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ABSTRACT

Using 324 numerically modelled galaxy clusters as provided by The Three Hundred project, we study the evolution of the kine-
matic properties of the stellar component of haloes on first infall. We selected objects with Mstar > 5 × 1010 h−1 M� within 3R200 of
the main cluster halo at z = 0 and followed their progenitors. We find that although haloes are stripped of their dark matter and gas
after entering the main cluster halo, there is practically no change in their stellar kinematics. For the vast majority of our ‘galaxies’
– defined as the central stellar component found within the haloes that form our sample – their kinematic properties, as described by
the fraction of ordered rotation, and their position in the specific stellar angular momentum−stellar mass plane jstar−Mstar are mostly
unchanged by the influence of the central host cluster. However, for a small number of infalling galaxies, stellar mergers and encoun-
ters with remnant stellar cores close to the centre of the main cluster, particularly during pericentre passage, are able to spin up their
stellar component by z = 0.

Key words. methods: numerical – galaxies: clusters: general – galaxies: evolution – galaxies: kinematics and dynamics

1. Introduction

In a hierarchical model of structure formation, the structures
observed today are a result of the merging of dark matter clumps
at high redshift via gravitational collapse. As the clumped dark
matter grows into larger objects to form haloes, they experi-
ence tidal torques from neighbouring objects. At the same time,
baryons condense in the centre of such structures to form galax-
ies (Peebles 1969; Doroshkevich 1970; White & Rees 1978;
White 1984). During their mutual formation, both the dark mat-
ter and baryonic component experience the same tidal fields,
and hence it is expected that they gain the same amount of spe-
cific angular momentum. Furthermore, considering that baryons
evolve inside dark matter haloes, it is also expected that the kine-
matic evolution of galaxies is influenced by the halo in which
they reside.

However, galaxies and their haloes also feel the influence
of the environment. Haloes falling towards and eventually orbit-
ing within galaxy clusters are disrupted by a series of pro-
cesses predominant in the cluster environment, for example,
including the following: ram-pressure stripping (Gunn & Gott

1972; Abadi et al. 1999; Bahé & McCarthy 2015; Arthur et al.
2019; Mostoghiu et al. 2021) that removes the gas in haloes
and quenches the star formation of galaxies; galaxy harass-
ment (Moore et al. 1996, 1998; Smith et al. 2010, 2015), merg-
ers (Dressler 1980; Hashimoto & Oemler 2000; Behroozi et al.
2014), tidal torques (Fujita 1998; Balogh et al. 2000; Park et al.
2007), and interactions in general (Knebe et al. 2006; Recchi
2014) that can disrupt the haloes’ components; and dynamical
friction (Valtonen et al. 1990; Jiang & Binney 2000; Fujii et al.
2006; van den Bosch 2017; Miller et al. 2020) which slows
down infalling haloes and, over time, causes them to fall to the
centre of the cluster. While the stars residing deep inside the
potential well of the halo are shielded from tidal effects, they
might nevertheless feel and react to the change of their own halo
caused by the aforementioned processes. Or put differently, if
the kinematic evolution of galaxies is indeed tied to their halo,
the cluster environment affecting the halo could eventually also
disrupt the kinematics of galaxies at their centre. This question
now lies at the heart of the present study.

Previous numerical studies have shown how tidal interac-
tions can disrupt infalling haloes in different environments.
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The seminal work of Hayashi et al. (2003) studied how tides
influence substructures in dark matter-only simulations. Their
analysis showed that, although tides preferentially strip the outer
regions of haloes, they also decrease the halo’s central density
after each pericentric passage. Subsequent studies improved the
tidal disruption estimation by including a stellar component to
their analysis (e.g. Bullock & Johnston 2005; Peñarrubia et al.
2008). The stellar component was found to be exceptionally
resilient to tides, preserving its density profile shape even after
losing a considerable number of stars. Nevertheless, the stel-
lar dynamics of such calculations were modelled by analytic
profiles, which simplify processes such as the mass loss from
dynamical friction, the halo phase-space evolution after merger
interactions, or the stellar mass fractions determined by star for-
mation. More recent studies overcame these limitation by intro-
ducing a stellar component modelled by full-physics hydrody-
namics (e.g. Smith et al. 2016; Łokas 2020; Errani & Peñarrubia
2020; Mazzarini et al. 2020). However, these studies primarily
focus on mass-loss processes, hence the question of how envi-
ronmental effects influence the kinematic properties of the stellar
component of infalling haloes has yet to be addressed.

We approach these issues by analysing simulations from The
Three Hundred project1, that is a sample of over 300 galaxy
clusters simulated with full-physics hydrodynamics (Cui et al.
2018). These simulated clusters have been used for differ-
ent studies, for example, environmental effects (Wang et al.
2018), cluster profiles (Mostoghiu et al. 2019; Li et al. 2020;
Baxter et al. 2021), backsplash galaxies (Arthur et al. 2019;
Haggar et al. 2020; Knebe et al. 2020), the cluster dynamical
state (Capalbo et al. 2021; De Luca et al. 2021), filament struc-
tures (Kuchner et al. 2020, 2021; Rost et al. 2021), and gravita-
tional lensing (Vega-Ferrero et al. 2021). In this work we extend
the previous stellar angular momentum analysis to this set of
massive simulated galaxy clusters to study the influence of the
cluster environment on the stellar kinematics of infalling galax-
ies.

This paper is organised as follows. In Sect. 2 we present the
data used for the analysis. Section 2.1 briefly describes the simu-
lations. In Sects. 2.2–2.4, we define how we selected the sample
of galaxies used for the analysis and we present the classification
of our objects. Section 3 describes our results: In Sect. 3.2 we
focus on the kinematic evolution of the sample, and in Sect. 3.3
we study their angular momentum-stellar mass relation. Finally,
we conclude the study in Sect. 4.

2. The data

2.1. ‘The Three Hundred’ central galaxy clusters

The simulations. The simulated clusters in The Three
Hundred dataset were created by extracting 324 spherical
regions of 15 h−1 Mpc radius centred on each of the most massive
haloes identified at z = 0 within the dark-matter-only MDPL2
simulation (Klypin et al. 2016)2. MDPL2 was simulated with a
Planck 2015 cosmology (Planck Collaboration XIII 2016), with
ΩM = 0.307, Ωb = 0.048, ΩΛ = 0.693, h = 0.678, σ8 = 0.823,
and ns = 0.96, and it consists of a box of 1 h−1 Gpc side-
length which contains 38403 dark matter particles each with a
mass of 1.5 × 109 h−1 M�. In order to model the galaxy clus-
ters with all the relevant baryonic physics, those 15 h−1 Mpc

1 https://the300-project.org
2 The MultiDark simulations, including the MDPL2 used here, are
publicly available at https://www.cosmosim.org

regions were traced back to the initial conditions and were pop-
ulated with gas particles there by leading to a mass resolution
of mDM = 1.27 × 109 h−1 M� and mgas = 2.36 × 108 h−1 M�,
respectively. Outside the re-simulated region, to reduce the com-
putational cost of the original MDPL2 simulation, dark mat-
ter particles were degraded with lower mass resolution particles
to maintain the same large-scale tidal field. Using a Plummer
equivalent softening of 6.5 h−1 kpc for both the dark matter and
baryonic component, the new initial conditions were then moved
forward in time using GADGET-X (Beck et al. 2016). GADGET-X
is a modified version of GADGET3 with a modern smooth par-
ticle hydrodynamics (SPH) scheme which improves the treat-
ment of gas particles (Beck et al. 2016; Sembolini et al. 2016a).
The results of simulations of galaxy clusters based on GADGET-X
have been presented in several previous papers (e.g. Rasia et al.
2015; Planelles et al. 2017) and in the nIFTy cluster compari-
son project (Sembolini et al. 2016b; Elahi et al. 2016; Cui et al.
2016; Arthur et al. 2017). A total of 129 snapshots have been
saved from z = 16.98 to z = 0.

The halo finding. The halo analysis was done using the
AHF3 halo finder (Gill et al. 2004; Knollmann & Knebe 2009).
AHF locates local overdensities in an adaptively smoothed den-
sity field as potential halo centres and automatically identifies
haloes and a substructure (subhaloes, subsubhaloes, etc.). The
radius of a halo R200 and the corresponding enclosed mass M200
were calculated as the radius r at which the cumulative den-
sity ρ(<r) = M(<r)/(4πr3/3) dropped below 200ρcrit(z), where
ρcrit(z) is the critical density of the Universe at a given redshift z.

The merger trees. The progenitors of the haloes were
tracked across the snapshots with MergerTree, a tool that comes
with AHF. Each halo identified at redshift z = 0 was tracked
backwards in time, identifying, as the main progenitor at some
previous redshift, the halo that maximises the merit function
M = N2

A∩B/(NANB), where NA and NB are the number of par-
ticles in haloes HA and HB, respectively, and NA∩B is the number
of particles that are in both HA and HB. The code further has
the ability to skip snapshots, that is to say progenitors of haloes
that are not found in the previous snapshot are still searched for
in earlier snapshots, recovering an otherwise truncated branch
of the merger tree (see Wang et al. 2016). However, to reduce
errors during the tracking of the stellar kinematic evolution of
our objects, we consider an object to be ‘lost’ if it cannot be
found for five consecutive snapshots.

In summary, in our study there are 324 numerically modelled
central galaxy clusters and all the haloes orbiting in and about
them out to a distance of 15 h−1 Mpc are available for our anal-
ysis. The details of this full data set are presented in Cui et al.
(2018). However, for the purposes of this work, we applied a
few selection criteria to both the central clusters and the field
haloes as well as subhaloes in the regions, and this is described
below.

2.2. Cluster selection

As we aim to trace back all the objects in and about the cen-
tral galaxy cluster, our analysis requires that we can always
define a main progenitor for each of the 324 central haloes.
As shown in Behroozi et al. (2015), major mergers during the
formation of those central objects pose a challenge to this.
Following the discussion in Haggar et al. (2020), we there-
fore identified and removed central cluster haloes whose main

3 http://popia.ft.uam.es/AHF
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progenitor’s position changes by more than half their radius
R200(z) between two consecutive snapshots [z, z+∆z]. We further
required the main branch to at least extend to a redshift of z = 2.
This reduces the number of regions entering the analysis from
324 down to 236. There are approximately 8 times more cluster
regions used here than in other state-of-the-art cluster simulation
studies (e.g. Bahé et al. 2017; Barnes et al. 2017).

2.3. Halo selection

Each of our 236 selected central galaxy clusters is surrounded
by a multitude of haloes out to the 15 h−1 Mpc edge of the region
that was modelled including all the relevant baryonic physics.
But as we are interested in studying the angular momentum of
the stellar component of these haloes, we limited our analysis to
haloes with at least Mstar > 5 × 1010 h−1 M�. This corresponds
to at least 1000 star particles. Further, only those haloes that lie
within 3R200 of the central galaxy cluster at a redshift of z = 0
were traced backwards in time. For these haloes we then define
their infall redshift zinf as the redshift at which the halo crosses
central galaxy cluster’s 2R200(z) for the first time: Recent numer-
ical studies show that around ∼1.5R200−2R200, haloes experi-
ence a sharp cut-off in their gas content which could indicate the
presence of an accretion shock (Power et al. 2020; Arthur et al.
2019; Baxter et al. 2021) and hence we decided to use 2R200
(instead of R200) as our reference crossing radius. Haloes that
cannot be assigned an infall redshift have been removed from the
analysis.

2.4. Stellar component

To select the stellar component of our objects that one might
identify with their central galaxy, we opted for a spher-
ical region enclosing 15% of the haloes’ physical radius
(e.g. Bailin & Steinmetz 2005). However, as tidal interactions
with the central galaxy cluster impact the size of subhaloes
(Muldrew et al. 2011; Onions et al. 2012), we used the radius
as found right before crossing 2R200 of the central galaxy clus-
ter. This aperture is now interpreted as the ‘size of the galaxy’
and was kept fixed in physical coordinates across the snapshots.
We performed a series of tests using different criteria (e.g. an
aperture not depending on the halo’s physical radius, but rather
fixing it to 30 kpc) that showed that even though haloes suffer
an overall mass loss while orbiting within their host halo, the
central stellar mass in the aperture is mostly unaffected. This
agrees with other simulations, which show that stellar stripping
is rare, and it happens only after the dark matter has suffered
significant stripping (>80%, e.g. Smith et al. 2016; Bahé et al.
2019). It is important to point out again that even though the
stellar mass of our galaxy does not change (something we also
quantify below), we cannot rule out any back-reaction of the
stars to the change in potential caused by tidal stripping of the
halo. Finally, to take the spatial resolution of our simulations
into account, we restricted our objects to have a ‘galaxy size’
of at least 2ε = 13 h−1 kpc ∼ 20 kpc. We remark that this
additional condition removes only the smallest galaxies in the
sample, which is less than 5% of the objects selected so far.
Moreover, practically all of the star particles reside within our
aperture and hence we did not considerably reduce the number
of star particles by cutting out the ‘galaxy’ as defined here. The
remaining 6509 objects, with halo masses from 9.2×1010 h−1 M�
to 5.3 × 1014 h−1 M�, constitute the analysis sample, built by
combining all the objects that satisfy the aforementioned criteria
from the 236 cluster regions considered here.
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Fig. 1. Evolution of the different mass components of the haloes in the
sample from their infall redshift zinf to their z = 0 values. Contour levels
show the 75, 50, 25, and 5% of the maximum counts of the distributions.
The horizontal lines at 0 and −1 correspond to no change and maximum
mass loss, respectively. The positions in the plane of objects beyond the
5% contour are shown as square markers.

3. Results

In what follows, we compare the properties of our selected
haloes orbiting in and about the central galaxy clusters at infall
redshift zinf (i.e. when crossing 2R200) and present-day time
z = 0.

3.1. Mass evolution

To understand the processes that shape the haloes after their first
infall, we show in Fig. 1 the fractional change in mass since their
infall redshift and as a function of infall mass. Contour levels
show 75, 50, 25, and 5% of the maximum counts of the distribu-
tions. The horizontal lines at 0 and −1 correspond to no change
and maximum mass loss, respectively. Objects beyond the 5%
contour are shown as square markers. As expected, haloes cross-
ing the denser regions of the central galaxy cluster lose a consid-
erable amount of mass (e.g. Klimentowski et al. 2010). Haloes
that only entered the central halo once and did not leave, in
general, conserve more of their initial mass than the ones that
experienced multiple infalls into the denser regions of the galaxy
cluster. In terms of the stellar mass in the haloes, the loss is sig-
nificantly lower due to the fact that most of the stellar component
resides in the central region of the halo mainly shielded from
tidal forces. We nevertheless observe an increase in stellar mass
loss at the 5% level as we move to the massive end of the stellar
mass distribution. Such haloes present substructure residing in
the halo component (i.e. outside the central aperture) and thus
they are prone to suffer from mass loss from processes that strip
the halo at its outskirts. The gas component, on the other hand,
is mostly gone regardless of their mass, as gas is affected by
an entirely different set of processes as they fall into the central
halo, that is to say ram-pressure stripping (Arthur et al. 2019;
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Mostoghiu et al. 2021). In studying the radial distribution of
the gas inside infalling haloes (not shown here), we find that
haloes that never reached the denser regions of the cluster halo
are still considerably stripped of their gas component, which is
in agreement with Power et al. (2020), Arthur et al. (2019), and
Mostoghiu et al. (2021).

In summary, Fig. 1 clearly shows that the stellar component
of our haloes is the least affected by the environment of the cen-
tral galaxy cluster. The question nevertheless remains if we will
find changes in the kinematical properties. But the haloes of our
‘galaxies’ (as defined by the star particles in the aperture, cf.
Sect. 2.4) certainly undergo some changes as manifested by the
mass loss. It is therefore not yet clear why even though the galac-
tic stellar mass more or less remains constant that there is no
reaction of its internal dynamics to the varying influence of the
central galaxy cluster.

3.2. Fraction of co-rotational energy

We study the influence of the central galaxy cluster on the inter-
nal dynamics of our galaxy sample after the sample’s first infall
by following the evolution of its specific stellar angular momen-
tum j∗.

The galaxies in our sample can be classified by the fraction
of stellar kinetic energy that is invested in co-rotation κcorot, as
presented in Sales et al. (2010), and Correa et al. (2017):

κcorot =
Ecorot

Ekin
, Ecorot =

∑
jz,i>0

1
2

mi

(
jz,i

r2d,i

)2

, (1)

where Ekin is the kinetic energy of the star particles in the aper-
ture; Ecorot is the rotational energy of the corotating star particles
contributing to the rotation of the galaxy; mi is the mass of the
star particle;

jz,i = ji · Ĵ tot,

ji = (ri − rhalo) × (ui − uhalo), and

Ĵ tot =
1

Jtot

∑
mi ji∑
mi

(2)

are the specific angular momentum along the direction of the
total angular momentum, the specific angular momentum of a
star particle in the rest frame of its halo, and the direction of the
total specific angular momentum of the galaxy, respectively; and
r2d,i = (|ri− rhalo|

2− ((ri− rhalo) · Ĵ tot)2)1/2 is the cylindrical radius
of star particles. As we exclusively use the definition based on
co-rotating star particles, we cease to write the subscript of the κ
parameter from now on.

3.2.1. Changes in κ since the infall

We compared the fraction of ordered rotation at two different
times in the evolution of the galaxies to find if the z = 0 values
are the result of the influence of the central galaxy cluster during
their infall. In Fig. 2 we show the κ values of the sample at z = 0
compared to their values at infall zinf , before experiencing the
central cluster’s influence. The black dashed diagonal line shows
the 1:1 relation. The median values in bins of κ at z = 0 are
represented by the solid cyan line. Bins are coloured by their
corresponding number of counts and contours show where 75,
50, 25, and 5% of the maximum counts lie.

We find that for most of the haloes in the sample, the fraction
of stellar ordered rotation is unaffected by their infall (Pearson
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line. Bins are coloured by their corresponding normalised counts. The
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1 0 1 2 3
1.00
0.75
0.50
0.25
0.00
0.25
0.50
0.75
1.00

 M
z

=
0 /

M
z i

nf
 -1

halo

1 0 1 2 3

DM

1 0 1 2 3
 z = 0 / zinf -1

1.00
0.75
0.50
0.25
0.00
0.25
0.50
0.75
1.00

 M
z

=
0 /

M
z i

nf
 -1

star

1 0 1 2 3
 z = 0 / zinf -1

gas

ga
in

lo
ss

loss gain

Fig. 3. Evolution of the different mass components of the haloes in the
sample and their fraction of ordered rotation κ from their infall redshift
zinf to their z = 0 values. Contour levels show the 75, 50, 25, and 5%
of the maximum counts of the distributions. The horizontal lines at 0
and −1 correspond to no change and maximum mass loss, respectively.
The position in the plane of objects beyond the 5% contour are shown
as square markers.

coefficient of 0.56), with a median value at z = 0 and at zinf of
κ ∼ 0.22. However, beyond the 5% contour, we identify galaxies
which experienced a considerable change in κ since their infall,
for example ∆κ ∼ ±0.2−0.4.

In Sect. 3.1 we found that the haloes in the sample are
stripped of their material during their fall into the denser regions
of the central galaxy cluster. Nevertheless, mass loss does not
appear to considerably affect the rotational properties of their
galaxies, as seen from their κ parameter. We quantify this change
in Fig. 3, in which we show the same evolution of the mass com-
ponent of the haloes in the sample presented in Fig. 1, but this
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time as a function of the evolution in their fraction of ordered
rotation.

For the total halo and DM mass components of the haloes in
the sample, we identified objects that lost up to 90% of their mass
at infall, yet we did not find a correlation between the amount of
mass loss and their fraction of ordered rotation evolution trend.
At the 5% contour, regardless of the amount of stripped mass,
their fraction of stellar ordered rotation changed within ∼±60%
since their infall. As we have discussed in the previous section,
the stellar component is less affected by mass-loss processes.
Indeed, we see that at the 5% contour, the objects experienced
a change in stellar mass within ∼±30% and that their change
in κ tends towards zero as their infall mass is disrupted. This is
likely due to the fact that such stellar mass gain (or loss) tends
to happen in the outer region of haloes, outside the apertures
used to define the central galaxy and calculate κ. As for the gas
component, even when haloes have been mostly stripped of their
gas by the time they reach z = 0, the stellar fraction of ordered
rotation does not correlate with such mass loss. Our galaxies can
fall into galaxy cluster regions, losing most (if not all) of their
gas during their infall, and they still retain the stellar kinematic
properties they had prior to their infall. Similar results have been
reported in Cortese et al. (2019): Satellite galaxies go through
significant changes in their specific star formation rate, but they
are not necessarily accompanied by changes in their stellar spin
parameter.

Overall, we find no correlation between the amount of
stripped mass and the change in the κ parameter. Thus, we con-
clude that the fraction of ordered rotation in our simulations is
hardly affected by the (potentially violent) stripping processes
that disrupt the dark matter halo.

3.2.2. Temporal evolution of high and low κ galaxies

In Fig. 2 we identified objects beyond the 5% contour with a con-
siderable change in their fraction of stellar co-rotational energy
since their infall. To study which processes are responsible for
such changes, from the κ distribution at z = 0, we selected the
galaxies within 5% of the highest and lowest fractions of ordered
rotation, that is the κ > 95th percentile, which is the high κ
sub-sample, and the κ < 5th percentile, which is the low κ sub-
sample of the distribution. This corresponds to a high κ threshold
of 0.38 and a low κ threshold of 0.15. We note that our choice
for the threshold values is purely motivated by kinematics: We
simply aim to understand the origin of the substantial changes
in the κ distribution of a (relatively) small fraction of the total
sample. Adopting other threshold values, which might also take
into account other non-kinematic properties such as star forma-
tion or colours (for example κ = 0.4, from Correa et al. 2017)
for the stellar kinematic classification, only 4% of our sample
would be classified (in terms of their kinematics) as fast-rotating
galaxies.

Recent numerical results show that galaxies which continue
to accrete gas and form stars are very efficient at spinning up
(Lagos et al. 2017). However, this is unlikely to be the cause
here as gas accretion is expected to be hampered in clusters.
Lagos et al. (2018a) found that galaxies can be spun up or down
by mergers depending on their orbital orientation and gas con-
tent (see Schulze et al. 2018; Lagos et al. 2018b). To investigate
the origin of the change in the fraction of co-rotation after infall
found in Fig. 2, in Fig. 4 we study the κ evolution of the low and
high κ sub-samples found at z = 0 as a function of the time since
their pericentre passage, defined as the closest approach of an
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Fig. 4. Evolution of the fraction of co-rotational energy as a function of
the time since the pericentre passage for low (left) and high (right) κ sub-
sample as classified by the 5th and 95th percentiles of the z = 0 κ dis-
tribution in Fig. 2. Contours show 75, 50, 25, and 5% of the maximum
counts of the 2D distribution. The cyan solid line shows the median
value at each time bin. For bins in which less than 50% of the sample
entered the median calculation, we instead use a dashed line. The red
and blue horizontal dash-dotted lines show the κ threshold values for the
low and high κ sub-samples, respectively. The pericentre is marked with
a vertical dashed line. In each panel we additionally show the evolu-
tion of a galaxy from the corresponding sub-sample using green square
markers. The shaded red and blue regions show the allowed κ values
corresponding to each sub-sample.

infalling halo to the central galaxy cluster4. Contours show 75,
50, 25, and 5% of the maximum counts in the distribution. We
show the median value at each time bin with a cyan solid line,
and when the number of haloes in a bin is less than 50% of the
maximum count we use a dashed line instead. The low and high
κ threshold values are represented by the red and blue horizontal
dash-dotted lines, respectively, and the pericentre time is marked
with a vertical dashed line. In each panel we additionally show
the κ evolution of a galaxy from the respective sub-sample with
green square markers, and we marked the allowed κ values of
each sub-sample with corresponding shaded regions.

As already anticipated by the κ evolution in Fig. 2, most
of the galaxies in each sub-sample retain their fraction of
co-rotational energy κ after their infall. However, over the course
of 5 Gyr after the pericentre passage, we observe a decrease of
∼0.2 in κ in both sub-samples (∼0.04 Gyr−1) at the 5% contour.
Moreover, the κ evolution of the low κ sample galaxy shows that
it had high stellar co-rotational energy at some point, but lost it
after ∼6 Gyr. Such a slow decrease can be attributed to the two-
body heating of the stellar component: As galaxies infall into the
central galaxy cluster, the background (more massive) dark mat-
ter particles residing inside the cluster that fly by these galaxies
tend to increase the stellar mean interparticle distance due to the
softening scale used for the stellar particles, heating up the stel-
lar component and effectively puffing up the stellar distribution
while spinning them down. As these galaxies fall further into the
cluster, the density of dark matter particles increases and conse-
quently the amount of fly-bys is boosted. Along with this slow
decrease, we also identify processes which instead can spin up
galaxies on a faster scale. But these changes, as observed for the
high κ sample galaxy, occur close to pericentre passage and are
investigated in more detail below.

4 Our definition of ‘pericentre’ does not necessarily imply that
infalling objects are within R200 of the central galaxy cluster.
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3.2.3. Spinning-up galaxies with low κ

As two-body heating slows down the stellar kinematics of every
infalling galaxy in equal measure, that is to say κ decreases at the
same rate for both sub-samples, we focus on processes which are
able to spin up galaxies during their infall. To isolate the galax-
ies that cross the threshold κ value to become high κ galaxies
according to our classification from the ones that conserve their
classification up to z = 0, that is to say the ones that remained
within the high κ sub-sample after their infall into the cluster
environment, we selected galaxies from the high κ sub-sample
which experienced a rapid κ increase (i.e. ∆κ > 0.2) within 1 Gyr
since their pericentre passage. These galaxies form only 12% of
the high κ galaxies at z = 0 (39 objects, 0.6% of the total num-
ber of objects in the sample). Within this new sub-sample, we
identified galaxies for which a sudden change in their star par-
ticle count was accompanied by a sudden spin-up of their spe-
cific angular momentum (and consequently an increase in their
κ parameter) near their pericentre, and galaxies for which the
number of stars close to the pericentre does not seem to play a
crucial role in their κ evolution.

Following the star particle distribution of these galaxies, we
find that the fast increase in κ and in the number of stars is a con-
sequence of two processes: mergers with other haloes and fly-
bys of stellar remnants within the central aperture used to define
the galaxies residing in each halo. In agreement with Lagos et al.
(2018a), we find that the co-rotating (counter-rotating) infalling
stars from mergers are able to spin up (spin down) our galaxies.
On the other hand, acting on shorter timescales and without a
significant stellar gain, we find that stellar remnants are able to
temporarily disrupt the spin of our objects. These haloes are the
residual cores of infalling haloes, where the original dark mat-
ter component of the halo has become lost and subsumed by the
main halo. Considering that the stellar component of the remnant
haloes is smaller than the central galaxy extension of the haloes
in the sample (∼1/3 of the aperture size), and that the amount of
remnant stellar cores increases close to the centre of the galaxy
cluster, these objects contribute transiently to the co-rotational
energy in the aperture and, as such, κ increases near the pericen-
tre of our objects.

3.2.4. Summary

We conclude that for most of the galaxies in our sample entering
massive galaxy clusters, their kinematic properties (as captured
by the fraction of ordered rotation κ) do not change in a signif-
icant manner, even though we have seen in Sect. 3.1 that their
haloes undergo substantial changes. In general, low κ galaxies at
z = 0 had low fractions of ordered rotation before entering the
cluster halo, and high κ galaxies at z = 0 had such high frac-
tions prior to entering the cluster environment. The two-body
heating of the stellar component of infalling haloes induced by
the more massive dark matter particles in the cluster environ-
ment affects both samples equally, slowly reducing their stel-
lar specific angular momentum as they orbit the cluster region.
As such, we find that galaxies that had high fractions of stellar
co-rotational energy (κ ' 0.4) at their infall time ended up as low
κ galaxies by the time they reached z = 0, that is with a κ < 5th
percentile of the κ sample distribution at z = 0. On the other
hand, from the high κ sample at z = 0, that is the galaxies with
κ > 95th percentile, we identify ∼12% of them which previously
had considerably lower fractions. We find that these two pro-
cesses acting on different timescales, that is to say mergers with
other infalling haloes and stellar remnants transiting the aperture
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Fig. 5. Specific angular momentum and stellar mass relation of the sam-
ple of galaxies at z = 0 and at their infall redshift zinf . The diagonal
dashed lines show the M2/3

star relation for zero-points −3 (top line) to −6
(bottom line). The contours show 75, 50, 25, and 5% of the sample. The
positions in the plane of objects beyond the 5% contour are shown as
filled markers.

used for defining the galaxies of the haloes in the sample, are
able to spin up the galaxies.

3.3. Stellar angular momentum and stellar mass relation

In the previous section we identified processes which are able to
change specific angular momentum of infalling galaxies. Never-
theless, most of the objects remain unaffected by such interac-
tions. In this section we study the influence of the central galaxy
cluster on the internal dynamics of our galaxies by following
their evolution in the specific angular momentum jstar–stellar
mass Mstar plane, an extensively studied fundamental kinematic
property of galaxies which can be described via a power-law
of the form jstar ∝ Mα

star, where α ≈ 0.7 (e.g. Fall 1983;
Romanowsky & Fall 2012; Obreschkow & Glazebrook 2014;
Teklu et al. 2015; Fall & Romanowsky 2018).

As some of our galaxies experienced great changes in their
fraction of ordered rotation during their evolution since their
infall, we aim to find if these changes are also visible in the
specific stellar angular momentum-stellar mass plane. We show
their position in the j−M plane after their infall redshift in
Fig. 5. The contours represent 75, 50, 25, and 5% of the sam-
ple. The position in the plane of galaxies beyond the 5% con-
tour are shown as filled markers. The dashed lines indicate the
jstar = λM2/3

star relation for different zero-points (log λ=−3 to
−6), as presented in Teklu et al. (2015). We note that, overall,
the sample in this analysis does not include galaxies with stel-
lar specific angular momenta typical of disk galaxies in the local
Universe.

Once again, we find that the distribution is mostly unchanged
after entering the cluster halo. However, galaxies positioned fur-
thest from the average position in the j−M plane at their infall
redshift move towards lower specific angular momentum and
stellar mass values after infalling, as seen in the 5% contours
and points below that level. These results show that the internal
dynamics of our infalling galaxies into massive galaxy clusters,
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as quantified by either the fraction of ordered rotation κ or the
evolution of their location in the specific angular momentum-
stellar mass plane, are mostly unaffected by the processes in
such environments even after their halos have been considerably
stripped of their mass and, consequently, have disrupted the halo
potential in which these galaxies reside.

4. Conclusions

We analysed the central stellar component of haloes from The
Three Hundred project, a suite of 324 galaxy cluster regions
simulated with full-physics hydrodynamics, to study of the influ-
ence of galaxy clusters on the internal dynamics of infalling
galaxies. We selected objects with Mstar > 5×1010 h−1 M� within
3R200 from the galaxy cluster halo at z = 0. After applying differ-
ent selection criteria that ensure the correct tracking of the stellar
component of each halo, we obtained a sample of 6509 galaxies
from 236 cluster regions, that is to say approximately 8 times
more cluster regions than used in other state-of-the-art cluster
simulation studies (e.g. Bahé et al. 2017; Barnes et al. 2017).
Here we summarise our main results:

– Using the fraction of stellar co-rotational energy κ to track
the internal dynamics of the infalling galaxies in our sample,
we find that the sample’s stellar dynamics remains mostly
unchanged for most of the galaxies after they enter the galaxy
cluster environment, despite the (potentially violent) strip-
ping processes that disrupt their haloes.

– We studied the time evolution of the κ parameter. Even
though most galaxies do not experience great κ changes dur-
ing their evolution, we identify an overall slow decrease in
the fraction of ordered rotation close to their pericentre pas-
sage (∼0.04 Gyr−1), which we attribute to numerical effects.
Along with this effect, we found that ∼12% of the galaxies
with high κ at z = 0 (i.e. κ > 95th percentile of the z = 0
distribution), an already small population in our sample, had
considerably lower fractions of co-rotational energy in the
past and experienced a fast boost in their κ parameter within
the past few gigayears (∼0.2 Gyr−1) due to two different pro-
cesses: stellar mergers of infalling haloes (in agreement with
Lagos et al. 2018a,b) and transient encounters with the stel-
lar remnants of haloes that have lost their dark matter com-
ponent during their own passage through the cluster, entering
within the aperture we used for defining the properties of our
galaxies.

– We found that similar to the κ evolution of our galaxies,
the specific angular momentum-stellar mass relation for the
galaxies in the sample showed no substantial change in their
location on the j−M plane from their infall redshift until
z = 0.

Previous numerical studies (e.g. Smith et al. 2016; Łokas 2020)
have shown that infalling and orbiting haloes within galaxy
clusters are disrupted by a series of processes which domi-
nate in such environments, such as ram-pressure stripping (e.g.
Bahé & McCarthy 2015; Arthur et al. 2019; Mostoghiu et al.
2021), mergers (e.g. Behroozi et al. 2014; Lagos et al. 2018a), or
tidal torques (e.g. Park et al. 2007). Nevertheless, these numer-
ical studies primarily analyse mass-loss processes in infalling
haloes. Considering that cluster environments disrupt the dif-
ferent mass components of infalling haloes, such environments
could also potentially disrupt their stellar kinematics.

In this work we investigate such a question by studying the
internal central stellar dynamics of infalling objects towards the
numerically simulated massive galaxy clusters in our sample.
We found that, roughly, their z = 0 classification holds even

from before the time they entered the cluster environment. More-
over, we find that in terms of their position in the fundamen-
tal specific stellar angular momentum-stellar mass plane (e.g.
Obreschkow & Glazebrook 2014; Fall & Romanowsky 2018),
they remained mostly unaffected by such processes. For a small
number of galaxies, we identified processes which are able to
considerably boost the spin of infalling galaxies during their
infall via mergers with other objects and via transient encoun-
ters with stellar remnants within the cluster halo. These two pro-
cesses are able to offset the numerical slow-down induced by
numerical effects, such that at z = 0 they end up within the top
5% galaxies with the highest amount of ordered rotation within
the simulation.

Due the mass resolution of our simulations, which favours
the modelling of a large number of galaxy clusters and their envi-
ronments, our sample contains a limited kinematic distribution
of galaxies when compared with observations (e.g. Brough et al.
2017). Thus, generalising these environmental constrains to
galaxies with higher stellar angular momentum is not possible,
as mass-loss processes during the infall of such galaxies in clus-
ter environments might prove to play a more crucial role in their
stellar angular momentum evolution. Future simulations, where
the stellar mass resolution is increased and a smaller softening
scale is used to better resolve the stellar component, for similar
cosmological volumes, would help us extend our analysis to a
wider range of galaxies with higher fractions of ordered rotation
and obtain environmental constraints with far greater statistical
significance.
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