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ABSTRACT

We present the results of a search for galaxy clusters that show an indication of global rotation using a spectroscopic
sample of galaxies in SDSS and 2dFGRS. We have determined the member galaxies of 899 Abell clusters covered by
these surveys using the galaxies’ redshift and positional data and have estimated the ratio of the cluster rotation
amplitude to the cluster velocity dispersion and the velocity gradient across the cluster. We found 12 tentative rotating
clusters with large ratios of rotation amplitude to dispersion and large velocity gradients. We determine the morpho-
logical parameters for these 12 clusters using the positional information on the member galaxies: the ellipticity of the
dispersion ellipse is in the range 0.08Y0.57, and the position angle of its major and minor axes does not appear to be
related to that of the rotation axis. We investigate the substructures in the sample of tentative rotating clusters, finding
from Dressler-Shectman plots that the majority (9 out of 12) show evidence of substructure due to spatially correlated
galaxy velocities. We have selected six probable rotating clusters (Abell 954, 1139, 1399, 2162, 2169, and 2366) that
show a single number-density peak around the cluster center with a spatial segregation of high- and low-velocity
galaxies. We find no strong evidence of recent mergers for the probable rotating clusters: they do not deviate signif-
icantly from the relation between X-ray luminosity and the velocity dispersion or virial mass of the clusters, and in two
(Abell 954 and Abell 1399), the brightest cluster galaxies have small values of peculiar velocity and clustercentric
distance.

Subject headinggs: galaxies: clusters: general — galaxies: kinematics and dynamics

Online material: color figures

1. INTRODUCTION

Global rotation has been suggested to exist in several galaxy
clusters (e.g.,Materne&Hopp 1983; Oegerle&Hill 1992;Dupke
& Bregman 2001b), but there is still no conclusive evidence
of cluster rotation. There are two kinds of objects to consider
in this regard: the intracluster medium (ICM) and the galaxies
themselves.

For the ICM, recent studies have searched for bulk motions
or a velocity gradient in several clusters using data from the Ad-
vanced Satellite for Cosmology and Astrophysics (ASCA) and
from Chandra. Dupke & Bregman (2001a, 2001b) directly de-
tected, for the first time, ICM bulk motions in the outer regions
of the Centaurus (Abell 3526) and Perseus (Abell 426) clusters
using ASCA data. Later, Dupke & Bregman (2005) identified
two more clusters (Abell 576 and RX J0419.5þ0225) that had
themost significant velocity gradients among 12 clusters for which
velocity mapping could be performed with useful precision in the
ASCA archive. Recently, Dupke & Bregman (2006) measured a
velocity difference of (2.4 � 1.0) ; 103 km s�1 for opposing re-
gions around the center of the ICM in the Centaurus Cluster using
Chandra data. If this velocity difference is due to the circulation of
gas around the cluster center, then the corresponding circular ve-
locity would be as large as (1.2 � 0.7) ; 103 km s�1.

For galaxies in clusters, global velocity gradients suggestive
of cluster rotation have been detected in some cases (Materne
& Hopp 1983; Biviano et al. 1996; den Hartog & Katgert 1996;
Burgett et al. 2004). Den Hartog&Katgert (1996) found 13 clus-
ters that showed significant velocity gradients, in the range 240Y
1230 km s�1 Mpc�1, among 72 clusters. Burgett et al. (2004)
reported three clusters (Abell 1139, 1663, and S333) that exhibit
velocity-position characteristics consistent with the presence of
possible cluster rotation, shear, or infall dynamics. Up to now,

there has been only one galaxy cluster for which the global rota-
tion of galaxies was studied in detail: Abell 2107. Oegerle &Hill
(1992) found from an analysis of 75 member galaxies that Abell
2107 appears to be a regular cluster (single-peaked galaxy distri-
bution, regular X-ray morphology, and Gaussian velocity histo-
gram) but has spatially correlated velocities of galaxies (high- and
low-velocity galaxies are segregated spatially). They concluded
that the spatial distribution of the galaxy velocities is consistent
with the rotation of a single cluster at the 98% confidence level.
Recently, Kalinkov et al. (2005) suggested that the virial mass of
Abell 2107, as determined in their study, should be corrected from
(3.2 � 0.6) ; 1014 M� to (2.8 � 0.5) ; 1014 M� because of the
cluster rotation.
Theoretically, a galaxy cluster is expected to acquire angular

momentum through an off-axis merger or from global rotation of
the universe. First, off-axis merging between two clusters is ex-
pected to provide angular momentum to the clusters, resulting in
rotating clusters (Ricker 1998; Takizawa 2000; Ricker & Sarazin
2001; Pawl et al. 2005). According to models of this process, the
global rotation of the ‘‘collisional’’ ICM that originates inmergers
survives longer than that of ‘‘collisionless’’ galaxies in clusters
(Roettiger & Flores 2000). Therefore, it is expected to be more
difficult to detect the global rotation of galaxies than that of the
ICM. Second, global rotation of the universe may provide angu-
lar momentum to celestial bodies upon their formation, resulting
in rotating systems (Li 1998). The Li model explains the empir-
ical relation between the angular momenta and the masses of gal-
axies. Later, Godyowski et al. (2003) showed that the Li model
predicts the presence of a minimum (i.e., vanishing angular mo-
mentum) in the relation between the angular momenta and the
masses of celestial bodies. This prediction was observationally
tested (Godyowski et al. 2005); vanishing angularmomenta for the
masses corresponding to galaxy groups and nonvanishing angular
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momenta for smaller and larger structures (compact groups and
rich galaxy clusters) were found. However, the nonvanishing an-
gular momenta for galaxy clusters were found indirectly, based on
the study of the galaxy orientations. Therefore, it is necessary to
probe the angular momenta of galaxy clusters directly based on
dynamical analysis.

Recently, galaxy redshift surveys such as the Sloan Digital
Sky Survey (SDSS; York et al. 2000) and the 2dF Galaxy Red-
shift Survey (2dFGRS; Colless et al. 2001) have provided red-
shift data for large samples of galaxies. By identifying member
galaxies in clusters using these redshift and positional data, we can
search for the global rotation of galaxies in clusters for a large
sample of galaxy clusters.

In this paper, we present the result of such a search for galaxy
clusters that show an indication of global rotation, using a spec-
troscopic sample of galaxies in SDSS and 2dFGRS. Section 2 de-
scribes the galaxy sample and the cluster sample. The algorithm
for identifying tentative rotating clusters and the results are pre-
sented in x 3. Analysis of the cluster morphology and substruc-
ture for tentative rotating clusters is given in x 4. A detailed analysis
of the individual clusters is presented in x 5.We discuss the prop-
erties of the probable rotating clusters in x 6. A summary of this
study is given in the final section. Throughout, we adopt cosmo-
logical parameters h = 0.7, �� = 0.7, and �M = 0.3.

2. DATA

We used data from the spectroscopic sample of galaxies in the
SDSS Fifth Data Release1 and in the 2dFGRS Final Data Release
(Colless et al. 2001). SDSS Data Release 5 contains five-band
(ugriz) photometric data for 215 million objects over 8000 deg2

and optical spectroscopic data for 1 million galaxies, quasars,
and stars over 5740 deg2. We used the spectroscopic sample of
674,000 galaxies for this study. The median redshift for this
spectroscopic sample is 0.11. The redshifts were measured from
the spectra, covering 3800Y9200 8, with an uncertainty of
�30 km s�1. A redshift confidence parameter (zConf ) is as-
signed from 0 to 1 in the SDSS catalogs. We used only those
galaxies with zConf � 0.65.

The 2dFGRS contains spectra for nearly 246,000 galaxies se-
lected in the photographic bJ band from the APMgalaxy catalog.
The survey covers over 2000 deg2, and the median redshift for
the sample of galaxies is similar to that of SDSS. The redshift
measurements are from spectra covering 3600Y8000 8, and a
redshift quality parameter Q is assigned in the range 1Y5. The
redshift measurements with Q � 3 are 98.4% reliable and have
an overall rms uncertainty of �85 km s�1. We used only the gal-
axies with Q � 3 in this study.

Since some galaxies are covered in both SDSS and 2dFGRS,
we matched the galaxies found in SDSS with those in 2dFGRS
to make a master catalog. The mean difference in radial velocity
�v (=vSDSS � v 2dFGRS) between the SDSS and 2dFGRS mea-
surements for the 31,300 matched galaxies is �13 km s�1. We
corrected the SDSS velocities by this mean difference and used
the average value of the velocities measured in SDSS and in
2dFGRS for further analysis.

We used the Abell catalog of galaxy clusters (Abell et al. 1989)
to find the clusters in the survey data. Among the Abell clusters,
we selected those that have known spectroscopic redshifts in the
NASA/IPACExtragalactic Database (NED). Finally, we selected
899 clusters located within the survey regions of SDSS and
2dFGRS as a sample for further analysis.

3. IDENTIFICATION OF CANDIDATE
ROTATING CLUSTERS

We applied the following procedure to identify the rotating-
cluster candidates in SDSS and 2dFGRS:

1. In order to select member galaxies in the target clusters, we
used the ‘‘shifting gapper’’ method of Fadda et al. (1996). In a
plot of radial velocity versus clustercentric distance of galaxies
for a given cluster, we selected galaxies as cluster members using
a velocity gap of 950 km s�1 and a distance bin of 0.2Mpc shift-
ing along the distance from the cluster center. We used a larger
bin width if the number of galaxies in a bin was less than 15. We
applied this method to the galaxies within the radius at which the
distance between adjacent galaxies is larger than 0.1 Mpc. We
iterated the procedure until the number of cluster members sta-
bilized. Finally, we selected 56 galaxy clusters in which the num-
ber of member galaxies is greater than or equal to 40 for further
analysis.

2. To investigate the global rotation of the clusters, we fitted
the observed radial velocities vp of the cluster galaxieswith a func-
tion of position angle,

vp(�) ¼ vsys þ vrot sin (���0); ð1Þ

where � is the projected position angle of a galaxy relative to
the cluster center (measured from north to east), �0 is the pro-
jected position angle of the rotation axis of the cluster, vrot is the
rotation amplitude, and vsys is the systemic velocity of the gal-
axy cluster.

Similarly, the effect of the global rotation of galaxy clusters can
appear as a velocity gradient across the cluster. To investigate the
global velocity gradient, we fitted the observed radial velocities of
the cluster galaxies with a function of position on the plane of the
sky,

vp(X ; Y ) ¼ vsys þ
@v

@X
X þ @v

@Y
Y ; ð2Þ1 The details of Data Release 5 can be found on the SDSS Web site (http://

www.sdss.org /dr5).

Fig. 1.—Velocity dispersions of galaxy clusters vs. (a) ratio of the absolute
value of rotation amplitude to the velocity dispersion and (b) the global velocity
gradient. Histograms for the ratios and velocity gradients are shown in (c) and
(d ), respectively. The dotted vertical lines indicate the adopted selection criteria
for the tentative rotating cluster candidates. Stars represent A2107, known as a
probable rotating cluster.
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where X and Y are clustercentric distances in the direction of right
ascension and declination, respectively. We fitted the observed
radial velocities of cluster galaxies using equations (1) and (2),
with vsys as a fixed value of the mean radial velocity of cluster gal-
axies (the biweight location of Beers et al. 1990).

In Figure 1, we plot the velocity dispersions (the biweight scale
of Beers et al. 1990) of galaxy clusters as a function of |vrot|/�p, the
ratio of the absolute value of the rotation amplitude to the veloc-
ity dispersion (left), and as a function of dv/dr � [(@v/@X )2 þ
(@v/@Y )2]1/2, the global velocity gradient (right). Figure 1 shows
that there are four clusters (A1035, A1373, A2034, and A4053)
that have unusually large velocity dispersions (>1300 km s�1),
while the majority of clusters lie in the range 290 km s�1 < �p <
1050 km s�1. The large velocity dispersions of these four clusters
might be related to the superposition or interaction of two clusters
with slightly different systemic velocities (discussed in x 5).

It is expected that a rotating cluster will have a large ratio of
the absolute value of rotation amplitude to the velocity dispersion
|vrot|/�p and exhibit a large global velocity gradient dv/dR across
the cluster. Therefore, among the 56 selected galaxy clusters,
we selected 12 tentative rotating clusters for which |vrot|/�p is
greater than 0.53 and dv/dR is greater than 380 km s�1 Mpc�1.
We chose these critical values because the estimated values of
the rotation amplitudes of the clusters that lie above these val-
ues are larger than�2 �. In addition, dips are seen at the critical
values in both Figures 1c and 1d, implying that a segregation
between the rotating and nonrotating clusters might exist, al-
though it is not known whether or not there is a discrete bound-
ary in rotation amplitude between the rotating and nonrotating
clusters. These selection criteria are represented by dotted ver-
tical lines in Figure 1. For comparison, we also plot the data for
Abell 2107 (stars), which is known probably to be rotating
(Oegerle & Hill 1992; Kalinkov et al. 2005). It can be seen that
Abell 2107 also satisfies our selection criteria for tentative rotating
clusters.

Table 1 lists the tentative rotating clusters with Abell identi-
fication, right ascension and declination, Bautz-Morgan (B-M)
type, the redshift derived in this study, the velocity dispersion
derived in this study, the number of member galaxies, the X-ray
luminosity, and references for the latter. The sample of tentative
rotating clusters are found from z = 0.028 to z = 0.125 and have
41Y122 member galaxies. There are seven clusters for which

X-ray luminosities have been estimated, and six clusters of Bautz-
Morgan type III.
The rotational properties derived using equations (1) and (2)

are summarized in Table 2. The first column gives the Abell
identification. The second and third columns represent, respec-
tively, the position angle of the rotation axis and the rotation
amplitude derived using equation (1). The ratio of the absolute
value of the rotation amplitude to the velocity dispersion, |vrot|/�p,
is shown in the fourth column. The fifth column gives the position
angle defined by�1 = tan�1 [(@v/@Y )/(@v/@X )] � �/2. The final
column gives the global velocity gradient derived using equa-
tion (2). The uncertainties on these values represent 68% (1 �)
confidence intervals. We computed the uncertainties using 1000
artificial data sets constructed by randomly choosing cluster gal-
axies up to the number of cluster members in the real data. The
fitting procedure is performed on the 1000 trial data sets, the re-
sults are sorted, and the values corresponding to the 16th and the
84th percentiles are identified. The uncertainties are defined
as the offsets between these values and the values computed using
the real data. In Table 2, there are two clusters (A1035 andA1373)
that have unusually large rotation amplitudes (>1300 km s�1)
and velocity gradients (>1900 km s�1 Mpc�1), due to the super-
position of two disparate groups (discussed in x 5). The other

TABLE 1

The Sample of Tentative Rotating Clusters

Cluster

R.A.

(J2000)

Decl.

(J2000)

B-M

Type

cz

( km s�1)

�p
( km s�1) Ngal

LX(0.1Y2.4 keV)a

(1044 ergs cm�2 s�1)

X-Ray

Reference

S1171 .................... 00 01 21.70 �27 32 18.0 II 8377þ178
�117 646þ168

�166 42 . . .

S0001 .................... 00 02 33.93 �30 44 06.2 I 8815þ142
�128 577þ71

�99 51 . . .

A954...................... 10 13 44.81 �00 06 31.0 . . . 28459þ108
�98 801þ64

�59 67 0.70 1

A1035.................... 10 32 14.16 40 14 49.2 IIY III 21753þ188
�208 1825þ82

�81 97 0.92 2, 3

A1139.................... 10 58 10.39 01 35 11.0 III 11849þ48
�45 491þ37

�36 122 0.09 1, 2, 3, 4

A1373.................... 11 45 30.95 �02 27 12.9 III 37595þ317
�261 1768þ120

�124 48 . . .

A1399.................... 11 51 10.78 �03 01 41.3 III 27267þ48
�46 289þ41

�39 41 . . .

A1474.................... 12 07 57.20 14 57 18.0 III 24151þ105
�101 714þ49

�45 60 0.03 3

A2162.................... 16 12 30.00 29 32 23.0 IIY III 9653þ68
�64 416þ33

�32 41 0.01 3

A2169.................... 16 14 09.60 49 09 10.8 III 17343þ63
�58 499þ39

�39 71 0.45 2, 3

A2366.................... 21 42 50.41 �06 52 15.0 IY II 15914þ103
�95 604þ56

�53 41 0.05 3

A4053.................... 23 54 45.39 �27 40 52.8 III 20691þ203
�184 1366þ149

�143 76 . . .

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a X-ray luminosities from Ledlow et al. (2003) are in the 0.5Y2.0 keV band.
References.—(1) Böhringer et al. 2004; (2) Ebeling et al. 2000; (3) Ledlow et al. 2003; (4) Böhringer et al. 2000.

TABLE 2

Kinematic Properties of the Tentative Rotating Clusters

Cluster

�0

(deg)

vrot
( km s�1) |vrot|/�p

�1

(deg)

dv/dR

( km s�1 Mpc�1)

S1171 ................ 11þ22
�24 408þ135

�124 0.63þ0:17
�0:14 1þ19

�23 1066þ229
�206

S0001 ................ 173þ13
�15 394þ83

�78 0.68þ0:12
�0:10 144þ25

�19 468þ138
�120

A954.................. 103þ13
�17 446þ145

�133 0.56þ0:18
�0:16 100þ14

�27 402þ185
�162

A1035................ 268þ11
�9 1345þ184

�177 0.74þ0:09
�0:09 264þ10

�9 2545þ414
�394

A1139................ 37þ13
�11 288þ52

�48 0.59þ0:10
�0:10 40þ9

�9 464þ65
�63

A1373................ 155þ11
�12 1486þ290

�262 0.84þ0:15
�0:13 149þ15

�17 1923þ448
�345

A1399................ 207þ27
�19 195þ62

�58 0.67þ0:15
�0:14 186þ29

�14 418þ151
�108

A1474................ 268þ15
�11 472þ129

�120 0.66þ0:16
�0:16 262þ8

�8 789þ193
�175

A2162................ 359þ20
�20 227þ80

�76 0.55þ0:18
�0:17 351þ25

�32 426þ177
�155

A2169................ 342þ19
�22 277þ61

�61 0.56þ0:11
�0:11 23þ13

�16 403þ124
�101

A2366................ 309þ19
�17 346þ147

�142 0.57þ0:21
�0:22 300þ19

�30 788þ376
�327

A4053................ 282þ14
�16 829þ204

�181 0.61þ0:12
�0:12 269þ15

�12 1079þ217
�185
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10 clusters have rotation amplitudes in the range 190 km s�1 <
vrot < 830 km s �1 and velocity gradients in the range 400 km s�1

Mpc�1 < dv/dR < 1080 km s�1 Mpc�1.
Figure 2 shows plots of radial velocity versus clustercentric

distance of galaxies and the velocity distributions for the 12 ten-
tative rotating clusters. In Figure 3, we show the spatial distribu-
tion of cluster galaxies with measured velocity. For most of the
clusters, the galaxies whose velocities are greater than the sys-
temic velocity of the cluster (open circles) and the galaxies whose
velocities are less than this ( filled circles) are spatially well sepa-
rated by the rotation axis (Y1 or Y2). Interestingly, the position
angles of the rotation axes, Y1 (determined from eq. [1]) and Y2
(determined from eq. [2]), coincide well (the difference between

Y1 and Y2 is less than 20
�
) for all but three clusters (S0001,

A1399, and A2169).
We plot the radial velocities as a function of projected distance

along the direction perpendicular to the position angle (�0) of
rotation axis Y1 in Figure 4. Velocity gradients along the X1 axis
are marginally seen in some clusters (A1035, A1373, A1474,
and A2162) but not clearly seen in the others.

4. GLOBAL CLUSTER PROPERTIES

4.1. Cluster Morphology

In order to identify the connection between cluster morphol-
ogy and cluster dynamics, it is useful to determine the ellipticity

Fig. 2.—Radial velocity vs. clustercentric distance of galaxies and the velocity distribution for our 12 tentative rotating clusters. Filled circles indicate the galaxies selected
as clustermembers, while open circles are the galaxies not selected as clustermembers. The horizontal dot-dashed lines indicate the systemic velocity of the clusters determined
in Table 1. The velocity distributions for the member galaxies are shown by hatched histograms, and those for the all of the observed galaxies by open histograms.
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Fig. 3.—Spatial distribution of cluster galaxies with measured velocities in the 12 tentative rotating clusters. The cluster galaxies whose velocities are greater than the
systemic velocity of their cluster are plotted with open circles, while those whose velocities are less than the systemic velocity are shown by filled symbols. The symbol size is
proportional to the velocity deviation. The observed galaxies are represented by dots. The position angles,�0 and�1, derived using eqs. (1) and (2) are represented by arrows
(axes Y1 and Y2). The axis perpendicular to the position angle of rotation axis Y1 is shown as X1. The dashed ellipses indicate the (twice enlarged) dispersion ellipse, and
dashed lines denote the major and minor axis of the dispersion ellipse, respectively. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Radial velocities of cluster galaxies as a function of projected distance along axis X1 shown in Fig. 3. Open squares indicate the mean radial velocity of
cluster galaxies in distance bins represented by the horizontal error bars. The vertical error bars denote the velocity dispersion of galaxies in each distance bin. [See
the electronic edition of the Journal for a color version of this figure.]



and the orientation of a cluster using the spatial distribution of
the selectedmember galaxies. To determine the cluster shape, we
employ the dispersion ellipse of the bivariate normal frequency
function of position vectors (see, e.g., Trumpler &Weaver 1953;
Carter & Metcalfe 1980; Burgett et al. 2004). The dispersion
ellipse is defined by Trumpler &Weaver (1953) as the contour at
which the density is 0.61 times the maximum density of a set of
points distributed normally with respect to two correlated vari-
ables, although the points need not be distributed normally in
order to determine the proper cluster shape. From the first five
moments of the spatial distribution,

�10 ¼
1

N

XN
i¼1

Xi; �01 ¼
1

N

XN
i¼1

Yi; ð3aÞ

�20 ¼
1

N

XN
i¼1

X 2
i �

�
1

N

XN
i¼1

Xi

�2
; ð3bÞ

�11 ¼
1

N

XN
i¼1

XiYi �
1

N 2

XN
i¼1

Xi

XN
i¼1

Yi; ð3cÞ

�02 ¼
1

N

XN
i¼1

Y 2
i �

�
1

N

XN
i¼1

Yi

�2
; ð3dÞ

where X and Y are clustercentric distances in the direction of
right ascension and declination, respectively, the semimajor and

semiminor axes of the ellipse, �A and �B, are derived by solving
the equation

�20 � �2 �11

�11 �02 � �2

�����
�����¼ 0: ð4Þ

The position angle of the major axis, measured from north to
east, is given by

�2 ¼ cot�1

�
� �02 � �2

A

�11

�
þ �

2
; ð5Þ

and the ellipticity is defined by

� ¼ 1� �B=�A: ð6Þ

The major and minor axes, position angles, and ellipticities de-
rived for our tentative rotating clusters are listed in Table 3. In-
terestingly, the ellipticities of S0001 (� = 0.52) and A1399 (� =
0.57) are unusually large compared with the other clusters. How-
ever, the ellipticity of S0001 might be uncertain, because no data
are available beyond�300 north of the center of S0001, as seen in
Figure 3.

4.2. Analysis of Substructure

The analysis of substructure is a useful diagnostic tool for un-
derstanding the dynamical state of galaxy clusters. A good discus-
sion of several substructure tests is given by Pinkney et al. (1996).
We have derived number density maps using the spatial position
(two-dimensional; 2D) of member galaxies and performed one-
dimensional (1D) and three-dimensional (3D) substructure tests
for the sample of tentative rotating clusters.

The majority of 1D (velocity histogram) substructure tests are
normality tests. We present the results of five 1D tests for tenta-
tive rotating clusters in Table 4. The values of the I-test (Teague
et al. 1990) are shown in the second and the third columns; I90 is
the critical value (‘‘clRej’’) for rejecting the Gaussian hypothesis
at 90% confidence. Therefore, a velocity distribution is consid-
ered to be non-Gaussian if I > I90. We find that all clusters satisfy
the Gaussian hypothesis using the I-test except S1171 and A4053.

The skewness, which is a measure of the degree of asymmetry
of a distribution, and the confidence level at which it rejects nor-
mality are given in the fourth and fifth columns. Positive or neg-
ative skewness indicates that the distribution is skewed to the right
or left, respectively, with a longer tail to that side the distribution

TABLE 3

Morphological Parameters of the Tentative Rotating Clusters

Cluster

�A

( kpc)

�B

( kpc)

�2

(deg) �

S1171 ................ 537þ47
�43 482þ38

�41 159þ25
�47 0.10þ0:09

�0:09

S0001 ................ 978þ72
�74 465þ66

�62 90þ5
�5 0.52þ0:07

�0:07

A954.................. 993þ74
�71 702þ65

�67 133þ9
�11 0.29þ0:08

�0:08

A1035................ 560þ34
�32 495þ34

�34 100þ28
�20 0.12þ0:08

�0:07

A1139................ 709þ38
�36 620þ37

�38 74þ19
�16 0.13þ0:07

�0:07

A1373................ 689þ61
�56 545þ48

�45 170þ20
�15 0.21þ0:09

�0:10

A1399................ 772þ74
�74 334þ32

�32 138þ5
�5 0.57þ0:06

�0:06

A1474................ 912þ61
�62 563þ45

�43 69þ7
�6 0.38þ0:07

�0:07

A2162................ 502þ51
�47 461þ48

�50 44þ49
�42 0.08þ0:11

�0:09

A2169................ 941þ56
�57 631þ57

�56 58þ9
�8 0.33þ0:07

�0:07

A2366................ 419þ42
�39 324þ37

�36 148þ18
�22 0.23þ0:09

�0:10

A4053................ 1061þ70
�73 676þ56

�53 51þ6
�9 0.36þ0:07

�0:07

TABLE 4

Parameters Testing the Presence of Substructure

Cluster I I90 Skewness clRej Kurtosis clRej AI clRej TI clRej �obs f (�sim > �obs)

S1171 ................... 1.21 1.11 0.96 99.3 �0.45 10.0 0.58 73.0 1.57 98.3 68 0.335

S0001 ................... 0.93 1.09 �0.45 86.3 �0.92 89.9 �0.08 13.0 0.91 53.8 98 0.000

A954..................... 0.97 1.07 �0.29 71.8 �0.64 68.4 �0.44 61.1 0.92 52.8 97 0.006

A1035................... 1.00 1.05 0.34 85.3 �1.24 100.0 1.07 96.4 0.74 99.9 167 0.000

A1139................... 1.02 1.04 �0.18 60.7 0.23 64.1 0.29 42.7 0.94 47.8 206 0.000

A1373................... 0.99 1.10 �0.27 61.9 �1.19 99.3 �0.82 88.9 0.82 87.8 90 0.000

A1399................... 1.07 1.11 �0.50 86.3 0.29 70.8 �0.62 76.2 0.90 52.5 75 0.001

A1474................... 0.95 1.08 0.41 83.3 �1.00 97.0 1.36 99.2 0.73 99.5 84 0.012

A2162................... 0.92 1.11 0.03 6.9 �1.11 95.9 �0.34 48.9 0.86 71.7 42 0.464

A2169................... 1.01 1.07 �0.45 91.1 0.07 48.8 �0.78 86.7 0.88 72.5 120 0.000

A2366................... 0.95 1.11 0.26 57.4 �0.73 56.8 0.63 77.0 0.78 93.9 41 0.707

A4053................... 1.20 1.07 �1.02 99.9 0.57 84.3 �1.59 99.8 0.87 78.6 174 0.000
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maximum. The kurtosis, which is the degree to which a distribu-
tion is peaked, and the confidence level at which it rejects normal-
ity are given in the sixth and the seventh columns. Positive values
indicate pointed or peaked distributions, while negative values in-
dicate flattened or nonpeaked distributions. The skewness test re-
jects a Gaussian distribution with a confidence of over 99% only
for S1171 and A4053, consistent with the result of the I-test. The
kurtosis test rejects the hypothesis of Gaussianity for A1035,
A1373, A1474, and A2162 with confidence of over 95%.

From the eighth to the eleventh column, we present the asym-
metry index (AI) and the tail index (TI) introduced by Bird &
Beers (1993) along with their confidence levels. The AI mea-
sures the symmetry in a population by comparing gaps in the data
on the left and right sides of the sample median, and TI compares
the spread of the data at the 90% level with the spread at the 75%
level. The Gaussian hypothesis for A1035 and A1474 is rejected
by both tests with a confidence level of over 95%.

We have constructed number density contours for the clusters
using different bin sizes of 0.25R ; 0.25R Mpc2 depending on
the cluster size [R = 4(�A�B)

1/2/1.5]. �A and �B are in units of
Mpc, 4 is an arbitrary constant, and 1.5 (Mpc) is a normalization
constant. We have smoothed the contours using a cubic convo-
lution interpolation method. The contour interval, (max density in
cluster)/6, is also determined according to the maximum number
density of the clusters. We plot the number density map in the first
and third columns of Figure 5.

Using the velocity data and positional information for the gal-
axies, we have performed a�-test (Dressler & Shectman 1988),
which computes local deviations from the systemic velocity (vsys)
and dispersion (�p) of the entire cluster. For each galaxy, the de-
viation is defined by

� 2 ¼ Nnn

�2
p

½(v local � vsys)
2 þ (�local � �p)

2�; ð7Þ

where Nnn is the number of galaxies that define the local environ-
ment, taken to be �N1/2

gal in this study. The sum of � over all
galaxies in a cluster,�, is used to quantify the presence of sub-
structure. It is approximately equal to the total number of gal-
axies in a cluster in the case of no substructure, while it is larger
in the presence of substructure.

The statistical significance of the deviation is computed by
Monte Carlo simulations. Velocities are randomly assigned to the
galaxies at their observed positions, and �sim is computed for
each simulated cluster. We construct 1000 simulated clusters
and compute�sim for each simulation. We present�obs, which
is computed using real data, and the fraction of simulated clus-
ters with�sim > �obs in the final two columns of Table 4. Small
values of f (�sim > �obs) indicate statistically significant sub-
structure. Most clusters have small values of f (�sim > �obs),
indicating significant substructures or spatially correlated veloc-
ities of galaxies, except for S1171, A2162, and A2366.

We plot the positions of cluster galaxies, represented by circles
with radii proportional to e�, in the second and the fourth columns
of Figure 5. A large circle denotes a galaxy that is deviant in either
velocity or dispersion compared with nearby galaxies; therefore,
groups of large circles indicate the presence of substructure. No
substructures in S1171, A2162, and A2366 were found with the
f(�sim > �obs) test, as confirmed in Figure 5.

5. DETAILED ANALYSIS OF INDIVIDUAL CLUSTERS

A single cluster in rotation is expected to show a spatial seg-
regation of high- and low-velocity galaxies and to have a single

number-density peak, unlike the case in which two clusters are
still in the process of merging. Therefore, from our sample of ten-
tative rotating clusters we select as probable rotating clusters those
galaxy clusters that show a spatial segregation of high- and low-
velocity galaxies in the spatial density map of Figure 3 and that
also show a single peak in the number densitymap of Figure 5.We
describe the selection of the individual probable rotating clusters in
this section.

5.1. Abell S1171

Abell S1171 is the nearest (z � 0.028) cluster in the sample of
tentative rotating clusters. In the plot of velocity versus cluster-
centric distance of the member galaxies (Fig. 2), it can be seen
that some galaxies have large velocity deviations (cz � cz �
1400 km s�1) from themain bodyof the cluster (cz� 8400kms�1).
If we consider only galaxies in the cluster main body, rejecting
these deviant galaxies (cz > 9500 km s�1) as interlopers (in order
to test the effect of this subcomponent), we obtain |vrot|/�p = 0.33
and dv/dR = 299 km s�1 Mpc�1. Thus, this cluster is not included
in the sample of tentative rotating clusters.

5.2. Abell S0001

Abell S0001 exhibits a low-velocity tail (cz � 7800 km s�1)
in the velocity histogram of Figure 2. The galaxies in this low-
velocity tail are spatially concentrated, appearing as a substruc-
ture (to the northeast) in Figure 5. The number density map shows
two local density maxima, which coincide with the positions of
substructures. Therefore, the large amplitudes of the rotation and
the velocity gradient are considered to be caused by two separate
subclusterings. This cluster shows a large ellipticity, and the po-
sition angle of the rotation axis (Y1) shown in Figure 3 is similar
to that of the cluster minor axis (�B). However, the determination
of the cluster’s morphology is uncertain, since no data are avail-
able more than �300 from the north of the cluster center (see
Fig. 3).

5.3. Abell 954

Abell 954 is included in both SDSS and 2dFGRS and is one of
the most X-rayYluminous clusters in the sample of tentative
rotating clusters. In Figure 3, the position angles of the rotation
axes determined by the rotation fit (Y1) and the global velocity
gradient fit (Y2) coincide well, but they appear not to be corre-
lated with the position angle of the major or minor axis of the dis-
persion ellipse. The results of the 1D substructure tests in Table 4
show that the velocity distribution does not significantly deviate
from Gaussian. The number density map and Dressler-Shectman
(D-S) plot in Figure 5 show a weak sign of subclustering�140 to
the southeast, and it is suspected that this subclustering might be
the cause of the large rotation amplitude. In order to test the ef-
fect of the southeast subclustering, we fitted the velocities of
member galaxies located within 100 of the cluster center using
equations (1) and (2). The fitting resulted in |vrot|/�p = 0.54 and
dv/dR = 948 km s�1 Mpc�1 with the same position angles of the
rotation axes as the result based on all member galaxies. This
implies that the rotation and the velocity gradient are generated
in the core region with a single density peak. Therefore, we select
this as a probable rotating cluster.

5.4. Abell 1035

Abell 1035 has the largest X-ray luminosity and velocity
dispersion in the sample of tentative rotating clusters. While
Flin & Krywult (2006) found no substructure using only posi-
tional information for its galaxies by applying awavelet analysis,
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Fig. 5.—Left columns: Galaxy number density maps for tentative rotating clusters. The member galaxies are represented by dots, and number density contours are
overlaid. The plus signs indicate the cluster centroids, and the thick horizontal bars represent a physical extent of 1 Mpc. Right columns: Dressler-Shectman plots for
the same clusters. Each galaxy is plotted by a circle with diameter proportional to e� . North is up, and east is to the left.



Maurogordato et al. (1997) found a bimodal velocity distribution
for this cluster using the velocity data for 19 member galaxies, as
confirmed in Figure 2 based on the 97 member galaxies in this
study. Our result in Figure 2 implies that substructures may exist.
In Figure 3, the galaxies with velocities greater than the systemic
velocity of the cluster (open circles) and those with velocities
below the systemic velocity ( filled circles) are clearly spatially
separated by the rotation axes (Y1 and Y2). In addition, the D-S
plot in Figure 5 shows two subclusterings (north and south) that
coincide with high-density regions in the galaxy number density
map. Therefore, the large amplitudes of the rotation and the ve-
locity gradient, including the large velocity dispersion ( listed in
Table 1), can be explained as being due to two superposed or in-
teracting clusters with slightly different systemic velocities.

Aryal & Saurer (2006) found that the spin-vector orientations
of the galaxies in this cluster tend to lie parallel to the Local Super-
cluster (LSC) plane and that the spin-vector projections of the gal-
axies tend to be oriented perpendicular with respect to the direction
of the LSC center. In this study, we find that the angle between the
rotation axis (Y1) of this cluster and the LSC plane is 56þ11

�9 deg.
Since the angle between the spin-vector orientations of the galax-
ies in this cluster and the LSC plane was found to be less than 45

�

by Aryal & Saurer (2006), it appears that the spin-vector orien-
tations determined by Aryal & Saurer are not related to the rota-
tion axis of this cluster as determined in this study.

5.5. Abell 1139

Abell 1139 is included in both SDSS and 2dFGRS and has the
largest number of member galaxies in our sample. A global ve-
locity gradient for this cluster was identified by Burgett et al.
(2004) using 2dFGRS data for 106 member galaxies. We con-
firm this global velocity gradient or rotation using 122 member
galaxies with the aid of SDSS data (see Fig. 4). The D-S plot in
Figure 5 shows the presence of strong substructures to the north-
west and to the southeast, while the velocity histogram shows a
unimodal distribution. It is known that the galaxy positional in-
formation alone shows no clear substructure for this cluster (e.g.,
Krywult et al. 1999; Flin & Krywult 2006), but distinguishable
substructure is found based on combined positional information
and velocity data (e.g., Burgett et al. 2004). As can be seen in the
spatial velocity plot in Figure 3, the substructures are due to gal-
axies with different radial velocities. Interestingly, unlike Abell
1035, the galaxy number density map shows a single density peak
near the cluster center rather than strong concentrations around
two substructures. This may indicate a single cluster in rotation or
two overlapping clusters that are either merging or departing from
each other, as pointed out by Burgett et al. (2004). Therefore, we
select this cluster as a probable rotating cluster.

5.6. Abell 1373

Abell 1373 is the most distant cluster (z � 0.125) in our sam-
ple of tentative rotating clusters, and it was surveyed in both
SDSS and 2dFGRS. The velocity distribution is bimodal, and
the galaxies with high velocities (cz � 39,000 km s�1) and those
with lowvelocities (cz� 36,000kms�1) are spatially separated by
the rotation axis (see Fig. 3). Similar to the case of Abell 1035, the
substructures introduced by the clustering of galaxies with differ-
ent velocities coincide with the galaxy number density peaks, im-
plying that the large amplitudes of the rotation and the velocity
gradient are induced by two disparate groups (see Fig. 5).

5.7. Abell 1399

Abell 1399 is one of the member clusters in the Leo A super-
cluster (Einasto et al. 2001). This cluster has the smallest veloc-

ity dispersion in our sample of tentative rotating clusters, and it
was surveyed in both SDSS and 2dFGRS. The velocity distribu-
tion is unimodal, but the spatial velocity plot of Figure 3 shows
a segregation of galaxies with different velocities. Intriguingly,
the dispersion ellipse is significantly flatted, with an ellipticity of
0.57. Since the position angles of the dispersion ellipse (138� for
the major axis and 48� for the minor axis) deviate from those of
the rotation axes (207

�
for Y1 and 186

�
for Y2), it appears that the

high ellipticity is not related to a global rotation of this cluster. Fig-
ure 5 shows that there is no strong sign of a correlation between
the number density peaks and the substructures. Therefore, we
select this cluster as a probable rotating cluster.

5.8. Abell 1474

Abell 1474 is one of the member clusters in the Virgo-Coma
supercluster (Einasto et al. 2001). Flin & Krywult (2006) found
no substructure using only positional information for the galax-
ies, but the 1D substructure tests indicate that the velocity distri-
bution deviates significantly from Gaussian. In Figure 5, the D-S
plot shows that there are three substructures (to the northeast, the
southwest, and the southeast) that coincide with the three num-
ber density peaks in the left panel. This indicates that the large
amplitudes of the rotation and the velocity gradient are due to the
different velocities of subgroups.

5.9. Abell 2162

Abell 2162 is one of the nearest clusters in our sample and is a
member of theHercules supercluster (Einasto et al. 2001).Neither
a distinct substructure nor a significant local density peak is found
aside from the cluster center in Figure 5. Interestingly, it appears
that the radial distribution of the member galaxies in Figure 2 ex-
hibits a discontinuity at�180. If we therefore compute the rotation
amplitude and the global velocity gradient using only the galaxies
in the inner region (<180), we obtain |vrot|/�p = 0.64 and dv/dR =
635 km s�1 Mpc�1, still satisfying our criteria for a rotating clus-
ter. Therefore, we select this as a probable rotating cluster.

5.10. Abell 2169

In Figure 3, the galaxies that have velocities greater than the
systemic velocity of Abell 2169 (open circles) and those whose
velocities are less than the systemic velocity ( filled circles) are
well separated by the rotation axis (Y1). The position angle (342�)
of the rotation axis (Y1) is similar to that (328�) of the minor axis
of the dispersion ellipse, implying that the flatness may be caused
by cluster rotation. The substructures (northeast and southwest)
seen in the D-S plot are separated by the cluster centroid, which
coincides with the single peak in number density. Therefore, this
cluster is selected as a probable rotating cluster.

5.11. Abell 2366

Jones & Forman (1999) classified the morphology of Abell
2366 using EinsteinX-ray images as a ‘‘single,’’ meaning a clus-
ter in which no substructure or departure from symmetry is found.
Flin & Krywult (2006) also found no substructure by using only
positional information for the galaxies and applying a wavelet
analysis. Similarly, the galaxy number density map and the D-S
plot in Figure 5 indicate no strong evidence of substructure.
Therefore, we select this cluster as a probable rotating cluster.

5.12. Abell 4053

Abell 4053 is one of the member clusters in the Pisces-Cetus
supercluster (Porter &Raychaudhury 2005), and it is known to be
contaminated by a foreground group at z = 0.0501 (Mazure et al.
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TABLE 5

Summary of Global Kinematic Properties for Tentative Rotating Clusters

Substructure?

Cluster 1D 2D 3D Morphology

Dynamical

Equilibrium?

Probable Rotating

Cluster?

S1171 ................... Yes Yes No Spherical . . . No

S0001 ................... No Yes Yes Elongated? . . . No

A954..................... No Yes Yes Elongated Yes Yes

A1035................... Yes Yes Yes Spherical . . . No

A1139................... No No Yes Spherical Yes Yes

A1373................... Yes Yes Yes Elongated . . . No

A1399................... No No Yes Elongated Yes Yes

A1474................... Yes Yes Yes Elongated . . . No

A2162................... Yes No No Spherical Yes Yes

A2169................... No No Yes Elongated Yes Yes

A2366................... No No No Elongated Yes Yes

A4053................... Yes No Yes Elongated . . . No

Fig. 6.—X-ray luminosity LX (0.1Y2.4 keV) vs. velocity dispersion and virial mass for the probable rotating clusters ( filled circles) comparedwith the nonrotating galaxy
clusters (open circles) for the 56 selected galaxy clusters. X-ray luminosities in (a) and (b) are fromBöhringer et al. (2000), those in (c) and (d ) fromEbeling et al. (1998, 2000),
those in (e) and ( f ) from Böhringer et al. (2004), and those (0.5Y2.0 keV) in (g) and (h) from Ledlow et al. (2003). The solid lines indicate the best fit for each panel.



1996). The galaxies in the foreground group (cz � 15,000 km s�1)
are evident in Figure 2 and were rejected when we determined the
membership of Abell 4053. However, the galaxies in the low-
velocity tail (cz � 17,500 km s�1) were selected as members of
Abell 4053. These galaxies are found in the region to the south-
west of the cluster centroid (see Fig. 3) and are detected as a sub-
cluster in the D-S plot. In order to estimate the effect of these
galaxies in the low-velocity tail, we determine the amplitudes of
the rotation and the velocity gradient using only the galaxies in the
main body (cz > 18,000 km s�1). The fitting results in |vrot|/�p =
0.47 and dv/dR = 716 km s�1 Mpc�1, which does not satisfy the
criteria for a tentative rotating cluster. Therefore, this cluster is not
selected as a probable rotating cluster.

We summarize the global kinematic properties for the 12 ten-
tative rotating clusters in Table 5. The first column gives the
Abell identification. The second through fourth columns list the
existence of substructure as indicated by the 1D, 2D, and 3D tests,
respectively. The cluster morphology determined in x 4.1 is given
in the fifth column: ‘‘spherical’’ for ellipticity less than 0.2 and
‘‘elongated’’ for ellipticity�0.2. The dynamical status determined
in x 6 is given in the sixth column, and the selection of probable
rotating clusters is in the final column.

6. DISCUSSION

6.1. Dynamical Status of Probable Rotating Clusters

A study of the dynamical state of the probable rotating clusters
is useful for understanding the origin of the global rotation across
each cluster. It is expected from self-similar models that a rela-
tionship LX / �4

p between the X-ray luminosity and the velocity
dispersion of the clusters will exist (e.g., Quintana & Melnick
1982). For galaxy clusters in SDSS, Popesso et al. (2005) found
LX / �3:68�0:25

p . For galaxy clusters in 2dFGRS, Hilton et al.
(2005) found a relation LX / �4:8�0:7

p and suggested that high-LX
clusters are more dynamically evolved systems than the low-LX
clusters. In Figure 6, we plot the X-ray luminosity as a function of
velocity dispersion and virial mass for the probable rotating clus-
ters ( filled circles) for which X-ray luminosities are available in
the literature, comparedwith the nonrotating galaxy clusters (open
circles) that have X-ray luminosities in the literature, out of the 56
selected galaxy clusters. We plot the X-ray luminosities from dif-
ferent literature sources separately. It appears that most galaxy
clusters shown in Figure 6 follow the LX-�p and LX-Mvir rela-
tions (solid lines) determined in this study. Moreover, several in-
teresting features are seen in the probable rotating clusters. First,
they do not deviate from the best-fit line, implying that these clus-
ters are in dynamical equilibrium. Secondly, the velocity disper-
sions and the virial masses for the probable rotating clusters
appear to be smaller than those for the nonrotating clusters. In ad-
dition, the X-ray luminosities for the probable rotating clusters
also appear to be smaller than those of the nonrotating clusters. If

we adopt the result of Hilton et al. (2005), the probable rotating
clusters that have lowX-ray luminosities might have a lower frac-
tion of early-type, passively evolving galaxies than the galaxy
clusters with high X-ray luminosities.
If galaxy clusters rotate, the velocity dispersions and the cor-

responding virial masses should be corrected for the cluster rota-
tion (see, e.g., Kalinkov et al. 2005). We derived the velocity
dispersions around the best-fit rotation curve of equation (1) and
the corresponding corrected virial masses for the probable rotat-
ing clusters. The results are summarized in Table 6. The second
and third columns represent, respectively, the velocity dispersion
about the mean velocity of the cluster and that about the best-fit
rotation curve of equation (1). The fourth and fifth columns rep-
resent, respectively, the virial mass using the uncorrected (second
column) velocity dispersion and that using the rotation-corrected
(third column) velocity dispersion. The individual velocity dis-
persions are reduced by 6%Y14% and on average are reduced
by 11%. The corresponding virial masses are also reduced by
11%Y27%, on average by 21%.

The dynamics of the brightest cluster galaxies (BCGs) or cD
galaxies in galaxy clusters are also useful for understanding the
formation history of galaxy clusters (see, e.g., Oegerle & Hill
2001). In particular, the peculiar velocity of the BCG, defined by
vp = vBCG�vcl, where vBCG is the BCG’s radial velocity and vcl is
the mean velocity of the cluster, is a useful indicator of the dy-
namical state of a cluster (Oegerle & Hill 2001). To estimate the
peculiar velocities of BCGs in clusters, we first identified the
BCGs that have the smallest bJ magnitudes in the catalog of
member galaxies for the 56 selected galaxy clusters. Thenwe con-
ducted a visual inspection of cluster images to determine whether
there are any galaxies brighter than the selected BCGs, using the
catalog of member galaxies. Since some very bright galaxies in
the clusters were not covered as a result of observational difficul-
ties, such as fiber collision and saturation, we finally selected
20 galaxy clusters for which the BCGs in the catalog agree with
those in the images. Using this sample of 20 clusters, we plot in
Figure 7 the absolute value of the peculiar velocity of the BCGs
as a function of clustercentric distance, the redshift of the clusters

TABLE 6

Velocity Dispersions and Virial Masses for Probable Rotating Clusters

Cluster

�p
( km s�1)

�p; r
(km s�1)

Mvir

(1014 M�)

Mvir; r

(1014 M�)

A954...................... 801þ63
�62 719þ74

�67 11.65þ1:92
�1:73 9.39þ2:03

�1:67

A1139.................... 491þ39
�32 423þ40

�36 3.93þ0:66
�0:49 2.92þ0:58

�0:48

A1399.................... 289þ43
�39 248þ44

�38 1.06þ0:34
�0:27 0.77þ0:30

�0:22

A2162.................... 416þ32
�31 377þ40

�39 1.67þ0:26
�0:24 1.37þ0:31

�0:27

A2169.................... 499þ42
�40 431þ45

�43 4.78þ0:83
�0:74 3.56þ0:78

�0:67

A2366.................... 604þ58
�53 569þ65

�62 3.45þ0:69
�0:58 3.06þ0:73

�0:63

Fig. 7.—(a) Velocity dispersion as a function of the absolute value of the
peculiar velocities of BCGs, (b) redshift as a function of the absolute magni-
tudes of the BCGs in the bJ band, and (c) absolute value of peculiar velocity as a
function of the clustercentric distances of the BCGs for two probable rotating
clusters ( filled circles) comparedwith 20 nonrotating galaxy clusters (open circles)
among the 56 selected galaxy clusters. Histograms of (d ) the peculiar velocities,
(e) the clustercentric distances, and ( f ) the absolute magnitudes in the bJ band of
the BCGs are also shown for the 22 galaxy clusters, including the two probable
rotating clusters. The two probable rotating clusters are marked by filled circles in
(d ), (e), and ( f ).
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as a function of the BCG absolute magnitude in the bJ band, and
the cluster velocity dispersion as a function of the absolute value
of the peculiar velocity of the BCGs. It can be seen that the ab-
solute values of the peculiar velocities of the BCGs are in the
range 10Y780 km s�1 and that the median value of the peculiar
velocities is 257 km s�1. Themean uncertainty in the values of the
peculiar velocities is 168 km s�1. In addition, the cluster-
centric distances of the BCGs are in the range 0Y300 kpc, and the
median value of the clustercentric distances is 82 kpc. Interest-
ingly, the BCG peculiar velocities and clustercentric distances for
two (Abell 954 and Abell 1399) of the probable rotating clus-
ters are smaller than the median value of each parameter. These
small values indicate that the clusters are in dynamical equilibrium.
This may imply that the clusters have not undergone a recent
merger if the clusters were formed through repeated merging. In
addition, the absolute magnitudes of BCGs for these two prob-

able rotating clusters do not show any significant deviation from
the distribution for the nonrotating galaxy clusters.

6.2. Probable Rotating Clusters and Spatial
Orientation of Cluster Galaxies

An interesting connection between the global rotation of clus-
ters and the anisotropy in galaxy alignments for such clusters
is expected in the context of the angular momentum of galaxy
clusters:

1. Aryal & Saurer (2004, 2005, 2006) found that the anisot-
ropy in galaxy alignments increases systematically from early-
type (B-M type I) to late-type (B-M types IIYIII and III) clusters.
Interestingly, four (A1139, A1399, A2162, and A2169) of six
probably rotating clusters in this study are late-type clusters. There-
fore, there may exist a connection between the rotation axes of

Fig. 8.—Upper panels: Spatial distribution of the projected spin-vector orientations of cluster galaxies in six probable rotating clusters. The cluster galaxies are
plotted as open circles. Long solid bars represent the projected spin-vector orientations for the moderately edge-on galaxies (axial ratio less than 0.72 in SDSS and
eccentricity equal to or greater than 0.33 in 2dFGRS), while short solid bars represent those for the face-on galaxies (axial ratio equal to or greater than 0.72 in SDSS and
eccentricity less than 0.33 in 2dFGRS). The galaxies with unknown orientations are plotted as lone open circles. The dispersion ellipse and the rotation axes (Y1 and Y2)
shown in Fig. 3 are overlaid. Lower panels: Histograms for the projected spin-vector orientations of cluster galaxies. We present histograms for only the moderately edge-
on galaxies. The rotation axes (Y1 and Y2) are shown by vertical arrows and the minor axis of the dispersion ellipse is represented by vertical dotted lines. [See the
electronic edition of the Journal for a color version of this figure.]
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the probable rotating clusters in this study and the spin-vector
orientations of cluster galaxies. In order to examine this connec-
tion, we present in Figure 8 the spatial distribution and a histo-
gram of the projected spin-vector orientations of the galaxies in
these six probable rotating clusters. We used the 2dFRGS orien-
tation parameter (ORIENT) and the SDSS g-band isophotal po-
sition angle parameter (isoPhi_g) as the projected spin-vector
orientations for cluster galaxies (Colless et al. 2001; Stoughton
et al. 2002). The position angles of the projected orientations for
the cluster galaxies are measured in the range 0

�Y180� but are
plotted twice over 0�Y360�. Figure 8 shows that there is no strong
anisotropy in the spin-vector orientations of cluster galaxies (i.e.,
no strong peaks in the histograms). Therefore, it is difficult to com-
pare the position angles of the rotation axes with the spin-vector
orientations of the cluster galaxies.

2. It was found that the spin-vector orientations of galaxies in
clusters tend to lie parallel to the LSCplane (Aryal& Saurer 2006;
Hu et al. 2006). In order to investigate the connection between the
rotation axes of rotating clusters and the LSC plane, we plot in
Figure 9 the all-sky distribution of six probable rotating clusters
with their rotation axes (Y1) in supergalactic coordinates. It ap-
pears that there is no preferred direction of rotation axis for these
clusters, whereas the spin-vector orientations of cluster galaxies
from Aryal & Saurer (2006) and Hu et al. (2006) tend to lie par-
allel to the LSC plane (this result does not change if we use Y2 in-
stead of Y1).

Since we do not have three-dimensional information about the
rotation axes for rotating clusters and the three-dimensional spin-
vector orientations of cluster galaxies in this study, it is difficult
to make conclusions about the connection between the global
rotation of clusters and the anisotropy in galaxy alignments for
clusters at this point. Therefore, it is necessary to study the three-
dimensional spatial orientations of galaxies for these rotating
clusters to investigate any such connection.

6.3. Cosmological Implications of Probable Rotating Clusters

In a study based on the model proposed by Li (1998), in which
the global rotation of the universe may provide angular momen-
tum to celestial bodies upon their formation, Godyowski et al.
(2005) found vanishing angular momenta for the masses corre-
sponding to galaxy groups using Tully’s galaxy groups. They sug-
gested the existence of nonvanishing angular momenta for smaller
and larger structures (compact galaxy groups and rich galaxy clus-
ters). However, the nonvanishing angular momenta for galaxy

clusters were found indirectly, based on a study of the galaxy ori-
entations. In this study, we found nonvanishing angular momenta
for galaxy clusters directly, based on a dynamical analysis. This re-
sult is consistent with that of Godyowski et al. (2005). However,
we found that the estimated masses for rotating clusters are in the
range 1014Y1015M� (see Table 6). In addition, we could not iden-
tify rotating clusters more massive than 2 ; 1015M�. Intriguingly,
the mass range of rotating clusters in this study corresponds to the
mass scale (1014Y1015 M�) with vanishing angular momentum
predicted by Godyowski et al. (2003). Since the masses of Tully’s
galaxy groups used by Godyowski et al. (2005) are expected to be
smaller than those of the Abell clusters used in this study, this
contradiction in the mass scale between theory and observations
should be investigated further.

7. SUMMARY

We have presented the results of a search for galaxy clusters
that show an indication of global rotation, using a spectroscopic
sample of galaxies in SDSS and 2dFGRS. Our results are sum-
marized as follows:

1. We have determined the member galaxies of 899 Abell
clusters covered in SDSS and 2dFGRS. We have estimated the
ratio of rotation amplitude to velocity dispersion and the velocity
gradient for 56 clusters in which the number of member galaxies
is greater than or equal to 40.
2. Among these 56 clusters, we have selected 12 tentative ro-

tating clusters that have large values of the ratio of rotation am-
plitude to velocity dispersion (>0.53) and of the velocity gradient
(>380 km s�1 Mpc�1).
3. We have determined the cluster morphology for the 12 ten-

tative rotating clusters using the dispersion-ellipse method. The
ellipticity of the dispersion ellipse is in the range 0.08Y0.57, and
the position angle of its major and minor axes appears not to be
related to the position angles of the rotation axes (Y1 and Y2).
4. We have investigated the presence of substructure (1D, 2D,

and 3D) for the sample of tentative rotating clusters. Dressler-
Shectman plots show that the majority (nine out of 12) show evi-
dence of substructure due to spatially correlated velocities of the
member galaxies.
5. We have selected six probable rotating clusters (Abell 954,

1139, 1399, 2162, 2169, and 2366) that show a single number-
density peak around the cluster center with a spatial segregation
of the high- and low-velocity member galaxies.
6. The probable rotating clusters do not deviate significantly

from the relation between X-ray luminosity and the velocity dis-
persion or the virial mass of the cluster. The peculiar velocities
and the clustercentric distances of BCGs for two of the probable
rotating clusters (Abell 954 and Abell 1399) indicate that they
may be in dynamical equilibrium and have undergone no recent
merging.

It will be interesting to investigate the dynamical state of the
probable rotating clusters using X-ray data in order to compare
the properties of the intracluster medium and those of their mem-
ber galaxies.
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