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ABSTRACT

Galaxy clusters are unique laboratories for studying astrophysical processes and their impact on halo gas kinematics. Despite their
importance, the full complexity of gas motion within and around these clusters remains poorly known. This paper is part of a series
presenting the first results from the new TNG-Cluster simulation, a suite comprising 352 high-mass galaxy clusters including the
full cosmological context, mergers and accretion, baryonic processes and feedback, and magnetic fields. Studying the dynamics and
coherence of gas flows, we find that gas motions in galaxy cluster cores and intermediate regions are largely balanced between
inflows and outflows, exhibiting a Gaussian distribution centered at zero velocity. In the outskirts, even the net velocity distribution
becomes asymmetric, featuring a double peak where the second peak reflects cosmic accretion. Across all cluster regions, the resulting
net flow distribution reveals complex gas dynamics. These are strongly correlated with halo properties: at a given total cluster mass,
unrelaxed, late-forming halos with fewer massive black holes and lower accretion rates exhibit a more dynamic behavior. Our analysis
shows no clear relationship between line-of-sight and radial gas velocities, suggesting that line-of-sight velocity alone is insufficient
to distinguish between inflowing and outflowing gas. Additional properties, such as temperature, can help break this degeneracy. A
velocity structure function (VSF) analysis indicates more coherent gas motion in the outskirts and more disturbed kinematics toward
halo centers. In all cluster regions, the VSF shows a slope close to the theoretical models of Kolmogorov (~1/3), except within 50 kpc
of the cluster centers, where the slope is significantly steeper. The outcome of TNG-Cluster broadly aligns with observations of the

VSF of multiphase gas across different scales in galaxy clusters, ranging from ~1 kpc to megaparsec scales.
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1. Introduction

Currently, the ACDM (A cold dark matter) model is the
most observationally supported theoretical framework describ-
ing our Universe. Observations of the cosmic microwave back-
ground (CMB) infer matter perturbations in the early Uni-
verse. These are the seeds for the formation of the observed
large-scale structure (Spergel et al. 2003; Komatsu et al. 2011;
Planck Collaboration XIII 2016). In the hierarchical structure
formation paradigm, dark matter halos emerge at the peaks
of initial density perturbations (White & Rees 1978). As these
halos evolve, they grow through both mergers with other
halos and smooth accretion of matter from their surroundings
(White & Frenk 1991; Lacey & Cole 1994). Within these evolv-
ing potential wells, baryonic matter — initially in the form of
gas — radiates energy, cools, and condenses at the centers of the
halos, setting the stage for star formation and, eventually, the
assembly of galaxies (see Mo et al. 2010, for a full discussion).

* Corresponding author; ayromlou@uni-heidelberg.de

The highest density peaks in the matter distribution are des-
tined to become the most massive virialized structures in the
Universe: galaxy clusters. These structures, composed of dark
matter, gas, stars, super-massive black holes (SMBHs), and hun-
dreds to thousands of individual galaxies, are laboratories for
studying a wide range of astrophysical processes responsible for
galaxy formation and evolution (see Kravtsov & Borgani 2012).

Unlike lower-mass halos, the most massive clusters are
observed to have a baryon fraction consistent with the cosmic
baryon fraction, Q,/Qy, ~ 0.16 (Giodini et al. 2009; Chiu et al.
2018; Eckert et al. 2021). This is also broadly true according to
hydrodynamical cosmological simulations, suggesting that clus-
ters are closed systems. In particular, the “closure radius” of
clusters, within which all baryons associated with dark mat-
ter are found, is equal to or smaller than the virial radius
(Ayromlou et al. 2023). However, these facts do not imply that
galaxy clusters are static systems. In fact, observational and the-
oretical studies have shown that galaxy clusters are dynamically
evolving structures (Voit 2005; Nagai et al. 2007; Arnaud et al.
2010; Shi & Komatsu 2014; Shi et al. 2015). The motions of
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material within clusters arise due to the interplay of several phys-
ical processes.

The gas in galaxy clusters, known as the intracluster medium
(ICM), is heated to extreme temperatures by gravitational col-
lapse, forming a hot, diffuse medium that plays a key role in their
evolution (Ghirardini et al. 2019). In some clusters, the ICM can
cool and condense at the cluster center, leading to cooling flows
that can trigger star formation and affect the evolution of the cen-
tral galaxy (Fabian 1994; Peterson et al. 2003).

Major mergers between galaxy clusters are violent and trans-
formative events. They can reshape the structure of the clusters,
heat the ICM, and are key drivers of cluster evolution (Sarazin
2002; Markevitch & Vikhlinin 2007; Lokas 2023). Additionally,
smaller groups of galaxies can fall into larger clusters, con-
tributing to the growth and evolution of the cluster over time
(Tully 1987). Galaxy clusters also continuously accrete individ-
ual galaxies, smooth gas, and dark matter from their surround-
ings, which further contributes to their growth and evolution
(Kravtsov & Borgani 2012).

In addition, SMBH feedback from active galactic nuclei
(AGN) is believed to play a crucial role in regulating the cool-
ing of the ICM and preventing catastrophic cooling flows in
cluster centers (Croton et al. 2006). AGN feedback is effective
at quenching star formation in massive cluster galaxies, includ-
ing the central or brightest one, and maintaining the observed
low star formation rates in these galaxies (Kauffmann et al.
2003; McNamara & Nulsen 2007). In doing so, it drives strong,
high-velocity jets or outflows into the surrounding medium
(Cicone et al. 2014).

All of these processes shape not only cluster galaxies, but
also the gas within and in the outskirts of clusters. This gas con-
stitutes the majority of the baryon budget of the halo, and its
properties and dynamics are complex. In particular, the kinemat-
ics of the hot ICM gas is the focus of this paper.

Observationally, the kinematics of the ICM are challeng-
ing to study (Simionescu et al. 2019). In their pioneering study,
Hitomi Collaboration (2018) probed the gas dynamics in the
Perseus cluster, reporting measurements of the gas motions
within the central 100 kpc of the cluster, using X-ray emis-
sion lines. They found that the gas velocity dispersion is very
low (164 + 10km/s) and mostly uniform, except near the cen-
tral AGN and the northwestern ghost bubble (~200 km/s), which
are regions where the AGN injects energy into the gas (see also
Mohapatra et al. 2022, for simulation work). A velocity gradient
also exists across the cluster core, consistent with sloshing of the
gas caused by a past merger event (see also Hitomi Collaboration
2016).

Beyond the velocity dispersion, the dynamics of the ICM
as a function of scale can be quantified with the velocity
structure function (VSF). For example, studying colder gas
phases, Ganguly et al. (2023) measured the VSF for a number
of observed clusters and they find that the VSF of most clus-
ters exhibits a slope steeper than the Kolmogorov theoretical
prediction. They also show that the Abell 1795 cluster exhibits
a flattening of the VSF on small scales, consistent with Kol-
mogorov, but this behavior is observed only in regions dis-
tant from the SMBH. This emphasizes the significant role that
SMBHs may play in the small-scale kinematics of the ICM.
Moreover, Li et al. (2020) investigated the kinematics of multi-
phase He filaments in the centers of three nearby galaxy clusters,
Perseus, Abell 2597, and Virgo, using high-resolution optical
data. On scales smaller than a few tens of kiloparsecs, the VSF
reveals multi-scale turbulence. Notably, VSF features correlate
with the sizes of jet-inflated bubbles, suggesting that AGN feed-
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back drives turbulence in these clusters. In addition, they com-
pared this with X-ray measurements of line widths and surface
brightness fluctuations from Hitomi Collaboration (2018), find-
ing broad agreement between the kinematics of cold filaments
and the hot ICM.

Studying larger scales, Gatuzz et al. (2023) measured the
VSFs of three galaxy clusters: Virgo, Centaurus, and Ophiuchus.
These also generally exhibit power-law slopes, approximately
out to megaparsec scales, indicative of turbulent motions. For
Virgo, they observed a flattening in the VSF, which they asso-
ciate with a turbulent driving scale of ~10-20kpc.

In the realm of simulations, numerous studies have
addressed galaxy clusters and the kinematics of their
gas (see, e.g., Yang & Reynolds 2016; Cuietal. 2018;
Mohapatra & Sharma 2019). Utilizing idealized hydrody-
namic simulations, ZuHone et al. (2016) examined a minor
merger between a large cluster with a cool core and a smaller
gasless subcluster, resulting in cold fronts within the cluster
core. They generated synthetic X-ray spectra from these sim-
ulations, convolved with the Astro-H Soft X-ray Spectrometer
(SXS) responses, to investigate the effects of projection and
non-Gaussian line shapes on gas velocity measurements. With
respect to major mergers, Biffi etal. (2022) studied a major
merger of two galaxy clusters using hydrodynamical simula-
tions with the AREPO code (Springel 2010). They explored
the possibility of detecting multiple velocity components or
velocity gradients by generating mock X-ray spectra (see also
Vazza et al. 2017). Additionally, Ehlert et al. (2021) explored
the impact of AGN jets on hot gas and magnetic fields in
galaxy clusters. They found that AGN jets create bubbles of hot
gas that rise buoyantly, disrupting cluster turbulence but only
locally affecting the gas velocity field (see also Beckmann et al.
2022). Their analysis of the gas uplifted by the AGN jets
revealed fast, coherent outflows with low velocity dispersion
(see also Chenetal. 2019). They also noted that projected
velocity distributions exhibit complex structures, complicating
the interpretation of observations.

Wang et al. (2021) investigated the properties of turbulence
in both hot and cold phases of the ICM in galaxy cluster simu-
lations. They found that cold gas forms filaments that gravitate
toward the cluster center and exhibit a VSF with a slope steeper
than one third predicted by Kolmogorov (1941). In contrast, the
hot gas displayed a VSF slope close to one half in hydrodynamic
scenarios. They posited that the turbulence in the hot phase could
be driven by a combination of AGN jet stirring and filament
motion, facilitated by magnetic fields.

In this work, we investigate the kinematics of the gas in
galaxy clusters using the new TNG-Cluster simulation. Focus-
ing on z = 0, we cover a halo mass range of 14.3 <
log;o(M2ooc/Mg) < 15.4, exploring the gas from small kilopar-
sec scales in the core of the cluster to large megaparsec scales in
the cluster outskirts.

This paper, together with a series of companion papers,
collectively offer an initial overview of the TNG-Cluster sim-
ulation suite, its scientific scope, and its prospects for future
research. Nelson et al. (2024) introduce the simulation frame-
work and discuss the general properties of the ICM. Pillepich
et al. (in prep.) delve into both the global and spatially resolved
characteristics of the ICM, encompassing phenomena such as
pressure waves and feedback-induced bubbles and perturbations.
Rohr et al. (2024) examine the circumgalactic medium (CGM)
surrounding cluster satellites, focusing on their observable signa-
tures. Lehle et al. (2024) provide a complete analysis of the cool-
core and non-cool-core populations within TNG-Cluster, linking
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them to cluster properties. Lee et al. (2024) identified systems
undergoing mergers and recovered radio relics, the diversity and
features of which align with existing observations. Lastly and
most relevant to this study, in Truong et al. (2024) we investigate
the velocity dispersion of the cores of the Perseus-like clusters in
TNG-Cluster, anticipated to be observed in the XRISM mission.

This paper is structured as follows. In Sect. 2, we describe
the TNG-Cluster simulation and the methodology used in this
paper. In Sect. 3, we present our main results in 3D simula-
tion space, including the initial findings on the kinematics of
gas in and around galaxy clusters, as well as the coherence of
gas motion from small to large scales, as revealed through the
analysis of the VSF of gas. Section 4 is dedicated to the observ-
able kinematics of the gas in galaxy clusters, where we compare
our results with various observations. Finally, we summarize our
findings and conclude our study in Sect. 5.

2. Methodology
2.1. The TNG-Cluster simulation suite

The TNG-Cluster simulation' is a suite of 352 zoom simulations
of massive galaxy clusters with log; (M2 /Mo) 2 14.2 chosen
from a ~1 Gpc parent box. These simulations are specifically
designed to study the physics of galaxy clusters. This project
extends the previous IllustrisTNG simulations (TNG here-
after; Nelson et al. 2018; Pillepich et al. 2018a; Springel et al.
2018; Marinacci et al. 2018; Naiman et al. 2018), particularly
TNG300, to the high-mass regime. The TNG-Cluster simulation
adopts the same numerical methodology and physical galaxy for-
mation model as the other TNG simulations. It also maintains the
relatively high resolution of TNG300-1 with g, ~ 107 My, (see
Nelson et al. 2024 for details).

The TNG model is implemented within the moving-mesh
AREPO code (Springel 2010) and solves the equations gov-
erning gravity and magnetohydrodynamics (Pakmor et al. 2011;
Pakmor & Springel 2013). It is a comprehensive physical model
for galaxy formation that includes radiative cooling of gas, star
formation from cold gas, stellar evolution, and stellar feedback
(Pillepich et al. 2018b). It also models SMBHs, including their
seeding, merging, and feedback (Weinberger et al. 2017).

The TNG simulation utilizes a real-time halo identification
algorithm and inserts a supermassive black hole with a fixed
mass into the halo as soon as the halo’s mass crosses a prede-
termined value. The SMBH then grows by accreting matter and
merging with other SMBHs. The accretion process is simulated
using the Bondi accretion formula (Bondi 1952; Bondi & Hoyle
1944), which takes into account various factors like the mass of
the SMBH, local gas density, temperature, and the SMBH’s rel-
ative velocity to the surrounding gas. In the model, AGN feed-
back is the key factor that quenches star formation in massive
galaxies such as those located at the cluster centers. The SMBH
feedback can function in either thermal or kinetic modes, but
not both simultaneously. In the thermal mode, energy is con-
sistently added to the adjacent gas cells, elevating their temper-
ature and affecting their properties. On the other hand, when
the accretion rate drops—typically in massive galaxies—the
feedback switches to the kinetic mode, injecting momentum
and kinetic energy into neighboring gas cells. This can gen-
erate non-isotropic outflows, depending on the specific condi-
tions of the nearby gas (Weinberger et al. 2017; Nelson et al.
2019; Pillepich et al. 2021). However, these outflows do not
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significantly alter the gas distribution in galaxy clusters on a
large scale, unlike what we previously found in galaxy groups
and Milky Way-like halos (Ayromlou et al. 2023). Magnetic
fields in galaxy clusters are also taken into account in our simu-
lations. Due to a mix of turbulent and small-scale dynamo pro-
cesses, magnetic fields are self-consistently amplified from a
nearly negligible primordial seed field in the initial conditions
to their values across different cosmic times.

The TNG-Cluster simulation adopts the same ACDM cos-
mology as TNG, with cosmological parameters consistent with
Planck observations of the cosmic microwave background
(Planck Collaboration XIII 2016). The cosmological parameters
used are Q, = 0.3089, Q, = 0.6911, Hy = 67.74km/s/Mpc,
ns = 0.9667, og = 0.8159, and Q, = 0.0486.

We identify halos with the friends-of-friends (FoF) algo-
rithm (Davis et al. 1985) as linked groups of particles. Within
these halos, substructures, termed subhalos, are identified using
the SUBFIND algorithm (Springel et al. 2001). Each halo con-
tains one central subhalo, typically the most massive substruc-
ture within that halo, while the remaining subhalos are catego-
rized as satellites.

2.2. Analysis: Radial profiles and 2D projections

We measure the radial profiles of several physical quantities,
from the halo center to ~1.5Rqo.. In doing so we consider all
cells and particles in the simulation volume, and do not restrict
to, for example, the FoF halo member cells and particles. For
each halo, we compute the weighted mean of a given property X
at a fixed halocentric distance as (X) = >; X; w;/ X; w; where w;
is the weight assigned to each gas cell, which we take as mass,
density, or X-ray emissivity. In the latter case we adopt a simple
estimator for bolometric X-ray luminosity (Navarro et al. 1995),
as a function of gas density and temperature. This approach
accounts for free-free bremsstrahlung emission from hot gas
with 7 > 10° K which dominates in high-mass clusters.

When deriving line-of-sight observables in 2D, we project
along the z-axis of the simulation box. We also integrate along
the full simulation box in the line-of-sight direction, in order to
incorporate clustering and local projection effects.

The physical properties we consider are defined as:

— Radial Velocity: The radial component of the velocity vector
of each gas cell in the rest frame of the halo. Positive and
negative values indicate outflows and inflows, respectively.

— Line-of-Sight Velocity: The z-axis component of the velocity
vector of each gas cell in the rest frame of the halo. Positive
and negative values indicate redshift and blueshift, respec-
tively.

— Velocity Dispersion: The standard deviation of the radial or
line-of-sight velocity for all gas cells within a given bin.

— Mass Inflow and Outflow Rates: Measured from the instan-
taneous gas velocities as M = >.im;vi/Ar; where m; is the
mass of each gas cell, v; is its radial or line of sight velocity,
and Ar is the thickness of the radial bin. Positive and negative
values correspond to outflows and inflows, respectively.

2.3. Classification of galaxy clusters

We categorize halos based on several key attributes: halo mass
(or radius), halo radial zone, relaxedness (state of relaxation),
formation redshift, SMBH mass, and SMBH accretion rate. We

define each of these as follows:
— Halo mass: We characterize halo size with Rygg. (or Rsggc),
the halocentric radius enclosing a total matter density of 200
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(or 500) times the critical density of the Universe. The mass
within this radius, M,goc (or M5pc), s the halo mass.

— Halo radial zone: We sometimes partition halos into three
distinct radial zones: the core, the intermediate region, and
the outskirts. The core is defined as the region within
0.2, Rypoc of the halo center. The intermediate region is cen-
tered around ~0.5, Ryooc, and the outskirts are defined as
the volume at Rypo.. Each of these zones has a thickness of
0.2 Roooc.

— Relaxedness: We combine two criteria, and classify a halo as
relaxed if and only if it satisfies both criteria.

1. Distance criterion: The separation between the halo cen-
ter of mass and its most bound particle. A halo is labeled
relaxed if this distance is less than 0.1 Ryg.; otherwise, it
is unrelaxed.

2. Central subhalo mass criterion: The mass fraction of the
central subhalo relative to the total halo mass. A halo is
considered relaxed if this ratio exceeds 0.85; otherwise,
it is unrelaxed.

— Formation redshift: The redshift at which the halo reaches
half of its present-day mass. Halos are categorized as early-
or late-forming, with the threshold at z ~ 0.5, corresponding
to the median formation redshift of TNG-Cluster halos.

— SMBH mass to halo mass ratio: The mass of the central
SMBH relative to the total halo mass. We split halos into
two subsets at the median mass ratio for a given mass bin.

— SMBH accretion rate: The instantaneous accretion rate of
the central SMBH. Halos are divided into two subsets at the
median accretion rate of the SMBHs of all halos at fixed halo
mass bin.

2.4. Velocity structure function

The velocity structure function (VSF) is a robust two-point sta-
tistical measure to quantify the coherence and turbulence of
gas motions as a function of separation distance, denoted as Ar
(Kolmogorov 1941). The VSF is calculated as:

14
Zi,j w[wj |vi — l)j|

ij Pitj

ey

where p represents the order of the VSF, and p = 1 for the first
order VSF. For the 3D (theoretical) VSF, v is the velocity vector
gas. For the 1D (mock observational) VSF, v is the line-of-sight
velocity. To compute the VSF, we initially bin the space in either
3D or 2D, depending on whether we are dealing with theoreti-
cal or observational VSF measurements. We then calculate the
average velocity for each bin (v in the formula above). When
computing the average velocity of each bin, we employ mass,
density, or X-ray bolometric luminosity weighting. We have ver-
ified that altering the bin size by a factor of 5 does not signifi-
cantly affect our VSF results. The sole criterion for selecting the
bin size is that it should be smaller than the minimum separation
scale of interest. To ensure maximum consistency and caution,
we always choose our bins to be at least four times smaller than
the minimum separation scale.

In addition to the bins from which we measure the VSF,
the VSF itself can be weighted. In the equation above, this
is denoted by w; and w; as weights of the i-th and j-th gas
cells or bins, respectively. Throughout this paper, we employ
w; = w; = 1, except for the case of the VSF of the line-of-sight
velocity in comparison with observations, where we explore var-
ious choices.
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3. Gas kinematics according to TNG-Cluster
3.1. Gas flows in and out of galaxy clusters

We begin by visualizing a massive galaxy cluster at z = 0 in
the TNG-Cluster simulation, with a halo mass Mg =~ 1.6 X
10'5 M, Fig. 1 provides an overview of the key scientific phe-
nomena discussed in this paper. It depicts the mass-weighted gas
radial velocity in the top panel, the gas radial velocity dispersion
in the bottom left panel, the gas density distribution in the bottom
middle panel, and the baryon fraction in the bottom right panel.
In all cases, the images extend to a radial distance of 1.5Rxgqc,
where Ry is denoted by the white circles and is approximately
2.5 Mpc. We consider a projection depth along the line of sight
of 1.5 Rypoc- The halo has formed half of its mass by z ~ 0.64 and
is in a relaxed state, as over 85% of its mass resides within the
central subhalo, and it is currently not undergoing major merg-
ers. The BCG of the cluster contains a massive central SMBH
with a mass of Mgvpy ~ 4 % 10'° M.

This cluster is dynamically evolving at a significant rate. The
main panel reveals complex gas kinematics within and around
this massive halo. The gas motions vary substantially from the
core to the outskirts of the cluster. Both inflowing (depicted in
green, negative velocity) and outflowing (depicted in orange,
positive velocity) gas motions are relatively slow near the cluster
center. These velocities increase in the intermediate regions of
the halo and continue to rise toward the outskirts, even exceed-
ing the halo’s virial velocity, which is marked at the edges of the
colorbar as ~1800 km/s.

The radial velocity dispersion (bottom left panel) demon-
strates that even within small regions of approximately one pixel
(~10kpc), the gas motion is not coherent. This suggests that the
gas dynamics within the cluster are influenced by, and may cor-
relate with, a variety of factors which we discuss below. We will
also delve into the coherency of gas motions through a detailed
analysis of the velocity structure function later in Sect. 3.5.

The gas density (lower center panel) is highest in the core
and decreases with increasing radius. However, it is not spheri-
cally symmetric, particularly toward the outskirts of the cluster.
Similarly, the baryon fraction, shown in the lower right panel,
peaks red at the very center of the halo, indicating the presence
of the brightest cluster galaxy (BCG). The blue region surround-
ing the halo center represents a high concentration of dark mat-
ter and a low gas fraction, while other blue clumps correspond
to satellites. This halo is “closed” and contains all the bary-
onic mass associated with its dark matter within the virial radius
(Ayromlou et al. 2023). The red regions dominated by baryonic
matter and the blue regions dominated by dark matter effectively
cancel each other out. As a result, the measured closure radius R,
is smaller than the halo size Rypo.. However, the radial velocity,
as shown in the top panel, reveals a distinct pattern of inflowing
(green) and outflowing (orange) gas. Clearly, even though galaxy
clusters contain their full baryon budget, they are not static sys-
tems (see also Mitchell & Schaye 2022).

3.2. Inflows, outflows, and velocity dispersion

In Fig. 2, we quantify the mass weighted distribution of gas
radial motion in three different halo zones (three panels) and for
different halo masses (colors). Overall, the PDFs exhibit a wide
range of velocities within each region, ranging from stationary
gas to gas moving at speeds exceeding 1000 km/s. All 352 indi-
vidual halos are shown with thin lines, while the four thick col-
ored lines show mean distributions, stacking in five halo mass
bins.
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Fig. 1. Gas kinematics in and around a massive halo of the TNG-Cluster simulation with M ~ 1.6 x 10'°M,, at z = 0. The halo virial radius
(white/black circle) and velocity are Rypp ~ 2.5 Mpc and Vo9 ~ 1800 km/s, respectively. The primary panel illustrates the radial velocity of the
gas, weighted by X-ray luminosity. The trio of smaller panels below detail the dispersion of the radial velocity of the gas weighted by X-ray
luminosity (left), the density of the gas normalized to the critical density of the Universe (middle), and the fraction of baryons normalized to the
cosmic baryon fraction (right), all for the same object. The projection depth across all panels is set at 1.5 Rygo.. The halo is closed, meaning all
of its baryons are confined within its boundary (the closure radius, R, smaller than Ryy). In contrast, its kinematics is in a state of significant

evolution.

In the core (Rsp < 0.2 Rygqc), the average distributions (thick
lines) are symmetric and follow a Gaussian distribution, with
a mean at v;gs ~ 0. This suggests that the net flow of gas
across the core is approximately zero, when averaging over all
clusters. However, the velocity distribution of individual clus-
ters may show significant variations from the average, demon-
strating the complex behavior of the gas in cluster cores. In

the intermediate regions (Rsp ~ 0.5 Rygoc), the distributions
remain relatively symmetric on average, but their peaks shift
toward positive values, depending on the halo mas. However,
as shown in the top left panel of Fig. 3, the average net velocity
remains close to zero. Nevertheless, individual halos show sig-
nificant variation, with some exhibiting strong outflows and oth-
ers showing strong inflows. The presence of these asymmetries
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Fig. 2. Normalized distributions of gas radial velocities in three differ-
ent regions of TNG-Cluster halos at z = 0. The top, middle, and bottom
panels represent the cluster cores, intermediate regions, and outskirts,
respectively. Each color corresponds to a different halo mass bin. The
thick solid lines depict the mean profile, while the thin lines represent
individual clusters. The colored dashed vertical lines indicate the virial
velocity for each mass bin. The gas radial velocity distribution exhibits
both inflows and outflows. It is symmetric and follows a Gaussian dis-
tribution in the core but becomes asymmetric in the outskirts, featuring
a clear second peak at negative velocities.

in the velocity distribution of massive clusters, that are also seen
in the CGM of much less massive halos (e.g., Lochhaas et al.
2020; Fielding et al. 2020), indicates that the ICM is dynami-
cally evolving, similar to its lower-mass counterparts.

In the outskirts (R3p ~ Raooc), the velocity distributions are
highly asymmetric and exhibit a double peak. The left peak
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(negative values) arises from cosmic accretion onto the halo at
these scales. This aligns with the radial velocity profiles pre-
sented in Fig. 3. The cosmic accretion peak happens at higher
velocities in more massive halos, a trend which follows the halo
virial velocities (dashed vertical lines). Furthermore, the PDFs in
the outskirts are significantly broader than those in the core and
intermediate regions, indicating less coherent gas motions in the
outskirts. We will investigate this in detail in Sect. 3.5.

There is also a clear trend with halo mass: the higher the
mass, the lower the amplitude of the peak and the broader its
width. However, there is considerable halo-to-halo variation.
Individual halos, represented by thin lines, can exhibit velocity
distributions that deviate significantly from the average within
their respective halo mass bins. This variation is strongly corre-
lated with both the properties of the clusters and other attributes
of the gas itself, as we discuss below.

In Fig. 4 we show the intrinsic, three-dimensional, radial
velocity dispersion of gas, measured within radial bins, that is,
spherical shells. We plot the entire TNG-Cluster sample at z = 0,
as a function of halo mass, for four different radii extending from
the core (pink) to intermediate regions (yellow, teal), to the out-
skirts (brown). The ICM radial velocity dispersion is a strong
function of mass, and is larger for more massive halos, increas-
ing by a factor of ~2—4 from our least to most massive clusters.
Simultaneously, o increases with halocentric distance, and is
smallest in the core.

3.3. Radial and mass dependence of 3D gas kinematics

In Fig. 3, we present the radial and mass trends of various gas
properties from the cluster center to 1.5 Ry for clusters of dif-
fering masses, as denoted by the color of each line. The top-left
panel shows the radial velocity of the gas, indicating that, on
average, gas is inflowing in the outskirts (negative radial veloc-
ity) and reaches a quasi-equilibrium state (zero radial velocity)
in the cores of clusters. This suggests that the net flow of the
gas is approximately zero near the core and shifts toward inflow-
dominated as the halocentric distance increases. However, the
thin lines for individual clusters reveal that this general trend
does not necessarily represent the gas kinematics for a specific
cluster. There is considerable scatter and variation among halos.
The radial velocity of the gas can be positive (outflowing) or neg-
ative (inflowing) at any given radius, and its magnitude can vary
significantly. This scatter is strongly correlated with the proper-
ties and evolutionary state of the halo, as we discuss below.

To understand the variation of velocities at different scales,
the top-right panel of Fig. 3 displays the radial velocity disper-
sion of the gas. In this analysis, we measure the velocity disper-
sion within radial bins (i.e., spherical shells). The radial velocity
dispersion is highest in the outskirts and decreases toward the
core of the cluster, highlighting the greater asymmetry of gas
motions in the outskirts. The amplitude of the velocity disper-
sion is also higher in more massive clusters, as indicated by the
color of the lines. This is partly due to the stronger gravitational
forces in more massive clusters, given that both the overall veloc-
ity dispersion and V5 increase with halo mass. However, there
is noticeable scatter among individual clusters, reflecting the
unique gas kinematics in each halo. Therefore, while case studies
of individual clusters can provide valuable insights into the gas
kinematics of specific halos, a statistical study of a large sam-
ple of clusters is essential for understanding overarching trends
and the impact of halo properties on gas kinematics. This is one
of the key objectives of both the TNG-Cluster project and this

paper.
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Fig. 3. Radial profiles of gas properties across the full TNG-Cluster sample of galaxy clusters at z = 0. Each color denotes a different halo mass:
thick solid lines depict the mean profile, while the thin lines represent individual clusters. The panels, from top left to bottom right, show the radial
velocity, radial velocity dispersion, gas inflow rate, and gas outflow rate. On average, gas is inflowing (with negative radial velocity) in cluster
outskirts, reaching quasi-equilibrium (zero radial velocity) in cluster cores. Similarly, on average, the net gas flow across all stacked clusters is near
zero. However, this is not the case for individual clusters, which can exhibit strong inflows and/or outflows of high velocity and/or high velocity

dispersion gas at a variety of radii.
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Fig. 4. Radial velocity dispersion of ICM gas as a function of the halo
mass. The four colors correspond to four different halocentric radii.
Individual markers show the complete TNG-Cluster sample at z = 0,
while lines show the median relations at each of the four radii.

The bottom panels of Fig. 3 display the radial profiles of
the gas inflow and outflow rates. The gas inflow rate (bot-
tom left panel) is lowest in the cluster core and monotonically

increases toward the outskirts. This trend is expected, as gas
is accreted from the cosmic web, and the accretion rate dimin-
ishes toward the cluster center. Beyond a certain halocentric dis-
tance, this trend flattens, indicating a relatively constant accre-
tion through the halo. More massive halos have higher inflow
rates at fixed halocentric distances, reflecting their stronger grav-
itational pull. In contrast, the outflow rate does not monoton-
ically increase with halocentric distance. Between the cluster
center and ~0.3—0.5Ryqq., the outflow rate rises with increas-
ing halocentric distance but then declines toward the outskirts.
This suggests that the impact of physical processes leading to
outflows weakens considerably toward the halo outskirts. As the
average radial velocity of outflows keeps increasing with halo-
centric distance (see Fig. 5), this indicates the lower amount of
gas moving outward, as opposed to slower outflows, leading to
lower gas outflow rates. For both inflows and outflows, there is
notable scatter among individual halos, further confirming the
variation in gas kinematics from one halo to another. As we dis-
cuss below, this halo-to-halo variation is strongly correlated with
the properties and evolutionary history of each halo.

3.4. Connecting gas motions to cluster properties

In Fig. 5, we present the radial profiles of inflowing (left column)
and outflowing (right column) gas radial velocity. Halos are split
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Fig. 5. Radial profiles of the inflowing gas radial velocity (left column) and the outflowing gas radial velocity (right column) for halos classified
based on their relaxedness (first row), formation time (second row), SMBH mass (third row), and SMBH accretion rate (fourth row). Each color
corresponds to a different halo mass bin. The thick solid lines depict the mean profile, while the thin lines represent individual clusters. The figure
emphasizes the significant correlations between halo properties and the kinematics of gas.

into subsets based on four physical parameters in the four rows.
Our aim is to explore potential correlations between gas motion
and the properties of the host galaxy clusters.

The top row splits halos based on their state of relaxation.
We see that unrelaxed halos have faster inflows (more negative
radial velocities) and faster outflows (more positive radial veloc-
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ities). This trend is consistent across all mass ranges (indicated
by colors) and nearly all halocentric radii. However, the average
velocity difference between relaxed and unrelaxed objects can
vary from a few tens to a few hundreds of km/s, depending on
the halo mass and halocentric radius. This suggests a strong cor-
relation between the gas kinematics and the dynamical state of
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Fig. 6. Radial profiles of the line-of-sight velocity dispersion for halos. The top panel shows this quantity for all halos, while the other panels
show the same quantity for halos classified based on their relaxedness (middle left), and formation time (middle right), SMBH mass (bottom left),
SMBH accretion rate (bottom right). Each color corresponds to a different halo mass bin. The thick solid lines depict the mean profile, while the
thin lines represent individual clusters. The figure underscores the significant impact of halo properties on the line of sight velocity dispersion.

the halo. Unrelaxed halos, which are typically undergoing merg-
ers and are dynamically evolving, have strong flows driven by
these mergers, and their gas motions are not in equilibrium. In
contrast, relaxed halos are in a quasi-equilibrium state, and their
gas motions are more balanced. This is further confirmed by the
velocity dispersion of the gas, which is higher in unrelaxed halos,
as we discuss later in the paper (see Figs. 6 and B.2).

In the second row, we subdivide halos based on their for-
mation time. Late-forming halos, which are more dynamically
evolving, exhibit faster inflows and outflows compared to early-
forming halos. This indicates that halo formation history impacts
ICM kinematics. On average, late-forming halos have under-
gone more recent merger events, leading to more dynamic
gas motions. In contrast, early-forming halos have been in a
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quasi-equilibrium state for a longer period, resulting in more sta-
ble gas motions.

The third row splits halos based on the mass of the SMBHs in
their central subhalos. For halos of a fixed mass (colors), those
with less massive SMBHs exhibit faster inflows and outflows
compared to those with more massive SMBHs. Interestingly,
radial velocities increase with increasing halo mass, but at a fixed
halo mass, they decrease with increasing SMBH mass. This is
because more massive SMBHs reside within more relaxed halos
and those with earlier formation times. Consequently, the impact
of SMBH mass on gas kinematics is partially obscured by other,
stronger correlations. We discuss the cross-correlation between
halo properties in more detail in Appendix A.

Finally, the fourth row classifies halos based on the accre-
tion rate onto their SMBHs. Halos with more rapidly accret-
ing SMBHs (represented by solid lines) generally exhibit slower
inflows and outflows compared to those hosting SMBHs with
slower accretion rates. This trend is strongly dependent on halo-
centric distance: the closer the gas is to the halo center, the more
significant the trend becomes. This reflects the strong coupling
of SMBH feedback with the halo center, while its direct influ-
ence diminishes toward the outskirts of the halo.

We note that the trends discussed above are, in most cases,
significantly more pronounced in our most massive halo mass
bin (15.2 < log,y M200c./Me < 15.4). This bin contains 22 galaxy
clusters, making the mean profiles generally robust. However,
we do not rule out the possibility that the trends may be magni-
fied due to the small number of clusters in this bin.

We further explore the relationship between the gas radial
velocity and other gas properties, such as temperature and metal-
licity, in Fig. 7. In all panels, the colors represent the conditional
fraction of mass at a fixed value on the x-axis; that is, each col-
umn is normalized so that the sum equals one. In this manner,
each column serves as a histogram, where we have stacked data
from all TNG-Cluster halos at z = 0.

The top panel shows the correlation between gas radial
velocity and temperature. In both mass fractions (indicated by
colors) and the running median (depicted by the dashed line) we
see that the majority of cool gas, with T < 10°K, is inflowing.
Conversely, hot gas with T > 10° K exhibits both inflowing and
outflowing components. The median radial velocity of hot gas
is near zero, but there is a significant scatter, ranging from hun-
dreds to thousands of km/s. Nevertheless, even the median radial
velocity of extremely hot gas with T > 10® K is positive, indicat-
ing that this phase in mostly outflowing.

The middle panel of Fig. 7 presents the relationship between
gas radial velocity and its metallicity. A correlation is evident:
both low-metallicity gas (log,0Z/Zo < -1) and very high-
metallicity gas (log,yZ/Zy > 0) are more likely to be inflow-
ing. As depicted in the bottom panel of the same figure, low-
metallicity gas is predominantly hot, while high-metallicity gas
is generally cool’. Gas with intermediate metallicity (-1 <
log,yZ/Zs < 0) is typically hot and exhibits a median radial
velocity close to zero, indicating a balance between inflow-
ing and outflowing material. However, the scatter indicates the
complexity of velocity-metallicity relations. This intermediate-
metallicity gas is the most abundant component of galaxy clus-
ters.

In summary, our findings indicate that cool gas with high
metallicity and hot gas with low metallicity are predominantly

2 The two distinct horizontal features of cool gas are visible in the
bottom panel at log,,(T[K]) ~ 4-4.5 and log,,(T[K]) ~ 5-5.5 and are
associated with the cooling efficiency of such gas in the ICM.
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Fig. 7. Connection between gas kinematics, temperature, and metallic-
ity. Each panel shows the 2D histogram (i.e., distribution of gas mass)
in the plane of radial velocity versus: temperature (top), and metallic-
ity (middle). The bottom panel shows the cross correlation of temper-
ature and metallicity. The colors show the conditional fraction of mass
at fixed x-axis value, i.e., each column is normalized such that the sum
equals unity. Gas velocity and temperature are connected: cool gas is
typically inflowing while hot gas is typically outflowing.

inflowing. On the other hand, it is challenging to discern a sig-
nificant trend for outflowing gas based on either temperature or
metallicity, although the outflowing gas is on average slightly
warmer and has higher metallicity than the inflowing gas. In
a supplementary analysis (not shown), we examine the radial
dependence of metallicity trends. We find that the metallicity
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Fig. 8. First-order velocity structure function (VSF) versus 3D separation distance for all TNG-Cluster halos at z = 0. The top row shows the VSF
for small separation scales (<10kpc) near the cluster center (left), and larger separation scales (100 kpc < Arsp < 2Mpc) in the entire cluster
and its outskirts. The bottom row shows the VSF at medium separation scales (10 kpc < Ar;p < 100 kpc) in the cluster core (bottom left), cluster
intermediate regions (bottom center), and cluster outskirts (bottom right). Each color corresponds to a different halo mass bin. The thick solid lines
depict the mean VSF, while the thin lines represent individual clusters. The diagonal lines correspond to the Kolmogorov slope of 1/3. Gas motion
becomes less coherent with increasing separation distance, and is most coherent in the outskirts and least coherent in the cores of clusters, due to

the combined effects of gravity and baryonic processes.

of inflowing gas is generally slightly higher than that of out-
flowing gas in the outskirts of the halo. This difference vanishes
as one approaches the core regions of clusters. These complex-
ities underscore the varied physical drivers of gas kinematics in
galaxy clusters.

3.5. Turbulence and coherence of the ICM kinematics

The AREPO code has previously been utilized for exam-
ining turbulence in hydrodynamical simulations (e.g.,
Bauer & Springel 2012). In this work, we study the TNG-
Cluster simulation, which incorporates extensive subgrid
physics models, with the aim of investigating the physics
of galaxy evolution and its consequential effects on the gas
dynamics. To probe the scale dependence of gas kinematics in
galaxy clusters, we turn our attention to the two-point statistical
analysis of the velocity structure function (VSF). Fig. 8 is an
illustrative guide showing how the first-order VSF, S, captures
the coherency of gas motion in TNG-Cluster at z = 0. We now
divide our halos into five zones or regions: core small scale
(R3p < 50kpe), cluster core (Rsp < 0.2Ryg0c), intermediate
(R3p ~ 0.5Ry0c), outskirts (Rsp ~ Rpgoc), and large scale,
including the entire halo and its outskirts (Rsp < 1.5R00c)-

For the intermediate and outskirts zones, we consider a shell
thickness of 200 kpc around their respective radii. The VSF is
computed for each halo (thin lines) and subsequently averaged
across all halos within each mass bin (thick lines). The diag-

onal lines represent the Kolmogorov (1941) slope of 1/3%. We
note that the minimum separation distance, Ary,, is chosen to
be larger than the simulation resolution, namely the gas cell size.
Nevertheless, the VSF should be interpreted with caution at sep-
aration scales approaching the resolution limit of the simulation.
The average gas cell size for the core, intermediate, and outskirts
zones is ~2kpc, ~7 kpc, and ~12 kpc, respectively.

We find that across all regions of the halo, from scales of a
few kpc (top left panel) to scales of a few Mpc (top right panel),
the VSF increases with separation distance. This implies that the
greater the distance between two parcels of gas, the less coher-
ent their motion becomes. Additionally, a mass-dependent trend
is evident. At a fixed separation distance (x-axis) and within a
fixed halo zone (panels), the gas in more massive halos exhibits
less coherent motion (larger S;). Except for regions in close
proximity to the center (top left panel), the VSF largely adheres
to a power-law Kolmogorov relation with a slope of 1/3, which
appears as a linear relationship in the log-log panels.

The VSF exhibits a pronounced dependence on the halo zone
in which it is measured. As seen in the bottom row of panels, for
a fixed separation scale and fixed halo mass (colors), the VSF
is highest in the core and decreases toward the outskirts. This

3 Note that the separation scales i.e., x-axis ranges differ across pan-
els. The smallest separation scales are in the top-left panel, while the
largest are in the top-right. The bottom three panels, representing the
core, intermediate, and outskirts zones, maintain consistent separation
scales.
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Fig. 9. Illustration of the variations in the first-order VSF across halos with distinct attributes. Each panel represents a specific property: relaxedness
(top left), formation redshift (top right), SMBH mass (bottom left), and SMBH accretion rate (bottom right). The color scale quantifies the
difference in VSF between relaxed and unrelaxed halos (top left), early and late-forming halos (top right), halos with high and low SMBH mass
(bottom left), and halos with high and low SMBH accretion rates (bottom right). The y-axis denotes the halo mass, while the x-axis indicates the
halo radial zone within which the VSF is measured. For each radial zone, the VSF is averaged over all separation scales as presented in Fig. 8. We
note that averaging over all separation scales is justified, as we found the variation in Alog,,(S 1) across these scales to be insignificant. The figure

emphasizes that the VSF is sensitive to halo properties.

suggests that gas motion is more coherent in the outskirts and
increasingly turbulent and chaotic toward the core. This behavior
may reflect a transition from, and the interplay between, gravita-
tional and baryonic feedback processes.

The velocity dispersion has the inverse trend with respect
to halocentric distance (see Figs. 4 and 3). The apparent dis-
crepancy is reconciled by the operational definitions of these
two metrics. While the VSF quantifies the velocity difference
between pairs of gas cells at a given relatively small separation
scale, velocity dispersion indicates the deviation of velocities
from the mean, computed for all gas within a specified halo zone
or spherical shell. At a fixed small separation scale, the ampli-
tude of the VSF is higher in cluster centers, which is also where
the driving scale of turbulence is smaller, with AGN effects at
smaller scales versus mergers at larger scales. The VSF in the
outskirts, if it were to probe larger separation scales as in the
upper right panel of Fig. 8, would show a greater amplitude on
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these large scales, which would align the trend with that seen in
Fig. 3.

The VSF also exhibits significant halo-to-halo variability
across different halo zones. Specifically, zones closer to the
halo center (top left and bottom left panels) show a greater
degree of halo-to-halo variation in the VSF. In contrast, in the
outskirts, halos of comparable mass demonstrate more unifor-
mity in the coherency of their gas motion. Furthermore, there
are no abrupt transitions in the VSF between small and large
scales, or between different regions of cluster halos. This is evi-
dent when comparing the VSF at a fixed separation scale (e.g.,
log,, Arsp ~ 1.8) between the top right panel and the panels in
the bottom row.

In Fig. 9, we examine how the VSF varies based on halo
properties: relaxedness, formation redshift, SMBH mass, and
SMBH accretion rate, as in our previous analyses. Each panel
shows a specific halo attribute. The color scale quantifies the
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Fig. 10. Maps of observable kinematics for the same halo as in Fig. 1. The left panel shows line of sight velocity, while the right panel shows line of
sight velocity dispersion. Both are weighted by X-ray luminosity, such that they preferentially trace the flows of hot gas, as would be characterized
by X-ray observations. The halo Ry, is indicated by the white circles. For comparison, the 3D radial velocity and velocity dispersion from Fig. 1

are shown in the top right corner of each panel.

VSF difference between two subpopulations of clusters, clas-
sified as: relaxed vs. unrelaxed halos (top left), early vs. late-
forming halos (top right), high vs. low SMBH mass (bottom
left), and high vs. low SMBH accretion rates (bottom right).

In each panel, the y-axis represents halo mass, and the x-axis
specifies the spatial region where the VSF is calculated. For each
region we average the VSF over all separation scales, adopting
this choice because the variation in Alog,,(S 1) across different
scales is negligible. This allows us to summarize the difference
between two VSFs by a single number, as given in each colored
box. In the following discussion we focus on the most significant
correlations present.

In the vicinity of the halo center (leftmost column in all
panels, Rsp < 50kpc), the VSF exhibits a notable correlation
with SMBH accretion rate (as seen in the bottom right panel).
This correlation is absent for other halo properties. This suggests
that AGN feedback significantly influences central gas kinemat-
ics, particularly in halos with higher accretion rates onto their
central SMBHs. Variation of this trend with halo mass is non-
monontonic and not particularly clear.

Within the halo core (R3p < 0.2R5q0c, second columns), the
VSF shows varying degrees of correlation with all the halo prop-
erties shown. Overall, unrelaxed halos, late-forming halos, halos
with less massive SMBHSs, and halos with lower SMBH accre-
tion rates have more dynamic gas motions and less coherency
within their cores. This is suggestive that the kinematics of these
regions are primarily driven by formation and assembly, rather
than AGN-driven perturbations.

Moreover, the intermediate regions of clusters (Rsp ~
0.5R500c, third columns) exhibit similar trends to those in the
core, albeit with less pronounced impact on the VSF. In contrast,
the outskirts of the halo (fourth column) are minimally influ-
enced by any of the halo properties in a meaningful way. An
exception is a correlation with formation time, that is primarily

visible only in the most massive clusters of TNG-Cluster, where
statistics become limited.

Finally, the VSF across the entire halo (R3p < 1.5R., right-
most column in all panels) correlates with all examined halo
properties. The detected trend appears to be an average of the
behaviors seen in different halo zones. Specifically, the VSF is
higher (indicating less coherent gas motion) in unrelaxed halos,
late-forming halos, halos with less massive SMBHs, and halos
with lower accretion rates onto their SMBHs.

4. Toward observable ICM kinematics in 2D
projections

In this section, we transition from 3D intrinsic motion to observ-
able 2D kinematics, focusing on line-of-sight (LOS) velocity
and velocity dispersion as key observables for the ICM and
cluster outskirts. Fig. 10 presents the LOS velocity (left panel)
and LOS velocity dispersion (right panel) for the same mas-
sive, relaxed galaxy cluster depicted in Fig. 1, with a mass of
Moooe = 1.6 x 10> My, Both the LOS velocity and velocity dis-
persion are weighted by X-ray luminosity, thereby emphasizing
the hot gas flows that would be captured in X-ray observations.

The structure of LOS velocity is notably different from radial
velocity, emphasizing the restricted information content avail-
able from observables in projection. The LOS velocity disper-
sion diverges from its radial counterpart as well. However, the
difference is less than in the velocities themselves. The discrep-
ancy between radial and line of sight velocities arises from the
deeper projection along the LOS and the single, that is, observ-
able LOS component.

A gallery of LOS velocity maps for several clusters is shown
in Fig. 11, highlighting the variation and diversity in gas kine-
matics across the z = 0 population. While some halos exhibit
quiescent gas dynamics (e.g., bottom right panel), others are in
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Fig. 12. Observable kinematics of TNG-Cluster halos: line-of-sight velocity (left) and velocity dispersion (right) as a function of the halo mass.
Each dot corresponds to a halo, with the color representing the halocentric distance at which the velocity is measured. Lines show running
medians. The big square and big diamond correspond to the Hitomi measurements of the velocity dispersion of the core of the Perseus cluster
(Hitomi Collaboration 2018). Velocity dispersion increases rapidly for more massive halos, while the annular averaged line of sight velocities
remain near zero on average, as expected. At the same time, there is significant diversity i.e., large scatter across the sample.

states of significant dynamical evolution (e.g., top left and bot-
tom left panels). Such variability underscores the complex inter-
play between cluster formation and assembly histories — dom-
inated primarily by gravitational forces — and hydrodynamical
evolution of the gas, coupled to the influence of physical phe-
nomena such as SMBH activity, as elaborated in Sect. 3.

4.1. Line-of-sight velocities and velocity dispersion

In Fig. 12, we present the line-of-sight velocity (left panel) and
velocity dispersion (right panel) as functions of halo mass, using
all halos in the TNG-Cluster simulation at z = 0. Each point rep-
resents a cluster, and the colors denote different regions within
these clusters, ranging from the core to the outskirts. These val-
ues are X-ray luminosity weighted, as in Fig. 10. The measure-
ments for each halo region are conducted within a 2D annulus
with a width of 200 kpc. For the core measurements (pink dots),
the analysis extends down to the cluster center.

The LOS velocity exhibits substantial halo-to-halo variation,
reflecting the diverse dynamical states of these halos. No dis-
cernible trend with halo mass is detectable for LOS velocity, as
the running median lines are roughly zero at all masses. While
individual regions in individual clusters can have large line-of-
sight velocities, our averages for each of the four regions, and
across halos, indicate a tendency toward global ICM equilib-
rium.

In contrast, the LOS velocity dispersion is strongly corre-
lated with halo mass across all regions of the halo, from the cen-
ter (pink dots) to the outskirts (brown dots). In particular, o og
increases with halo mass, by a factor of ~2—4 across our one
dex range of cluster masses. A trend with halocentric radius is
also evident: the velocity dispersion is higher in the outskirts
versus core regions of clusters. This trend is most pronounced
when transitioning from the halo center (pink) to intermediate
and outer regions. However, the velocity dispersion remains rel-
atively constant from R/Rpoc ~ 0.5 to R/Ry0c ~ 1.

We qualitatively compare our findings with the Hitomi mea-
surements of the velocity dispersion in the core R < 100kpc
of the Perseus cluster (Hitomi Collaboration 2018). Hitomi
reports a peak velocity dispersion of approximately ~200km/s
in regions influenced by AGN activity, versus ~100km/s in the

other core areas of Perseus. When we compare our relevant mea-
surements (cluster core, pink dots) with those from Hitomi, we
see that at least some TNG-Cluster halos have central veloc-
ity dispersions compatible with Perseus. This broad agreement,
intended here at face value only, validates TNG-Cluster for stud-
ies of gas kinematics in galaxy clusters. A detailed comparison
with mock X-ray derived kinematics, quantitative comparison
with the Hitomi result, and predictions for the X-ray spectrom-
eter XRISM are the topic of a companion paper (Truong et al.
2024).

The line-of-sight velocity, although a crucial observable for
gas kinematics, may not be an accurate proxy for the true radial
velocity, which reflects the dynamics of inflowing and outflow-
ing gas. Fig. 13 therefore shows the distribution of true radial
velocities as a function of line of sight velocities. Colors denote
mass fraction (top panel), mean temperature (middle panel), and
mean metallicity (bottom panel).

We find a substantial scatter in LOS velocity for a given radial
velocity. Specifically, for inflowing gas (negative radial veloc-
ity), the LOS velocity can be either negative or positive. As a
result, it is not possible to deduce the directionality of gas flows
— whether inflowing or outflowing — based solely on observed
LOS velocities. Therefore, caution is warranted when interpret-
ing LOS velocities as indicators of radial gas movements. The
temperature of the inflowing gas is, on average, lower than that
of the outflowing gas. Therefore, at a fixed line-of-sight (LOS)
velocity, whether positive or negative, temperature can help break
the degeneracy between inflowing and outflowing gas, as shown
in the middle panel of Fig. 13. The trend with metallicity is less
clear, making it more challenging to use for identifying inflows
and outflows (bottom panel). Overall, LOS velocity alone is a lim-
ited diagnostic tool for gas kinematics. To obtain a more compre-
hensive understanding, it is imperative to integrate LOS velocity
with other observables, such as temperature.

In observational contexts, high LOS velocity values are often
interpreted as either high-velocity outflows or inflows. However,
we see that low LOS velocity values do not necessarily imply
a static or slow-moving gas. This is because LOS velocity is a
projection of the full 3D velocity, which may have significant
components in the plane of the sky, orthogonal to the observed
line of sight.
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Fig. 13. Relationship between the true (3D) radial velocity and observ-
able (projected) line-of-sight velocity. Colors represent mass fraction
(top), mean temperature (middle), and mean metallicity (bottom). Here
we stack all TNG-Cluster halos and use all gas cells together, giving
equal weights to individual halos. In the top panel only, each column is
normalized such that the sum equals unity. It is not possible to infer the
inflowing (negative radial velocity) versus outflowing (positive radial
velocity) gas solely from its line of sight velocity. However, strong cor-
relations are evident between velocity and temperature which can help
break the degeneracy.

We now examine the velocity dispersion of clusters as a func-
tion of halo properties, as shown in Fig. 6. The top panel presents
the line-of-sight velocity dispersion for all clusters, highlighting
the most important trends: with mass and radius. o s strongly
depends on halo mass, with more massive clusters exhibiting
higher velocity dispersion. Additionally, it also varies with halo-
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centric distance. From the core to approximately 0.5—-0.7 Rxgoc,
(or Rspoc, indicated by the first vertical dashed line on the left),
oL os rises with increasing halo mass. Beyond this it stays con-
stant until R0, and then decreases. This behavior contrasts with
that of the radial velocity dispersion (see Fig. B.2), which gen-
erally increases monotonically with increasing halocentric dis-
tance. This difference is likely due to both projection effects and
the inherent differences between radial and line-of-sight veloci-
ties, as previously discussed (Fig. 13).

The four lower subpanels study the influence of various halo
properties on velocity dispersion: relaxedness (middle left), for-
mation time (middle right), SMBH mass (lower left), and SMBH
accretion rate (lower right). We find that unrelaxed halos gener-
ally exhibit higher velocity dispersions, as expected, although
the difference is not statistically significant except for the most
massive halos (log,y Maoo./Me > 15.2, dark red lines). Late-
forming halos display significantly higher velocity dispersions,
particularly near the halo center, with the difference decreas-
ing toward the outskirts. Within 0.2 Ryg., the average differ-
ence in o pg between late- and early-forming halos can reach
~200km/s. This connection is consistent with the similar corre-
lation for radial velocity dispersion (Fig. B.2). The considerable
difference near the core suggests that early-forming halos have
had ample time to relax and approach a quasi-equilibrium state,
whereas late-forming halos are still dynamically evolving, leav-
ing their cores in a nonequilibrium state.

The bottom row shows how velocity dispersion also corre-
lates with SMBH properties. Overall, clusters with more mas-
sive SMBHs have lower velocity dispersion. This is consistent
with more massive SMBHs residing in earlier formed halos (see
Appendix A). There is also a significant trend with halocentric
distance: this correlation is larger in the center and decreases
with halocentric distance, vanishing completely at R ~ 1.5 Ragqc-
Finally, SMBH accretion rate also correlates with velocity dis-
persion: higher accretion rate SMBHs have lower velocity dis-
persion. This is, however, less significant than the trend with the
SMBH mass, because the instantaneous SMBH accretion rate is
not a direct indicator of the evolution history of the SMBH, as
opposed to its mass or the halo formation time.

4.2. The velocity structure function versus observations

In this section, we use the LOS velocities to measure the VSF
of TNG-Cluster halos for a consistent comparison with the VSF
from observations. In TNG-Cluster, the LOS VSF largely mir-
rors the trends detected in the 3D VSF, as discussed in Sect. 3.5.
However, a notable difference between the LOS VSF and the
3D VSF could lie in their amplitudes. This difference originates
mostly from projection effects, which combine different parts of
the halo when viewed in projection, leading to a change in the
VSF amplitude.

In Fig. 14, we compare our measurements of the VSF with
observations on both small and large separation scales, ranging
from ~kpc to ~Mpc. The left panel shows our results on small
scales, which are specifically for the kinematics of cool gas. In
our simulated galaxy clusters, we project along the line of sight
and select gas with T < 3 x 10*K within 50kpc of the cen-
ters of our clusters to mimic the observational tracers of cold
gas. The VSF measurements and binning are done as explained
in Sect. 2.4 with bins weighted based on their densities. Individ-
ual colored lines show individual halos, while thick colored lines
show the mean VSF in halo mass bins, as before. Gray symbols
show recent measurements of the VSF for cold gas from Li et al.
(2020), Ganguly et al. (2023), taken in the cores of 13 galaxy clus-
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Fig. 14. Comparison of the velocity structure function from the full sample of the TNG-Cluster simulation at z = 0 with available observational
data. The left panel compares simulated VSFs with observations of cold gas in the cores of galaxy clusters (Li et al. 2020; Ganguly et al. 2023).
The right panel contrasts the simulated VSF with inferences from X-ray observations of the hot ICM (Gatuzz et al. 2023). In both cases, the VSF
is density weighted (see text). In the right panel, the vertical errorbars, shown for only a few data points as representative of the whole sample,
are of order of 1000 km/s. These correspond to large observational uncertainties, as discussed in the text. Overall, we find that there are, within
the population of our simulated clusters, examples that broadly reproduce the behavior of the observed VSFs. The possible exception is the large
scale measurements for Ophiuchus, where only a rough qualitative agreement exists given the observational uncertainties. At the same time, there
is significant cluster-to-cluster variability of the VSF, indicating the complex physics governing the most massive objects in the Universe.

ters (see also Chen et al. 2023, 2024, for VSF characterization of
cool-phase CGM turbulence at lower-mass scales). We find that
the VSF of cool gas in TNG-Cluster halos is broadly compatible
with these observational inferences, that is, among the simulated
sample of 352 high-mass clusters, several systems have VSFs sim-
ilar to those observed, ranging from ~1 kpc to a few tens of kilo-
parsecs.

The right panel of Fig. 14 shows the VSF of the hot ICM
on larger separation scales. We compare our VSF measurements
with those from Gatuzz et al. (2023), who measure the VSF of
the ICM for three observed galaxy clusters out to scales com-
parable to the halo virial radius. Among these, Ophiuchus (dia-
monds) is in a relaxed state, while Centaurus (squares) and Virgo
(circles) are influenced by AGN feedback and plasma sloshing.
In the latter two cases, there are unambiguous cases of simulated
clusters with similar VSFs, from kpc to Mpc separation scales.
The case of Ophiuchus is less clear: observed values of S| reach
>3000 km/s which are exceedingly rare across the entire TNG-
Cluster population®.

We note that observational measurements are not necessarily
directly comparable to our simulations. Specifically, when cal-
culating the large-scale VSF (right panel) from simulations, we
are not subject to the same limitations as in observational data.
Most notably, the use of adaptive spatial bins — that is, constant
signal-to-noise ratio bins — can lead to measurements of veloc-
ities dominated by different regions of a cluster. This common
technique in observational data naturally gives higher weight to
core regions due to the radial dependence of the bin size and the
rapid drop of X-ray surface brightness away from cluster cen-
ters. Our VSF in the cluster core (left panel), on the other hand,
does not change significantly with different binning or weight-
ing schemes. This consistency is primarily because all measure-
ments are confined within the cluster core, avoiding the mixing

4 We have checked, and the VSF predicted by TNG-Cluster is in very
good agreement with the amplitude of one-component velocity of gas
motions within a few hundred kpc separation scales in several other
observed galaxy clusters measured by Zhuravleva et al. (2018).

of different cluster zones that occurs with VSF measurements on
large scales.

For the VSF on large scales (right panel of Fig. 14), we
examined various binning and weighting methods, including
constant bin size, adaptive bin size, and weighting based on X-
ray luminosity, mass, density, and volume. We found that the
large-scale VSF is very sensitive to these choices. For instance,
the choice of spatial binning impacts the VSF, predominantly
due to its strong radial dependence (see Fig. 8). It exhibits a
higher VSF in the core than in the outskirts. To address these
complexities, a detailed mock analysis is required, starting with
the generation of X-ray images from simulation data and then
applying all the methodology, uncertainties, and biases inherent
in the observational analysis pipeline. This is beyond the scope
of this paper, and we defer it to future work. Instead, here we
employed a density weighted VSF (see Sect. 2.4) to increase
the impact of the core regions, allowing a qualitative compari-
son with observations. The impact of weighting can indeed be
significant, and is discussed in Appendix C.

An additional complexity arises due to the large uncertain-
ties in the observed VSF, which are of the order of 1000 km/s
across almost all separation scales. Moreover, the substantial
halo-to-halo variation in both simulated and observed VSFs of
galaxy clusters is evident at both small (left panel) and ICM
(right panel) scales. This variation is showcased in the figure
and underscores the complexity and diversity of galaxy clus-
ter dynamics (see also Ramesh & Nelson 2024, at lower-mass
scales). As expected, this diversity is highly correlated with
the same properties of the host halo that we have previously
discussed. This opens the way for future studies to use TNG-
Cluster in order to disentangle the physics which contribute to
the observable VSF of the ICM of galaxy clusters as a function
of mass, region, scale, and phase.

5. Summary and conclusions

This paper is part of a series introducing the first results from the
new TNG-Cluster simulation, a suite of 352 high-mass galaxy
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clusters (14.3 < log;y Maoo./Mo < 15.4 at z = 0) simulated
using the IustrisTNG model. In this work, we present a com-
prehensive atlas of gas motions within these galaxy clusters at
z = 0, ranging from the core to the outskirts. The gas dynam-
ics predicted by TNG-Cluster and quantified in this paper are
the result of magneto-hydrodynamics, gravity, mergers, satellites
and smooth accretion, feedback from star formation and from
SMBHs, and all the phenomena captured within the full cos-
mological framework of [llustrisTNG. With respect to intrinsic
kinematics in 3D space, our key findings are as follows:

— Gas motions in all cluster regions exhibit very complex
dynamics. In cluster cores and intermediate regions, the gas
motions are largely balanced between inflows and outflows.
Radial velocities are Gaussian distributed about zero veloc-
ity. In the outskirts, the distributions become asymmetric and
a second peak, reflecting cosmic accretion, emerges (Fig. 2).

— The velocity dispersion of gas is highest in the outskirts and
decreases toward the core, reflecting the complex dynam-
ics of cluster outskirts. More massive clusters have a higher
velocity dispersion (Figs. 4 and 3).

— Gas inflow rates are low in cluster cores and increase toward
the outskirts, flattening beyond ~0.5R,pp.. More massive
halos have higher inflow rates. Outflow rates, on the other
hand, peak at intermediate distances from cluster centers and
decline toward the core as well as the outskirts (Fig. 3).
Exploring the correlation between gas motions and halo

properties, we find:

— Unrelaxed clusters, typically undergoing mergers, exhibit
faster inflows and outflows compared to relaxed halos.

— Late-forming clusters are more dynamically evolving com-
pared to their early-forming counterparts, with more time to
relax and reach quasi-equilibrium.

— Clusters with less massive central SMBHs show faster
inflows and outflows compared to those with more massive
SMBH, at a fixed halo mass. This is partially because more
massive SMBHs reside in earlier formed and relaxed halos.

— At fixed halo mass, clusters with lower SMBH accretion
rates are more dynamically evolving, especially near halo
centers, suggesting that SMBH feedback may impact clus-
ter gas motions (Fig. 5).

— Gas metallicity and temperature can help distinguish
between inflows and outflows. Cool, high metallicity gas
as well as hot, low metallicity gas are both predominantly
inflowing (Fig. 7).

We then extend our study to the LOS motion of the gas in 2D
observational space. We find the following:

— Line-of-sight velocity cannot uniquely identify inflows ver-
sus outflows in galaxy clusters, as it does not necessarily
correlate with the (true) radial velocity. Gas temperature can
help break this degeneracy (Fig. 13).

— On the other hand, as for the 3D intrinsic counterpart, LOS
velocity dispersion is strongly correlated with halo mass. It
also increases by a factor of ~2—4 from the cores to the out-
skirts of clusters (Fig. 12).

— The LOS velocity dispersion also retains the secondary
dependencies seen for the 3D quantity: late-forming and
unrelaxed halos have higher velocity dispersions near the
core. Additionally, at a fixed halo mass, clusters with
either more massive SMBHs, or SMBHs with higher accre-
tion rates, have a lower velocity dispersion than otherwise
(Fig. 6).

Finally, we investigated turbulence and the coherency of gas
motion using the VSF. Our main results are as follows:
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— Gas motion becomes less coherent with an increasing separa-
tion distance, and with an increasing halo mass. The intrinsic
VSF roughly follows a Kolmogorov power-law relation with
a slope of one third, except near the cores (Fig. 8).

— The VSF increases with distance from halo centers. This
indicates more coherent gas motion in the outskirts and
increasing turbulence toward the cores (Fig. 8).

— Halo-to-halo variability in the VSF is more pronounced
closer to the halo center, while the outskirts are remarkably
consistent across clusters (Fig. 8).

— The amplitude of the VSF in cluster cores (<50kpc) corre-
lates with the SMBH accretion rate, suggesting AGN feed-
back impacts central ICM dynamics (Fig. 9).

— In the halo core, unrelaxed, late-forming, and clusters with
less massive SMBHs have more dynamic gas motion and less
coherency. In the outskirts, minimal correlations with halo
properties are present, except for a weak connection with the
formation time in the most massive clusters (Fig. 9).

— The VSF predicted by TNG-Cluster compares favorably to
observations, once observational effects are accounted for:
this is the case on small and large separation scales, and for
both cool gas in the core and the hot, extended ICM (Fig. 14).

Overall, our findings lay the groundwork for future studies
that aim to delve deeper into the complex interplay between
gas dynamics, halo properties, mergers, and SMBH activity in
galaxy clusters. The TNG-Cluster simulation provides a rich
dataset that can be further exploited to understand the role of
various physical processes in shaping the ICM and influencing
cluster evolution. Specifically, investigating protoclusters — the
progenitors of our current clusters at higher redshifts — could
provide valuable insights into the temporal evolution of galaxy
clusters. Additionally, the VSF could be a powerful tool for com-
paring simulations with upcoming high-resolution X-ray obser-
vations such as LEM (Kraft et al. 2022; Mernier et al. 2023) and
Athena (Barret et al. 2016), thereby providing a more compre-
hensive picture of the physics of the ICM.
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Appendix A: Halo correlations

Fig. A.1 illustrates the distribution and cross-correlation of sev-
eral halo properties examined in this study. The rightmost panel
in each row presents the distribution of that particular variable,
while the remaining panels depict the cross-correlation between
different pairs of variables. Our two measures of relaxedness are
highly correlated, affirming the robustness of our methodology.

RIx (dis)

Notably, there exists a strong correlation between black hole
mass, formation redshift, and relaxedness; more massive black
holes are typically found in early-forming and more relaxed
halos. We find a similar correlation between black hole accre-

tion rate and black hole mass: more massive black holes exhibit
higher accretion rates. These cross-correlations are also reflected
in the relationship between gas motion and halo properties, as
elaborated in Section 3.4.
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Fig. A.1. Distribution and cross correlation of several halo properties used in this work. Each row/column corresponds to a specific quantity. The
rightmost panel of every row displays the probability distribution of that quantity, while the other panels represent the cross correlation between
different pairs of quantities. From left to right: halo mass (M»g.), relaxedness parameter based on distance, relaxedness parameter based on mass,
formation redshift, SMBH mass, and SMBH accretion rate. Each dot corresponds to an individual galaxy cluster.
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Appendix B: Gas flow rates and velocity dispersion
profiles

In Fig. B.1, we present the radial profiles of gas inflow (left
column) and gas outflow (right column) for halos, categorized
based on their relaxedness (first row), formation time (second
row), SMBH mass (third row), and SMBH accretion rate (fourth
row). Unrelaxed halos display higher inflow rates and generally
elevated outflow rates compared to their relaxed counterparts.
Late-forming halos exhibit higher inflow rates, especially near
the halo center, whereas early-forming halos show elevated out-
flow rates. Clusters hosting more massive SMBHs demonstrate

5.00 . T T Y 15.40
< 1
\24.751
] - = — - — -~ —®i520
s 1
—=4.50 —
& 3 3
©4.25 15.00%
@ ] g
5 4.00 =
o« ] 14.80 5
£3.757 8
= 3 -
= 1
= 3.50
P 9 —— Relaxed Halos 14.60
03254 717 - Unrelaxed Halos
e B 14.40
0.00 0.25 0.50 0.75 1.00 125 1.50
R3p/R200c
5.00 . T T Y 15.40
S 1
\24.751
B 15.20
s 1
—=4.50 —
& 1 s
©4.25- 15.00%
PR g
 4.00 =
< 3 14.80°5
g 3.75+ e e g
b= E -
= 1
= 3.50
9 3 +—— Early Formed Halos (Zfrm > 0.5) 14.60
O 3.25H4 /- Late Formed Halos (zform < 0.5)
Tt e B 14,40
0.00 0.25 0.50 0.75 1.00 125 1.50
R3p/R200c
5.00 . T Y 15.40
S 1
\24.751
B 15.20
s 1
—=4.50 —
ENE 3
©4.25- 15.00%
@ ] g
© 4.00 =
‘; 3 14.80°5
3 3.75*: _g‘
= 1
= 1
= 3.50
0 1 —— Massive BH Halos 14.60
®3254 4 Low Mass BH Halos
e 14,40
0.00 0.25 0.50 0.75 1.00 125 1.50
R3p/R200c
5.00 . T Y 15.40
S 1
\24.751
B 15.20
s 1
:"%4.50*E ;5
© 4.25+ 15'00\8
[} B S
© 4.00 = s
o E/ =
3 14.80 2
23754 /4 == —— g
= ] - -
£3.5507 /7 - 14.60
8 9 / —— High Accretion Rate BH Halos
O 3254 4 Low Accretion Rate BH Halos
7\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ .
14.40
0.00 0.25 050 0.75 1.00 1.25 1.50

R3p/R200c

lower inflow and outflow rates, while those with higher SMBH
accretion rates exhibit increased inflow and outflow rates.

Furthermore, we examine the radial profiles of the 3D gas
velocity dispersion for halos, categorized based on their dis-
tinct properties in Fig. B.2. Our findings indicate that unrelaxed
and late-forming halos exhibit higher velocity dispersion than
relaxed and early-forming halos. Similarly, clusters with more
massive SMBHs and higher SMBH accretion rates show higher
velocity dispersions. Typically, these trends are stronger near the
cluster core and decrease with halocentric distance. These trends
align well with the correlations between gas motion and halo
properties, as discussed in Section 3.4.
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Fig. B.1. Radial profiles of the gas inflow (left column) and gas outflow (right column) for halos classified based on their relaxedness (first row),
formation time (second row), SMBH mass (third row), and SMBH accretion rate (fourth row). Each color represents a different halo mass bin. The
thick solid lines illustrate the mean profile, while the thin lines represent individual clusters. The figure underscores the significant impact of halo

properties on gas inflow and outflow.
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Fig. B.2. Radial velocity dispersion radial profiles, for halos classified based on their SMBH mass (top left), SMBH accretion rate (top right),
relaxedness (bottom left), and formation time (bottom right). Each color corresponds to a different halo mass bin. The thick solid lines depict

the mean profile, while the thin lines represent individual clusters. The figure underscores the significant impact of halo properties on the radial
velocity dispersion.
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Appendix C: Velocity structure function biases

As discussed in Section 4.2, there are many biases in the mea-
surement of the VSF from observational data. In this appendix,
we explore the impact of these biases on the VSF measurements
from TNG-Cluster, focusing on the large-scale VSF, which is
more sensitive to these biases. In Section 3.5, we demonstrated
that the VSF decreases with halo-centric distance at a fixed sep-
aration scale. Therefore, the weighting of different zones of the
halo, from cores to outskirts, is critical. One option is to use
no weighting, that is, w; = w; = 1 in Eq. 1. However, this
no-weighting scheme effectively gives more weight to the out-
skirts due to their significantly larger volume compared to the
cluster cores. In Fig. C.1, we explored three binning strategies,
including those based on density (left panel), emission (mid-

dle panel), and no weighting (right panel). We observed that
when we weight the bins based on their density, the amplitude
of the VSF increases significantly due to the higher weight of
the core regions. This alone demonstrates the complexity of the
VSF measurement and its sensitivity to the choice of binning and
weighting. We note that when weighting our VSF based on den-
sity, we achieve significantly better agreement with the measure-
ments of the VSF by Gatuzz et al. (2023). Finally, we empha-
size that due to the large uncertainties in observational measure-
ments, the complexities of measuring velocities in observations,
and the VSF’s sensitivity to binning and weighting choices, a
careful mock analysis is required to make a fair comparison
between simulations and observations—a study we will defer to
future work.
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Fig. C.1. Velocity structure function as a function of the projected separation distance. The three panels correspond to the VSF with different
weighting schemes: density-weighted (left), bolometric luminosity weighted (middle), and no-weighting (right). The colors represent different
halo mass bins. The thick solid lines depict the mean VSF, while the thin lines represent individual clusters. The figure underscores the significant

impact of the weighting scheme on the VSE.
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