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ABSTRACT

Cluster mergers are an important laboratory for studying the behaviour of dark matter (DM) and intracluster gas. There are
dissociative collisions that can separate the intracluster gas from the DM. Abell 2034 presents clear dissociative features
observed by X-rays and gravitational lensing. The cluster, at z = 0.114, consists of two substructures with mass ratio of about
1:2.2, separated by ~720 kpc. The X-ray emission peak is offcentred from the south DM peak by ~350 kpc. Using N-body
hydrodynamical simulations, we aim to reconstruct the dynamic history of the collision, reproducing the observed features, and
also to explore the conditions that led to the dissociation. Our best model assuming that the collision is close to the plane of the
sky, with a small impact parameter, observed 0.26 Gyr after central passage, reproduces the observed features of this cluster, such
as the offset between X-ray and DM peaks, X-ray morphology, and temperatures. We explored several variations using different
gas and DM concentrations for each cluster. The level of dissociation was quantified by the distances between X-ray and DM
peaks, and also by the gas retention in the cluster cores. We found that the ratio of central gas densities is more important than

the ratio of central DM densities in determining the level of dissociation.
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1 INTRODUCTION

Clusters mergers are an important laboratory for the study of
structures in large scales, where they are an expected outcome of
the hierarchical model of formation. Interactions between individual
clusters allow a more in-depth study of the effects generated on
galaxies, intracluster medium (ICM) and dark matter (DM) halo.

Mergers are a source of extremely energetic cosmic rays (e.g.
van Weeren et al. 2010) and generate relevant disturbances in gas
morphology (e.g. Markevitch & Vikhlinin 2007), whose details can
be obtained by X-ray observations. Analyses of intracluster gas
combined with the mass maps from gravitational lensing method
and others can provide information about the major components in
galaxy clusters.

Depending on the collision parameters, the peak of X-ray emission
may not coincide with the total mass peaks of the system. This
is a feature of a dissociative collision. During the merger, DM
interacts mainly via the gravitational force, while the intracluster
gas is the component that undergoes pressure effects and changes
its morphology considerably. Different collision parameters such
as mass ratio, impact parameter, infall velocity, and others, cause
different effects on the configuration of a dissociative merger.

There has been an increasing number of observed dissociative
systems since the discovery of the Bullet Cluster (Clowe et al.
2006), providing a range of features from particular dissociative
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systems. Some examples include: Abell 520 (Mahdavi et al. 2007),
MACS J0025.4-1222 (Bradac et al. 2008), Abell 2163 (Okabe et al.
2011), Abell 2744 (Merten et al. 2011), Abell 1758N (Ragozzine
et al. 2012), DLSCL J0916.2+2951 (Dawson et al. 2012), ZwCl
1234.04-02916 (Dahle et al. 2013), ACT-CL J0102-4915 (Jee et al.
2014), SL2S J08544—0121 (Gastaldello et al. 2014), Abell 4067
(Chon & Bohringer 2015), CIZA J2242.845301—1 (Jee et al. 2015),
RX J0603.34-4214 (Jee et al. 2016), J1149.54-2223 (Golovich et al.
2016), ZwCl 0008.84+5215 (Golovich et al. 2017), Abell 2256
(Breuer et al. 2020), and Abell 2399 (Lourenco et al. 2020).

Due to the high density of DM in galaxy clusters, dissociative
collisions work as astrophysical particle colliders, providing an
excellent laboratory to investigate possible interactions of DM
beyond the standard model (Bauer et al. 2015). Theoretical models
of DM self-interaction predict small, but detectable offsets between
visible and dark cluster components just after the pericentric passage.
These detachments are sometimes referred to as ‘cluster bulleticity’
and consists of an observational signature that can be translated
into the DM self-interaction cross-section (o/m; Massey, Kitching &
Nagai 2011; Harvey et al. 2015; Drlica-Wagner et al. 2019).

Numerical simulations have proven to be an important tool to
study these extreme events. Cluster mergers can be studied by
theoretical explorations of the parameter space (e.g. ZuHone 2011;
Kim, Peter & Wittman 2017). In this context, Poole et al. (2006)
investigated the effects of mergers in relaxed clusters, as well
as the merger effects on X-rays (Poole et al. 2007). Moreover,
there are simulations that aim to reproduce specific properties of
observed collision, such as sloshing spiral (e.g. Machado & Lima
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Neto 2015; Doubrawa et al. 2020). Specifically about dissociative
mergers, some numerical simulations have been performed aiming to
reproduce such properties. Some examples of dedicated simulations
include: the Bullet Cluster 1IE0657—56, (e.g. Springel & Farrar 2007;
Mastropietro & Burkert 2008; Lage & Farrar 2014), the ‘El Gordo’
cluster (e.g. Donnert 2014; Molnar & Broadhurst 2015; Zhang, Yu &
Lu 2015), the ‘Sausage’ cluster (e.g. Donnert et al. 2017; Molnar &
Broadhurst 2017), A1758N (Machado et al. 2015; Monteiro-Oliveira
et al. 2017), and ZwCl008.8+52 (Molnar & Broadhurst 2018).

Abell 2034 (A2034) is located at z = 0.114 and is composed of
two substructures: A2034N and A2034S. The two brightest cluster
galaxies (BGC) are separated by ~5 arcmin. The X-ray morphology
presents a unimodal distribution, offcentred ~91 arcsec from the
south BCG (Monteiro-Oliveira et al. 2018). Evidence of a recent
merger between the substructures has been presented by Kempner
& Sarazin (2001), Kempner, Sarazin & Markevitch (2003), Owers
et al. (2014), Monteiro-Oliveira et al. (2018), and Golovich et al.
(2019). A2034 has been observed by ROSAT (David, Forman &
Jones 1999), ASCA (White 2000), XMM-Newton (Okabe & Umetsu
2008) and Chandra (Kempner et al. 2003; Owers et al. 2014). The
X-ray features were explored by Owers et al. (2014), indicating an
edge caused by a temperature discontinuity near to the north BCG.
Additionally, the cluster presents complex diffuse radio emission,
explored in detail by Shimwell et al. (2016). Mass reconstructions
were performed by Geller et al. (2013), Owers et al. (2014), Le
Delliou et al. (2015), and more recently by Monteiro-Oliveira et al.
(2018) using the weak gravitational lensing method. The merger
scenario suggests small impact parameter in a collision that occurred
close to the plane of the sky, where the gas from the northern cluster
was lost during the interaction with the southern substructure (Owers
et al. 2014; Monteiro-Oliveira et al. 2018).

In this work we aim to reproduce the observed features of A2034
and investigate the factors that determine this dissociative case.
More specifically, we perform hydrodynamical N-body simulations
suitable to reproduce the dynamical history of A2034. We also carry
out a theoretical exploration of the effect that different gas and DM
concentrations cause in the dissociation of the system.

In Section 2 we will present the simulation setup. The results
are presented in Section 3, where we obtain a model that best
reproduces A2034, compare it to observations, and also explore gen-
eral concentrations to the theoretical discussion about the different
merger scenarios for this system. In Sections 4 and 5 we discuss and
summarise the results. In this paper we assume a standard Lambda
cold dark matter (ACDM) cosmology with Qy = 0.3, 2, = 0.7,
and Hy = 70 km s~' Mpc~!. Given the A2034 redshift (z = 0.114),
1 arcsec = 2.06 kpc for the adopted cosmology.

2 SIMULATION SETUP

We aim to investigate the collision scenario of Abell 2034 (A2034N
and A2034S) using N-body hydrodynamic simulations. To simulate
the dissociative collision, we set up two spherical galaxy clusters,
both comprised of DM halo and adiabatic gas. Galaxies and star
formation are not considered. We develop idealized initial conditions
suitable for the systematic study of the local dynamics of binary clus-
ter mergers, disregarding the cosmological expansion. We employ
the GADGET-2 code (Springel 2005), which uses smoothed particle
hydrodynamic (SPH), with softening length of € = 5 kpc to run the
simulations. In this context, DM particles interact only gravitationally
(i.e. it is assumed o/m = 0). To analyse the simulation output, we
use tools from the yt-project (Turk et al. 2011).
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To set up two spherical galaxy clusters with DM and gas particles,
we assume a Hernquist (1990) profile for DM halo density, which is
similar to the NFW profile (Navarro, Frenk & White 1997)

My an
M 1
=30t (1
where M}, is the total DM mass, and ay, is the halo scale length. The
Hernquist profile has finite mass and resembles the NFW profile in
internal regions.
We assume a Dehnen (1993) profile for gas density distribution

(3 - V)Mg Ay
47 rY(r +ag)*r’

pe(r) = @)
where My is the total gas mass and a, is the gas scale length. When
y = 0, the profile becomes similar to the B-model (Cavaliere &
Fusco-Femiano 1976). The gas temperature profile is obtained from
the assumption of hydrostatic equilibrium. The velocities of the gas
particles are thus zero by construction, while the velocities of the DM
particles are obtained by sampling the distribution function itself,
via Eddington’s formula, assuming only spherical symmetry and
isotropy. The realization of the initial conditions is made according to
the procedures described in Machado & Lima Neto (2013). Our initial
conditions are composed of 10° gas particles and 10° DM particles for
each cluster. This implies mass resolutions of (2.4-5.0) x 107 M, for
the gas particles, and (1.3-2.6) x 108 M, for the DM particles. The
simulations are evolved over time for 2 Gyr in a non-cosmological
setting.

From the observational data of A2034, we have a series of
features to be reproduced numerically. Some of the features are the
DM and gas offset, at the moment when the projected separation
between the north and south subclusters is approximately 720 kpc.
Simultaneously, the simulation is expected to produce a similar X-ray
emission morphology and observed temperature.

Given these various constraints, we created initial conditions
with different parameters, aiming to reproduce those properties.
The clusters were created with masses similar to the virial masses
obtained from gravitational weak lensing: M5, = 2.35 x 10" and
MY, = 1.08 x 10" My (Monteiro-Oliveira et al. 2018). The initial
conditions have a baryon fraction of 15 per cent.

From the mass and redshift, Duffy et al. (2008) provide a
relationship of the expected concentration. The scale length of the
NFW profile is related to the concentration and to the scale length of
the Hernquist density profile (e.g. Springel, Di Matteo & Hernquist
2005)

an = r\/2[In(1 + ¢) — ¢/(1 + ¢)], 3)

where the concentration c is defined as ¢ = ry/rs, the rg is the
scale length of the NFW halo and ry is the virial radius. From the
expected concentration (¢ ~ 4) obtained from the virial mass and
radius, we adopt the ‘default’ scale lengths: a, = a, = 300 kpc for
A2034N and a, = ay, = 400 kpc for A2034S.

The scale lengths having been fixed, we explored the parameter
space, limiting the search to plausible regimes, that is, regimes
that satisfy the observational constraints. It is worth mentioning
that the model named as ‘best model’ refers to the model found
via the exploration of the parameter space in a wide range for
all the parameters explored. The impact parameter exploration was
limited to only a few hundred kpc, because non-frontal encounters
are likely to give rise to gas sloshing and pronounced asymmetries
(e.g. Machado & Lima Neto 2015; Doubrawa et al. 2020), which are
not observed in this cluster. The ranges of explored velocities were
motivated by the free fall velocity (of approximately 1000 kms~!)
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Table 1. Exploration of collision parameters
space. The columns indicates the parameter
that is varied, keeping the others fixed in the
best combination. The bold values indicates
the parameters of the best simulated model.

b Vo i
(kpe) (kms™h) )
0 2000 0
150 2000 0
250 2000 0
0 1500 0
0 2000 0
0 2500 0
0 2000 0
0 2000 13
0 2000 27
0 2000 41

Table 2. Exploration of the gas and DM scale lengths for the different models.
The columns indicate the model label and the values of each scale length,
respectively. The model ‘0’ indicates the default scale length model for the
north and south subclusters.

Model agN ags anN ans Comment

(label) (kpe)  (kpe)  (kpe)  (kpc)

200 400 300 400
300 400 300 400
400 400 300 400
300 300 300 400
300 400 300 400
300 500 300 400
300 400 200 400
300 400 300 400
300 400 400 400
300 400 300 300
300 400 300 400
300 400 300 500

More concentrated N gas
Default
Less concentrated N gas
More concentrated S gas
Default
Less concentrated S gas
More concentrated N halo
Default
Less concentrated N halo
More concentrated S halo
Default
Less concentrated S halo

00O 1IN O WU A O WO~

and also by the cosmologically expected velocity distribution (e.g.
Hayashi & White 2006). Through trial and error we refined the search
in order to arrive at a suitable range for each varied parameter and
thus find the best parameters that make up the best model.

Considering that exploration of the parameters space in simu-
lations is considerably broad, Table 1 presents a small sample of
the varied parameters, which will be covered in Section 3.1. We
have performed a set of simulations with theoretical explorations of
this dissociative case: Table 2 presents the different setups for these
investigations that will be discussed in Section 3.3.

3 RESULTS

The results are divided into three subsections. Sections 3.1 and 3.2
will be dedicated to presenting and discussing the results for the
dynamics of the system that best corresponds to the A2034, and
comparing it to observations. Section 3.3 is dedicated to discussing
the dissociative features of the models explored and their correlations.

3.1 Best model for A2034

Reproducing observed properties using simulations requires a series
of constraints that must be satisfied simultaneously. For the A2034
case, the proper gas morphology must be obtained at the moment
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when the separation between the mass peaks is ~720 kpc. At that
moment, the distance between the X-ray emission peak and the south
DM peak should be around 348'5¢ kpc (Monteiro-Oliveira et al.
2018). At the same time, the temperature range of the shock fronts
is roughly 10-12 keV (Owers et al. 2014).

Fig. 1 presents the best model for the dynamics of this system,
through five simulation times in different stages of interaction
between both substructures. The snapshots were rotated to match the
position angle of the observed cluster. We can notice the evolution
of the collision and the effects on the gas through the projected
density and emission-weighted temperature maps. The simulation
starts at + = 0 Gyr with an initial separation of 3000 kpc along the
x-axis, between the south and north substructure. With the evolution
of time, the clusters get closer, the north cluster reaches the south. At
the same time, shock fronts develop with the clusters approach. The
interaction increases until the central passage at t = 1.23 Gyr. Next,
the north cluster moves away gradually, achieving the best simulation
time at = 1.49 Gyr. In this moment — which is 0.26 Gyr after central
passage — the separation reaches ~720 kpc and the shock front in the
north approximately coincide with the north DM peak.

The preferred model was obtained via trial and error until the
observational constraints were simultaneously met. In order to arrive
at this model, different combinations of initial parameters were
attempted. After the best model was chosen, we built a small set
of simulations around this model. These comparisons are presented
to justify our choice of the best model, and also to illustrate a
representative sample of the parameter space around it. Here, we
present variations of (i) impact parameter b, (ii) initial velocity vy,
and (iii) inclination i.

(1) Impact parameter b: In the initial conditions, we can employ
different impact parameters that are displacements along the y-
axis in the collision plane at + = 0 Gyr. Therefore, for non-zero
impact parameters there is a minimum distance in the pericentric
passage, and in turn, if the b = 0 kpc, the collision is frontal with
a central passage. Different impact parameters generate different
disturbances in the gas morphology. Fig. 2 shows different results for
morphologies given some values of b, displayed by the density and
temperature maps. We explored impact parameters from 0 to 500 kpc,
in steps of 50 kpc (not shown). From this systematic exploration,
we found that models with b > 300 kpc can be ruled out because
they are excessively asymmetric. Additionally, the temperatures of
their shock fronts are too low. Given that even small displacements
generate relevant asymmetries, impact parameters close to zero
seem preferable to model the dynamics of this collision system,
since that the observational configuration does not suggest major
asymmetries. For these reasons, we adopt b = 0 kpc for our default
model and we propose 0-250 kpc as an acceptable range for this
parameter.

(i) Initial velocity vy: In our simulations, after creating the clusters
with mass similar to the virial mass, with their respective gas and
DM scale lengths, we determined the initial separation on the x- and
y-axis, and an initial collision velocity. Different initial velocities
have different effects on gas morphology, density, and temperature.
Fig. 3 shows the initial velocity range explored and the effects on the
gas density and temperature at the moment when separation between
mass peaks is ~720 kpc. We explored initial velocities from 500 to
3000 kms~! in steps of 250 kms™! (not shown). We found that in
the range of 500-1250 kms~! the temperatures of the shock fronts
barely reach 10 keV, whereas the observed temperature observed for
the shock front is ~12 keV (Owers et al. 2014). On the other hand,
velocities above 2500 km s~! start to exceed the expected temperature
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500 kpc

T (keV)

Figure 1. Time evolution of the gas density and emission-weighted temperature in the north and south substructures. The best epoch of the simulation occurs
at t = 1.49 Gyr of simulation, which is 0.26 Gyr after the central passage. The contours lines represent the total projected mass. The ‘N’ and ‘S’ indicate the

orientation of substructures.

T (keV)

Figure 2. Impact parameters variation in the best epoch of simulation, from
maps of projected density with total mass contours in first row and emission-
weighted temperature in second row.

T (keV)

500 kpc

Figure 3. Projected density and emission-weighted temperature maps for
three velocities at different times after central passage.

range. Considering these constraints, we adopted vy = 2000 kms~!

as the default initial velocity for the evolution of the collision, and
we offer the interval of 1500-2500 kms~' as a plausible range for
this parameter.

Figure 4. Range of inclinations in the plane of sky in the best epoch of
simulation, from maps of density projected with total mass contours and
emission-weighted temperature.

(iii) Inclination i: The two-body dynamical model of Monteiro-
Oliveira et al. (2018) suggested that the collision occurred not so
far from the plane of sky, with an angle of 27° £ 14°. In order to
explore the implications of different inclinations in the system, we
present the effects of inclination in Fig. 4. We applied three non-zero
inclinations within the range proposed by Monteiro-Oliveira et al.
(2018). Small inclinations are equally consistent to reproduce the
configuration of the system at the moment of appropriate separation.
Since there was no substantial improvement in the morphology by
applying inclinations up to ~27°, we adopt i = 0° for simplicity.

It is important to emphasize that we are adopting a model that,
within a reasonable approximation, reproduces several of the con-
straints of the system at a given time and separation. This idealized
model captures the overall dynamics and the global morphological
features. However, given the infinity of parameters, it may not be the
only suitable model.

3.2 Comparison to observations

Having established the best model, we will detail the observational
constraints that were reproduced by comparing it to the observational
results. Fig. 5 (left) shows the observed configuration of A2034,
where the blue curves represent the total mass peaks, obtained
through the weak gravitational lensing method (Monteiro-Oliveira
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Figure 5. Left-hand panel: The cyan and blue contour curves represent the
observed position of the total mass peak with confidence levels of 1o and 20,
determined by analysis of weak gravitational lensing (figure from Monteiro-
Oliveira et al. 2018). The red contours represent the X-ray emission from
Chandra. Right-hand panel: The blue contour curves represent the total mass
and the red contour represent the gas density, based on the simulation of the
best model.

et al. 2018), and the red curves show the position of the X-ray
emission peak, observed by Chandra.

At the moment when the simulated clusters reach the desired
distance, the position of the X-ray gas emission is shifted in relation
to the total mass peaks, indicating the dissociation between these
components. In the right-hand panel of Fig. 5, the simulation of
the best model for A2034 is shown. The blue curves represent the
total mass peaks and the red contour represents the simulated gas
density. The orientation of the simulated subclusters is in accordance
with the observed configuration. According to this simulated model,
we observe the system at 0.26 Gyr after the central passage, at the
moment when the distance between the total mass peaks coincides
with what is observed. It is noticeable the distribution of gas between
the simulated total mass peaks, where the separation between the X-
ray centroid emission is displaced in relation to the south DM peak
at 280 kpc, compatible with the observed interval.

Morphological gas properties were discussed by Owers et al.
(2014) and Kempner et al. (2003). Fig. 6 (top panel) shows the X-ray
emission from Chandra, highlighting the gas morphology: peak and
edge and their positions in the plane of the sky. The bottom left panel
of Fig. 6 shows the mock X-ray image produced from the simulation,
along with contours of total mass. In bottom right panel, we show
the emission-weighted temperature map exhibiting the pronounced
shock fronts, and total mass contours from the simulation.

In order to produce mock X-ray surface brightness maps, we
use the python package pyXSIM (Biffi et al. 2012; Biffi, Dolag &
Bohringer 2013; ZuHone et al. 2014). These mock images allows
us to make a comparison between the simulated model and the
observed X-ray configuration of A2034. The pyXSIM works in
three stages: generation of photons, projection of the generated
photons, and detector response to the created event. The input to
generate the photons comprises the simulation file and the physical
properties, such as cluster coordinates (RA = 15"10™11593, Dec.=
33°30'36"77), redshift (z = 0.114) and abundance (0.29 Zy). The
number of photons to be generated is controlled from the specified
exposure time, collecting area, and redshift. The second stage
consists of projecting the photons created in the line of sight. For this
it is necessary to specify the hydrogen column to be considered for
the foreground Galactic absorption. Following Owers et al. (2014),

MNRAS 500, 1858—-1869 (2021)
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Figure 6. Observed (top) and simulated (bottom) gas morphology of the
A2034. Top: Gas morphology through combined, exposure-corrected, and
background-subtracted Chandraimage in the 0.5-7.0 keV energy band (figure
from Owers et al. 2014). Bottom left: Mock X-ray image of the best simulated
model. The contour curves represent total mass and the colour represent
counts/pixel. Bottom right: Emission-weighted temperature map. The contour
curves represent total mass curves, the colours represent temperature.

we use Ny = 1.58 x 10?°cm™2. After creating and projecting the
photons along the line of sight, the next step is to enter the parameters
to obtain the response from the detector. In our case, we employ
Chandra ACIS-1, with 250 ks of exposure time and 0.5-7.0 keV
in energy band. The output is an FITS file that can be processed
with standard software tools for working with X-ray observations.
Observational and detector properties were obtained from Owers
et al. (2014) to generate the mock of A2034 simulation. The details
of procedure for emulating X-ray sources with pyXSIM can be found
in ZuHone et al. (2014).

Different simulation parameters generate different gas morpholo-
gies in X-ray mocks. The bottom panels in Fig. 6 show the simulated
gas properties (morphology and temperature) for the A2034 at the
moment when constraints of separation between mass peaks were
reached. We can note a similar simulated morphology (centre panel),
where emission peak in simulated X-rays roughly coincides with the
position of the observed peak. In the observations (Owers et al. 2014),
the temperature of the shock front is around 10-12 keV, depending
on which sector is considered, and drops to about 5 keV but the error
bars are considerable. In our model the temperature shows a sharp
discontinuity in same region, dropping from ~12 to ~2 keV.

In the next section, we will discuss the dissociative effects of this
collision scenario, without the specific goal of modelling A2034 in
particular. The theoretical discussion is based on different models
from different scale lengths of gas and DM, and their correlations
with the initial central densities.
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3 0 1

Figure 7. Gas scale length variations (from values in Table 2), for north and south substructures. The first row shows gas density maps with contours representing
total mass. The second row shows projected temperature maps for each model. The third row shows X-rays mocks from counts pixel ! and contour curves of

the total mass.

3.3 What determines the level of dissociation

Having obtained a model that reproduces the observed properties of
the A2034 cluster merger, we will now expand the discussion on
the dissociative features of the collision, investigating the effects of
different scale lengths in the degree of dissociation. In particular,
we will measure the DM and gas separation and also the relative
retention of gas within each cluster. The purpose of this section is not
to perform a fine-tuning of the best model for A2034. Rather, these
variations are meant to be a general theoretical exploration of the
parameters that may influence the level of dissociation. Nevertheless,
for the sake of consistency in nomenclature, we will continue to refer
to the simulated clusters as ‘the north’ and ‘the south’, keeping the
same orientation of the substructures. The south is the main cluster,
while the north is the ‘bullet’, so to speak.

The present discussion is based on a theoretical exploration on
the relationship between the initial central densities of gas and DM
with different dissociation levels. Therefore, exploring different scale
lengths of gas and DM, maintaining the other fixed parameters (b,
v, i, and mass ratio), we are investigating the effects that different
scale lengths cause on the collision. We will refer qualitatively to
models with small-scale lengths as being ‘more concentrated’, and
to models with large-scale lengths as being ‘less concentrated’. These
expressions do not refer to the parameter ¢ specifically, and they apply
separately for the DM and for the gas.

We vary the scale length of the gas and DM halo for the two
substructures, around the default model ‘0’. The default scale length
is defined according to with the expected concentration ¢, given the
mass and redshift (Duffy et al. 2008) of each substructure. Expected
northern scale length is a, = a, = 300 kpc and the southern scale
length is a, = ap = 400 kpc. From the default scale length for the
north and south subclusters, Table 2 shows the scale length values
for each model labelled 0-8, to be discussed.

Given the north and south scale length of model 0, we consider a
smaller and a larger scale length around this value for gas and DM,
for both subclusters. In order to investigate the effects that each scale
length individually generates on dissociation, in each simulation only
one parameter is varied. That is, in models 1, 0, 2 the north gas scale
length is varied, keeping the southern cluster and halo scale length
fixed. Likewise, in the models 3, 0, 4 the gas scale length of the
substructure south is varied, keeping the northern cluster and the
DM scale length fixed at the established values. The DM halo scale
length for north (5, 0, 6) and south (7, 0, 8) is varied in the same way,
maintaining the gas scale length fixed and varying one scale length
of each substructure for model.

Each model represents a different collision. Considering that each
model represents a simulation of the system at 0.26 Gyr after the
central passage, Fig. 7 presents gas properties, through density,
temperature maps, and X-ray mocks for all models whose gas scale
length is varied. The different gas scale length in the northern cluster
(left models 1, 0, and 2) and the southern cluster (right, models
3, 0, and 4) generate different effects on gas morphology, and
different levels of dissociation. Similarly, Fig. 8 shows the effect
that different DM scale lengths cause in the behaviour of the gas.
Each column has a scale length, representing the DM more or less
concentrated, for the northern cluster (left-hand panel, models 5,
0, and 6) and southern cluster (right-hand panel, models 7, 0, and
8).

We can notice that both the different gas (Fig. 7) and DM (Fig. 8)
scale lengths cause different effects on the gas in terms of density,
temperature, and morphology, in different dissociative levels. We
will discuss in the next subsections, the systematic analysis about
the differences in each case, from quantitative parameters that
determine a dissociative system, in terms of gas mass retention and
displacement.
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Figure 8. DM halo scale length variations for north and south substructure. Similar to Fig. 7, the contour curves represent total mass in the gas X-ray mock and

projected density maps.
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Figure 9. Gas displacement in relation to the southern DM peak in each
model. Left: Distance of gas emission centroid to south DM as a function of
the ratio of the central gas densities. Right: Distance of gas emission centroid
to south DM as a function of the ratio of the central DM densities. The icons
in both panels represent the models with different gas and DM scale length
and the colours represent four simulation times after the central passage.

3.3.1 DM and gas separation

One of the main features of a dissociative collision is the offset
between the total mass peak and the X-ray emission peak. To
investigate the effects of the gas and DM scale length in the
displacement of the gas mass, first we measured the ratio of initial
central densities of each model considering N/S. That is, at t = 0 Gyr,
we obtained the average density within a radius of 50 kpc around the
centre of each substructure with different scale lengths, defined in
Table 2. This gives us two important quantities for each collision: the
ratio of central gas densities, and the ratio of central DM densities.
Fig. 9 quantifies the displacement of gas emission in each model
depending on the initial central densities of the gas (left) and DM
(right). The correlation is shown for four simulation times after the
central passage: two moments before and one after the best time (t =

MNRAS 500, 1858-1869 (2021)

1.49 Gyr). For the purpose of measuring the gas offset in the models,
we will evaluate the distance between the DM southern peak to the
gas centroid in all the models which the gas and DM scale length
is varied. We defined X-ray centroid as the average position of gas
particles weighted by X-ray emission.

We will analyse the two panels of Fig. 9 separately, starting with
the models where the gas is varied: 1, 0, and 2 for the northern
cluster and 3, 0, and 4 for the southern cluster; both are shown in the
left-hand panel of Fig. 9. We found that the level of displacement
of the gas is strongly related to the central gas density ratios. We
can notice that the models that present greater displacement from the
south DM to the emission centroid, are the models that have the most
concentrated north gas (model 1), and the less concentrated south
gas (model 4), in all times. In contrast, the models in which the north
is less concentrated and the south is more concentrated, present a
greater gas retention in the south subcluster. It is notable that the
displacement of gas in southern cluster is clearly associated with the
gas scale length in all models. It is possible to visually verify the gas
morphology in these different models in Fig. 7.

Observing the X-ray mock images in Fig. 7, we can see the
scale length progression of the north models (left) and south models
(right). The gas concentration decreases from left to right for north
and south models, where the southern DM peak gradually decrease
its gas centroid distance, as the north concentration decreases and
the south concentration increases. This means that the greatest
dissociation occurs when a high-density bullet crosses a lower
density environment (regarding gas densities). Conversely, if the
clusters have comparable inner gas densities, the dissociation is less
pronounced. It is worth noting that a mere factor of ~3 in the ratio
of central gas densities causes differences of hundreds of kpc in
the offsets. This relationship is quantitatively consistent across all
models, as shown in Fig. 9, where there is a strong correlation
between the gas displacement depending on the concentration in
the models with different gas scale lengths.
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Figure 10. Mass retention of gas in the northern cluster for the models with
different gas scale lengths, in four simulation times after the central passage.
Left: North models with different gas scale lengths around the default. Right:
South models with different gas scale lengths around the default. In both
panels, the gas retention depends on the ratio of central gas density.

Notice that for DM scale length variations in the right-hand
panel of Fig. 9, the dependence between the mass peaks distances
is much less pronounced given the different scale lengths for two
substructures. That is, the gas centroid displacement is not strongly
linked to the concentration of the DM halo, quantitatively. This
indicates that the relationship between DM scale length is not
as important as the gas scale length for the displacement of gas.
Visually, Fig. 8 shows the gas morphology in these models, where
the DM concentration decrease of left to right in all frames, for north
(left-hand panel) and south (right-hand panel) models with different
DM scale lengths. The X-ray emission morphology indicates small
changes from the different DM scale lengths.

It is also notable that the results hold for different times elapsed
after the central passage, in all cases. In both panels of Fig. 9, the
separations naturally increase with time, but the dependences remain
consistent. Explorations of the distance between mass peaks (gas and
DM) in all explored models indicate that the ratio of gas densities is
more important than the ratio of DM densities.

3.3.2 Gas retention: dependence on gas concentrations

It is possible to quantify the retention of gas mass within each cluster
core after the collision. Due to the interaction between the clusters,
they lose more or less their gas depending on the parameters of
the merger. We will quantify the loss and retention of gas in each
substructure.

In order to measure the loss of gas in each substructure after
the central passage, we first measured the initial mass of each
cluster individually. Since the north cluster is smaller, we adopt
the enclosed mass within a sphere of 100 kpc as initial gas mass
for this substructure at # = 0 Gyr. For the southern substructure, we
employ the initial mass contained within 200 kpc. Next, we compare
those with the final mass for the same radii at different times after
the central passage. As we did in the previous subsections, here, we
also explore the relationship between gas retention and the ratios of
central densities. We discuss the gas retention, first in the northern
subcluster, and then, in the southern subcluster for models where the
gas concentration is varied.

Fig. 10 estimates the gas remaining in the north, from the models
with different north (1, 0, 2) and south (3, 0, 4) gas scale lengths. We
are seeing what happens to the northern cluster given the different gas
concentrations in the north (left-hand panel) and south (right-hand
panel) after the central passage in four moments. It is important to
emphasize that the gas contained in each cluster core changes over
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Figure 11. Mass retention of gas in the southern cluster for the models with
different gas scale lengths, in four simulation times after the central passage.
Left: North models with different gas scale lengths around the default. Right:
South models with different gas scale lengths around the default. In both
panels, the gas retention depends on the ratio of central gas density.

time. That is, after the central passage, the gas particles contained in
100 kpc in the northern cluster are all particles within that radius, and
not necessarily those particles that originally belonged to the north
at t = 0 Gyr and in moments before the central passage. This is valid
for both subclusters and all times after the central passage. In fact, at
moments close to the central passage, when the two clusters overlap,
the sphere of 100 kpc will naturally encompass more mas than at t =
0 Gyr. This is the reason why my/m; can be greater than 1 at certain
times.

About the gas retention in the north (Fig. 10), the results suggest
that the more concentrated the south and less concentrated the
north, the greater the probability is of the north subcluster losing
its gas. This information is corroborated when we analyse the gas
morphology evolution in Fig. 7. In these models where the gas scale
length is varied, we can notice the difference between extreme north
concentration models, where model 1 represents the highest gas
concentration and therefore has high retention in the north. Besides,
model 2 has less concentrated gas (large-scale length) and causes
less retention in the north. At the same time, the opposite occurs
for southern concentrations (right-hand panel of Fig. 7). The models
with larger north scale length and smaller south scale length, cause
greater gas loss in the north subcluster in all moments explored after
the central passage. In other words, a more concentrated gas bullet is
able to retain most of its gas, whereas a low-density bullet will lose
most of its gas when passing through a dense medium.

It is also possible to notice that the amount of gas present in
the models changes over time. The amount of gas in the different
models at r = 1.31 Gyr is greater than the amount of gas in the other
times after this. Bearing in mind that the central passage occurs at
t = 1.23 Gyr, the next time evaluated was only 0.08 Gyr after the
core passage. Over time, the amount of gas has stabilized as the
clusters move away, showing a greater regularity, as we see in time
progression in Fig. 10.

Regarding the gas retention in the south subcluster, similar to the
north retention, the question is what happens with gas in the south
cluster, given the different gas scale lengths in the north and south
at different times of simulation. Notice that in Fig. 11 the my/m; are
often greater than 1, meaning that the south now holds additional
gas that was abandoned by the north. Therefore, this quantity also
measures the accretion of gas in the south, rather than retention in
such cases. Nevertheless, it is possible to compare the final relative
gas content among models.

First, we evaluate the gas content in the southern cluster on the
left-hand panel of Fig. 11. The configuration indicates how the gas
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content in the southern subcluster is related to the scale lengths of
the northern cluster. It is possible to notice that the model with the
most concentrated north gas (model 1) holds less gas in the south
cluster. In other words, the model with the smallest north gas scale
length causes greater dissociation in the south cluster. Besides, the
north model with the least concentrated gas (model 2, larger scale
length) causes greater gas retention in the south subcluster. Since
my/m; > 1 for model 2, this means that the inner south cluster not
only retained its original gas, but also gained additional gas which
was left behind by the north cluster. The configuration suggests a
regular correlation between the northern gas concentration, and the
final gas content is the south. The complementarity between gas
loss in the north and gain in the south is not immediately obvious,
however. We are specifically measuring the gas contents in the cores
(within 100 and 200 kpc, respectively), while substantial portions
of the gas — the densest parts, even — are outside of those regions.
Given the complex morphology that follows the central passage, it
is not evident precisely how the gaseous cores would be affected,
depending on the concentration of each model. In the left-hand panel
of the Fig. 7, the progress is visually noticeable: looking at the south
subcluster (on the right in each frame), it increases the amount of gas
as the gas scale length of the north subcluster also increases. Thus, if
the bullet gas is sufficiently denser than the southern gas it crosses,
it can effectively strip the south of some of its gas.

Now, we will evaluate the right-hand panel of Fig. 11. This panel
indicates the effect that different south gas scale lengths cause
in the gas retention of southern cluster. As well as for different
gas concentrations in the north, different gas concentrations in the
south affect gas retention in the south subcluster. The model with
the most concentrated south (model 3) causes less gas retention,
while the model with less concentrated gas (model 4) causes
greater gas retention. This relationship is not clearly noticeable
when we verifying Fig. 7 (right-hand panel). The southern cluster
progressively increases the amount of gas within 200 kpc as the gas
concentration increases (from right to left, in right-hand panel of
Fig. 7). In this comparison, the south models that started with the
lowest concentration seemed to be the ones who held relatively more
gas in the end. This is understandable considering the relative gains
refer to the initial configuration. As Fig. 7 indicates, the gas in the
core of model 4 is in fact not denser than the other models at the end
of the simulation.

3.3.3 Gas retention: dependence on DM concentrations

After exploring the gas scale lengths for the two subclusters, we will
discuss effects of gas retention for models where the DM scale length
is varied in the two subclusters. Similarly to the gas, we measure the
initial and final gas mass in both clusters in order to explore their
relationship with the ratio of central DM densities and their influence
on dissociation. In these models with different DM scale lengths, the
question is: what happens to gas in the subclusters, after the central
passage given the DM scale length variations in south and north.
For the retention of northern gas, Fig. 12 shows how the gas
behaves from different values of north DM scale length (left) and
south DM (right). Similar to the previous cases, we evaluated the
gas retention for different times after the central passage. The results
indicate that the DM north scale length and north gas retention are
correlated. However, the dependence is less steep than the equivalent
correlation with gas densities. More concentrated north DM generate
more gas retention in the north subcluster, left-hand panel of Fig. 12.
At the same time, the model with the least concentrated north
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Figure 12. Mass retention of gas in the northern cluster for the models
with different DM scale lengths, in four simulation times after the central
passage. Left: Models with different north DM scale lengths around the
model default. Right: Models with different south DM scale lengths around
the model default. In both panels, the gas retention depends on the ratio of
central DM density.
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Figure 13. Mass retention of gas in the southern cluster for the models
with different DM scale lengths for north (left) and south (right) subclusters.
Similar to the Fig. 12, in both panels the gas retention depending on the ratio
of central DM densities, in four simulation times after the central passage.

generates less gas retention in the north substructure. This result can
be consulted visually in Fig. 8, where model 5 presents a gas mass
coinciding with the north DM peak, that is not visually perceptible
in the less concentrated model 6. Nevertheless, in the models where
the southern DM in varied (Fig. 12, right-hand panel), there is no
clear correlation. That is, the gas retention in the north increases
with the DM concentration, but does not depend on the south DM
concentration.

Concerning to the gas retention in south substructure, Fig. 13 (left
and right) presents different gas retention given different DM scale
lengths. Analysing the left-hand panel, there is no clear correlation
between north DM scale length dependence with south gas retention.
The morphology of the gas emission in the southern cluster from
different north DM scale length is shown in Fig. 8 (left). The
configuration suggest that regardless of variations in the northern
halo, the southern gas is not significantly lost. Note that for gas
retention in both subclusters, the correlations (or lack thereof) are not
very time-dependent. On moments shortly after the central passage
there is considerable overlap, due to the mixture of gas particles,
until it stabilizes in the next times. The results suggest that the
gas retention in the southern cluster is not strongly related to the
different DM concentrations. Analysis of gas retention for different
DM scale lengths indicates that DM scale lengths are less decisive
for dissociation, than gas scale lengths.
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4 DISCUSSION

A2034 has been interpreted as the outcome of a collision between two
substructures: a more massive southern cluster and a smaller northern
cluster. The merger scenario is discussed recently in Owers et al.
(2014), Monteiro-Oliveira et al. (2018), and Golovich et al. (2019),
where the configuration suggests a collision near to the plane of sky
between the north and south substructures. After the core passage
(with small impact parameter), the north substructure loses its gas
considerably. At this moment, the observed distance between the total
mass subclusters is approximately 720 kpc and the gas peak emission
is offcentred in relation to the south DM peak by approximately
350 kpc (Monteiro-Oliveira et al. 2018). At the same time, the X-
ray observations of the system show a temperature discontinuity
close to the northern BCG, that approximately coincides with the
northern DM peak in this region (Owers et al. 2014). A2034 is thus
a prototypical example of a dissociative cluster, in which the gas has
been clearly detached from the DM, with the peak of X-ray emission
lying roughly mid-way between the DM peaks. For these reasons,
A2034 serves as a convenient reference cluster to investigate the
details of the dissociation in general.

In this paper, we performed a set of hydrodynamical N-body
simulations to study the collision of A2034. The masses of the
initial conditions are based on recent gravitational weak lensing
results (Monteiro-Oliveira et al. 2018) and correspond to a mass
ratio of about 1:2.2. The default models are created with the expected
concentrations for those masses (Duffy et al. 2008). We presented a
specific model for the collision of A2034 and we also investigated
the effects that different gas and DM concentrations have on the
dissociation of this system. For the first part, we did a parameter
space exploration aiming to reproduce the observational constraints.
For the second part, we fixed some of the parameters of the best
model of A2034 (b, vy, i, and mass ratio) to explore solely the effects
that different concentrations (i.e. scale lengths of both gas and DM)
cause on dissociation to that system.

The time after the central passage in the best model (0.26 Gyr)
roughly agrees with the proposed estimates of 0.561'8:;; Gyr by
Monteiro-Oliveira et al. (2018) and of 0.3 Gyr by Owers et al.
(2014). At the time of appropriate separation, the simulated north
substructure exhibits a shock front that roughly coincides with
the observed edge described in Owers et al. (2014). Given the
various observed constraints, such as the appropriate morphology
in the observed separation, in our model the gas peak emission it
is separated from the south mass peak at ~280 kpc, which agrees
with the interval measured by Monteiro-Oliveira et al. (2018). In
this context, we presented one plausible model to reproduce the
dynamic history of the dissociative collision of A2034. In this type
of modelling, itis always the case that the so-called best model cannot
be guaranteed to be a unique solution. For example, a similar model
fine-tuned to non-zero inclination might have produced marginally
improved comparisons. For simplicity, we chose to keep the i = 0°
as the default, as this also helps to disentangle the different effects
when performing the second part of the analysis.

As a substructure moves through the ICM of the main cluster, it
may be partially stripped of its gas due to ram pressure, specially if
it moves sufficiently fast and close to the core. The diffuse gas may
become unbound from its original halo, but remaining bound to the
total potential of the two clusters (Ricker & Sarazin 2001). Aiming
to investigate the effects that different gas and DM concentrations
cause in the level of dissociation, we explored different dissociation
regimes based on the ratio of central gas and halo densities. We
approached nine simulation models with different scale lengths. In
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each model, only one parameter was varied. Measuring the ratio of
central gas densities and the ratio of central DM densities of each pair
(considering N/S) of each model at t = 0 Gyr it is possible to quantify
the relationship of these ratios with the dissociation. These ratios of
central densities may be interpreted as a type of density contrast
between the bullet and its surrounding environment, as it crosses the
core of the main cluster. For instance, a large value of density ratio
means a dense bullet passing through a relatively rarefied medium.
This applies separately for the gas and for the DM. Indeed, it is
possible to notice in terms of density and temperature maps and with
X-rays mocks that different concentrations cause different effects on
the gas properties after the collision. We found a diversified range of
dissociation levels, where we quantify it in terms of: gas retention in
both substructures and distance between the X-ray emission centroid
to the DM south. All correlations were explored for four simulation
times after the core passage. The strongest correlation we found was
between the ratio of central gas densities and the dissociation. This
relationship is clear when we observed model 1 (Fig. 7), where the
cometary morphology was caused by a greater gas concentration
in the northern structure. It is worth noting that a difference of only
100 kpc in gas the scale length, with respect to model 0, was sufficient
to drastically change the outcome. Interestingly, the same kind of
behaviour is observed in the mock X-ray of model 4, where a less
pronounced by analogous cometary morphology also develops. In
model 4 only the gas concentration in the southern cluster is varied.
This is a further indication that the ratio between central gas densities
is a very important factor governing the fate of the dissociation. This
parameter is strongly correlated with the quantitative measure of the
offset between X-ray centroid and DM peaks.

Another indicator of the level of dissociation is the stripping of
gas from the cluster cores. Quantifying the relative gas retention in
the two substructures in relation to central gas and DM densities,
we found that gas retention in both substructures is strongly related
to the gas concentrations adopted. This means that the retention of
gas in the cluster cores after the collision depends sensitively on the
contrast of gas density between the two clusters. On the other hand,
the ratios of DM central densities showed only mild correlations or
none at all. In other words, the gas retention in each substructure is
not very dependent on the halo scale length adopted. Visually, Fig. 8
shows that from different halo concentrations, the X-ray morphology
does not change significantly for all models.

The importance of the gas density contrast can be understood in
terms of the bullet’s abillity to retain its cohesion if it is sufficiently
denser than its surroundings. It might have been expected that the
ratios of DM central densities would also have had a significant role
in determining whether the gas was stripped of retained. This was
not the case. The correlations between gas retention and DM central
densities were mild at best. We found that if the DM potential well of
the bullet is relatively shallow, its gas tends to be stripped more easily,
while a deeper DM potential tends to retain more gas. But this effect
is small when compared to the effects of gas densities. In the case of
the main cluster, the shape of its inner DM potential well is even less
relevant in determining gas loss — at least for the ranges we explored.
Naturally, the DM mass does dominate the global dynamics of the
system. In our numerous variations, we altered concentrations, but
not total masses. Thus, the bulk motion of the DM haloes is hardly
affected.

While we systematically varied both concentrations (gas and DM)
of both cluster (north and south) in all possible combinations, some
properties were kept constant throughout, namely: the mass ratio,
the initial velocity, the impact parameter, the baryon fraction, and
the inclination. The concentration dependencies we presented are
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thus based upon the specific model for A2034. Further exploration
involving different mass ratios and other parameters is necessary to
investigate more deeply the relationship between gas density ratios
and the dissociative scenario in general.

Another caveat is that a third structure, A2034W, was identified
as a galaxy clump by Monteiro-Oliveira et al. (2018) but it was
not taken into account in the simulations. Dedicated simulations of
cluster mergers involving three or more structures simultaneously
are possible but still rare (Briiggen, van Weeren & Rottgering 2012;
Ruggiero et al. 2019; Doubrawa et al. 2020). However, the mass of
A2034W is not conclusively determined and its presence does not
seem to be affecting the X-ray morphology of the merger. Yet the
origin of the complex radio emission in that region remains unclear
and may indicate more complicated shocks (Shimwell et al. 2016).

Regarding the DM nature and its imprints in post-merger galaxy
clusters, our results are able to describe within the ACDM model
the observed (or not) offsets in respect to the gas. However, during
a cluster collision, the DM particles behave more closely to the non-
interacting galaxies. It is relevant to measure a possible detachments
between them in the same way as did for the gas (e.g. Ng et al. 2017)
in future simulation including self-interacting DM models.

5 SUMMARY

We briefly summarize our main findings regarding A2034 in partic-
ular and the level of dissociation in general:

(1) Our proposed model consists of a frontal collision between
A2034S and A2034N, where the northern cluster collides with the
southern substructure with a small impact parameter and close to
plane of the sky (we adopt b = 0 kpc, i = 0°, and vy = 2000 kms™1).
Acscalecording to our best model, the system is being observed at
0.26 Gyr after the central passage, when the distance between the
total masses peaks reaches 720 kpc.

(i1) We performed an additional set of simulations systematically
varying gas and DM concentrations of both clusters. Measuring the
distances between the mass peaks and the X-rays peaks, we found
that these separations correlate strongly with the ratios of central gas
density, but not as strongly with the ratios of central DM density.
Likewise, we found that the gas retention in both clusters is not very
sensitive to DM concentrations.

In conclusion, we presented a specific model that satisfactorily
reproduces several observed features of A2034. We found that the
ratio of central gas densities is more important than the ratio of
central DM densities in determining the level of dissociation. A
broad and systematic exploration of the parameter space is needed to
evaluate the effects of concentrations in other regimes of dissociation.
Such approach would also help address the question of under what
circumstances will dissociation take place and to what degree.
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