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Abstract A spatial orientation of angular momentum vectors of galaxies in six dynamically un-
stable Abell clusters (S1171, S0001, A1035, A1373, A1474 and A4053) is studied. For this, two-
dimensional observed parameters (e.g., positions, diameters and position angles) are converted into
three-dimensional (3D) rotation axes of the galaxy using the ‘position angle - inclination’ method. The
expected isotropic distribution curves for angular momentum vectors are obtained by performing ran-
dom simulations. The observed and expected distributions are compared using several statistical tests.
No preferred alignments of angular momentum vectors of galaxies are noticed in all six dynamically un-
stable clusters, supporting the hierarchy model of galaxy formation. These clusters have a larger value
of velocity dispersion. However, local effects are noticed in the clusters that have substructures in the

1D-3D number density maps.
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1 INTRODUCTION

The formation of a galaxy cluster is one of the major un-
solved problems of modern astrophysics. The process by
which larger structures (e.g., clusters, superclusters) are
formed through the continuous merging of smaller struc-
tures (e.g., galaxies and galaxy groups) is called hierar-
chical clustering, which is supported by the concordance
model (ACDM). The study of the preferred alignment
of angular momentum vectors of galaxies in clusters is
one of the most effective ways of testing the concor-
dance model. Godtowski et al. (2003) described the Li
(1998) model and showed the relation between angular
momenta and masses of the large scale structures. This
relationship was observationally tested by several authors
(Godtowski et al. 2005; Hu et al. 2006; Aryal & Saurer
2006; Aryal et al. 2007, 2008; Godtowski et al. 2010,
Godtowski 2012) and they found vanishing angular mo-
menta for less massive structures but non-vanishing cases
for larger structures.

Aryal et al. (2013) studied preferred alignments
of angular momentum vectors of galaxies in six rotat-
ing clusters (A954, A1139, A1399, A2162, A2169 and
A2360) that are dynamically stable and have a single
peak in one-dimensional (1D)-three-dimensional (3D)
number density maps. These clusters have no substruc-
tures. They found a random orientation of angular mo-
mentum vectors of galaxies in all six clusters, supporting
the hierarchy model (Peebles 1969).

In the present work we intend to study the preferred
alignments of angular momentum vectors of galaxies in
six Abell clusters, namely S1171, S0001, A1035, A1373,
Al1474 and A4053, that have multiple peaks in 1D-3D
number density maps with a larger value of velocity dis-
persion. These clusters have substructures. We intend to
answer the following: (1) Does the orientation of angular
momentum vectors of galaxies that have substructures fa-
vor hierarchical clustering? (2) Do the clusters with large
velocity dispersion prefer a random orientation of angu-
lar momentum vectors of galaxies? And finally, (3) does
substructure formation cause large velocity dispersion in
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the cluster? Our aim is to compare results with the con-
cordance model. The database and methods are described
in Sections 2 and 3 respectively. Our results and conclu-
sions are presented in Sections 4 and 5 respectively.

2 DATABASE

Hwang & Lee (2007, HL hereafter) identified six rotat-
ing clusters (A954, A1139, A1399, A2162, A2169 and
A23606) that are in dynamical equilibrium and show a
single peak in 1D-3D number density maps. In addi-
tion, six dynamically unstable clusters (S1171, S0001,
A1035, A1373, A1474 and A4053) that have multiple
number-density peaks in 1D-3D maps with a large veloc-
ity dispersion are present. After investigating substruc-
ture using the Dressler-Schectman method, HL classified
rotating clusters into two categories: (1) clusters with a
single number density peak which hence are in dynam-
ical equilibrium and (2) clusters with multiple number-
density peaks which are dynamically unstable. In both
cases, clusters have a very large value of velocity disper-
sion. In this paper we study the preferred alignments of
angular momentum vectors of galaxies in Abell clusters
S1171,S0001, A1035, A1373, A1474 and A4053.

Table 1 lists the database (positions, BM type clas-
sification, mean redshift, velocity dispersion, number of
galaxies in the cluster and its morphology) of six clus-
ters (HL; Hwang private communication in 2011) used
for this study.

3 METHOD

The position angle (PA)-inclination method is used to
convert given two-dimensional (2D) parameters (posi-
tions, diameters, PAs) into 3D ones (galaxy rotation axes:
angular momentum vectors and their projections) (Flin
& Godlowski 1986). The expected isotropic distribution
curves for angular momentum vectors and their projec-
tions are determined by performing a random simulation
(Aryal & Saurer 2000). The observed distributions are
compared with the expected ones using various statisti-
cal tests.

3.1 Observed Distribution: Angular Momentum
Vectors of Galaxies

The angular momentum vectors () of galaxies and their
projections (¢) to the galactic (G) and supergalactic (S)
planes are obtained by using the method described by
Flin & Godlowski (1986). For this, the SDSS/2dFGRS
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databases (positions, PAs and diameters) provided by
Hwang (private communication in 2011) are used. In pre-
vious works (Godlowski 1993; Baier et al. 2003; Hu et al.
2006 and the references therein), authors have studied
the preferred alignments of galaxies in clusters with re-
spect to the galactic or supergalactic (or both) system.
The formulae to obtain angular momentum vectors ()
and their projection (¢) in the S-system are as follows
(Flin & Godlowski 1986):

sinf = —cosisin B + sinisin P cos B, (D)
sing = (cosf) '[— cosicos BsinL +sini

(Fsin Psin Bsin L Fcos PcosL). (2)

The inclination angle (z) is the angle between the
line-of-sight and normal to the plane of the galaxy. This
angle can be calculated using the Holmberg (1946) for-
mula

cos?i = [(b/a)® — ¢*]/(1 — ¢%),

where b/a is the measured axial ratio and ¢ is the in-
trinsic flatness of disk galaxies. Since the morphologi-
cal information on galaxies is not known, the value of
intrinsic flatness (g) is assumed to be 0.2 (Aryal et al.
2007; Godtowski 2011a). The parameters L, B and P
are the supergalactic longitude and latitude, and PA, re-
spectively.

Equations (1) and (2) give two solutions for a galaxy.
The reason for this is the approaching and receding sides
of a galaxy, which cannot be identified in our database.
Therefore, there are four solutions for the preferred align-
ments of a galaxy: two each for angular momentum vec-
tors and their projections. We count all these possibilities
independently in the analysis.

3.2 Expected Distribution: Numerical Simulation

Aryal & Saurer (2000) performed random simulations
imposing various types of selections in the database and
concluded that any selections can cause changes in the
expected isotropic distribution curves for both angular
momentum vectors (polar angles) and their projections
(azimuthal angles). We noticed the following selection
effects in our database: (1) the positions of galaxies in
the clusters are inhomogeneous; (2) the PAs of face-on
cases (¢ ~ 0°) are mostly unknown and (3) a deficiency
in high inclination ( ~ 90°) galaxies. We perform the
random simulation method proposed by Aryal & Saurer
(2000) in order to find expected isotropic distribution
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Table 1 Database of six clusters that have multiple number-density peaks in 1D-3D maps (HL). The first column lists the Abell
name followed by its position (Abell et al. 1989). The fourth-eighth columns give BM type cluster morphology (Bautz & Morgan
1970), mean radial velocity (¢z), velocity dispersion (o), and number (V) of galaxies in the cluster and its morphology, as given

in HL.
Abell R.A. Dec. BM-type cz oy N Morphology
(J2000) (J2000) (kms~1) (kms—1)

(6] 2 3 “ ® (6) @) ®)
S1171 00"01™21.70° 27°32/18.0" | 8377 646 42 Spherical
S0001 00P02™33.93° 30°44/06.2" I 8815 577 51 Elongated
A1035 10"32m14.16° 40°14'49.2" TI-11T 21753 1825 97 Spherical
Al373 11h45m30.95° 02°27'12.9" I 37595 1768 48 Elongated
Al474 12h07™57.20° 14°57'18.0” 1 24151 714 60 Elongated
A4053 23h54m45.39¢ 27°40'52.8" I 20691 1366 76 Elongated

curves (6 and ¢) by removing the above mentioned se-
lection effects. We apply the cosmological principle by
assuming an isotropic distribution of angular momentum
vectors for 107 virtual galaxies and use Equations (1) and
(2) in the random simulation. Therefore, the inclination
angle (7) and latitude (B) are distributed as o sin¢ and
o cos B, respectively and the variables longitude (L) and
PA are distributed randomly (Aryal & Saurer 2000).

3.3 Statistical Tests

We apply chi-square, autocorrelation, Fourier
(Godlowski 1993), Kolmogorov-Smirnov (K-S) (Press
et al. 1992) and Kuiper-V (Kuiper 1960) tests to dis-
criminate anisotropy from isotropy in the observed and
expected distributions. Details about these statistical
tests are given in the appendix of Aryal et al. (2007).
The limits for anisotropy are as follows:

— chi-square probability (P(> x?)) < 0.050,

— autocorrelation coefficient (C/C(c)) > 1,

— first order Fourier coefficient (A11/0(Aq71)) > 1,
— Fourier probability (P(> A;)) < 0.150,

- K-S=1,

— Kuiper-V =1.

In the last two statistical tests, the null hypothesis
(isotropy) is represented by “0” which is not rejected at
the chosen significance level, whereas the value “1” des-
ignates that the null hypothesis is rejected (anisotropy).

The first order Fourier coefficient (A7) provides
information regarding preferred alignments. A positive
(negative) value of first order Fourier coefficient (A1)
in the O-distribution suggests that the angular momen-

tum vectors of galaxies tend to orient parallel (perpen-
dicular) with respect to the reference coordinate system.
Similarly, a positive (negative) Ay in the ¢-distribution
indicates that the projections of angular momentum vec-
tors of galaxies in the galactic (G) or supergalactic (S)
planes tend to point radially (tangentially) towards the
center of the reference coordinate system.

4 RESULTS

Table 2 shows the values of statistical parameters with re-
spect to galactic (G) and supergalactic (S) coordinate sys-
tems. In this section we discuss polar (¢) and azimuthal
(@) angle distributions of galaxies in each cluster sepa-
rately.

4.1 Abell S1171

Abell S1171 is the spherically shaped nearby (¢z =
8377kms ') cluster in our database (Table 1). HL no-
ticed that a few galaxies have large velocity deviations
(cz — €2 ~1400kms~1) from the cluster’s main body
(cz ~ 8400kms~1t). The position and radial velocity
(cz) distributions of member galaxies show a bimodal
velocity distribution (Fig. 1(a)). A large number of sub-
structures with central condensation can be seen in the
number density map (Fig. 2(b)).

Figure 1 (c) and (d) shows the polar (f) and az-
imuthal angle (¢) distributions of member galaxies in
S1171. The solid and dashed curves represent the ex-
pected isotropic distribution curves obtained from ran-
dom simulation. The polar angle, # = 0° (90°) corre-
sponds to the angular momentum vector that tends to
lie parallel (perpendicular) to the galactic/supergalactic
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Fig.1 (a) Distribution of galaxies in Abell S1171. The galaxies having radial velocity (cz) < (>) ¢z of the cluster are represented
by solid (hollow) circles. The dashed line and an arrow represent the average distribution of cz of galaxies and the cluster ¢z
respectively. (b) Number density map: the member galaxies are represented by dots and the number density contours are overlaid.
The cross and thick horizontal bar indicate the cluster center and the physical size of 1 Mpc respectively. (c¢) The polar (¢) and (d)
azimuthal (¢) angle distributions of galaxies with respect to the G- (solid line) and S- (dashed line) coordinate systems. The cosine
and average distributions (dotted line) are shown for the comparison. The statistical +1¢ error bars are shown for the observed

counts.

plane. All six statistical parameters suggest isotropy in
the 6O-distribution (see Table 2). No preferred align-
ment of angular momentum vectors of galaxies is ob-
served with respect to the G- and S-coordinate systems.
Therefore, a random orientation of angular momentum
vectors of galaxies is noticed in the cluster.

In the ¢-distribution, 0° corresponds to the projec-
tions of angular momentum vectors that tend to point
radially towards the center of the reference coordinate
system (center of the Milky Way in G-system and Virgo
Cluster center in S-system). No humps or dips are ob-
served in Figure 1 (d), suggesting no preferred align-

ments. It can be concluded that the galaxies with a large
velocity dispersion cause the cluster to be dynamically
unstable as discussed by Godlowski (2011b).

4.2 Abell S0001

HL noticed substructures in 2D and 3D number density
maps. A low-velocity tail at cz ~ 7800kms~! which
is far from the mean radial velocity of the cluster can
be seen in Figure 2 (a). Figure 2 (b) shows two widely
separated local minima, which strongly suggest that the
cluster might not be in dynamical equilibrium.
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Fig.2 The cluster Abell SO001: (a) the scatter plot, (b) number density map, (c) 6 and (d) ¢ distributions of galaxies. Symbols and
explanations are the same as in Fig. 1.

Table 2 Statistical values for both 6 and ¢ distributions. The Abell number of the cluster, values of chi-square probability (P (>
XQ)) and autocorrelation coefficients (C/C(o)) are given in the first three columns. The fourth-seventh columns list the values of
first order Fourier coefficient A1; /0 (A11), first order Fourier probability P(> A1), and the results of K-S and Kuiper-V tests,

respectively.

Abell P(>x?) C/C(o) A11/o(A11) P(> Ay) K-S Kuiper-V
G/S G/S G/S G/S G/S G/S
(€] (@) 3 “ ® 6) (@)
Polar Angle
S1171 0.959/0.820 -0.5/+0.1 +0.0/-0.6 0.999 /0.805 0/0 0/0
S0001 0.554/0.779 -0.4/+0.7 -0.6/+1.2 0.798 /0.435 0/0 0/0
1035 0.721/0.795 +0.1/-1.0 +0.4/-0.5 0.864 /0.868 0/0 0/0
1373 0.495/0.553 +0.7/-0.9 -0.2/-0.2 0.796 / 0.964 0/0 0/0
1474 0.012/0.610 —-1.8/+0.2 +1.1/-0.9 0.380/0.501 0/0 0/0
4053 0.718 /0.937 -1.3/+0.1 -0.4/-0.6 0.900/0.825 0/0 0/0
Azimuthal Angle
S1171 0.264/0.759 +0.1/-0.2 +2.0/-0.4 0.141/0.903 0/0 0/0
S0001 0.267/0.914 —0.8/-0.1 -1.8/+0.3 0.185/0.928 0/0 0/0
1035 0.851/0.154 +0.4/-1.7 -1.5/-0.2 0.296 /0.883 0/0 0/0
1373 0.041/0.964 +0.7/0.1 —2.0/+0.1 0.019/0.980 0/0 0/0
1474 0.000/0.271 -0.7/-0.2 +0.9/+0.6 0.118/0.646 0/0 0/0
4053 0.064 /0.104 —-0.6/-0.7 -2.2/-1.2 0.095/0.333 0/0 0/0
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Fig.3 The cluster Abell A1035: (a) the scatter plot, (b) number density map, (c) 6 and (d) ¢ distributions of galaxies. Symbols

and explanations are the same as in Fig. 1.

All six statistical parameters show isotropy in both
the - and ¢-distributions (Table 2). A very good cor-
relation between the expected and observed distribution
can be seen in the histograms (Fig. 2(c),(d)), suggesting
a random orientation of angular momentum vectors of
galaxies. No preferred alignments of angular momentum
vectors of galaxies in the cluster Abell SO001 are found.

4.3 Abell 1035

This cluster has the largest velocity dispersion with two
subclusterings along north and south (Fig. 3(a),(b)). HL
found substructures in all maps (1D, 2D and 3D), sug-
gesting a large but unequal velocity dispersion caus-
ing it to be dynamically unstable. Using a photometric
database (Lauberts 1982), Aryal & Saurer (2006) studied
the preferred alignments in this cluster and found that
the angular momentum vectors of galaxies tend to lie in
the Local Supercluster (LSC) plane, supporting the pan-
cake model (Doroshkevich 1973) of galaxy formation.

HL found that the angle between rotation axes and the
LSC plane is about 56°, suggesting a bimodal distribu-
tion.

In the present study we used spectroscopic databases
(SDSS and 2dFGRS) and verified the prediction made by
HL by observing a significant hump at 35°(> 1o) in the
f-distribution (Fig. 3(c)), supporting a bimodal distribu-
tion: angular momentum vectors of galaxies tend to lie
both parallel and perpendicular with respect to the plane
of the Milky Way. In the ¢-distribution, isotropy is no-
ticed (Fig. 3(d)), suggesting that the choice of coordinate
system is independent of preferred alignments.

4.4 Abell 1373

37595kms™ 1)
with bimodal velocity distribution spatially separated by

This cluster is the most distant (¢z

the rotation axes (Fig. 4(a)). The number density map is
similar to that of the cluster Abell 1035, i.e., substructure
is seen in 1D-3D (HL).



S. N. Yadav, B. Aryal & W. Saurer: Preferred Alignments of Galaxies in Six Clusters

11“4§"‘005 « (J2000) 11"44™00°

64-7

cz=237595 kms™
(e =1768kms'1 A1373 10 + h
’ o® (a)
5 o _ :
S —_—
& °.go o© E
? ® o &%: £
® 2o ]
g . %
S ° ° 3 3 ]
| l 112w
: T1 3
2 ....... T R el O E 0 ]
™ < 10
TEUE RiCkms) ® 0 RA@romin 00
(@) (b)
AI3T3 e obs(G) A1373 e obs(G)
—exp(G)
o obs(S)
T ---ep(S) | wf
20}
15} i
8
;
5~ (C)

00 polar angle (6) 3
©

9 90 azimuthal angle (¢) 0

(d)

Fig.4 The cluster Abell A1373: (a) the scatter plot, (b) number density map, (c) 6 and (d) ¢ distributions of galaxies. Symbols

and explanations are the same as in Fig. 1.

All statistical tests suggest isotropy in both the #- and
¢-distributions, advocating the hierarchy model (Peebles
1969) of galaxy evolution. In the #-distribution, a signif-
icant hump at 75° (> 1.50) can be seen (Fig. 4(c)). In
addition, a dip at 45° (~ 1.50) is followed by the hump.
Therefore, a local tidal effect, probably due to substruc-
ture formation, is noticed. In the ¢-distribution, a hump
at 85° (> 20) and dips at 65° (~ 1.50) and 75° (~ 1.50)
support the local effect (Fig. 4(d)).

4.5 Abell 1474

Einasto et al. (2001) studied the Virgo-Coma
Supercluster and concluded that Abell 1474 is a
member cluster of that supercluster. HL noticed three
substructures in the number density map (Fig. 5(b)),
suggesting a dynamically unstable rotating cluster which
is not in dynamical equilibrium because of a large value
of ¢z—o,.

The chi-squared and autocorrelation tests show
anisotropy in the 6-distribution, whereas isotropy is no-
ticed in the Fourier, K-S and Kuiper-V tests. A hump
at 25° (~ 20) and a dip at 45° (1o) suggest a local
tidal effect because of the subclustering (Fig. 5(c)). In
the ¢-distribution, significant humps at —45° (20) and
90° (1.50) support it (Fig. 5(d)). Therefore, the spatial
orientation of galaxies in the cluster Abell 1474 shows a
weak preference in the alignments.

4.6 Abell 4053

Porter & Raychaudhury (2005) reported that the cluster
A4053 is a member of the Pisces-Cetus Supercluster. HL
found that the cluster shows substructures in 1D and 3D
maps. The number density map (Fig. 6(b)) shows elon-
gation along the north-east and south-west directions.

In the histogram of polar () angle distribution, a
good agreement between the expected and observed dis-
tribution is noticed, suggesting no preferred alignments
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Fig.5 The cluster Abell A1474: (a) the scatter plot, (b) number density map, (c) 6 and (d) ¢ distributions of galaxies. Symbols

and explanations are the same as in Fig. 1.

(Fig. 6(c)). All statistical tests support this. In the ¢-
distribution, humps (—70°, 50°) and dips (—20°,20°)
at the 1.50 level are significant (Fig. 6(d)), suggesting
anisotropy. Statistical tests support this result. Therefore,
projections of angular momentum vectors of galaxies in
A4053 tend to be oriented perpendicularly towards the
plane of the Milky Way, whereas no preference is no-
ticed with respect to the Virgo Cluster center. Therefore,
a local effect cannot be ruled out in a cluster which has
multiple number-density peaks and a large value of ve-
locity dispersion.

5 CONCLUSIONS

The preferred alignments of angular momentum vec-
tors of galaxies in six clusters having multiple number-
density peaks with a spatial segregation of high- and low-
velocity galaxies are studied. We adopted the ‘position
angle - inclination’ method (Flin & Godlowski 1986)
to compute 3D parameters (polar and azimuthal angles

of galaxy rotation axes) using 2D observed parameters
(e.g., positions, diameters, PA). To remove selection ef-
fects from the database, a numerical simulation is per-
formed, as proposed by Aryal & Saurer (2000). The ob-
served and expected isotropic distributions are compared
using five statistical tests, namely chi-square, autocorre-
lation, Fourier, K-S and Kuiper-V.

In general, no preferred alignment is noticed for all
six clusters, supporting the hierarchy model as predicted
by Peebles (1969). However, local effects are noticed in
the clusters that have substructures in 1D, 2D and 3D
analysis (HL). Therefore, a large value of velocity disper-
sion with substructures in the clusters does not lead their
galaxies to support the pancake (Doroshkevich 1973) or
primordial vorticity theory (Ozernoi 1978). A very good
correlation between the hierarchy (Peebles 1969) and Li
model (Li 1998) is found, as in our previous work (Aryal
et al. 2013). Therefore, vanishing angular momenta favor
the formation of substructures in clusters that have large
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Fig.6 The cluster Abell A4053: (a) the scatter plot, (b) number density map, (c) 6 and (d) ¢ distributions of galaxies. Symbols

and explanations are the same as in Fig. 1.

velocity dispersion. The preferred alignment is found to
increase with richness of the cluster. Therefore, it can
be interpreted as an effect from the mechanism of tidal
forces (Heavens & Peacock 1988; Catelan & Theuns
1996; Stephanovich & Godtowski 2015), but also is in
agreement with the Li (1998) model in which galaxies
form in the rotating universe.

Tidal torque naturally arises in the hierarchical clus-
tering scenario and hence the distribution of angular mo-
mentum vectors of galaxies becomes random. However,
a tidal torque shear tensor (due to the effect of gravity)
can cause a local preference in angular momentum vec-
tors as predicted by Lee (2004) and Trujillo et al. (2006).
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