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ABSTRACT

We compile two samples of cluster galaxies with complimentary hydrodynamic and N-body
analysis using FLASH code to ascertain how their differing populations drive their rotational
profiles and to better understand their dynamical histories.We select our main cluster sample
from the X-ray Galaxy Clusters Database (BAX), which are populated with Sloan Digital Sky
Survey (SDSS) galaxies. The BAX clusters are tested for the presence of substructures, acting
as proxies for core mergers, culminating in sub-samples of eight merging and 25 non-merging
galaxy clusters. An additional sample of 12 galaxy clusters with known dumbbell components
is procured using galaxy data from the NASA/IPAC Extragalactic Database (NED) to compare
against more extreme environments. BAX clusters of each sample are stacked on to a common
RA-Dec. space to produce rotational profiles within the range of 0.0-2.5 ryy. Merging
stacks possess stronger core rotation at <0.5r,¢ primarily contributed by a red galaxy sub-
population from relaxing core mergers; this is alongside high rotational velocities from blue
galaxy sub-populations, until they mix and homogenize with the red sub-populations at ~r;g0,
indicative of an infalling blue galaxy sub-population with interactive mixing between both
sub-populations at 2 0. FLASH code is utilized to simulate the merger phase between two
originally independent clusters and test the evolution of their rotational profiles. Comparisons
with the dumbbell clusters leads to the inference that the peculiar core rotations of some
dumbbell clusters are the result of the linear motions of core galaxies relaxing on to the
potential during post second infall.

Key words: galaxies: clusters: general —galaxies: elliptical and lenticular, cD —galaxies:
kinematics and dynamics.

Bamford et al. 2009; von der Linden et al. 2010); a galaxy infalling

1 INTRODUCTION . S .
on to a cluster potential experiencing ram-pressure stripping due to

Galaxy clusters are large and dense realms in space which anistrop-
ically coalesce along the convergence of independent filaments
through hierarchical merger events, resulting in the induction of
random motions in their member galaxies (e.g. Bond, Kofman &
Pogosyan 1996; Springel et al. 2005; Kravtsov & Borgani 2012).
These large collections of matter are home to strong gravitational
potentials that cause the further perturbation of galaxies from the
Hubble flow (Regos & Geller 1989). As a result, galaxy clusters
seemingly play host to environmental effects that are pivotal in the
understanding of the evolution of galaxies through an assumption
of fixed stellar mass: the transition from late-type to early-type
galaxies towards the cluster’s centre with the morphology—density
relation (e.g. Oemler 1974; Dressler 1980; Postman & Geller 1984);
the observed bimodality of the colour—density relation (Hogg et al.
2003, 2004); the consistent decrease in the fraction of star-forming
galaxies in cluster cores (e.g. Lewis et al. 2002; Gémez et al. 2003;
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interacting with the intracluster medium (ICM) (e.g. Gunn & Gott
1972; Poggianti et al. 2017; Sheen et al. 2017).

The hierarchical nature of galaxy cluster formation lends itself
to the existence of physical substructures (Geller & Beers 1982;
Dressler & Shectman 1988). Therefore, the aforementioned en-
vironmental effects on galaxy evolution can be scaled down to
the smaller substructure environments within a cluster. We can
use the presence and strength of this substructuring within the
cluster to delineate differing environments (i.e. merging or non-
merging). The substructures that reside at larger radii from the
cluster centre are smaller galaxy groups that cause ‘pre-processing’
(Berrier et al. 2009; Bahé et al. 2013); smaller scale premature
evolution of galaxies due to localized galaxy—galaxy interactions
(see Moore et al. 1999). Pre-processing is considered to be a
common occurrence in order to account for the swift changes in
star formation and colour fractions as galaxies transition from the
field (e.g. see Haines et al. 2015; Bilton & Pimbblet 2018).

Perhaps one of the striking features of many galaxy clusters is
the presence of overtly bright giant early-type galaxies, commonly
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with an extended diffuse region, that lie within the dynamical centres
of their host cluster (Quintana & Lawrie 1982), otherwise known
as the brightest cluster galaxy (BCG). The formation mechanism
for BCGs has been key point of contention. One such model is
galactic cannibalism (Ostriker & Tremaine 1975), whereby galaxies
infall and accumulate at the bottom of the potential well through
dynamical friction. An alternatively favoured model is rapid hier-
archical galaxy—galaxy merging into an ensemble of subgroupings
of galaxies of similar size prior to collapse on to the bottom of the
potential (Merritt 1985). Testing of these models has often yielded
mixed results; galactic cannibalism is deemed too slow in order
to build a BCG within a reasonable time-scale with the observed
luminosities (e.g. Lauer 1988; Dubinski 1998); hierarchical galaxy
merging events alone do not assemble enough subgroupings with
calculations to our current epoch (Collins et al. 2009). However,
despite these shortfalls, there is evidence for clusters to have had
merger events over their histories with the observations of BCGs
with multiple cores (e.g. Oegerle & Hill 1992; Laine et al. 2003).
There is also convincing evidence of core—core pre-merger, ongoing
merger, post-merger activity between two originally independent
potential wells, with high peculiar velocities of BCGs, that indicate
perturbations from their original geometric and kinematic centres
(e.g. Quintana, Ramirez & Way 1996; Smith et al. 2005; Pimbblet,
Roseboom & Doyle 2006; Shan et al. 2010; Lakhchaura et al. 2013;
Caglar & Hudaverdi 2017). These systems with multiple-core BCGs
are sometimes known as ‘Dumbbell Clusters’.

If we assume these dumbbell clusters arise from two originally
independent sub-clusters interacting off-axially, then the strength
and presence of their resultant momenta could leave an imprint on to
their line-of-sight velocities, producing some sort of ‘global cluster
rotation’ (Ricker 1998). Due to the apparent random motions of
cluster galaxies, the idea of galaxy clusters supported by rotational
energies was excused for a pressure-based model. However, once
thought indistinguishable from the cluster galaxy kinematics, there
have since been several works that have observed global rotation
(e.g. Materne & Hopp 1983; Oegerle & Hill 1992; Hwang &
Lee 2007; Tovmassian 2015; Manolopoulou & Plionis 2017).
One could argue that the source of cluster rotation is from the
Universe possessing its own angular momentum and donating it
on to celestial bodies during their formation (Li 1998; Godlowski
et al. 2003; Godtowski, Szydlowski & Flin 2005). However, to
account for the strong peculiar velocities from relatively recent
histories, galaxy cluster rotation could be derived from the merging
processes between two clusters (Peebles 1969; Ricker 1998): oft-
axis tidal interactions from two independent deep potential wells.
Observations of such events/relics would only be pragmatic by
observing the ICM due to the high collisional probability of particles
that produce X-rays, where the more sparse cluster galaxies are
found to be collisionless on equal time-scales; global angular
momentum observed via the galaxies is transient (White & Fabian
1995; Roettiger, Loken & Burns 1997; Roettiger & Flores 2000).
Indeed, recent simulation studies show how the ICM could be used
to determine bulk cluster rotation dynamics (see Baldi et al. 2017,
2018). In addition, there is the very sensible notion that the accretion
of mass through the filaments during cluster assembly is the primary
driver of momentum donation to these systems (see Song et al.
2018). One immediate method that could be used to infer a cluster’s
global rotation is the use of a geometrical technique known as
‘perspective rotation’: peculiar motion measurements taken from
the mean radial velocities to determine the transverse motion by
artificially rotating the galaxy cluster on the plane of the sky (Feast,
Thackeray & Wesselink 1961).
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Therefore, in this paper we aim to establish whether or not the
global rotational dynamics of clusters correlate with their sub-
populations and if the presence of a dumbbell BCG core imprints
a cluster evolutionary mechanism on to the global rotational
profile. This will be achieved by utilizing a ‘perspective rotation’
technique, which infers the presence of cluster rotation through the
comparative radial velocity differences between two semicircles
divided by the cluster centre (see Manolopoulou & Plionis 2017;
MP17 hereafter). We present a complementary suite of galaxy
data from the Sloan Digital Sky Survey (SDSS) and NASA/IPAC
Extragalactic Database (NED) to form a membership of clusters
into two samples of those that do, and do not, host a dumbbell
nucleus. An elaboration on how these data were acquired can be
found in Section 2. An explanation of the methods used to output
our global rotation profile analysis, along with our results, is outlined
in Section 3. In addition to our array of observational data, we utilize
3D hydrodynamics and N-body simulations to determine the impact
of idealized binary cluster mergers on global rotational profiles. The
comparison of our observational rotational analysis with our 3D
hydrodynamic and N-body simulations are elaborated in Section 4.
In Section 5, we conclude with a discussion and summary of our
findings in this work.

Throughout this work we assume a flat Lambda cold dark matter
model of cosmology with Qy = 0.3, 2, =0.7, Hy = 100 A km s~!
Mpc~!, where h = 0.7.

2 THE DATA SUITE

We compile two samples of clusters to allow for a more compre-
hensive study of the effects of cluster rotation: a sample of bright
X-ray-selected clusters utilizing the X-ray Cluster Database (BAX;
Sadat et al. 2004), a curated repository linking X-ray data from
multiple instrumental sources; and a sample of dumbbell clusters
catalogued by Gregorini et al. (1992, 1994). Each X-ray-selected
cluster is then built from the BAX centre and defined by galaxies
from SDSS Data Release 8 (DRS8; Aihara et al. 2011) cross-matched
with the MPA-JHU Value Added Catalogue (Kauffmann et al.
2003; Brinchmann et al. 2004; Tremonti et al. 2004). The dumbbell
clusters are assembled via the procurement of NED galaxies that lie
within 30 arcmin of the NED-defined centres of the 12 dumbbell
clusters, similar to the work presented by Pimbblet (2008).

We initialize our cluster sample with the BAX data base by
employing an X-ray luminosity range of 1 < Lx <20 x 10* ergs™!
that lie within the redshift range of 0.0 < z < 0.15. These limits
ensure we are selecting the most massive clusters while garnering a
significant number of clusters sampled across a variety of dynamical
states in z-space from a finite epoch range of cluster evolution. Once
parsed through BAX, the applied limits provide an initial sample
size of 481 clusters. For each of the BAX clusters an initial radial
limit of <10 Mpc /™! is applied to DRS galaxies from the cluster
centre, calculated with our outlined cosmology (Wright 2006). The
cluster sample is iterated through to have their global mean recession
velocities (CZgiop) and velocity dispersions (o go,) calculated for
galaxies <1.5 Mpc A~! from the cluster centre by computing the
square root of the biweight mid-variance (Beers, Flynn & Gebhardt
1990). We then proceed to define the cluster boundary in velocity
space as a function of projected radius R with surface caustics, in
concordance with the methodology of Diaferio & Geller (1997)
and Diaferio (1999). Velocity limits of AV = £1500 kms~! are
imposed upon each cluster in the sample as a conservative threshold
to increase confidence against interlopers contaminating the DR8
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assembled clusters, with

AV =¢ (M> . (1
1+ Zclu
However, it should be noted that this limit can potentially omit
genuine members from those systems that are actively relaxing on
to a cluster potential due to their greater dispersion of galaxies as
an echo from two originally independent sub-clusters coalescing on
to each other. The surface caustic profiles are then determined with
the remaining galaxies for each cluster, allowing for estimations of
Moo and rygp, the cluster masses and radii for when the density is
200 times the critical density of the universe for our flat cosmology
(Gifford & Miller 2013; Gifford, Miller & Kern 2013). Cluster
candidates are ignored if their initial richness is <50 at <ryq, or if
they are found within the Einasto et al. (2001) supercluster catalogue
to possesses overlapping structures. The resultant cluster sample
size provided by the BAX-DRS galaxies is 33, which is found to be
mass complete at logio(M,) >10.2. The final compilation of BAX-
defined clusters built from DR galaxies can be found in Table 1.
The 12 dumbbell clusters are initialized with the NED galaxies
that reside within 30 arcmin from the NED defined centres. The
NED galaxies associated with each cluster are then run through the
same process as the DR8 galaxies above. The NED-defined clusters
built from the NED galaxies, along with their calculated values, can
be found in Table 2.

3 CLUSTER ROTATION AND
ENVIRONMENTAL EFFECTS

It has already been noted in Section 1 how one might expect galaxy
clusters to have gained their momentum. To study how different
cluster activity states drive the dynamical side effects on to cluster
galaxy sub-populations we utilize the BAX-selected clusters to
compile two sub-samples, those that possess substructure against
those without, as determined by the Dressler & Shectman (1988)
test (A-test hereafter) which is outlined in Section 3.1 below. The
methodology outlined by MP17, elaborated in Section 3.2, is applied
to construct the rotational curves determined through their artificial
transverse rotation on the plane of the sky to study how the cluster
galaxy sub-populations respond to global cluster rotation and level
of substructuring. From this method, we determine the rotational
profiles as a function of projected radius of the clusters from both
our samples, as well as producing composite profiles for merging
and non-merging (i.e. level of activity) sub-samples for the BAX-
selected clusters (see Sections 3.3 and 3.4), allowing us to compare
the angular momentum of galaxy clusters between different possible
states of merger activity and how cluster galaxy sub-populations
drive the resultant profiles.

3.1 The A-test

The use of a geometric perspective motion effect can lead to spurious
detections of ambient cluster rotation in the presence of strong
galaxy—galaxy merger activity from a merging cluster. However,
within this work, we aim to establish the rotational velocities
(see 3.2) as a function of radius to determine how the strength
of the global cluster rotation varies between merging and non-
merging environments. Therefore, to test how cluster activity can
alter the rotational dynamics of clusters and thereby affect the
evolution of the cluster galaxies, we incorporate the A-test for
substructure on galaxies within 1.5 Mpc A~' (defined as Ngiop) of
the BAX- and NED-defined cluster centres in order to delineate
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between merging and non-merging environments. The A-test is a
commonly used and very robust tool for indicating substructure,
with substructure detections reaching > 99 per cent confidence
when applied on cluster galaxy sample sizes of Ngjop > 60 (e.g.
Pinkney et al. 1996; Pimbblet 2008; Bilton & Pimbblet 2018; Song
et al. 2018). Therefore, we apply the A-test on to each galaxy and
their N,, = /Ngop nearest neighbours. The localized kinematics
are determined and then compared against the global values,

8,«2 _ <Nnn2+ ! ) [(ﬁ]ocal - ﬁglob)2 + (Ulocal - Gglob)2]7 (2)
Uglob

where § measures the deviation in the small region around the
galaxy compared to the global cluster values at <1.5Mpc h~!. The
application of the A-test to the BAX sample leads to a merging
sub-sample size of eight clusters and a non-merging sub-sample
size of 25 clusters, the resultant values for which can be found in
Table 1. Example phase-space diagrams, along with their respective
caustics, produced from each sub-sample of clusters are presented
in Fig. 1 to illustrate the membership and spread of galaxies for
each cluster and their local environments.

3.2 The Manolopoulou and Plionis method

In order to determine our averaged cluster galaxy rotational pro-
files, we employ the methodology of MP17, which utilizes the
geometrical ‘Perspective Rotation’. Assuming an ideal case where
the rotational axis of a cluster is perpendicular to our line of sight
(i.e. = 07), we split our cluster into two semicircles vertically
down the X-ray-defined centre and determine their line-of-sight
velocities of the member galaxies with respect to their angle n
from the origin. The mean velocity of each semicircle ((vy), (v)) is
then determined in equation (3), enabling observations in how the
difference in the mean velocities of each semicircle (vgir = (v1) —
(v2)) vary as we project the average proper motions of the galaxies
through the transverse rotation of galaxies in # = 10" increments.
Therefore, for each semicircle we apply iteratively

e .
(Vi) =+ Z:]j AV cos(90° — ), 3
where AV; is the line-of-sight velocity from equation (1) for the
galaxy Zga;, and the angle from the origin p; operates between 0
and 180 for each semicircle. This means that vg¢ can be determined
foreach angle 0, leading to the uncertainties of each semicircle being
propagated through for each angle 6 as

2 2
g, g,
1 2
oy = Do B2 4
ni ny

where o, is the velocity dispersion and 7 is the galaxy number for
each semicircle 1 and 2 at each angle of 6.

Finally, we assume the maximum vg;(6) provides the rotational
velocity v,y = MAX[vgigr(0)], which consequently provides the
angle of the rotational axis in the plane of the sky 6. Therefore,
for our global cluster definition, we determine rotational values for
each cluster from our BAX and NED samples which are computed
using equation (3) with galaxies that lie <1.5 Mpc h~! from their
respective cluster centres, thus providing the final cumulative global
cluster rotational velocities and angle of the rotational axes for each,
which are denoted as v, and 60p, respectively. The statistical
significance of the presence of rotation from our global definition
is calculated for galaxies from both our BAX and NED cluster
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Table 1. The mass-complete BAX cluster sample. The J2000 coordinates and X-ray luminosity values are taken from BAX. The methodology for the
determination of kinematic and global rotational values can be found in Sections 2 and 3.2. Xi%i / szd is the ratio of the x?2 statistic between ideal and random
rotation curves with P(KS) being the two-sample Kolmogorov—Smirnov test of significance in rotation. MP17 defines a strict criterion as P(KS) < 0.01 and
Xi%l / szd <0.2, alongside a loose criterion as P(KS) < 0.01 and Xi%i / szd <0.4, for determining the presence of cluster rotation. The P(A) values represent the
significance of substructuring with respect to the A-test in equation (2). P(A) «0.01 and P(KS) «0.01 is strongly indicative of substructure and rotation with

values smaller three d.p.

Cluster RA Dec. Ly CZglob Nrago Cran0 Vglob Oolob  XA/x4  P(KS)  P(A)
(J2000) (J2000)  (x10%ergs™!)  (kms™!) (kms™")  (kms7h) ")
Merging

Abell 426 031947.20 4413047 15.34¢ 5396 + 62 106 831740 271 £ 68 100 0.26 0.007 0.010
Abell 1552 122950.01 400 46 58 1.09” 25782 £ 111 75 80978 366 £ 129 260 0.12 0.083 0.003
Abell 1750  133049.94 -01 5222 3.19¢ 25482 £ 95 70 72673 512+ 121 100 0.08 <001  «0.01

Abell 1767 1336 00.33 403 56 51 2.43¢ 20985 £ 78 126 77078 326 £90 320 0.12  «0.01 0.002
Abell 1991 14543022 401 1431 1.420 17687 + 61 57 535t30 287 £ 78 270 0.07 0.044  «0.01

Abell 2033 151128.19 4002527 2.564 24582 +£90 53 58973 571 £ 100 300 0.15 <001  «0.01

Abell 2147 1602 17.17 401 03 35 2.87¢ 10492 + 48 95 688730 226 £ 60 300 0.15 <001 «0.01

Abell 2255 17 1231.05 4640533 5.54¢ 24283 £+ 107 112 817182 317 £ 92 60 0.36 0.011  «0.01

Non-merging

Abell 85 004137.81 —092033 9.41¢ 16488 + 73 71 70974 103 £ 106 120 0.17 0.063 0.853
Abell 119 005621.37 —01 1546 3.30¢ 13190 £ 77 60 76074 222 +£ 92 220 0.18 0.091 0.579
Abell 602 075319.02 4015725 1.124 18587 + 94 34 626737 147 £ 112 110 0.69 0.484 0.163
Abell 1066 103923.92 40020 41 1.20¢ 20985 + 91 62 7147% 363 +£ 116 130 0.09 0.011 0.020
Abell 1190 11 1146.22 +024323 1.75° 22484 + 87 66 669735 140 £ 98 30 0.23 0.309 0.194
Abell 1205 111322.39 4001003 1.7¢ 22784 £ 106 49 74875, 440 + 126 20 0.18 0.013 0.026
Abell 1367 114429.53 4011921 1.25¢ 6595 + 49 48 660135 200 £ 72 320 0.06 0.007 0.026
Abell 1589 12413579 4011422 1.53¢ 21585 £ 88 74 751732 140 +£ 103 160 0.17 0.316 0.124
Abell 1650  125846.20 —014511 6.99° 25182 + 100 51 670737 268 £ 109 0 0.10 0.215 0.636
Abell 1656 125948.73 42758 50 7.77° 6895 £ 40 150 817735 37 + 57 350 0.41 0.229 0.087
Abell 1668 1303 51.41 4011704 1.71° 18886 + 89 47 639732 112 + 115 40 0.28 0.540 0.336
Abell 1773 134208.59 +00 08 59 1.37¢ 22784 £ 96 68 687737 149 £ 114 260 0.19 0.289 0.336
Abell 1795 1349 00.52 4263506 10.26% 18587 £ 92 72 785T% 246 £ 108 180 0.13 0.031 0.265
Abell 1809 1353 06.40 400 20 36 1.69¢ 23683 +£ 80 64 618+46 43 4+ 95 270 0.17 0.101 0.420
Abell 2029 151058.70 405 4542 17.444 23084 + 102 117 89360 79 + 111 10 0.29 0.370 0.415
Abell 2052 151645.51 40028 00 2.508 10492 + 65 38 61972 48 + 71 320 0.21 0.129 0.663
Abell 2061 15211531 +3039 16 4.85 23383 £ 69 91 63074 154 £ 91 210 0.09 0.043 0.183
Abell 2063 1523 01.87 400 34 34 2.19¢ 10492 £ 78 58 785M8 163 £ 93 330 0.35 0.170 0.016
Abell 2065  152242.60 +274321 5.55¢ 21884 + 98 113 873758 422 + 125 10 0.07 0.002 0.211
Abell 2069 1523 57.94 +01 59 34 3.458 34775 £ 139 69 910%]], 363 £ 178 150 0.21 0.089 0.179
Abell 2107 153947.92 4012705 1.41¢ 12291 + 62 42 615135 159 +£ 74 280 0.15 0.021 0.151
Abell 2124 154459.33 4022415 1.66/ 19786 4+ 103 53 751189 38 + 130 150 0.45 0.705 0.873
Abell 2199 1628 38.50 43933 60 4.09 8993 + 52 75 64973 156 £ 59 10 0.13 0.008 0.586
Abell 2670 2354 10.15 —0041 37 2.28¢ 22784 £ 89 92 7997 232 + 104 220 0.11 0.085 0.523
ZWCLI1215 121741.44 4033932 5.17¢ 22484 £ 86 87 76073 58 + 118 240 0.40 0.888 0.873

“Reiprich & Bohringer (2002).
bBohringer et al. (2000).
“Popesso et al. (2007).

?Ebeling et al. (1998).

“Jones & Forman (1999).
/Marini et al. (2004).

8David, Forman & Jones (1999).

samples. Following the methodologies of MP17, we determine
the ideal (xZ) and random (x2) x? statistic as a by-product of
our analysis and can be found within Table 1. Fig. 2 presents an
example of the MP17 methodology with our BAX merging and
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non-merging cluster sub-samples (consistent with the examples in
Fig. 1) to determine cluster rotation in the form of the sinusoidal
curves produced by artificially rotating the clusters in the plane of
the sky.
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Table 2. The volume-limited NED cluster sample as per Pimbblet (2008). The descriptors for the NED cluster kinematic values can be found in Table 1.

Cluster RA Dec. TZglob Niygo Ora0 Vglob O glob X2/ %2 P(KS) P(A)
(J2000) (J2000) (kms™1) (kms™1) (kms~1) )
Abell 533 0501 30.79 —013027 14000 + 171 22 751703, 951 £ 319 270 0.09 0.002 0.026
Abell 2860 01 04 20.62 —023917 31718 + 48 14 229127 131 £ 60 210 12.92 0.035 0.878
Abell 2911 01 26 04.60 —023154 24223 + 85 31 484780 250 + 118 50 0.19 0.058 0.129
Abell 3151 03 4027.71 —015449 20265 + 115 50 753157 278 + 168 10 0.09 0.227 0.041
Abell 3266 04 3124.10 —040547 17657 + 54 281 825138 55 + 81 200 0.13 0.219 0.356
Abell 3391 06 26 22.80 —033447 15409 + 114 81 93178 525 £ 151 240 0.08 0.003 «0.01
Abell 3528 1254 18.20 —015605 15829 + 71 103 674783 48 + 89 140 3.61 0.663 0.834
Abell 3570 13 46 52.50 —023129 10972 + 50 16 2331730 110 =+ 81 150 1.09 0.023 0.612
Abell 3535 12 57 48.55 —015357 19546 + 53 28 291731 87 + 69 30 1.15 0.402 0.319
Abell 3653 19 53 00.90 —032807 32647 + 84 43 56574 261 £ 114 170 0.10 0.094 0.115
Abell 3716 2051 16.70 —033047 13850 + 76 117 76774 200 £ 110 220 0.06 0.152 0.586
Abell 3744 2107 12.29 —014145 11422 + 60 64 481737 61 + 76 320 0.17 0.928 0.028
R/r200 R/ra00
P o 1 2 3 a4 s & 1 0 2 4 6 s

ABELLZ033

ABELL2147 ABELL1991

AV [103 kms™!]

[ pk 2 3 4 5 6 7

ABELL2199

AV [103 kms™!]

[0 Mass Complete
V  Mass Omitted
X Non-Member

0 -3 4 6 8
Projected Radius [Mpc h™!]

6 8 6 8
Projected Radius [Mpc h~1] Projected Radius [Mpc h~1]

Figure 1. Example surface caustics (the black curves) from the final merging cluster sample (top row) and non-merging cluster sample (bottom row). The
red squares represent the galaxies that make a complete sample at logjo(M..) >10.2; the blue triangles represent omitted galaxies that are at logjo(M,) <10.2.
Galaxies that lie within the surface caustics are considered to be cluster members. Here the radial velocity (AV) with respect to the cluster’s mean recession

velocity is plotted against the projected radius in units of Mpc 2~! and R/r. The black dashed vertical lines represent the 2.5 R/ radial cut of each cluster;
galaxies <2.5 R/rypp within the caustics produce the rotational profile stacks.

The thesis presented here is focused on how v is dependent on
the cluster galaxy sub-populations as a function of cluster radius
at different epochs; core-merging events between two originally
independent clusters; substructuring of galaxies relaxing from a
core-merger event; older and relaxed clusters that are homogeneous
to our tests of substructure. We therefore, using the calculated global

cluster defined values, determine how v, varies as a function of
radius from the cluster centre in incremental units of 0.1r,99 with a
coverage of 0 < R < 2.5ry by fixing our theta to the rotational axis
0 4100- An example of the application of this methodology to the indi-
vidual BAX-defined clusters between merging and non-merging en-
vironments, as defined previously by the A-test, is depicted in Fig. 3.
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Figure 2. A selection of example BAX cluster sinusoidal rotational curves of merging (top row) and non-merging (bottom row) clusters, as determined by
the A-test for substructure with galaxies that lie <1.5 Mpc 7! from the cluster centre, with vgigr as a function of 6 as per the MP17 methodology outlined
in Section 3.2. The red star marks the point at which vgjoh = MAX [vgitr(€)]. The uncertainties on the real data curve are derived by the propagation of the

standard error as denoted in equation (4).

Here we find the merging clusters demonstrate rising profiles
from the cluster centre that lead to consistently high v;fr(@g10p) val-
ues throughout to 2.5r,. In contrast, non-merging clusters possess
dampened core-rotational velocities, with Abell 2199 showing a
consistent profile out towards 2.5ry0, most likely as a result of
the outer galaxy members homogenizing with the cluster’s angular
momentum. The behaviour observed here between the two sub-
samples runs parallel to the A-test for substructure; increasing core-
rotational velocities show correlation with merging environments.
This response of environment to the rotational velocities is not com-
pletely surprising considering both methodologies are constrained
to the same projected radii and radial velocity measurements. It
should be noted that this effect is not completely consistent to every
A-test-defined merging cluster, which highlights the limitations of
analysing 3D motions through a projected 2D-plane of sky.

3.3 Dumbbell BCG clusters

If we assume that the evolution of angular momentum within
clusters originates from the off-axial interaction between two
smaller clusters, then this could potentially be detected through line-
of-sight measurements that are sensitive to determining rotation.
Hence, we consider clusters that host multiple BCG components
with significant velocity offsets which could be the result of recently
merged sub-clusters that are relaxing on to a common potential.
Therefore, we elected to study a sample of dumbbell BCG clusters
for their global rotational profiles with the aim to test if their
offset peculiar velocity BCG cores are an indicator of higher
levels of merger activity, resembling earlier epochs of post-merger
relaxation. Using the volume-limited sample as outlined in Section 2
with the NED galaxies we perform the A-test for substructure from
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the NED centres to <1.5 Mpc 4~! (see 3.1). A comparison between
the statistical results, alongside the bubble plots, and the global
rotational profiles, as determined in Section 3.2, of each dumbbell
BCQG cluster is made. An example of these results for our dumbbell
BCG hosting clusters can be found in Figs 4, 5, and 6.

We, unsurprisingly, do not find a significant correlation between
substructuring and the presence of multiple offset velocity BCGs,
consistent with the findings of Pimbblet (2008). This is despite
the use of a standard, more loose, criteria where in this work
substructure is deemed significant at P(A) < 0.01. It is more
likely that substructure would not play a key role in the instance
of dumbbell cluster BCG cores due to the collisionless nature of
galaxies on the time-scales presented, especially if the dumbbell
cores are in the early stages of a merger between two initially
independent potential wells. Abell 3391 is the only cluster in the
dumbbell sample found to possess substructure; the bubble plot is
presented, along with the rotational profile, in Fig. 4. It is interesting
to note how the rotational profile of Abell 3391 decreases to a
minimum at ~1.0 Mpc h~', before rising back to previous vgop
values within the same projected radial separation. This, compared
with the substantial substructuring observed with the bubble plot,
illustrates a strong double-component system of rotating galaxies;
a fast-rotating core and a fast-rotating outer region as a result of an
ongoing active merging event between two originally independent
BCGs and their host galaxy clusters. This inference is exacerbated
by comparing the same analysis the dumbbell hosting clusters of
Abell 3716 and Abell 3653, which can be seen in Figs 5 and 6,
respectively. The v, profile of Abell 3716 in particular marries
closely to that of Abell 3391, decreasing to a minimum <1.0 Mpc
h~"', before only subtly rising back to dampened levels of rotation
where vgjo, ~ 200 km s~!'. From the bubble plot of Abell 3716
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Figure 3. A selection of example vgiff(fglob) rotational profiles consistent with Fig. 2, as a function of the projected virial radius R/rag0 in increments of 0.1,
of merging (top row) and non-merging (bottom row) as determined by the A-test for substructure. The red vertical lines represent the point at which the global
cluster values are determined and the statistical tests for both substructure and rotation are calculated with galaxies that <1.5 Mpc A~! from the cluster centre.
Note the consistency of higher rotational velocity throughout the merging clusters in comparison to the dampened profiles for the non-merging clusters. The
dashed lines represent the uncertainties derived from the propagated standard error as denoted in equation (4).

we can see there are some small pockets of deviation from the
global values, although not to the levels found in Abell 3391. We
can therefore surmise that the Abell 3391 and 3716 are dumbbell
hosting clusters in different stages of merging, where the Abell
3391 is in an active phase of merging with intense galaxy—galaxy
interactions providing off-axial angular momentum donation, and
Abell 3716 in an earlier, less-active phase of merging, where the
galaxies are still yet to interact due to their collisionless nature.
Abell 3653 presents a vgop profile with a remarkably consistent
zero gradient with exception of the bulk increase in rotation at 0.5
Mpc A~ < R < 1.0 Mpce AL, It is also notable how the bubble
plot of Abell 3653 has overt displays of substructure towards the
west of the sky, where aside from the sizeable peculiar velocity of
the BCG addressed in the study of Pimbblet et al. (2006), X-ray
analysis conducted by Caglar & Hudaverdi (2017) has shown the
location of this substructure to be coincident with another BCG
hosting sub-cluster. As further stated within the work of Caglar &
Hudaverdi (2017), the presence of harder X-ray emission in the
space in between these two independent BCGs, along with their
~35 kpc offset from their respective X-ray peaks, is a shock region
between their ICM environments indicative of an ongoing initial
merger phase. Taking into account the projected radial separation
between the two BCGs of these sub-clusters (~500kpc), we can
see that the bulk rotation observed 0.5 Mpc 2~' < R < 0.8 Mpc
h~" is primarily the result of the foreground BCG towards the
west of the sky combined with host sub-cluster’s members, as
can be seen by the apparent dichotomy in the radial velocities.
The clear background and foreground structures, along with the
even delineation between them, throughout the projected radius

studied creates the impression of a consistent vgq, profile, aside
from the boost provided by substructured west BCG ~0.5 Mpc A",
which introduces the possibility that the global rotation via our
method is merely the result of the z-space difference between the
two sub-clusters. With this in mind, however, Caglar & Hudaverdi
(2017) have concluded the sub-clusters are gravitationally bound
and are in infall at 2400km s~ with core passage expected in
380 Myr. The peculiar velocities of the dumbbell components of
each cluster shown here, along with the two independent Abell
3653 BCG components, are detailed in Table 3 for easy comparison.
Considering the results from the examples shown here the varying
rotation profile, close angular separation between the cores and
levels of substructuring present in Abell 3391, the cluster must be
in a ‘post-initial merger’ phase; the two cores are relaxing on to
a common potential with the surrounding population of galaxies
aggressively interacting with one another as a result of their latent
friction and global rotation donated from the initial merging phase.

3.4 BAX cluster stacks

In order to test the dynamical evolution of clusters more generally,
we make attempts to observe any contrast in the global rotation
profiles across differing cluster environments that could represent
different epochs of cluster—cluster merging. Therefore, to build this
general picture, we build composite clusters from the BAX sample
between those defined as either merging or non-merging, which has
the primary benefit of boosting the signal to noise for the rotational
profiles. For the purposes of calculating v, using MP17, following
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Figure 4. Top: bubble plot of Abell 3391 from the A-test, where the size of
each circle is proportional to 7(e%)?; the black cross represents the NED-
defined centre and the colours represent varying radial velocity differences
[€Ziocal — €Zglob]. Bottom: the rotational profile of Abell 3391.

the outlined procedure in Section 3.2, we initiate the following
stacking procedure: each cluster is rotated by their respective 0o
so the rotation axis of each cluster overlaps, and then we stack our
clusters on to a common RA—Dec. grid normalized to each cluster’s
respective BAX centres along with their normalized AV values
as per equation (3). This will lead to the rotational axis of each
composite stack becoming ~0°, which provides, vy = vairr (0 =
0). The final galaxy contributions to the merging and non-merging
stacks are 1286 and 3349 galaxies, respectively.

The first result of the complete merging and non-merging
composites are highlighted for comparison in Fig. 7. We can
immediately see that the rotational profile of the merging com-
posite in Fig. 7 possesses very high core rotation peaking up
to ~400kms~! within <0.5R/r200. This result is indicative of
the merging sub-sample primarily consisting of relaxing galaxy
cluster cores that have undergone recent core-merging processes.
The continued high v, retained throughout to SR/rag implies this
angular momentum donation mechanism is dominant. The gradual
decline in vy at = R/ryyp is the result of a decrease in cluster
galaxy density, and therefore, interaction probability between them.
Contrarily the rotational profile of the non-merging composite
presents a dampened core rotation. The immediate inference of this
dampening effect presents the non-merging composite to mainly
consist of older, more evolved, clusters in more advanced stages
of relaxation processes. However, there is a need to consider that
the differences in our observations of v, between the merging and
non-merging galaxies are down to their potential difference in mass
distributions.
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Figure 5. Top: bubble plot of Abell 3716 from the A-test, where the size of
each circle is proportional to 7 (e%)?; the black cross represents the NED-
defined centre and the colours represent varying radial velocity differences
[€Zlocal — CZglob]. Bottom: the rotational profile of Abell 3716.

To see how cluster galaxy colour sub-populations respond to the
dynamics, activity, and environment, the galaxies for the merging
and non-merging composites are split into two sub-populations of
colour: blue galaxies and red galaxies. In order to account for the
biasing of colour distributions with increasing galaxy log stellar
mass we find a line of delineation that determines a galaxy’s colour,
which is computed with a (# — r) colour gradient as a function
of the log stellar mass. Following the methodology of Jin et al.
(2014), the residual galaxies from the bimodal (u — r) distribution
in bins of increasing stellar mass are used to output the k-corrected
linear relation (u — r), — o = 0.40[log;o(M,)] — 1.74, this is further
detailed in equation (4) of Bilton & Pimbblet (2018).

All BAX clusters with their member galaxies holding DR8
photometry are k-corrected to the local rest frame (z = 0) before
being parsed through the linear relation denoted above. Galaxies
that lie at greater values from the linear gradient are all classified as
red-sequence galaxies, with galaxies below classified as blue cloud
galaxies. An example of the colour distributions of the galaxies
for each stack can be found in Fig. 8, providing the merging
sample with 402 blue galaxies and 862 red galaxies alongside
the non-merging sample with 1153 blue galaxies and 2184 red
galaxies for each stack. The v, profiles are then calculated for
each sub-population, and environment, utilizing the same stacking
and outputting sequence highlighted previously in the production
of Fig. 7. Fig. 9 presents the resultant v,y profile with the above
implemented methodology. The merging rotational profile in Fig. 9
depicts the blue sub-population of galaxies with very high seg-
regation of v, values at <R/r200. However, due to a depletion
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Table 3. The peculiar velocities of the example dumbbell hosting clusters
presented in Figs 4, 5, and 6 within the reference frames of their respective cz
values, referenced from Pimbblet (2008). The literary values for the BCGs
of Abell 3653 are utilized from Caglar & Hudaverdi (2017).

Cluster RA Dec. [Acz]
components (J2000) (J2000) (kms~")
Abell 3391 DBL1 06 26 20.22 —531457.84 489 + 133
DBL2 0626 17.80 —53 14 56.04 68 + 142
Abell 3653 DBLI 1953 03.48 —5207 58.80 736 + 105
DBL2 19 53 02.76 —52 08 06.00 495 + 126
BCGl1 19 53 01.90 —525913.00 683 + 96
BCG2 1952 17.30 —5159 50.00 43 £+ 1247
Abell 3716 DBL1 2052 00.48 —521618.48 559 + 92
DBL2 2051 66.88 —52 16 15.60 255 + 88

“The uncertainty is propagated through from the literary values.

of blue galaxies towards the core there are no vy, values for the
blue sub-population <0.3R/ry. Consequentially, this implies the
observed core rotation from the merging composite in Fig. 7 is
dominated by red-sequence galaxies. The immediate conclusion as
a result implies that cores of merging clusters consist of evolved
red galaxies in the process of relaxing on to a new common cluster
potential via ‘back and forth’ sloshing motions. The non-merging
profile in Fig. 9 demonstrates a tighter velocity separation between
the blue and red galaxy sub-populations, however, there is still a
clear segregation in rotational velocity that leads to the connotations
of infalling blue galaxies. There is the significant ‘bump’ in the blue
galaxy sub-population at ~R/r»q, which could inconclusively be the

Cluster galaxy rotational profiles 5025

result of a mixture of infaller and so-called ‘backsplash’ galaxies
within the stack (see Pimbblet 2011). The key result from the v,y
composite profiles of the colour sub-populations is that the two
environments are indicative of differing epochs of cluster merging;
relaxed galaxies with a population of infalling, or potentially
backsplash, blue-galaxies within the non-merging composite and an
actively relaxing galaxies on to a common potential from successive
merging processes depicting the merging composite.

We show the Lx—z distribution for each BAX sub-sample with
comparison to the downloaded BAX catalogue in Fig. 10 as a proxy
for mass distributions present within our BAX sample. Despite
some outliers from the non-merging sample, we can see that both
the merging and non-merging samples inhabit comparable mass
distributions within similar redshifts. However, we briefly test how
sensitive the rotational profile composites are to the evolutionary
epochs and masses by constraining our BAX samples to those
that fall within the redshift range of 0.03 < z < 0.09 and X-ray
luminosity values of <6 x 10* ergs~!, this implementation results
in a tighter parity between the two sub-samples. Figs 11 and 12
illustrate the constrained sample v, composites.

Despite the tighter constraint, the full composites presented in
Fig. 11 are similar to the unconstrained composite in Fig. 7,
with exception of a dampened core in the merging profile and a
general shift in the magnitude of v,y in both merging and non-
merging composites. The most notable difference is found with
the constrained colour composite in Fig. 12 where the blue sub-
population of the non-merging stack is subdued with v,y values
falling below the red sub-population within the core regions at
<ra00. The constrained non-merging composite suffers large drops
in galaxy numbers contributing to the analysis that leaves 721
blue galaxies and 11365 red galaxies. The general shape of the
profile itself is retained with dampened v, values as has been
consistently shown, with the only notable significant loss found
at ~ry0o with the peak of the retained ‘bump’ shape of the blue
sub-population homogenizing with the red sub-population. This
knowledge, alongside the high uncertainties of the non-merging
blue sub-population overlapping with the relatively unaffected red
sub-population, indicates that the drop in the rotational velocities
within the core regions is not significant in displaying a different
picture of non-merging systems as shown in Fig. 9. This is aided
by considering the large omission of non-merging clusters for the
constrained composites; it is therefore no surprise that the non-
merging blue sub-population is more sensitive to the constraints,
which is especially the case within the core regions where the
number of blue galaxies are fewer. Furthermore, it has already been
noted how the shape of the blue sub-population in the non-merging
sample is consistent, in addition to the overlapping uncertainties,
which implies that this is predominantly a signal-noise problem.

4 SIMULATING THE TRANSVERSE MOTIONS

In this section, we describe a 3D simulation of an idealized binary
major cluster merger and evaluate how the merger process affects the
rotation of the resultant system. We look in particular at how merger
phase and viewing angle changes the rotation rate when viewed in
an observer-like 2D projection and attempt to draw parallels to the
observations.

The simulation is built upon the FLASH code, a publicly available
high-performance modular code (Fryxell et al. 2000), utilizing the
3D hydrodynamic + N-body capabilities to simulate the gaseous
ICM and collisionless dark matter (DM), respectively. Both compo-
nents being self-gravitating allows the effects of dynamical friction
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and tidal forces to be captured in the simulation. Taking advantage
of the adaptive mesh capabilities of FLASH and refining on particle
density results in a maximum resolution in the cluster cores of
19.6 kpc.

The simulation consists of a 1:2 cluster merger with masses of
5 x 10" and 1 x 105 Mg and ry values of 1672 and 2107 kpc,
respectively. Following the set-up procedure described in ZuHone
(2011), both clusters are non-rotating cool-core clusters possessing
spherically symmetric single Hernquist mass profiles (Hernquist
1990) with a g-profile for the ICM density. The bulk of the mass is
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provided by 3 million and 6 million DM particles in the smaller and
larger cluster, respectively. The initial conditions are set such that at
the point the two g cross one another the relative cluster velocity
is 1.1V, (where V. = \/GM,;;/ryir), in accordance with the average
infall velocity on to a cluster found from cosmological simulations
by Tormen (1997) and Vitvitska et al. (2002). Following Poole et al.
(2006), we use a tangential velocity component equal to 0.25V..
To achieve the aims of this section we make the assumption that
the simulation’s DM particles possess similar motions to that of the
galaxies with in the cluster, given that motions of both are collision-
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less and only feel the effect of dynamical friction. Galaxies would
experience higher dynamical friction than a single DM particle
given the particles lower mass, however we find that the difference is
negligible in this context. Making this assumption allows us to treat
the DM particles as galaxies and use their line-of-sight velocities
to calculate the radial rotation rate of the cluster using the same
method described previously for the observational data.

Fig. 13 shows the evolution of projected DM in the simulation.
From this we can see that after first core passage each cluster core
looses all of its tangential velocity relative to the second cluster.
This is as a result of the significant dynamical friction the two cores
experience traversing one another. Consequently, all future infalls
of the two cores proceed along a straight path that links the two first
apocentres. This linear motion has the property of always being
perpendicular to the axis of rotation of the merger. The cluster cores

oscillate for roughly 2.5 Gyr after second core passage in which time
they pass through one another six times, after which they become
indistinguishable from one another and hence have merged. If we
make the assumption that the BCGs of each cluster remain at the
bottom of their respective potential wells throughout the merger
then the previous statements regarding the motions of cluster cores
can also be considered true for the dumbbell BCGs.

Fig. 14 shows the radial rotation for the cluster throughout,
second passage, from different viewing angles. From this we see
that changing the line of sight significantly alters the effect that
second infall has on the measured radial rotation rate of the system.
Those viewing angles offset from the linear motion of the cluster
cores/dumbbell BCGs (A and Cin Fig. 14) display dramatic changes
in the rotation, dropping from maximum to minimum values within
one 09 and then to increase again at larger radii. Conversely those
parallel or perpendicular (B or D in Fig. 14, respectively) posses
far more consistent profiles. The reason for these differences is how
the linear motion of the two cores is interpreted via our method of
measuring rotation through line-of-sight motion.

If the merger is viewed such that the line of sight is parallel to
the linear motion of the dumbbell BCGs (as with row B) then in
the bulk linear motion will average to zero due to the symmetry of
the overlapping cores, resulting in it not contributing to the rotation
profile. Similarly, a line of sight perpendicular to the linear dumbbell
motion would be unable to detect the bulk velocities of the cores due
to no fraction of their motion being down the line of sight, this again
results in no ‘peculiar’ increase in rotation while still observing the
cluster rotation (provided the line of sight was not parallel to the
rotation axis where the rotation would not be observable) as can be
seen in row D in Fig. 14.

For mergers viewed with an offset from that of the linear motion
of the cluster cores/dumbbell BCGs, such as with rows A and C
in Fig. 14, the linear motion of the cores is incorporated into the
radial rotation. This is due to a substantial component of the velocity
of the linear motion being along the line of sight, along with the
lack of symmetry the projected system possesses, thus resulting in
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Figure 11. Constrained composite rotational profiles, similar to Fig. 7, with only BAX clusters lying within redshifts of 0.03 < z < 0.09 and possessing X-ray
luminosities in the range <6 x 10* erg s~!. The overall shape of each of the profiles is retained with some shifts in the magnitude of v,o across both stacks.
The shaded regions represent the uncertainties derived from the propagated standard error as denoted in equation (4).
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Figure 12. Constrained colour composite rotational profiles, similar to Fig. 9, with only BAX clusters lying within redshifts of 0.03 < z < 0.09 and possessing
X-ray luminosities in the range <6 x 10** ergs~!. Note the differences in vy magnitude, especially the blue sub-population in the non-merging composite;
loss of signal with a retained shape for values <2.0ry00. The shaded regions represent the uncertainties derived from the propagated standard error as denoted

in equation (4).

a fraction of the relative velocities of the cores being interpreted
as rotation. This manifests itself as high ‘peculiar’ rotation rates at
lower radii.

Rows A and B of Fig. 14 bear resemblance to the rotation of the
dumbbell BCG clusters shown in Figs 4 and 5, with their rotation
rates being high at low radii, but with rapid reductions to minimum
values around 0.5r,09 and ryg9, then finally increasing again at larger
radii. The simulation is also in agreement with the prediction for
Abell 3391’s merger phase drawn from the observations. Based
upon observed properties such as angular separation of the cores,
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rotation profile, and the level of substructuring, it has been con-
cluded that it is in ‘post-initial merger phase’ as mentioned above.
The simulation supports this conclusion as it is only possible to
create a rotation profile similar to that of Abell 3391 during second
infall of the clusters (shortly before, during and shortly after second
core passage). Beyond this the bulk linear motions of the cores,
although detectable, are only a minor component in the rotation
profile, as can be seen in Fig. 15. Thus comparing Abell 3391 to
the simulation suggests that its BCGs are well into their second
infall but have not reached second apocentre. This conclusion is in
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Figure 13. Evolution of the simulated cluster merger shown in projected particle density as a proxy for gravitational potential and line-of-sight galaxy
distribution. The labelled arrows depict the four lines of sights from which the rotation of the system is measured throughout the merger. Line of sight A looks
down the y-axis axis. B is down the line of second infall, 37 deg from A. C is aliened with the x-axis. D is perpendicular to the line of second infall. All lines
of sight are perpendicular to the global axis of rotation and are centred on maximum density.

agreement with that made from the observations, however it further
constrains what stage the merger has progressed to.

Reverse engineering the previous section gives a framework that
could assist observers to further identifying what merger phase a
system is in and what angle the observations are being made from.
Systems in which dumbbell BCGs are observed suggest an active
mergers phase where the two potential wells can have made up to
six passages through one another. A system that displays ‘peculiar’
central velocities along with dumbbell BCGs suggests very early
phase mergers, in which the central potentials (BCGs) are on their
second infall, i.e. shortly before or shortly after second passage.
It also means the direction of observation is not perpendicular or
parallel to the direction of motion of the dumbbell BCDs, neither is
it parallel to the axis of rotation.

This simulation shows that if the viewing angle is favourable then
the second infall of a major merger event, during which dumbbell
BCGs would be observable, the linear re-infall of central galaxies
creates dramatic changes to the observed radial rotation similar to
those seen in the rotational profiles of the dumbbell BCG clusters in
Figs 4 and 5. However it also shows that we should not expect such
‘peculiar’ rotation in all dumbbell BCG clusters. This is due, in part,
to the phase that creates these rotations being relatively short lived

(~500 Myr) when compared to the time period in which a dumbbell
phase could be observed (~2 Gyr). In addition to this, even if the
observation was within the 500 Myr window, any viewing angles
aliened perpendicular or parallel to the linear motion of the re-infall
are unable to detect the ‘peculiar’ rotation.

5 DISCUSSION AND SUMMARY

Despite the obvious caveat in the disparity between our merging
and non-merging cluster sample sizes in this work, they still
help to provide a consistency in our current understanding on
the formation and evolution of galaxies within different cluster
environments found in previous works. For example, the observed
‘mixing’ of the red and blue sub-populations of galaxies we see
in Fig. 9 corresponds to rising velocity dispersion profiles of
mixed red and blue ellipticals found in Bilton & Pimbblet (2018);
Mixing of sub-populations kinematically suggests substructured
pre-processed galaxies are on infall as a result of galaxy—galaxy
interactions (de Carvalho et al. 2017) either prior, or during, off-
axial mergers between two sub-clusters; the pronounced population
of late-type galaxies on infall in merging environments as inferred
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Figure 14. Rotational profiles throughout second core passage (7.4-7.8 Gyr) from different viewing angles. Radius is normalized to that of the ryoo of the
more massive cluster. The top row shows the evolution for the line of sight down A (as depicted in Fig. 13) and the second, third, and fourth rows are down B,
C, and D, respectively. B and D which are parallel and perpendicular to the line of second infall display relatively continuous profiles whereas A and C show

significant variation particularly within the core.
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Figure 15. Rotational profiles for cluster merger during third core passage
from line of sight C (as depicted in Fig. 13). The effect of the linear infall
on the rotation of the cluster has become negligible, contributing only a
~170 kms~! increase in within the very core of the system.

by the blue sub-populations of galaxies gaining angular momentum
<ryp, chiefly thought to be the result of galaxies with spiral
morphology that have survived pre-processing (e.g. Cava et al.
2017; Bilton & Pimbblet 2018; Costa, Ribeiro & de Carvalho 2018;
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Nascimento et al. 2019). The study of rotational profiles would
have been aided by the addition of understanding how different
morphological sub-populations of cluster galaxies contributed to
each of the colour profiles. However, due to the limitations on
resolving such features for every DR8 galaxy, no meaningful
analysis could be conducted via the methodology we use within this
work.

A common problem with observational studies of galaxy clusters
is the limitation of the apparent 2D plane of sky and trying to
ascertain information projected on to that sky. This inherently leads
to projection effects due to our inability as observers to comprehend
the precise angular and radial separations therefore determining the
true direction of the rotational axis is not trivial. The main problem
is trying to isolate the true mechanisms behind the observations
we record in this work utilizing MP17’s methods. All current
observational techniques (e.g. Kalinkov et al. 2005; Hwang &
Lee 2007; Manolopoulou & Plionis 2017) all determine a velocity
gradient between some sort of observer defined axis. This observer
defined axis within itself can be flawed as a result of our chosen
centres, with this caveat in mind, we try and maintain consistency
through using literary X-ray centres since they are commonly
parallel to a cluster’s potential. Therefore, this could potentially
indicate that the various techniques we currently have at our disposal
are specious, especially when considering we are trying to infer a
variety of peculiar motions in a singular z space. These are the same
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issues faced with our delineation between merging and non-merging
environments via the Dressler & Shectman (1988) A-Test, where
substructure is determined through local z-space deviations; does
the presence of substructure genuinely infer rotation via angular
momentum donation, or is this a mere deceptive emulation due to
overlapping substructures biased by our limited ability to observe
galaxy motion? Ideally, studies on global cluster rotation should
combine and model observations between the ICM and the member
galaxies; the collisional ICM leaves behind stronger markers of
interaction and rotation than the more random (and therefore noisy)
collisionless galaxies, which both operate on different time-scales
(Roettiger & Flores 2000). Furthermore, studies using the kinetic
SZ-effect to simulate and analyse the motions of the ICM have
shown that the angular momentum and direction between the ICM
and DM both correlate significantly to imply DM dominance (Baldi
etal. 2017, 2018).

Overlapping substructures in our projected space at least yields
results for interactions of galaxies within the cluster. However,
there is still the possibility of interloping substructures from
other neighbouring clusters. This is in spite of the use of caustic
techniques (Diaferio & Geller 1997; Diaferio 1999) to estimate
the mass profiles and membership, as well as removing heavily
interloping substructures using the Einasto et al. (2001) catalogue.
Some examples of interloping can be found in clusters such as Abell
2061 with possible infalling galaxies via a filament from Abell 2067
(Farnsworth et al. 2013); Abell 2065 is believed to be currently
undergoing a merger with evidence of two independent sub-
clusters with clear structure due to an unequal core merging event
(Chatzikos, Sarazin & Kempner 2006); Abell 3391 is in relatively
close proximity to Abell 3395, with X-ray observations indicating
the presence of a filament between the two clusters, highlighting
the possibility of potential foreign foreground structures (Sugawara
et al. 2017). Although, the use of the cluster caustics performs
reasonably in delineating between cluster and non-cluster members,
which offsets the reality of a few stragglers invading our cluster
membership. The antithesis to this problem is that by applying our
caustics to the more chaotic merging clusters from our sample we
result in eliminating genuine cluster members due to the cluster
galaxies gaining kinetic energy and increasing their interactions.

In this work we have acquired MPA-JHU DRS galaxies cross-
matched with a sample of galaxy clusters as defined by the BAX
cluster data base to build their membership, which are stacked in
accordance with their environments, as determined by the A-test for
substructure (Dressler & Shectman 1988). This is complemented by
NED galaxies of dumbbell clusters (Gregorini et al. 1992, 1994) to
allow for comparisons of the dynamics from more extreme and
complex systems. Finally, we compare our perspective rotation
methodology from MP17 between our observational DR8 and NED
data against FLASH 3D hydrodynamic and N-body simulations of
merging clusters (Fryxell et al. 2000).

The key results are summarized as follows:

(1) Cluster rotation v, profiles show consistently high rotation
until ~ryy with the merging cluster environments (relaxing clus-
ters), whereas non-merging environments commonly depict low v,
profiles indicative of relaxed clusters undergoing a reduction in the
sloshing of galaxies caused by dynamical friction.

(i) Merging cluster environments in our stack exhibit strong core
rotation (S0.5r0) by the red galaxy sub-population, inferring a
sloshing of evolved galaxies as they relax on to a common potential.

(iii) The blue galaxy sub-populations in our merging cluster stack
have a high v, segregation from the red galaxy sub-population in
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the core regions (0.4 < R/ryp < 1.0r00) before homogenizing with
the red sub-population, this may be a consequence of pre-processed
subgroupings that are on infall.

(iv) The presence of multicore dumbbell BCGs in clusters dis-
playing variable vy, profiles as a result of large peculiar velocities,
in situ of the cluster’s rest frame, is indicative of arecent core merger
between two originally independent sub-clusters.

(v) Peculiar rotation velocities in dumbbell BCGs are a result of
second infall of core galaxies along a linear trajectory that is not
aligned with or perpendicular to the line of sight.

(vi) The presence of the peculiar rotation velocities are not
obligatory in dumbbell BCG clusters due to phases of the dumbbells
existence that do not have significant effects on the profile. in
addition there are viewing angles that are incapable of measuring
the linear motion as the peculiar rotation.
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