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Abstract

The intracluster medium of the Perseus Cluster exhibits spiral-shaped X-ray surface brightness discontinuities
known as “cold fronts,” which simulations indicate are caused by the sloshing motion of the gas after the passage
of a subcluster. Recent observations of Perseus have shown that these fronts extend to large radii. In this work, we
present simulations of the formation of sloshing cold fronts in Perseus using the AREPO magnetohydrodynamics
code, to produce a plausible scenario for the formation of the large front at a radius of 700 kpc. Our simulations
explore a range of subcluster masses and impact parameters. We find that low-mass subclusters cannot generate a
cold front that can propagate to such a large radius, and that small impact parameters create too much turbulence,
which leads to the disruption of the cold front before it reaches such a large distance. Subclusters that make only
one core passage produce a stable initial front that expands to large radii, but without a second core passage of the
subcluster, other fronts are not created at a later time in the core region. We find a small range of simulations with
subclusters with mass ratios of R ~ 1:5 and an initial impact parameter of 6 ~ 20°-25° that not only produce the
large cold front but a second set in the core region at later times. These simulations indicate that the “ancient” cold
front is ~6-8.5 Gyr old. For the simulations providing the closest match with observations, the subcluster has
completely merged into the main cluster.

Unified Astronomy Thesaurus concepts: Intracluster medium (858); Galaxy clusters (584); X-ray astronomy (1810)

1. Introduction

Galaxy clusters are the largest gravitationally bound objects
in the current Universe, comprised of galaxies, dark matter
(hereafter DM), and a hot, diffuse, and magnetized plasma
known as the intracluster medium (hereafter ICM). The ICM is
observed in the X-ray band, emitting primarily via thermal
bremsstrahlung and collisional ionization processes, and at
millimeter wavelengths via the Sunyaev—Zeldovich effect.

Since the process of cosmological structure formation is still
ongoing, clusters grow via accretion and mergers with other
clusters. Mergers in particular produce very dramatic effects as
observed in X-rays, including shock fronts, cold fronts, and
indications of gas turbulence via surface brightness (hereafter
SB) fluctuations (a recent review of the effects of mergers
on the ICM in galaxy clusters as seen in X-rays is presented in
J. ZuHone & Y. Su 2022). These observed features are of
primary importance for the investigation of the internal
dynamics of clusters and the constraints they may place on
the detailed physics of the cluster plasma.

Cold fronts (hereafter CFs) in particular have attracted signi-
ficant interest, due to the fact that they are ubiquitous within
galaxy clusters (S. Ghizzardi et al. 2010). CFs were first
observed by M. Markevitch et al. (1999, 2000) and A. Vikhlinin
et al. (2001), who detected edges in SB of A3667 and A2142,
similar to shock fronts, but showing pressure equilibrium. These

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

contact discontinuities were then called “cold fronts” because
measurements of the plasma temperature showed that the
brighter (and therefore denser) side of the discontinuity is
colder. These are the characteristics of a contact discontinuity,
which can be readily formed when the cold, dense gas of a
cluster core is brought into contact with warmer, less dense
parts of the ICM by subsonic gas motions. Recent reviews of
CFs in merging clusters include M. Markevitch & A. Vikhlinin
(2007), J. ZuHone & E. Roediger (2016), and J. ZuHone &
Y. Su (2022).

One proposed mechanism for forming CFs in the ICM of
clusters is that of gas “sloshing” in the gravitational potential
well of an otherwise relatively relaxed galaxy cluster, which
has a very dense, low-temperature core (so-called “cool-core”
clusters or CCs). In this case, the cold and low-entropy gas
from the center of the cluster has been pushed away from the
potential minimum, setting off oscillatory gas motions that
produce spiral-shaped CFs. It is typically assumed that the gas
sloshing is initiated by the passage of a subcluster. This process
has been examined in significant detail by a number of
simulation works (e.g., Y. Ascasibar & M. Markevitch 2006;
J. A. ZuHone et al. 2010; E. Roediger et al. 2011, 2012). These
simulations have shown that CFs, which form near the cluster
center slowly, propagate radially outward and are long-lasting,
provided they are not destroyed by a subsequent passage
of the same subcluster or another merging event (though see
1. Vaezzadeh et al. 2022, for evidence of the resilience of
sloshing CFs to multiple mergers). Indeed, observations in the
last 10 yr have shown large-scale CF structures in many galaxy
clusters, including A2142 (M. Rossetti et al. 2013),
RXJ2014.8-2430 (S. A. Walker et al. 2014), and A1763
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(E. M. Douglass et al. 2018), which all show CFs at around half
of the virial radius.

A paradigmatic example of a cool core is the Perseus
Cluster. Perseus is very bright and nearby, at z = 0.01756, and
Chandra and XMM-Newton observations clearly demonstrate
the existence of sloshing-type CFs in the core region and
beyond (E. Churazov et al. 2003; A. C. Fabian et al. 2011;
A. Simionescu et al. 2012; S. A. Walker et al. 2017).

Recent deep observations of Perseus have shown that its CFs
extend to very large radii. A CF on the eastern side of the
cluster at a radius of ~700 kpc (about half the virial radius) was
first observed by XMM-Newton (A. Simionescu et al. 2012).
A deep Chandra observation of this large-scale CF by
S. A. Walker et al. (2018) showed that it has a prominent
“hook”-like feature, which was explained by magneto-
hydrodynamics (MHD) simulations presented in the same
work as the effect of fluid instabilities.

Moreover, there is evidence for CFs at even larger distances
from the center of the Perseus cluster. S. A. Walker et al.
(2022) observed two additional SB edges at even larger radii,
1.2Mpc and 1.7Mpc. They suggested that these contact
discontinuities were sloshing cold fronts with an estimated age
of ~9 Gyr. However, C. Zhang et al. (2020a) argued that these
contact discontinuities could be generated by a collision
between an accretion shock and a “runaway” merger shock.
Indeed, Z. Zhu et al. (2021) discovered such a large-scale shock
near the virial radius in Perseus using Suzaku data.

In this work, we used magnetohydrodynamical simulations
to study the propagation of CF to large radii in a Perseus-like
cluster, and we seek to reproduce the large radii CF observed in
Perseus at ~700kpc. Previous theoretical studies mostly
focused on the CFs of the core region. In this paper, we
investigate the evolution of the sloshing CFs that form in the
core region and then expand to large radii. We aim to
understand under which conditions the CFs persist. In this
work, we seek to reproduce the large-scale CF at 700 kpc
shown by S. A. Walker et al. (2018) and address questions such
as what is required to generate and sustain a CF that is capable
of propagating to such a radius? What characteristics does the
merger need to have to prevent the disruption of the CF before
it reaches distances from the core? In the context of a parameter
study of the subcluster properties, we do not only aim to
determine the shape and location of the CF, but also to place
constraints on the possible position and trajectory of the
subcluster. This is a separate but important issue since in many
sloshing-CF clusters—including Perseus—the identity of the
subcluster is not readily apparent and no identifiable structure is
visible in the X-ray observations.

This paper is structured as follows. In Section 2, we outline
the assumed physics and the code used for the simulations, as
well as the properties of the different simulations performed in
this work. In Sections 3 and 4, we will present the results of the
simulations and make comparisons to the observations of
Perseus. In Section 5, we summarize these results and present
our conclusions. Throughout, we assume a flat ACDM
cosmology with 4 =0.71, §2,,=0.27, and Q, = 0.73.

2. Method
2.1. Initial Conditions

In our simulations, the galaxy cluster merger consists of a
large, main cluster, and a smaller infalling subcluster set up on
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a trajectory where it will have a close encounter with the
former. The gas in both clusters is modeled as a magnetized,
fully ionized ideal fluid with v=5/3 and mean molecular
weight p=0.6, which is in hydrostatic equilibrium with a
virialized DM halo that dominates the mass of the cluster. We
generate the initial conditions for our idealized simulations
using the same general method of previous works (Y. Ascasibar
& M. Markevitch 2006; J. A. ZuHone et al. 2010, 2018, 2019;
J. ZuHone & E. Roediger 2016), though we provide a short
summary of the main points here.

The main cluster is initially located at the center of the
simulation domain at rest. For the total density profile of
the main cluster, we use a “super-NFW” (sNFW) profile
(E. J. Lilley et al. 2018):

3M 1
167a3 x(1 + x)5/%’

Psnpw (1) = (H
where M and a are the total mass and scale radius of the DM
halo, respectively, and we have substituted x = r/a. The SNFW
mass profile is

@

Moew (1) M[l L _2h ]

2(1 + x)3/2

The sNFW profile has the same dependence on radius in the
center as the well-known NFW profile of J. F. Navarro et al.
1997): p x r~'as r— 0. It is used here instead because it falls
more quickly at large radii, and thus its mass profile converges
as r — o0.

The three-dimensional gas density distribution of the main
cluster is modeled by a sum of a #-model profile (A. Cavaliere
& R. Fusco-Femiano 1976) and the modified 5-model profile
from A. Vikhlinin et al. (2006):

ne,cl
(1 + (r/re)*0
Ne,c2 1
(1 + r2/r)0% (14 /i)

ne(r) =

3

For the modified S-model profile (second term in Equation (3)),
the o parameter in the original equation that controls the slope
at small radii is set to 0 and hence does not appear in this
equation. From (1)—(3), the temperature and other relevant
profiles can be determined by imposing the hydrostatic
equilibrium condition.

To determine the values for the free parameters in Equations
(1)—(3), we used the observed profiles from I. Zhuravleva et al.
(2013) and O. Urban et al. (2014) and chose values for the
parameters in Equations (1)—(3) to closely match these profiles
(see Figure 1). We modeled the initial main gas density profile
with the parameters specified in Table 1.

We model the infalling subcluster in our simulations with a
mass imposed by the mass ratio parameter R = Moo sub/
M>00c.main- The infalling subcluster is initially situated at
d=3000kpc along the +y-axis from the main cluster center,
with a relative velocity with respect to the main cluster of
Veub = Veub(SinOX — cos 0Y), where 0 is the angle from the y-
axis, and vy, is the initial speed of the subcluster relative to the
main cluster. R, 0, and vy, will be varied in different
simulations, as detailed below.

We explore simulations where the subcluster can be
comprised only of DM, or has a gas component as well. The
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Figure 1. Radial profiles of Perseus compared with observations of Perseus. The vertical blue dotted line indicates the virial radius R0 and the horizontal dotted line

indicates the cosmological gas fraction 0.156.

former type, while physically unrealistic, was motivated in
previous works (see especially Y. Ascasibar & M. Markevitch
2006; J. A. ZuHone et al. 2010) by a desire to produce smooth
and undisrupted CFs; in this work, we show that such an
unrealistic restriction is unnecessary, given the right choice of
parameters. The total mass density profile for the subcluster is
also given by Equation (1), and (if included) the gas profile is
defined as the second term of Equation (3), with parameters
rs=1000kpc, B, =2/3, v=3, and € = 3. The scale density n,,
« 1s computed assuming a gas fraction defined by Equation (9)
of A. Vikhlinin et al. (2009), and the scale radius r., for
the subcluster is a function of R and the concentration
parameter:

MZOO(‘.main =59 x 1014M®

rea(R = 1: 5) ~ 223 kpe

re(R = 1: 10) ~ 125 kpc.

The concentration parameter is computed assuming a
concentration—mass relation model from B. Diemer & M. Joyce
(2019) and the Planck 2018 cosmology (P. Collaboration
et al. 2020).

We use the results of cosmological simulations to deter-
mine the range of initial relative velocities between the main
cluster and the subcluster we explore in our parameter space of
merger simulations (see Table 2). Z.-Z. Li et al. (2020) found
that the infall speed of a sub-halo follows a nearly log-normal
distribution with a skewed tail at large velocities, and is nearly
independent of the mass of the subcluster. While the average
angle 6 decreases with increasing mass ratio. G. Tormen (1997),
M. Vitvitska et al. (2002), and Z. -Z. Li et al. (2020) pointed out
that the most probable velocity is vy, = 1.1/ GMago./Rogoe =
1.1Vho0e ~ 1380 kms~'. In our study, we also considered
higher velocities (i.e., 1500 km s~! and 2000km sfl), which
correspond to 1.24, 1.65 of the virial circular velocity V. at the

Table 1

Perseus Model Parameters
Parameter Value
Maooc 5.9 x 10™M,,
el 55 kpe
Mec1 45%x 102 cm ™
en 1.2
Teo 180 kpc
Nec2 4 %102 em™?
rg 1800 kpc
5, 0.6
vy 3
€ 3

virial radius:

Vaooe = v GMaooc/ Roooc » 4)

which also corresponds to the infalling velocity at the virial
radius.

We also varied the initial angle between the distance vector
from the subcluster to the main cluster and their relative
velocity vector (see Table 2). Following the study of Z.-Z. Li
et al. (2020), the most probable angle for a merger with a mass
ratio of R=1:5 is around 6~ 30°, which increases if the
mass ratio is smaller. Thus, we decided to explore a range of
values for 6 centered around that value of § = 30°. Decreasing
this angle is equivalent to decreasing the impact parameter at
the beginning of the simulation, which in turn results in a
decreased pericenter distance. For some values of the initial
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Table 2
Summary of the Initial Conditions of Our Parametric Study

Physical Parameter

Possible Values

gaseous / gasless

0 gas content of the gas

mass ratio

R = 1:20, 1:10, 1:5, 1:2

incident angle

3 Mpc

6 = 10°, 20°, 25°, 30°, 40°

impact parameter

3000 sin(6) ~ 529, 1092, 1268, 1732, 2517, 3575 kpc

initial velocity

v = Vsyup = 1380, 1500, 2000 km s+

magnetic field

B = 100, 200, 1000

velocity and angle, the subcluster will only make one core
passage within ~10 Gyr, which is of relevance to the question
of where the subcluster that produced sloshing motions can be
found in the sky, as we will discuss in Section 3.2.

2.2. AREPO Code

The simulations are performed using the moving-mesh
cosmological code AREPO code (V. Springel 2010), which
solves the ideal non-radiative MHD equation employing a
finite-volume Godunov method on an unstructured moving
mesh, and computes self-gravity via a TreePM solver.

Each simulation includes 2 x 107 gas cells and 2 x 10’ DM
particles. For each of the initial particle/cell positions, a
random deviate u = M(< r)/Mo is uniformly sampled in the
range [0, 1], and the mass profile M(< r) for that particular
mass type is inverted to give the radius of the particle/cell from
the center of the halo. The 3D position of each particle/cell
given its radius is chosen from uniform sampling along the
latitudinal and longitudinal directions.

The gas cells are simulated using the moving-mesh Voronoi
tessellation method of AREPO. They are all set initially at the
same mass ~10" M., and are allowed to undergo mesh
refinement and de-refinement as the simulation evolves. The
pseudo-Lagrangian nature of the default refinement scheme
adopted in AREPO keeps the gas cell mass within a factor of
two from a predefined target mass, which is set equal to the
initial gas mass of the cells, so that the denser parts of the
simulations are better resolved. The initial thermodynamic
properties of each gas cell are determined by the profiles from
Section 2.1 and the condition of hydrostatic equilibrium.

The bulk of each cluster’s mass is made up of the DM
particles, which only interact with each other and the gas via
gravity. These all have the same mass of mpy = 4 x 10’ M.,
Their initial speeds are determined using the procedure
outlined in S. Kazantzidis et al. (2004), which computes
the particle speed distribution function directly using the
method of A. S. Eddington (1916), which assumes the virial
equilibrium condition. The velocity vectors for the DM
particles are isotropic and determined by choosing random
unit vectors in JR3.

All simulations are set within a cubical computational
domain of width L =40 Mpc on a side, though for all practical

purposes, the region of interest is confined to the inner
~10 Mpc. To ensure that the initial condition is free of spurious
gas density and pressure fluctuations from the random nature of
the initial conditions, we perform a mesh relaxation step for
~100 time steps (V. Springel 2010).

The gas in our simulations is magnetized. For each
simulation, we set up the magnetic field on the gas cells
following the same approach as in J. A. ZuHone et al. (2020).
Briefly, we set up a turbulent magnetic field on a uniform grid
with a Kolmogorov spectrum that is isotropic in the three
spatial directions. The average magnetic field strength is then
scaled to be proportional to the square root of the thermal
pressure everywhere in the domain such that 8=pg/pp is
constant on average (due to the fluctuations in the field, this
ratio can only be approximately constant over small spatial
regions). The field is transformed to Fourier space to project
out the field components that produce V-B =0, and after
transforming back to real space, the magnetic field components
are then interpolated from this grid onto the cells in each
simulation.

The magnetic fields are evolved on the moving mesh using
the Powell approach for divergence cleaning K. G. Powell et al.
(1999) employed in R. Pakmor & V. Springel (2013) and in the
IlustrisTNG simulations F. Marinacci et al. (2018). In this
scheme, the divergence of the magnetic field is cleaned through
an additional source term in the momentum equation, induction
equation, and energy equation. These source terms counteract
further growth of local V - B errors.

2.3. Projected Quantities

In order to compare more directly to the Perseus cluster, we
make use of projected maps and images. To produce images of
X-ray SB, we compute the X-ray emissivity within the
0.5-7keV band (in the observer frame) for each gas cell
assuming an Astrophysical Plasma Emission Code (APEC)
model (R. K. Smith et al. 2001). Since no metals are included
in the simulations, we assume the ICM has a metallicity
of Z=0.3Z. (using relative abundances from E. Anders &
N. Grevesse 1989). For projecting this and other quantities, we
assume that each gas cell deposits a given volume-weighted
quantity onto an image plane perpendicular to the line of sight
using a standard cubic SPH smoothing kernel, where the
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Figure 2. Different subcluster masses and gas content. GGM images for the merger simulations with subcluster incoming angle 6 =20°, =100 and vy, =
1380 km s~ . Top panels: varying the mass ratio with gasless subclusters. Bottom panels: varying the mass ratio with gaseous subclusters. The white dashed line in
each panel marks a circle of radius 700 kpc (the distance from the center at which the ancient CF in Perseus is found). All images are shown at 7.5 Gyr after the first

pericenter passage.

“smoothing length” h; for the kernel for a given particle i is

given by
\1/3
=2

where V; is the volume of the Voronoi cell and v =2. In
addition, we create projected temperature maps by weighting
each gas cell’s temperature by its emission in the same band
and projecting along the line of sight.

Cold fronts are marked out as sharp edges in SB in X-ray
observations. This motivates an approach that applies a
gradient filter to images to highlight these features. This task
can be complicated since X-ray observations can be affected
strongly by Poisson noise, especially in low-surface-bright-
ness regions. One way to deal with this complication is to
smooth the image before taking its gradient, a technique
known as the Gaussian Gradient Magnitude (GGM) filter.
This method convolves a noisy 2D image with a Gaussian
kernel and then takes the gradient of the image and then
computes the magnitude of this gradient field. Mathemati-
cally, for an image I and a Gaussian kernel G, the edge image
E is therefore given by

E=IV(G * D|=[(VG) * I, (6)

where the last equality follows from the chain rule for
convolutions. The size of the Gaussian kernel (the standard
deviation o) is a free parameter that may be adjusted depending
on the noise inherent in the image.

This was introduced by J. S. Sanders et al. (2016) and
applied to several clusters in that work and in S. A. Walker
et al. (2016). These works have convincingly demonstrated that

this technique may be used as a tool to reveal the existence of
edge features not easily seen in SB images (such as cold and
shock fronts), which may then be subjected to further analysis.

Though we do not produce mock X-ray observations of our
clusters with the expected Poisson noise from the finite
effective area of existing telescopes in this work, the projected
SB images we produce still have Poisson noise due to the finite
mass resolution of the gas cells. Thus, this technique is still
useful for displaying the cold and shock fronts produced in our
simulations.

3. Results
3.1. Evolution of the First Cold Fronts

In this section, we will determine what parts of our parameter
space produce long-lasting CFs that travel out to the large
distances seen in observations within a time frame shorter than
that between the initial encounter with the subcluster and the
current epoch. Our discussion here is broadly consistent with
similar discussions of the results of varying the parameter
spaces in previous works (Y. Ascasibar & M. Markevitch
2006; J. A. ZuHone et al. 2010, 2011; E. Roediger et al. 2011),
though here applied to our specific focus on the Perseus Cluster
and on its large-scale cold fronts.

3.1.1. Effect of the Subcluster Mass and Gas Content

In Figure 2, we show the GGM images (see Section 2.3) for
a merger with an incoming subcluster with an initial angle
6 =20°, initial velocity vy = 1.1V500. ~ 1380 km s~ !, and
varying mass of the subcluster by changing the mass ratio
parameter R (see Table 2). We also explore the effect of gasless
and gaseous subclusters for every value of the mass ratio. All
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Figure 3. Different subcluster masses and gas content for a faster encounter. GGM for the merger simulations with an incident angle § = 30°, initial velocity
Veub = 2000 km s !, 8 = 200, and mass ratio R = 1: 20, 1: 10, 1: 5. Top panels: varying the mass ratio with gasless subclusters. Bottom panels: varying the mass ratio
with gaseous subclusters. The white dashed line in each panel marks a circle of radius 700 kpc (the distance from the center at which the ancient CF in Perseus is

found). All images are shown at 7.5 Gyr after the first pericenter passage.

GGM images in this figure are shown 7.5 Gyr after pericenter
passage of the subcluster. The white dashed circle indicates a
distance of 700 kpc from the center of the main cluster (defined
as the cluster potential minimum).

Figure 2 demonstrates how the SB gradients increase at the
CFs with the mass of the subcluster. For encounters with an
initial mass ratio R < 1: 5 (leftmost and center left panels), the
outermost cold fronts are almost nonexistent. As the mass ratio
increases, the outermost cold fronts also appear at larger radii at
the same epoch. Larger subclusters deliver larger accelerations
to the main cluster over a larger volume, permitting the
formation of large-scale fronts. The effect of including gas in
the subcluster (bottom panels) is to deliver an even stronger
acceleration to the gas of the main cluster due to the ram pressure
from the subcluster’s gas (as first noted in Y. Ascasibar &
M. Markevitch 2006).

In this particular case (i.e., 8 =20°, and vy, = 1.1V500. ~
1380 km s 1), the subcluster returns for multiple core passages,
perturbing the core and the CFs multiple times. If the subcluster
is more massive, the time between such core passages is
shorter, due to the increased dynamical friction in these cases
(see Section 3.2), resulting in the core being perturbed more
frequently. These additional passages can produce a second set
of CFs (see Section 4.4) and alter the trajectory of and/or
disrupt the first set. The increased disturbance from the multiple

core passages more significantly disrupts the CF and reduces
the SB jump in the CF in the cases where the subcluster is
gaseous over the gasless case. By contrast, in Figure 3 we show
the effect of different subcluster masses for a simulation of an
encounter with a subcluster coming with 6 =30° and initial
velocity  veu, = 1.65Va00. ~2000kms™ !, where again all
images are plotted at 7.5 Gyr after pericenter passage, as in
Figure 2. In this case, the subcluster does not return to perturb
the gas again during the simulation (which was run for over
14 Gyr). In contrast to the previous case, where the pericentric
radius of the first core passage was smaller and the subcluster
had multiple core passages, the radius of the outermost CF
seems to be only weakly dependent on the mass of the
subcluster, though the SB jump across the front is larger for
larger mass ratios, as in Figure 2. The SB jump is increased if
the subcluster is gaseous, in contrast to the situation in Figure
2. In this case, the gaseous subcluster applies additional
acceleration to the cluster core on the first core passage (thus
increasing the SB jumps), without having subsequent multiple
passages to disrupt, split, or destroy the CFs.

To illustrate these points in more detail, in Figure 4 we show
slices of the density, temperature, magnetic field (with
superposed velocity field vectors), radial velocity field, and
tangential velocity field for three different simulations:
R =1:20 gaseous, R=1:5 gaseous, and R=1:5 gasless, all
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Figure 4. Different subcluster masses and gas content. Slices of the density, temperature, radial and tangential velocities, and magnetic field strength for the
simulations R = 1:20 gaseous, R = 1:5 gaseous, and R = 1:5 gasless, and initial parameters § = 30°, vy, = 2000 km s ', and 8 = 200. All slices are made through
the center of the main cluster, where the center is defined as the minimum of the gravitational potential. All images are shown at 7.5 Gyr after the first pericenter

passage. The arrow indicates the split in the CF discussed in Section 4.1.

three with initial conditions 6=30° and initial velocity
Veub = 2000km s ! (a single-passage case). As already noted
above, we can see that in encounters with subclusters of smaller
mass, the density and temperature jumps are not as significant.

The tangential and radial velocities of the gas are also
affected by the mass ratio of the merger, as shown in the center
and center right panels of Figure 4, as the passage of a heavier
subcluster produces faster motions in both components. For
this reason, the magnetic field (rightmost panels) is also not as
strong in the lower-mass cases, since it grows by shear
amplification (J. A. ZuHone et al. 2011; B. Brzycki &
J. ZuHone 2019, see also Section 3.3).

Figure 4 (bottom two rows) also shows the contrast between
the two R=1:5 simulations with and without gas. For the
reasons noted above, there is a greater force delivered to the
main cluster’s core gas when gas is included for the same
subcluster mass. This produces cold fronts with larger gradients
in density and temperature and drives higher tangential
velocities in the sloshing gas. At this epoch, the cold fronts
appear at nearly the same radii in either case. However, due to
the interaction with the subcluster’s gas, the sloshing motions
are more turbulent than in the case with a gasless subcluster,
and the cold fronts are more disrupted. Inflowing gas streams
stripped from the subcluster also penetrate the core region and
disrupt the fronts (the most prominent example appearing in the
lower left, southeast region of the bottom two rows of Figure
4). Such collisions between inflowing gas streams and cold
fronts can also trigger Kelvin—Helmbholtz instabilities (hereafter

KHI) and can create a “bay” in the southern part of the CF, in
the direction where the stream penetrates it. Hence, this
particular bay only exists in the case of a gaseous subcluster in
our simulations, though similar features can appear in other
simulations where the subclusters are not gaseous (S. A.
Walker et al. 2017).

Since the subcluster gas has its own magnetic field, the result
is that the distribution of the magnetic field in the core region is
more turbulent than in the gasless subcluster case, and the
magnetic field strength is increased along the cold gas streams
that are falling into the cold fronts.

3.1.2. Effect of Varying the Speed and Incident Angle of the Subcluster

In this section, we explore the effect of varying the initial
speed and angle (or equivalently, the impact parameter; see
Table 2) of the merger while holding the mass ratio fixed.
Varying either of these affects the distance between the clusters
at the pericenter passage and the amount of time the subcluster
spends near the main cluster center.

The initial speed determines the pericenter distance, and thus
how strongly the subcluster perturbs the gas sitting in the main
cluster. If the initial speed is smaller, the subcluster has a
smaller pericenter distance and this delivers a stronger
gravitational perturbation to the main cluster core (see also
Section 3.2) and injects more turbulence. The subcluster is also
more bound to the main cluster and returns to pass the core
earlier. The initial speed does not seem to affect the radial
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Figure 5. Different v, and . GGM images for the merger simulations with two different initial velocities (Vg = 1500, 2000 km s ') and four different angles
(6 =20°,30°, 40°, 50°). The subcluster is gaseous, the mass ratio is set to R = 1:5 and 3 = 200. The white dashed line in each panel marks a circle of radius 700 kpc
(the distance from the center at which the ancient CF in Perseus is found). All images are shown at 7.5 Gyr after the first pericenter passage.

velocity of the CFs resulting from the initial perturbation.
However, the initial speed will determine the frequency of
subsequent core passages, which will affect the outward
propagation of the CFs (see Section 3.4 and Figure 10).

Another quantity that determines the pericenter distance is
the initial angle. The effect of this initial angle on the cold
fronts is shown in Figure 5. Figure 5 shows simulations with a
an initial magnetic field g =200, a mass ratio of R = 1:5, and
two constant incident velocities vy, = 1500, 2000 km gt (top
and bottom panels, respectively). As we noted above, for the
initial velocity vgy, =2000 km s~!, the subcluster does not
make a second pericenter passage within the age of the
Universe.

When the impact parameter of the subcluster is larger, the
passage of the subcluster creates less turbulence and the CFs
appear smoother. For the largest angles studied in this paper,
the bow shock created by the passage of the subcluster does not
greatly affect the main cluster core, which decreases the
contrast of the large-radii CFs. When the angle is smaller, the
passage of the subcluster delivers a stronger perturbation and
drives more turbulent motions. Due to this, not only do CFs
show more evidence of KHI and disruption, but the whole
image shows more variation in SB. In these cases, turbulence is
continuously injected by streams of infalling gas and has the
effect of disrupting the outer CFs even more. For smaller
impact angles, the two clusters are more bound, so the
subcluster returns earlier and more “head-on”, which in turn
brings additional turbulence and disruption to the CFs.
Simulations with angles 6 < 20° do not produce CFs similar
to the ones observed. Overall, these results show that gaseous
subclusters can produce smooth and relatively undisturbed
sloshing CFs, provided that the subcluster is far enough away
while it still has a significant gas mass, obviating the need to

produce these features with artificial gasless subclusters in
simulations.

The initial subcluster velocity and angle together have an
important role in dictating the amount of disruption to the CFs,
because these parameters determine the number of core
passages and how impactful the encounters are. Together,
these two parameters also determine the position of the
subcluster (see Section 3.2), especially if the subcluster is near
the cluster core, which can be constrained by observations.

For velocities of 2000 km s, the subcluster does not return
in the age of the Universe, hence we used these cases to study
the effect of a single passage. Velocities higher than
2000 kms~! will also result in a single-passage scenario,
creating CFs similar to this case. Moreover, the velocity of the
subcluster does not affect the radial velocity of the CFs
significantly.

We also examined the effect of low velocities; e.g., lower
than 1500 km s~'. The interactions between the subcluster and
the main cluster are stronger in these cases, and the subcluster
returns earlier, giving multiple kicks to the gas. For small
angles (20° and below), this creates too much turbulence to
reproduce the large-scale CF; for angles larger than 30°, the
subcluster is still orbiting the center of the main cluster by the
end of the simulation, hence the subcluster would visible in
the X-ray images covering that field of view, and no subcluster
is visible in the X-ray observations of Perseus.

3.2. Subcluster Trajectory

In this section, we discuss in detail how the various
merger configurations determine the trajectories and distances
of the subcluster to the main cluster, and the sizes and
positions of CFs. If the CF characteristics in a simulation
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Figure 6. Distance between the center of the main cluster to the center of the subcluster plotted as a function of time for different simulations. The initial time is set to
the pericenter passage. Top left: Different initial incident angles and different speeds (see Figure 5) for simulations of merger with a gaseous subcluster with mass ratio
R = 1:5, and 3 = 200. Top right: Different mass and gas content in case of a single passage (see Figure 3) for simulations with @ = 30° and v, = 2000 km s~ '. The
dashed lines indicate the gaseous cases while the dotted one indicates the gasless cases. Bottom: Different mass and gas content in case of multiple passages (see
Figure 2) for simulations with § = 20° and v, = 1380 km s~!. The dashed lines indicate the gaseous cases while the dotted ones indicate the gasless cases.

can be matched to the observations, this may serve as an
indicator of where the subcluster may currently be found, if it
has not escaped the main cluster or has already merged with it
completely. In Figure 6, we plot the distance between the
respective centers (gravitational potential minima) of the
subcluster and the main cluster as a function of time from
the pericenter passage. In some cases, after the pericenter
passage, the subcluster escapes to very large radii and never
returns for a second passage within the age of the Universe,
while in other cases it eventually slows down and then it returns
toward the main cluster center. In this paper, these cases are
referred to as “single-passage” and “multiple-passage” encoun-
ters, respectively.

In the multiple-passage cases, the subcluster increasingly
loses DM and/or gas to the main cluster via gravitational
capture of DM particles and the ram pressure stripping of gas as
it orbits, and the apocenter of the orbit becomes smaller and
smaller with time until the two clusters are completely merged,
as this stripped material and the background density from
the main cluster exerts dynamical friction on the subcluster
(S. Chandrasekhar 1943). The radii of the apocenters and the
changing period of the orbit are a function of the geometry and
the mass ratio of the binary merger. In general, the larger the
mass ratio or the more “head-on” the initial trajectory (smaller
initial angle), the more dynamical friction is experienced, the
smaller the apocenters and more eccentric the orbits, and the
sooner the complete absorption of the subcluster into the main
cluster occurs. In minor mergers, the time to complete the
merger is generally longer than the age of the Universe; see
Figure 6.

In the third panel of Figure 6 and in the first panel in Figure
7, we can see the effect of the mass ratio and the gas content on
the distance and the trajectory of the subcluster. At a fixed
angle, the initial trajectory does not depend much on the mass
ratio R, since dynamical friction only starts to have a significant
impact once the subcluster enters dense regions of the main
cluster. Hence, the first pericenter distance is very weakly

dependent on the mass of the subcluster. Smaller subclusters
result in less dynamical friction since the gravitational focusing
effect of matter trailing behind is smaller, so these subclusters
reach larger apocenters in shorter periods. The converse is true
as the subcluster mass is increased. The number of core
passages of the subcluster in a fixed amount of time increases
with the mass ratio.

While the initial trajectory is very weakly affected by the
mass of the subcluster, the gravitational interaction between
the two clusters greatly affects the trajectory of the subcluster
(see Figure 7). When the mass ratio increases, the subcluster
returns earlier, the orientation of the orbit changes and the
orbit is more eccentric. As a consequence, the position and
orientation of the subsequent forcings received by the gas in the
main cluster are very dependent on the mass ratio (e.g., the
trajectory of the subcluster can be parallel to the existing CFs or
be perpendicular to them). For gaseous subclusters, ram
pressure can also have an effect on the subcluster’s orbit. For
a subcluster of a fixed mass, the ram pressure experienced by
the gas of the subcluster results in an additional deceleration on
top of that from dynamical friction alone. Though only the gas
feels the ram pressure, the material stripped from the subcluster
that is dragged behind it exerts an additional gravitational force
on the subcluster, slowing it down. As a consequence of this
additional drag force, the subcluster orbits have shorter periods
and the apocenters are smaller than the gasless cases (see
Figures 6 and 7).

The initial speed and the initial incident angle determine the
pericenter passage distance. When either decreases, the first
passage occurs at a smaller radius and in general the orbit has
smaller apocenters and shorter periods.

In the third panel of Figure 7, we plot the trajectories for a
subcluster of the same mass (R = 1:10) and different incident
angles. These simulations have different impact parameters and
also different pericenter radii (examples are shown in the first
panel of Figure 6 for a subcluster of mass ratio R = 1:5). The
smaller the initial incident angle of the subcluster, the more
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Figure 7. Some examples of the trajectory of the subcluster around the center of the main cluster (the length of each trajectory varies and is chosen for clarity). Top
left: Comparison of different trajectories for different mass ratios, and gas and gasless subclusters. The other initial parameters are set to ve, = 1380 km s~ ', and
6 = 20°. Top right: Comparison of different mass ratios for the gasless case and # = 10° (v, = 1380 km s~ '). Bottom left: Comparison of different initial angles for
R = 1:10, gasless subcluster. Bottom right: Comparison for different velocities, # = 30°, R = 1:5, and gaseous subcluster.

eccentric the orbit of the subcluster is between the first and
second core passages. Also, the subcluster enters denser
regions of the core region and experiences more dynamical
friction. In the fourth panel of Figure 7, we plot the trajectories
for a subcluster with different initial velocities. The number of
orbits and the time for the subcluster to become completely
merged into the main cluster is highly dependent on the initial
velocity of the subcluster.

3.3. Effect of the Initial Magnetic Field

In this section, we analyze the critical role of the magnetic
field (here parameterized by the plasma parameter ) on the
evolution of the cold front properties.

In Figure 8, we show the GGM image of the SB of different
simulations at 7.5 Gyr after pericenter passage. Each column in
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the figure corresponds to a different initial angle, and each row
corresponds to a different magnetic field strength, going from a
strong initial magnetic field (6=100) to a weak one
(6=1000). As noted in previous investigations (J. A. ZuHone
et al. 2011), the magnetic field has the effect of smoothing the
CFs from the effects of KHIs. In the absence of strong fields,
KHIs can develop and CFs have a more “boxy” shape overall.
Needless to say, the ability of even strong magnetic fields to
keep cold fronts smooth is limited if the subcluster can strongly
perturb the gas initially and at multiple subsequent core
passages (especially if it is gaseous), which is seen especially in
the case with 8 = 20° (left column).’

" Tn their investigations of sloshing cold fronts in the presence of a magnetic
field, J. A. ZuHone et al. (2011) did not vary the mass ratio or the trajectory of
the subcluster, but only the magnetic field strength and its spatial distribution.
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Figure 8. Different  and 3. GGM images showing the edges of the SB for simulations of mergers with a gaseous subcluster with mass ratio R = 1:5, initial velocity
Veub = 2000 km s~ ! and for different values of (3 =100, 200, and 1000, and 6 = 20°, 30°, and 40°. The dashed line in each panel marks a circle of radius 700 kpc. All

images are shown at 7.5 Gyr after the first pericenter passage.

The same snapshots plotted in Figure 8 are shown in Figure
9, where we plot the plasma parameter [ in a slice through the
merger plane centered on the main cluster’s center at 7.5 Gyr
after pericenter passage. In general, the magnetic field is
strongly amplified by the sloshing motions (with the plasma (3
decreasing to <10 in the most magnetized layers), as was
already pointed out by J. A. ZuHone et al. (2011). This
amplification mainly happens inside the cold fronts, where the
shear is larger, but there is also significant amplification of
magnetic field along gas streams and flows outside of the
fronts.

11

3.4. Cold Fronts Expansion Speed

The “ancient” cold front at » ~ 700 kpc is produced in a
number of our simulations. In Figure 10, we show the position
on the first cold front as function of time from the pericenter
passage. The time at which the first CF reaches r ~ 700 kpc
(see horizontal dashed blue line) from the center generally
depends on the initial parameters, largely (as we describe
below) if the combination of parameters results in multiple
pericenter passages. In most cases shown, the CF has an almost
constant speed of ~100kms ™' (the constant expansion speed
of sloshing cold fronts was also noted in previous works,
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e.g., E. Roediger et al. 2011, 2012). For simulations with one
core passage, the expansion speed of the CF is relatively
independent of the initial parameters of the subcluster
(provided it is massive enough to produce fronts in the first
place), and the CF reaches the ~700 kpc radius in ~6-8.5 Gyr
after pericenter passage (as indicated by the light blue area).
In the case of multiple passages, the subcluster generally
returns before the CF reaches this radius, which can disrupt it
and change its velocity. The yellow and gray lines in Figure 10
show this scenario clearly. In these cases, the subcluster is more
massive and/or the impact parameter small, the gas of the
Perseus-like cluster is perturbed multiple times, and the first CF
reaches the radial distance of 700 kpc before 6 Gyr. In the

12

gaseous cases, the CFs are more disrupted by the turbulence
and the repeated passages of the subcluster, so in Figure 10 we
show the gasless cases, in which the CFs are more visible and
easier to track (see Figure 2 to compare the appearance of the
CFs in the gaseous and gasless cases).

There are also intermediate cases, in which the subcluster
undergoes multiple passages, but the additional perturbations
on the CFs are not strong enough to radially accelerate them
in a strongly visible way. These cases are where the impact
parameter is larger (pink curve) or the velocity is larger
(brown curve). In these cases, as in the case of a single
passage, the most probable age of the ancient CF is around
7-8 Gyr.
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Veub = 2000 km s, and for different values of § =200 and 6 = 30°. The time indicated in the bottom right corner of each image is from the first passage. The

temperatures are indicated in keV.

However, in the case of multiple subcluster passages, the
more frequent perturbations of the gas affect the radial
evolution of the CFs. If the CF is not destroyed by the
multiple passages and the shock, it reaches the 700 kpc radius
in a shorter timescale (see the pink and brown lines in Figure
10) because of the multiple kicks that the gas receives. The
larger the mass of the subcluster, the larger the kicks, and hence
the larger the expansion speed of the CFs.

4. Discussion
4.1. Hot Split in CF

In most of the GGM images shown above, there is a split
in the northern part of the outer CFs, similar to the one seen by
S. A. Walker et al. (2018). Such splits are produced in
simulations of sloshing shortly after a CF forms; some of the
gas in the front is of lower entropy and falls back toward the
center, while the rest of the gas continues onward, which
produces a split between the two.

Previously, in Figure 4, we showed temperature slices
(second column) for three simulations. A split in the CFs is
apparent in both the R = 1:5 gaseous and gasless cases (middle

13

and bottom panels of the second column). Inside the split, a
hotter tongue of gas appears in between the fronts. The same
figure shows that this hot tongue has a tangential flow into the
hook going in the opposite direction from the flow underneath
the front surface (fourth column).

In Figure 11, we plot the evolution of the split in the
projected temperature for one of the simulations. The split
appears at an earlier epoch and then it grows as the CFs
expand. The projections of temperature have the effect of
smoothing out the split which appears less drastic than in the
temperature slices. Despite this, the split is still visible.

In Figure 12, we zoom in on the nominal location of the split
of the external CF in several simulations with varying magnetic
field and initial angle of the subcluster 6. The azimuthal
position of the split is highly dependent on the initial angle of
the subcluster (see also Figure 8). For small impact angles the
split is located north, while for larger impact angles, the split is
located more northeast. For this figure, we orient the split in the
same direction in all simulations.

The split is present to varying degrees in the simulations.
With a small impact parameter (left column), the CF split is
disturbed by the turbulence driven by the rapid return of the
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Figure 12. Different 6 and 3. GGM maps for simulations of mergers with a gaseous subcluster with mass ratio R = 1:5, initial velocity vy, = 2000 km s~ ' and for
different values of 3 = 100, 200, 1000, and 6 = 20°, 30°, and 40°. All images are shown at 7.5 Gyr after the first pericenter passage. The split is marked by the white

arrow.

subcluster to the core region, and would likely not be identified
as a split, with the possible exception of the § =20°, 3= 1000
case (bottom left panel). The presence of a split is most clear
when 6 = 30° (center column). When 6 = 40°, a faint hint of a
split is present, but it is more difficult to identify. With such a
large impact parameter, less momentum is transferred to the
core gas, resulting in a less developed contrast.

The appearance of the split is qualitatively similar for
6 =1000 (bottom row) and F= 200 (middle row), but for a
strong initial magnetic field (5= 100), the enhanced magnetic
pressure smooths out the split (top row) and makes the contrast
less obvious.

These results are broadly consistent with those of S. A. Walker
et al. (2018), who first presented simulations of a CF split
along with the first observations of a split in Perseus, and
showed a similar dependence in appearance on the magnetic
field strength.

4.2. Edges at Larger Radii

Other SB edges at large radii of ~1.2 and 1.7 Mpc were
observed in the Perseus Cluster by S. A. Walker et al. (2022)
with XMM-Newton (the existence of the edge at 1.7 Mpc is
less certain, due to possible stray light effects). Using Suzaku
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data, they showed temperature jumps at these edges consistent
with CFs, though the errors are large due to the faintness of the
features. Confirmation of the precise nature of these
discontinuities will require follow-up observations.

In many of our simulations, edge features can indeed appear
at such large radii, especially if there are multiple core
passages, which drive multiple shocks into the ICM that
expand to large radii and form concentric SB edges. Because
the shocks travel outward at a speed an order of magnitude
higher than the CFs, they can travel out to radii of 1.7 Mpc in
less than ~2 Gyr from their creation in the core region. By
contrast, in most of our simulations, sloshing CFs take more
than the age of the Universe to reach these radii. There are
some rare multi-passage cases, with a high mass ratio/large
subcluster, in which CFs can expand to 1.2 Mpc, but never to
1.7 Mpc.

Double SB edges at large radii appear in nearly all of the
simulations with multiple core passages, and in some cases
separated by ~500 kpc as in the observations. Not only does
the location of the double SB edges depend on the initial angles
of the incoming subcluster, but also their separation (e.g., the
separation in ~500 kpc for the case 6 = 30°, but smaller for the
smaller initial angles.) However, in our simulations, we are
unable to obtain a qualitative match with the Perseus
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the first pericenter passage.

observations in terms of the azimuthal angle between these
fronts and the CF at 700 kpc, which depends in general on
the trajectory of the subcluster. It is also important to note that
our idealized simulations do not include the effects of
cosmological accretion, and therefore there is no accretion
shock in the outskirts that would exist in real systems. As
shown by C. Zhang et al. (2020a, 2020b), the two edges near
the virial radius could be produced by the collision of a merger
shock with an accretion shock. While these fronts would not be
reproducible with our current setup, the C. Zhang et al. (2020b)
study of the growth of a Perseus-like cluster shows that the gas
entropy profiles within r ~ 1 Mpc are largely stable for the last
~7 Gyr, hence the region studied in this work (» < 700 kpc) is
not likely to be strongly affected by the accretion shock and its
interaction with the “runaway” shocks created by the
subcluster.

As already noted by Y. Birnboim et al. (2010), when a shock
wave passes through a cold front, it can cause the front to
expand and become less sharp. In some cases, the shock can
completely destroy the cold front and cause the gas to mix
together. The strength and orientation of the shock wave are
also important factors. If the shock wave is strong and moves
perpendicular to the cold front, it can cause significant
expansion and mixing, and it can disrupt the cold front itself
or create enough turbulence to split the CF into multiple
segments. The shock front is stronger for a higher mass ratio.
When the shock is weaker or moves parallel to the front,
the effects are less pronounced. As an aside, the study by
Y. Birnboim et al. (2010) showed that two colliding shocks can
give rise to CFs, generally quasi-spherical, which can happen at
large radii. In our simulations, shocks from later pericenter
passages never overtake earlier ones, and such CFs are never
produced.

There are few epochs in the multi-passage simulations where
we get double edges. In Figure 13, we show three of them for
different projection angles for the simulation with (=200,
R =1:5. These double external edges are all expanding shock
fronts.

4.3. Projection Effects

In all the previous discussions, the analysis has been done
assuming that the merger happened in the plane of the sky.
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Here, we briefly discuss the effect of observing our simulations
at an angle between the plane of the merger and the plane of the
sky. In Figure 14, we show the off-axis projections with
different pitch and yaw angles for one of the simulations. Here,
we chose to show the simulation with =200, R=1:5,
6 =130° and v=2000kms~"'. For a merger happening in the
xy-plane, the pitch angle is the angle from the z-axis in the
yz-plane, and the yaw angle the one from the z-axis in the
xz-plane. When both these angles are zero, the line of sight
corresponds to the z-axis of the simulation. In the normal plane-
of-sky projection the CFs in this simulation have a “boxy”
appearance, showing KHI when the plane of the merger is in
the plane of the sky. However, these features are less evident
when increasing the angle between the line of sight and the
merger plane. Moving in the yz-plane or in the xz-plane has
very different effects. When increasing the pitch angle, the
angle of the split in the outermost CF increases, and for a pitch
angle of 90° (looking into the merger plane) the inner and outer
CF appear completely disconnected. Increasing the yaw angle
and moving in the xz-plane, the CF gradients appear less sharp,
as we are projecting along a direction where different parts of
the CFs have different radii of curvature, smearing the edge out
when viewed in projection. The same differences in the radii of
curvature also result in slight differences in the observed
projected radii of the CFs.

4.4. Evolution of CFs in the Core Region

Throughout this work, we have so far focused on the
outermost CF, and have masked the inner region in the GGM
images (e.g., Figures 2, 3, and 8). In Figure 15, we show the
evolution of the inner CFs. In the top panels, we show the
GGM images in the core region of a single-passage merger.
The first CF forms after the first core passage, and by ~4 Gyr
after this time it leaves the core region. With the passage of
time, the core region progressively loses the spiral structure
with time, the sloshing motions are less pronounced, and the
inner CFs increasingly lose their distinctness. This process is
partially due to the mixing of cold gas with warmer gas from
larger radii, which has the effect of flattening out the
temperature and the entropy profiles in the central region
(reducing the entropy contrast needed to produce a CF in the
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Figure 14. GGM images for different projection angles for the simulation with 4 = 200, R = 1:5, = 30°, and v = 2000 km s~ '. The dashed line in each panel marks
a circle of radius 700 kpc. All images are shown at 7.5 Gyr after the first pericenter passage.

first place; see J. A. ZuHone et al. 2010), as well as the
damping of the original gas motions in the core.

By contrast, if a subsequent passage does occur (bottom
panels), a new round of sloshing motions begins in the core,
producing new CFs. Due to the flattening of the entropy in the
core region, the CF gradients are not as large. In real clusters,
this entropy flattening would be mitigated somewhat by
radiative cooling of the gas; we leave the inclusion of this
effect in our simulations for future work.

Thus, to produce CFs at smaller radii in addition to the older
fronts that appear at larger radii, a second perturbation by a
subcluster appears to be necessary. Nevertheless, this does not
imply a second passage by the same subcluster, as shown here.
The second perturbation could be produced by a second
subcluster; such scenarios were modeled by 1. Vaezzadeh et al.
(2022). If an observed set of CFs at specific radii and azimuthal
angles cannot be reproduced by a two-body merger, such a
three-body interaction may need to be considered.

4.5. Comparison with Previous Simulations and Observations

Since the first observations of CFs in the early 2000s,
successful efforts have been made to reproduce CFs in
simulations (e.g., Y. Ascasibar & M. Markevitch 2006;
J. A. ZuHone et al. 2010; E. Roediger et al. 2011, 2012).
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These works and others were mainly focused on studying the
formation and evolution of sloshing CFs in the core regions of
clusters, where they are very bright and easily identified. Being
mainly concerned with what was happening in the core region,
these simulations did not follow the evolution of the most
ancient CF to much later times and out to larger radii.

Several previous parameter studies of idealized binary
merger simulations, similar to the ones run in this work,
evolved the interactions between the clusters to much longer
times. In several of these works, CFs at large radii can be
seen, e.g., P. M. Ricker & C. L. Sarazin (2001, Figure 14),
G. B. Poole et al. (2006, Figure 8), and J. A. ZuHone (2011,
Figure 7), though they were not always identified as such.
These previous results confirm our expectation that such long-
lived CFs must be produced by a relatively large subcluster
with a mass ratio of ~1:3—1:5 with respect to the main cluster,
and a large impact parameter comparable to the core radius of
the main cluster. In this work, we have attempted to follow the
evolution of the initial CF to large radii to compare directly to
the observed CF in the Perseus cluster.

We now attempt to identify the simulations that provide the
best quantitative and qualitative agreement with the observa-
tions of the Perseus Cluster. Our criteria for a “good match” are
the presence of a cold front that reaches a radius of 700 kpc, as
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Figure 15. GGM images of the core region for the simulation with 8 = 200, R = 1:5, § = 20°, and v = 2000 km s~ '. The time indicated in the top left corner of each

image is from the first passage.

well as cold fronts in the core region within ~50-100 kpc.
Since there is no obvious observed subcluster candidate in
Perseus, the perturbing subcluster should either have made only
one core passage or should have already completely merged
with Perseus.

We find two simulations that provide a close match under
these conditions: (R = 1:5; 6 =20° vep, = 1500kms™"), and
(R=1:5; =25 vgp,=1380kms™"). In both cases, the
subcluster has merged into Perseus before the end of the
simulation. In the former case, the appropriate epoch is 8.1 Gyr
after the first core passage, and in the second it is 7.0 Gyr. In
Figure 16, we compare the observed GGM images of Perseus
from S. A. Walker et al. (2016) and S. A. Walker et al. (2018)
with the same maps from these two best matches from our
simulations, where the left panels show the inner core region
and the right panels show the CF at a radius of 700 kpc.
Though there is good agreement of the radial positions of the
CFs in the simulations and observations, there is less agreement
of the azimuthal phase of the fronts, especially in the core
region. This particular feature may be difficult to reproduce,
especially since in these simulations we have ignored physics
that will be important for the ongoing evolution of the core
region, such as AGN feedback and radiative cooling, which we
reserve for future work.

In Figure 17, we compare the observed temperature maps
from S. A. Walker et al. (2018) with the simulation (R = 1:5;
0 = 25° v, = 1380 kms™ 1), corresponding to the bottom row
of Figure 16. The left panels show the large-scale CF in the
eastern part of the image. The right columns show zoom-ins on
the part of the CF showing a temperature split across the CF.
The characteristics of these features are highly determined by
the development of fluid instabilities, which depend on the
detailed properties of the gas on smaller scales. For this reason,
we do not expect to find an exact match to the observations.
However, our simulations show that such features readily
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appear at positions very close to those that are actually
observed.

Finally, our results have implications for the large-radii CFs
in other clusters, including A2142 (M. Rossetti et al. 2013),
RXJ2014.8-2430 (S. A. Walker et al. 2014), and A1763 (E. M.
Douglass et al. 2018). Given that the production of CFs is
largely due to hydrodynamical and gravitational processes, the
general picture of moderately large subclusters interacting with
the main cluster at a moderate impact parameter should apply
to their formation scenarios, also implying that the CF has had
at least several Gyr to travel out to these radii. Similar
numerical studies of these systems could identify the most
plausible merger scenario and thus subcluster candidate that
produced them.

4.6. Caveats and Limitations of the Current Study

Several caveats apply to these results. In this work, we
modeled the CFs in the Perseus cluster using idealized
simulations, without the influence of accretion from large-
scale cosmic structures. For this reason, we are unable to
confidently make predictions about the two large SB
discontinuities discovered in S. A. Walker et al. (2022); see
Section 4.2. As previously noted, the radial region within
which our study is concerned with should be largely stable and
stratified, and thus our conclusions about the CF at r ~ 700 kpc
should be valid. However, this needs to be verified with either a
future idealized simulation that includes accretion at the
boundary or a Perseus-like cluster taken from a cosmological
simulation. The lack of cosmological accretion in our model
also means that we are not able to investigate the effects of the
smaller subcluster mergers that will happen more frequently
during the duration of the CF’s journey to r ~ 700 kpc and may
affect its evolution.
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Figure 16. Comparison of the observations of Perseus from S. A. Walker et al. (2018) (top row) with the results of two of our simulations (central and bottom rows),
using GGM surface brightness maps. The initial parameters of the two simulations are indicated in the top left corner of the row corresponding to the simulation. All
images show GGM maps. The images have been rotated in the merger plane by 90° from the original simulation orientation, to better match the observations.

In addition, the effects of radiative cooling, metals, and AGN
feedback are not included in this study. As shown by many
X-ray observations, especially those performed with Chandra,
the Perseus Cluster has a powerful AGN that is dominating the
dynamics of the cluster core. In the end, it is impossible to
accurately capture the dynamics of the core region without
accounting for it, including whatever CFs may be produced in
this region by a second passage of a subcluster. Including AGN
feedback will be the subject of future work. Finally, another
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important source of uncertainty when comparing to the
observations is the orbital plane of the merger. As mentioned
in Section 2.3, the merger’s geometry with respect to our sight
line is not well constrained, since CFs can be observed and
appear roughly spiral-shaped over a range of inclinations (e.g.,
S. A. Walker et al. 2018). The merger most likely happened in
a plane close to the plane of the sky (i.e., an inclination angle
less than ~45°), but the exact inclination is very uncertain. A
more exact measurement of the inclination angle may be
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Figure 17. Comparison of the observations of Perseus from S. A. Walker et al. (2018) (top row) with the results of one of our simulations (central and bottom rows),
using temperature maps. The initial parameters of the simulation are indicated on the top left corner of the bottom row. The large-scale temperature map has been
rotated in the merger plane by 90° from the original simulation orientation to better match the observations, as in Figure 16.

obtained by producing a much better match to the split feature
(see, e.g., Figures 4 and 5 of S. A. Walker et al. 2018), or
matching ICM velocity measurements of the Perseus cluster
from XRISM.

5. Conclusion

Sloshing cold fronts are the signatures of merger activity in
the cores of galaxy clusters. One of the best-studied CF systems
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is the bright and nearby Perseus Cluster, with CFs in the core
region (within ~200 kpc), an ancient CF located at ~700 kpc,
and two possible fronts at larger radii of ~1.2 and 1.7 Mpc.
In this work, we used magnetohydrodynamical simulations
of a large, cool-core cluster similar to Perseus merging with
subclusters to attempt to reproduce the general characteristics
of the Perseus CFs. We perform a parameter space
investigation over a range of mass ratios, impact parameters,
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initial velocities, and subcluster gas content. Our major findings
are as follows:

1. The mass and the content of gas can have a very large
effect on the CFs existence, shape, and position,
especially in cases where the subcluster makes multiple
core passages (see Figure 2). The gradient of the SB
increases with the mass of the subcluster; the larger the
mass, the bigger the jumps in the SB and the more visible
the CFs appear. Our simulations show that low mass ratio
encounters do not create visible CFs that can reach large
radii. Hence, it is possible to already place strong
constraints on some parameters of the merger, simply
by the mere existence of a CF located at a distance of half
the virial radius from the center.

2. When the subcluster is gaseous (instead of a purely
gravitational perturbation as often used in previous
simulations), it more strongly accelerates the gas in the
main cluster core, producing stronger jumps in density
and temperature, driving higher tangential velocities in
the sloshing gas, and creating more turbulent motions
(see Figure 4). In our simulations, the presence of gas in
the subcluster produces other observable features, such as
a trail of infalling gas, and much more disturbed CF,
consistent with Y. Ascasibar & M. Markevitch (2006).
This gas stream can trigger KHI on the CFs and can
create a “bay” in the southern part of the outer CF.

3. The initial impact parameter and initial velocity of the
subcluster also impact the appearance of the CFs. These
parameters determine the number and frequency of core
passages, as well as how long the subcluster spends near
the main cluster center and how long it takes for the
merger to be completed. For smaller initial speeds, the
pericenter distance is smaller, the gravitational perturba-
tion is greater, and since the subcluster is more
gravitationally bound, it perturbs the gas more frequently,
affecting the evolution of the CFs.

4. Simulations with one core passage produce relatively
smooth and undisturbed CFs due to the absence of
perturbations from subsequent passages (see Figure 3). In
contrast, if the subcluster returns for multiple core
passages, the CFs appear more disrupted due to the
effects of turbulence and KHI, especially in the case of a
gaseous subcluster, also reducing the SB gradients.

5. However, if there is only one core passage, our
simulations show that a single passage is unable to
reproduce the inner CFs observed in Perseus along with
the larger CF (see Figure 15). The production of these
inner CFs at a later time requires multiple passages (if
indeed only a single two-body interaction is considered).
This indicates that there is a narrow range of parameters
around R~ 1:5, v~1500kms™', and 6~ 25°-30°,
which are capable of qualitatively producing the main
features we see in Perseus. Given these parameters, the
age of the CF at 700 kpc in Perseus is between 7 and
8.5 Gyr from the first encounter with the subcluster.

6. The expansion speed of the initial CF is an almost
constant ~100km s~ " unless the CF gets kicked by a
shock front that has the overall effect of accelerating the
expansion of the CF at larger radii. This is particularly
visible in the case of a large number of passages, e.g., the
subcluster is massive and/or the impact parameter small
(see yellow and gray lines in Figure 10). In the case of a
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single passage of the subcluster, the radial velocity of the
CF is relatively independent of the initial parameters.

7. None of our simulations show cold fronts at radii larger
than the critical radius Ry, but they do produce shocks
that can reach larger radii in the same time frame due to
their faster speeds. These shock fronts are created in the
case of multiple passages of the subcluster near the core
region (e.g., Figure 13).

8. Some sloshing CFs simulated have a split in the northern
part and a tangential velocity that goes from the larger
part of the spiral inward, with the exception of a tongue
of gas that is created sometimes by the bow shock in front
of the incoming subcluster. This tongue is moving in the
opposite direction, creating a split in the CF. This tongue
is visible in both the GGM and the temperature maps, and
it is characterized by a hotter temperature than the CF
(see Figures 4, 11, and 12).

9. Together, the direction of the tangential flow in the CF
and the position of the tip of the split in the outer CF can
give us information on where the subcluster came from.
In the cases we identified as most closely matching the
Perseus observations, the subcluster has already com-
pletely merged in with the main cluster by the time the
CFs reach the radii they are observed at (see Figure 16).

In future work, we will need to consider other physical
effects in order to make our simulations more realistic. First,
the large length of time between the first core passage and the
observed position of the outermost CF is long enough that the
outskirts of Perseus may significantly evolve due to
cosmological accretion. The importance of this effect for our
results will need to be considered.

The effects of radiative cooling, accretion onto the central
SMBH, and AGN feedback were not included in this study.
These effects will have a complex interplay with the sloshing
CFs in the core region. In particular, it is unclear if the motions
in the central part of the cluster are completely dominated by
AGN feedback, or if the gas motions driven by a merger play a
comparable role in these regions. These issues will be studied
in more detail in a subsequent paper, which can also be
compared to the new observations of the Perseus cluster by the
XRISM observatory.
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