In the Eulerian (volume-wise) frame, the evolution of enstro-
phy depends, in principle, on its advection, compression, stretching,
and baroclinic terms (equation 1). However, the key drivers are
found to be stretching and divergence/rarefaction motions, while
advection becomes relevant only rarely and intermittently (Figs 2
and 3). Dominant vortex stretching (instead of squeezing) is a
signature of subsonic/incompressible turbulence. Baroclinicity is
always subdominant compared to the other terms, i.e. the pressure
and density gradient remain mostly aligned (as corroborated by the
globally weak transonic shocks). Hence, the gentle AGN weather
is closer to Earth barotropic regions (e.g. at central latitudes with
weaker cyclones).

(iii) In the Lagrangian (mass-wise) frame, tracer particles show
that the AGN jet activity drives an envelope/cocoon of strong
compression within which enstrophy is amplified (Figs 9 and 10). As
ensemble, the growth of enstrophy is led by strong, localized stretch-
ing motions (Fig. 12). However, global rarefactions work against
this runaway amplification of enstrophy, preserving a subsonic level
of turbulence (Mach ~ 0.1-0.3) over the cosmic time (e.g. Fig. 5).
Remarkably, positive compressions remain on average subdominant
(besides the thin major-shock layer tied to the jet cocoon). This
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signals gentle self-regulated AGN feedback (Fig. 10). For reference,
enstrophy values typically oscillates in the range 1073 —10° Myr—2,

(iv) By selecting 16 families of tracer particle with different
final positions (jets, lobes, and equatorial region), we find that
the localized evolution of enstrophy and its dynamical terms are
asymmetric with respect to the jet axis over short time periods.
Regardless of the tracer location, each family evolution corroborates
the Eulerian analysis that only stretching/rarefaction motions are the
key for the growth/decline of enstrophy, while baroclinic motions
remain subdominant (Section 4.1). Zooming into each macro family
shows that turbulent motions can be significantly intermittent and
asymmetric, even between the strongest southern/northern regions of
the AGN injection. Most uptrends in enstrophy are tightly correlated
with the preceding AGN outflow, bubble, or cocoon injection, with
largest/lowest scatter (~3/0.5 dex) occurring in the jets/equatorial
tracer families, respectively.

(v) The above tracer ratios and trends are found to be valid during
both high and low levels of AGN activity, with only different ampli-
tudes. Thus, despite the variations in the micro-scale kinematics, as
space- and time-ensemble, the recurrent AGN feedback is able to sus-
tain a background level of enstrophy/turbulence (o, ~ 100 kms™"),
superposed by recurrent spikes (up to ~ 700 km s~!) due to impulsive
anisotropic AGN features. Such duality is a common feature of
chaotic systems, in which the micro evolution appears significantly
random and intermittent, while more coherent and smooth properties
emerge on coarser scales.

Overall, the evolution of enstrophy and, hence, of turbulence
is closely related to the activity of the AGN, and tends to be
highly dynamic/chaotic over moderate intervals of space and time.
Thereby, akin to the Earth’s weather (Bauer et al. 2015), when
precise forecasts are needed, detailed hydrodynamical simulations
with continuously updated boundary/internal conditions are required.
Despite the complexity of such chaotic weather-like systems, we
were able to isolate the dominant processes that lead to the am-
plification and dissipation of enstrophy: stretching motions amplify
enstrophy, while rarefactions act as a counterbalancing sink. Despite
the original jet/outflow being supersonic, we thus expect turbulence
in hot haloes to remain subsonic (Mach < 1) over several Gyr cycles
of AGN feeding and feedback, as suggested by indirect X-ray and
optical observations (e.g. Hofmann et al. 2016; Gaspari et al. 2018;
Simionescu et al. 2019). Remarkably, the enstrophy/turbulence decay
and growth cycle mimics closely the AGN feeding and feedback
cycle and self-regulation mechanism.

Upcoming X-ray IFU telescopes, such as Athena® (Nandra et al.
2013) and XRISM* (Kitayama et al. 2014) will soon resolve, pixel-by-
pixel, the detailed X-ray spectral lines and thus thermo-kinematics
of hot haloes in nearby clusters and groups down to kpc scales,
in particular via the broadening of ionized iron lines (e.g. Ettori
et al. 2013; Cucchetti et al. 2018; Roncarelli et al. 2018). The ad-
vancements and theoretical insights presented in this work (which is
part of the broader BlackHoleWeather program; Gaspari et al. 2020)
will be thus important to fully leverage the large spectral datasets
delivered by such revolutionary X-IFU instruments, and to interpret
the physical mechanisms and drivers behind the generation/evolution
of turbulence in the diffuse gaseous haloes of galaxies, groups, and
clusters of galaxies.

3https://www.the-athena-x-ray-observatory.eu
“https://heasarc.gsfc.nasa.gov/docs/xrism
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APPENDIX A: COMPLEMENTARY ENSTROPHY
AND DYNAMICAL TERMS MAPS

In the following, we show the maps of enstrophy and dynamical
terms in the period 7—17 Myr (Fig. A1) and 85—95 Myr (Fig. A2).
The formatting of the figures is the same as of Fig. 5 described in
Section 4. The trends that were found and described in Section 4 are
also found in Figs Al and A2: enstrophy is mostly generated along
the AGN feedback cocoon, where it propagates outwards. Stretching
motions acting as a source term are the strongest along the jet axis. As
counterbalance, compressions are mostly negative over the bulk of
the ICM atmosphere, i.e. shaped by rarefactions. Yet, a thin envelope
of strong compression surrounds the jet cocoon (shock), inside which
enstrophy is also amplified. Baroclinicity acts both as a flickering sink
and a source but remains always subdominant.

At the same time, it is important to note that the detailed features
of single AGN event are highly variable, i.e. the outflow opening
angle and precession, bubble diameter/elongation, and jet bipolarity,
continuously change. The evolution of several AGN feeding and
feedback cycles thus leads to the long-term enstrophy generation over
the entire 47 solid angle, sustaining a stable average background of
subsonic turbulence level over the cosmic time.
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Figure Al. Lagrangian analysis: projected enstrophy and dynamical terms (mass-weighted) recorded in the period 7—17 Myr and displayed every 1 Myr, which
cover the first strong event of jet activity (Fig. 1). The arrows mark regions of maximum enstrophy and are often correlated with the jet hot spots.
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Figure A2. Lagrangian analysis: projected enstrophy and dynamical terms (analogue of Fig. Al) recorded in the period 85 Myr to 95 Myr covering the third
strong event of jet activity (Fig. 1).
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