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Abstract We study the dynamical states of the 30 most massive galaxy clusters in the TNG100 simulation
at redshiftz = 0 using three types of tracers: stars, dark matter particles and satellite galaxies. If the massive
galaxy cluster is spherically symmetric and relaxed, we canobtain the underlying total mass distribution
accurately from its dynamical tracers using the spherical Jeans equations. Although the three tracers of
clusters have very different number densities, velocity dispersions and anisotropies, they still trace the same
total mass profile. We obtain the total mass profiles of clusters using these tracers separately and compare
them with the true mass distributions. We find that: (1) the kinematics of dark matter trace the total mass of
all clusters well and the mass inferred from dark matter are generally consistent with the true mass profiles
with relative deviations smaller than∼ 25% at all radii; (2) stars in∼ 60% massive clusters are approaching
equilibrium and the total mass of these clusters inferred from stars have relative deviations smaller than
∼ 50% at all radii. Stellar substructures are rich and the mass inferred from stars tend to be over-estimated
in the inner region; and (3) satellite galaxies are unrelaxed in the inner region and become more relaxed as
the radius increases. The total mass inferred from satellites are under-estimated in all regions.
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1 INTRODUCTION

Galaxy clusters are the largest known gravitational bound
structures in the universe. According to the standard
bottom-up scenario of structure formation, galaxies begin
with small density fluctuations in the early universe
and grow via star formation and hierarchical merging;
galaxy clusters are then thought to form via a hierarchical
sequence of mergers and accretion of smaller galactic
systems driven by gravity (Press & Schechter 1974;
Jõeveer et al. 1978; Peebles 1980; Kauffmann et al. 1999;
van den Bergh 1999; Colberg et al. 1999).

Galaxy clusters usually consist of hundreds or
thousands of galaxies that are bound together by gravity.
The brightest member of a cluster is called the brightest
cluster galaxy (BCG). BCGs are generally located at
the centre of their host clusters and coincident with the
peak of the cluster X-ray emission (Jones & Forman 1984;
Hudson et al. 2010).

Galaxy clusters may not be fully relaxed, which
are usually recognized by their substructures. More
than 13 000 clusters (e.g.Wen & Han 2013) have been
discovered from optical data and X-ray data, but only

a few thousands of them have good enough data
to seek for substructures. 30%–70% galaxy clusters
have been identified to have substructures from X-
ray images (e.g.Jones & Forman 1999; Schuecker et al.
2001; Smith et al. 2005; Rossetti et al. 2016, 2017;
Foëx 2019) or by substructure searching methods
(e.g. Dressler & Shectman 1988; Colless & Dunn 1996;
Einasto et al. 2012; Wen & Han 2013) using the optical
data.

Globular clusters, planetary nebula and dwarf galaxies
are also good tracers of dynamical state of galaxy clusters.
For the nearby Virgo cluster and its central galaxy
M87, globular clusters (Zhu et al. 2014; Zhang et al. 2015;
Longobardi et al. 2018b; Li et al. 2020) and planetary
nebula (Longobardi et al. 2018a) have been found to have
a velocity dispersion of 300–400km s−1 in the region
of 100 < R < 200 kpc. However, the intra-cluster
globular clusters (Longobardi et al. 2018b) and dwarf
galaxies (McLaughlin 1999; Ko et al. 2017) in that region
have a velocity dispersion of∼ 600 km s−1. The difference
indicates that the dynamical tracers in this region may not
reach equilibrium. Dark matter contributes more than 90%
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of the total mass beyond 100 kpc in the Virgo cluster
(Li et al. 2020; Alabi et al. 2017). It is also possible that
the dark matter halo of M87 may not fully relax with that
of the Virgo cluster. However, in fact, we cannot observe
the kinematic information of dark matter, which can only
be studied through cosmological simulation.

IllustrisTNG is a suite of large-volume, cosmo-
logical, magneto-hydrodynamical simulations using an
updated galaxy formation model (Weinberger et al. 2017;
Pillepich et al. 2018). Barnes et al.(2018) found that at
z = 0, about 35% massive galaxy clusters in IllustrisTNG
simulation are cool-core (i.e. gas in the centre is cool)
clusters, which are more likely to be relaxed (Edge et al.
1992; Allen et al. 2001; Bauer et al. 2005; Vikhlinin et al.
2005). However,Burns et al.(2008) suggested that the
cool-core clusters were not necessarily more relaxed than
the non-cool-core clusters.

In order to understand the dynamical states of different
tracers in clusters, we select the 30 most massive galaxy
clusters in IllustrisTNG simulation atz = 0. This paper
is arranged as follows. In Section2, we introduce the
IllustrisTNG simulation. In Section3, we present the
details on the method that we use, and then in Section4,
we present the results from our method. Finally, we draw
our conclusions in Section5.

2 SIMULATIONS

2.1 The IllustrisTNG Simulation

IllustrisTNG is a suite of large-volume, cosmological,
magneto-hydrodynamical simulations carried out with
the moving-mesh code AREPO (Springel 2010) and
an updated galaxy formation model described in detail
in Weinberger et al.(2017) and Pillepich et al. (2018).
The suite currently contains three completed simulations:
TNG300, TNG100 and TNG50. TNG300 has a periodic
box with a box side lengthL = 205 h−1Mpc ≈ 300Mpc

and uses a particle/cell number of2 × 25003 at its
highest resolution. TNG100 has a smaller box withL =

75 h−1Mpc ≈ 100Mpc and a particle/cell number of
2 × 18203 at its highest resolution. Finally, TNG50 has
the smallest box withL = 35 h−1Mpc ≈ 50Mpc and
contains up to2× 21603 resolution elements. The adopted
cosmological parameters for all simulations areΩΛ =

0.6911, Ωm = 0.3089, Ωb = 0.0486, σ8 = 0.8159, ns =

0.9667 andH0 = 100 hkm s−1Mpc−1 whereh = 0.6774

(consistent with thePlanck Collaboration et al. 2016).
In our work, we use the simulation TNG100 and the

snapshot at redshiftz = 0. The baryonic (gas cells and
star particles) and dark matter resolution in TNG100 are
mb = 9.44 × 105 h−1M⊙, mdm = 5.06 × 106 h−1M⊙,
respectively. The gravitational softening length for dark

matter particles and stars is500 h−1pc and that of the gas
cells is adaptive with radii.

2.2 Galaxy Clusters in IllustrisTNG Simulation

In the IllustrisTNG simulation, at each snapshot, there
are two types of group catalogues, i.e. friends-of-friends
(FOF) halo catalogue and SUBFIND subhalo catalogue.
The FOF halo catalogue is derived with a standard FOF
algorithm (Davis et al. 1985) with a linking lengthl = 0.2.
The FOF algorithm is only operated on the dark matter
particles, and the other particle types (stars, gas cells,
black holes) are assigned to the same halo as their nearest
dark matter particle. The SUBFIND subhalo catalogue
is derived with the SUNFIND algorithm (Springel 2010;
Dolag et al. 2009) operated on all particles belonging to a
FOF halo, thus the SUBFIND subhaloes are components of
the FOF halo. The SUBFIND subhalo catalogue consists
of both the central subhalo and satellite subhaloes. The
FOF halo is associated to the central SUBFIND subhalo.
The centre of each subhalo is identified as the location of
the minimum gravitational potential among all the member
particles. For the FOF halo after removing the satellite
subhaloes, we determine its centre as the position of the
particle that has the minimum gravitational potential. The
position of central subhalo is thus always the same as the
FOF halo centre (Dolag et al. 2009; Pillepich et al. 2018).
Around this position, we calculate the virial radius and
mass of each FOF halo.

In this paper, we treat FOF haloes as galaxy clusters,
SUBFIND central subhaloes as the central galaxies of
the galaxy clusters and SUBFIND satellite subhaloes as
the satellite galaxies of the galaxy clusters. The central
galaxies are the most massive galaxies in the galaxy
clusters and we treat them as BCGs.

The typical mass of galaxy clusters range from1013

to 1015M⊙. We select the top 30 massive galaxy clusters
in the FOF halo catalogue of TNG100. The distribution of
virial mass (M200) vs. virial radius (R200) of our selected
clusters are shown in Figure1. In Figure2, we show one
galaxy cluster and its central galaxy and satellite galaxies
(Msatellite > 108M⊙) as an example.

3 METHOD

3.1 Jeans Equations

A fully relaxed and spherical system will satisfy the
spherical Jeans equations (Binney & Tremaine 2008,
equation 4.215)

d(νv2r )

dr
+

2βrνv2r
r

= −ν
dΦ

dr
, (1)
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Fig. 1 The virial massM200 vs. the virial mass radiusR200 of the 30 most massive clusters in the FOF halo catalogue
from TNG100. The histogram in the right panel shows the distribution of the virial mass of our selected clusters and that
in the top panel shows the distribution of the virial radii.

whereβr ≡ 1− (v2θ + v2φ)/(2v
2
r) describes the anisotropy

of the velocity distribution. By substitutingdΦ/dr =

GM(r)/r2, we can determine the total massM(r) through

M(r) = −
rv2r
G

(

dlnν

dlnr
+

dlnv2r
dlnr

+ 2βr

)

. (2)

The Jeans equations assume that the system is in
equilibrium. We can judge whether a system is relaxed
by comparing the total mass obtained from the Jeans
analysis of the system with the true value. However, in
practice, we can proceed in this way only when high-
quality observational data are available. The right side
of Equation (2) involves logarithmic gradients ofβr(r)

and v2r(r) which are sensitive to the noise of the data.
Fortunately, IllustrisTNG simulation provides us with
plenty of galaxy cluster samples with different sizes which
enable us to study the relaxation state of galaxy clusters at
redshiftz = 0 by Equation (2). There are three qualified
tracer populations: stars, dark matter particles and satellite
galaxies. These three tracers can provide us with a more
comprehensive understanding of the relaxation state of
galaxy clusters. Gas may not be a good dynamical tracer
in practice because it is not collisionless and may be more
susceptible to the disturbances due to accretion, mergers,
feedback, etc.

3.2 Dynamical Tracers in Simulation

As we have discussed in the previous section, in the
IllustrisTNG simulation, there are three qualified tracer
populations: stars, dark matter particles and satellite
galaxies. As the number of the satellite galaxies in the
inner region of galaxy clusters is small, the logarithmic
gradient ofν andv2r of satellite galaxies will have large
uncertainties. Therefore, we only consider the satellite
galaxies beyond 150 kpc.

For each tracer population, we bin the data along
the radius and obtain the number densityν, the velocity
dispersion (v2r , v2θ , v2φ) and the anisotropyβr ≡ 1 −

(v2θ + v2φ)/(2v
2
r) for each bin. To calculate the logarithmic

gradient ofν andv2r along the radius, we need to smooth
the profiles. We fit the number densityν by a third-order
polynomial function and the velocity dispersionv2r by
a fifth-order polynomial function except for the satellite
galaxies (third-order).

To avoid over-fitting and reduce the influence of
outliers, we utilize the Huber loss function (Huber 1964)
with a L2 regularization term instead of the mean square
loss function (MSE) in polynomial fitting

Lδ,λ(y, f(x)) =

{

1

2
(y − f(x))2 + λωTω |y − f(x)| ≤ δ

δ|y − f(x)| − 1

2
δ2 + λωTω otherwise

.

(3)
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Fig. 2 Illustration of the projected particle number density mapsof the second massive galaxy cluster, its central galaxy
and satellite galaxies (Msatellite > 108M⊙). Stellar maps are shown in the top panels and the dark mattermaps are shown
in the bottom panels. The galaxy cluster consists of the central galaxy and satellite galaxies. The brighter the area, the
higher the projected particle number density. The dashed circle in each panel indicates the virial radiusR200.

wherey is the true value,f(x) is the predicted value of
the polynomial function,ω is the coefficient vector of the
polynomial functionf(x) andωT is its transpose vector.
δ and λ are two constant parameters of the Huber loss
function. When the difference between the true value and
the predicted value|y−f(x)| ≤ δ, the Huber loss function
is actually the MSE, otherwise, it is the mean absolute
loss function (MAE). Therefore, the Huber loss function
combines the advantages of MSE and MAE. When the
difference is large, it has the characteristics of MAE which
is not sensitive to outliers. When the difference is small,
it has the characteristics of MSE which converges faster.
λωTω is the L2 regularization term of the Huber loss
function. Generally, some coefficients in the polynomial
function will be very large when the true values are over-
fitted by the polynomial function. TheL2 regularization
term ensures that the coefficients will not become too large,
thereby suppressing the occurrence of over-fitting. The
parameterλ is used to balance the effect of the difference
and theL2 regularization term. We setδ = 0.1, λ = 0.02

for the polynomial fitting, which makes the polynomial fit
good enough and smooth.

With the smoothed number density and velocity
dispersion profiles, we can calculate their gradients along
the radiusdlnν/dlnr anddlnv2r/dlnr, and then obtain the
total mass profile through Equation (2).

As we have mentioned in the previous section, we
select the 30 most massive clusters in the simulation
TNG100. The number density, velocity dispersion and
anisotropy profiles of the three dynamical tracers and
their smoothed profiles are shown in the top panels of
Figures3, 4 and 5. In the corresponding bottom panels,
we show their logarithmic gradients, i.e.dlnν/dlnr and
dlnv2r/dlnr, of the three dynamical tracers. In Figure3,
we find that star number density has the steepest slope
(the smallest logarithmic gradientdlnν/dlnr), followed
by dark matter, then the satellite galaxies, which means
stars are more concentrated than dark matter and satellite
galaxies. Figure4 shows that the velocity dispersion of
dark matter is a factor of∼ 2 higher than that of stars and
a factor of∼ 2 lower than that of satellite galaxies. The
logarithmic gradients of the velocity dispersion of the three
dynamical tracers (dlnv2r/dlnr) are all around zero. We
show the velocity anisotropy profiles in Figure5. For each
tracer, we use a linear function to fit the velocity anisotropy
profiles of all selected clusters and plot the1 σ confidence
intervals.

Statistically speaking, stars have large radial velocity
anisotropy, while dark matter particles have smaller radial
velocity anisotropy and satellite galaxies have almost
isotropic velocity dispersion. The stellar and dark matter
haloes of galaxy clusters are contributed by the accretion
of a wide mass range of satellites, which were disrupted
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Fig. 3 The number density profiles of stars, dark matter particles and satellite galaxies in the top panels, and the
corresponding number density logarithmic gradients in thebottom. In the top panels, the discrete data points are the
number densities directly calculated from the simulation at different radii and the corresponding solid lines are the
smoothed profiles fitted by the third-order polynomial function. In the bottom panels, the number density gradients are
calculated from the smoothed number density profiles. The data points and lines are coloured by the virial mass of clusters
from low (purple) to high (red).

in the cluster by dynamical friction and tidal stripping.
Dynamical friction will cause satellites to quickly lose
angular momentum and become radially anisotropic, and
this effect is more effective for more massive satellites.
As a result, the debris of massive satellites will be on
more radially anisotropic orbits than the debris of less
massive ones (Amorisco 2017). With the fast decreasing
of stellar to dark matter ratio from high mass (since
5 × 1010 M⊙) to low mass satellites, stars in the cluster
halo is thus dominated by the debris of massive satellites,
thus more radially anisotropic than dark matter halo which
has a significant contribution from the debris of low-mass
satellites. The survived satellites, which are mainly low-
mass satellites and less susceptible by tidal stripping and
dynamical friction, are close to isotropic.

Although the three dynamical tracers of clusters
have very different number densities, velocity dispersions
and anisotropies, they still trace the same total mass
profile. For example, stars have a smaller number density
logarithmic gradient (dlnν/dlnr) than dark matter, but
stellar anisotropy (βr) is greater. The impact of these two

components offsets each other to some degree when we
calculate the total mass by Equation (2).

4 RESULTS

With the profiles of the number densityν, velocity dis-
persionv2r , anisotropyβr and their logarithmic gradients
dlnν/dlnr anddlnv2r/dlnr of the three dynamical tracers,
we are able to calculate the total mass of the galaxy
cluster by Equation (2) respectively. Then we compare the
mass distribution inferred from each dynamical tracer with
the true mass distribution of the galaxy cluster calculated
directly from the simulation.

The top panels in Figures6 and 7 shows the total
mass profiles derived from the three dynamical tracers and
the true mass distribution. The bottom panels show the
residuals of them by equation

residual =
MJeans −Mtrue

Mtrue

. (4)

We fit the residuals with linear functions and plot
the 1 σ confidence intervals in the bottom panels. We
divide the results into two parts by the residuals. As
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Fig. 4 The velocity dispersionV 2
r profiles of stars, dark matter particles and satellite galaxies in the top panels, and the

corresponding logarithmic gradients profiles in the bottom. In the top panels, the discrete data points areV 2
r directly

calculate from the simulation at different radii and the corresponding solid lines are smoothed profiles fitted by the fifth-
order polynomial (third-order for satellites). In the bottom panels, the velocity dispersion gradients are calculated from
the smoothed velocity dispersion profiles. The data points and lines are coloured by the virial mass of clusters from low
(purple) to high (red).

Fig. 5 The velocity anisotropy profiles of stars, dark matter particles and satellites of the top 30 massive clusters. The lines
are the anisotropy profiles of different tracers directly calculated from simulations and are coloured by the virial mass of
clusters from low (purple) to high (red). For each tracer, wefit the anisotropy profiles with a straight solid black line and
plot the1 σ confidence interval as dashed lines.

shown in Figure6, there are 19 galaxy clusters whose
total mass residuals inferred from stars are all within
∼ 50% at all radii. We obtain a descending fitted line
of the residuals of those 19 galaxy clusters which is
positive in the inner region and negative in the outer region.
It indicates that stars are not yet fully relaxed and the
total mass inferred from stars is over-estimated in the
inner region and under-estimated in the outer region. The

results of the remaining 11 galaxy clusters are shown
in Figure 7. We also obtain a descending fitted line of
the residuals which is positive at all radii which means
the total mass inferred from stars is over-estimated at all
radii. Stellar lights are easily affected by galaxy merger,
tidal forces, AGN feedback, star formation, etc. They are
more likely to produce substructures. Stars in satellites
are more concentrated than dark matter, thus substructures
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Fig. 6 The comparison of the true mass profiles calculated directlyfrom the simulation and those obtained from Jeans
analysis of different dynamical tracers: stars, dark matter particles and satellite galaxies. Only 19 clusters whose stars
are approaching equilibrium are plotted in this figure. The discrete data points indicate the total mass at different radii
calculated by the Jeans equations. The solid lines indicates the the true mass profiles. In the bottom panels we show the
residuals of them. We fit the residuals with straight solid black lines and plot the1 σ confidence intervals as dashed lines.
The data points and lines are coloured by the virial mass of clusters from low (purple) to high (red).

in stars will survive longer in tidal stripping. As shown
in Figure 2, stars in the central galaxy (the satellite-
removed cluster halo) have more substructures than dark
matter. The unrelaxed substructures in stars will result
in a higher radial velocity dispersion, which will yield
an over-estimated mass profile according to Equation (2).
The stellar system in the outer region deviates from the
spherical symmetry assumption, and the uncertainty will
be large. Stars in the 19 galaxy clusters are more relaxed
than those in the other 11 galaxy clusters. We find most of
more massive clusters in our sample are in the 19 galaxy
cluster sample. We may conclude that although there are
still some substructures, stars in∼ 60% massive clusters
are approaching equilibrium atz = 0. Note that the five
most massive clusters are all well relaxed.

The kinematics of dark matter trace the total mass
of all clusters well and the total mass inferred from dark
matter are generally consistent with the true mass profiles
with the residuals smaller than∼ 25% at all radii except
for one cluster (the thirteenth most massive cluster), whose
central galaxy deviates with the cluster’s dynamical centre
because its main galaxies are merging. We can draw the
conclusion that dark matter in the massive clusters atz = 0

are almost relaxed. The fitting lines to the residuals are

close to zero and parallel with thex axis, which are also
consistent with equilibrium.

As for satellite galaxies, the total mass inferred from
the Jeans equations are generally lower than the true
values. We obtain a rising fitted line of the residuals,
which is negative in the inner region and approaches∼

0 in the outermost region. Compared to diffused dark
matter particles and stars, the survived satellites may be
the most unrelaxed tracer. When falling into the centre of
clusters, satellites are losing their energy as well as angular
momentum due to dynamical friction. Before they gain
kinetic energy and become relaxed in the halo potential
again, they could be not energetic enough, especially in
the cluster centre where they lost more energy to enter, to
trace the halo potential. We presume this is reason why the
mass inferred from satellites is under-estimated.

5 SUMMARY

We select the 30 most massive galaxy clusters in the
TNG100 simulation at redshiftz = 0. The galaxy clusters
consist of central galaxies and satellite galaxies. There
are three qualified dynamical tracers: stars, dark matter
particles and satellite galaxies.

Statistically speaking, for our selected clusters, we
find that stellar number density has the steepest slope,
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Fig. 7 Similar to Fig.6 but with the remaining 11 clusters whose stars are unrelaxed.

followed by dark matter, then the satellite galaxies, which
means stars are more concentrated than dark matter and
satellite galaxies. The velocity dispersion of dark matter
is a factor of∼ 2 higher than that of stars and a factor
of ∼ 2 lower than that of satellite galaxies. However, the
logarithmic gradients of the velocity dispersion of the three
dynamical tracers are all around zero. Stars have large
radial velocity anisotropy, while dark matter particles have
smaller radial velocity anisotropy and satellite galaxies
have almost isotropic velocity dispersion.

Although the three dynamical tracers of clusters have
very different number densities, velocity dispersions and
anisotropies, they still trace the same total mass profile.
The impact of these three components offsets each other to
some degree when we calculate the total mass.

We assume the massive galaxy clusters are spherically
symmetric and relaxed. Thus the distribution of each
dynamical tracer could reveal the underlying total mass
distribution separately. We adopt the spherical Jeans
equations and infer the total mass profile from each
dynamical tracer. Compared with true total mass profiles
of the galaxy clusters atz = 0, we find that

(1) the kinematics of dark matter trace the total mass
of all clusters well and the mass inferred from dark matter
are generally consistent with the true mass profiles with
relative deviations smaller than∼ 25% at all radii except
for one cluster (the thirteenth most massive cluster), whose
central galaxy deviates with the cluster’s dynamical centre
because its main galaxies are merging.

(2) There are 19 galaxy clusters (∼ 60%) whose
total mass inferred from stars have deviations smaller than
∼ 50% at all radii. The total mass inferred from stars
tends to be over-estimated as there are more unrelaxed
substructures in stars. The unrelaxed substructures will
result in a higher radial velocity dispersion and yield an
over-estimated mass profile. The stellar system in the outer
region deviates from the spherical symmetry assumption,
and the uncertainty will be large.

(3) Satellite galaxies are unrelaxed in the inner region
and become more relaxed as the radius increases. The total
mass inferred from satellites are under-estimated in all
regions. When falling into the centre of clusters, satellites
are losing their energy as well as angular momentum due
to dynamical friction. Before they gain kinetic energy and
become relaxed in the halo potential again, they could not
be energetic enough, especially in the cluster centre where
they lost more energy to enter, to trace the halo potential.
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