THE ASTROPHYSICAL JOURNAL, 572:L67-L70, 2002 June 10 ®
© 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

RECENT DYNAMICAL EVOLUTION OF GALAXY CLUSTERS

M. PLIONIS
Instituto Nacional de Astrofisica, filica y Electronica, Apartado Postal 51 y 216, Puebla, Puebla 72000, Mexico;
and National Observatory of Athens, Institute of Astronomy and Astrophysics,
Lofos Nimfon, Thesio 18110, Athens, Greece
Received 2002 March 4; accepted 2002 April 24; published 2002 May 21

ABSTRACT

Evidence is presented for the recent evolution of the relaxation processes in clusters of galaxies, using large
optical and X-ray cluster samples. The criteria of the cluster relaxation used are the cluster ellipticity, the intracluster
medium (ICM) temperature, and X-ray cluster luminosity. We find evidence of varying strength and significance
of all three indicators evolving with redshift far< 0.15 . This result supports the view that clusters have mostly
stopped undergoing mergers and accreting matter, as expected ing, low-  universe, and are now in the process
of gravitational relaxation, which reduces their flattening, their ICM temperature (shock heated during the merging
phase), and their X-ray luminosity. These results support similar recent claims of Melott, Chambers, & Miller.

Subject headings: galaxies: clusters: general — galaxies: evolution — large-scale structure of universe
On-line material: color figures

1. INTRODUCTION ducing their ellipticity, more so in recent times. A variety of

The present dynamical state of clusters of galaxies should Con_|nd|cat|ons exist supporting the formation of clusters by hier-

tain interesting cosmological information since the rate of growth archical aggregation of smaller units along f|Iament§1ry.Iar_ge-
of perturbations is different in universes with different matter scal_e structures (e.g., West, Jones, & Forman 1995; Plionis &
content (Peebles 1980):in &y = 1 universe, the perturbationsB@Silakos 2002). o . .
grow proportionally to the scale factat ¢ (1 + 2)* ], while in AIthpugh the clgster ellipticity is a relafuvely_ well defl_ned
the extreme case of an empty universe, they do not grow at allduantity, systematic effects due to projections in the optical—
(6 = constant). It is also known th&t,,<1 universes behave which could increase the ellipticity of spherical clusters or de-
dynamically asQ,, = 1 universes at large redshifts, while at crease the ellipticity _of flat ones—or the strong gentral concen-
some redshift = Q. — 2 , perturbations stop evolving, allowing tration of X-ray—emitting gas (since, ocnZ ) in the X-ray
clusters to relax up to the present epoch much more than in arPand—which in conjunction with resolution effects could re-
Q.. = 1 model, in which clusters are still forming. duce the ellipticity of distant clusters—should be taken into
Note that a fla®2, >0 model behaves as@p= 1  model account. One should therefore use large and well-constructed
up to a lower redshift than the corresponding open model, while samples of galaxy clusters to verify such an ellipticity trend.
for redshifts ofz < 1 it behaves like an open model (Lahav et Furthermore, other indicators of recent cluster evolution should
al. 1991). This implies that clusters even in this model should be used as well. For example, if the ellipticity decrease with
be dynamically older than in an Einstein—de Sitter model (Rich- z is indeed due to recent dynamical relaxation processes, then
stone, Loeb, & Turner 1992; Evrard et al. 1993; Lacey & Cole one should expect an evolution of the temperature of the
1993; Beisbart, Valdarnini, & Buchert 2002; Suwa et al. 2002). X-ray—emitting gas as well as the X-ray cluster luminosity,
Therefore, one should be able to put constraint&gn  from which should follow the same trend as the cluster ellipticity
the evolution Qf thg cluster dynamical state. Qne such indicator, (i.e., decreasing at recent times) since the violent merging
the cluster ellipticity, was recently proposed in Melott, Cham- eyents at relatively higher redshifts will compress and shock
bers, & Miller (2001); the more elliptical a cluster, the younger heat the diffuse intracluster medium (ICM) gas (e.g., Ritchie
it is, since ellipticity should be correlated with the anisotropic ¢ Thomas 2002). Another possible indicator may be the cluster

accretion of matter and merging (e.g., Buote 1998; Koloko- | q|ocitv di ; ; : ;
: ' ’ y dispersion, which one would naively expectto increase
tronis et al. 2001). Melott et al. (2001) presented evidence for 5 | yer redshifts, since virialization tends to increase the clus-

Secent cuoutom= 0.1 ) ofclster llptioty defned b9 tr“thermal velocy isersion. Atough there . qte el
taining in total~160 rich Abell clusters. An earlier study, using definedL,-o relationship (e.g., Quintana & Melnick 1982,

clusters identified in the Lick map (Plionis, Barrow, & Frenk VY]h'te' Joneﬁ, & Fornr:gr;] 19|97).' u;relaxe_d c(ljusters 9?}” alr?o
1991), also found that cluster ellipticity decreases with redshift SMOW UP as having a high-velocity dispersion due to either the
for z= 0.1 however, owing to possible systematic effects in- possible large peculiar velocities of the different subclumps

volved in the construction of the data, the authors did not attach(€-9-» Rose et al. 2002) or the possible subclump virialized
much weight to this result. nature. Therefore, a better physical understanding of the merg-

This interesting finding was interpreted in Melott et al. ing history of clusters is necessary in order to be able to utilize
(2001) as an indication of a o, universe because in suchthe velocity dispersion measure as an evolution criterion.
a universe and under the hierarchical clustering scenario, one In this Letter we present further evidence for a recent dynam-
expects that merging and anisotropic accretion of matter alongical evolution of clusters using three cluster samples, one opti-
filaments (Shandarin & Klypin 1984) would have stopped long cal—the optical Automatic Plate Measuring (APM) sample—and
ago. Thus, the clusters should be relatively isolated and grav-two X-ray—the X-Ray Brightest Abell-Type Clusters (XBAC)
itational relaxation should tend to isotropize the clusters, re- sample and Brightest Cluster Sample (BCS), and three indicators
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Fic. 1.—X-ray luminosity—redshift plot for the BCS and XBAC samples. redshift

The strong dependence &f  andue to the flux limit is apparent. Open
circles represent clusters with observed temperatures from White et al. (1997), gy, 2.—Evolution with redshift of the APM cluster ellipticity. For clarity,

and delineated regions represent the volume-limited subsamples analigeed. [ only clusters with measured redshifts are presented. Filled circles are those
the electronic edition of the Journal for a color version of this figure] APM clusters that are also in the Abell/ACO sample. Straight line represented
the best least-squares fit to the da@ee[the electronic edition of the Journal

of cluster dynamical evolution, namely, ellipticity, X-ray cluster for a color version of this figure.]
temperature, and X-ray luminosity.
has a flux limit off, > 2.8 x 10°*2 ergss cm 2 and contains
2 DATA 304 clusters. Most of the listed ICM temperatures are estimated
) ) ) from theL,-T relation of White et al. (1997), but a reasonable
Details of the APM cluster sample and its construction can number of clusters have measured temperatures (see Table 1
be found in Dalton et al. (1997). Here we only remind the of White et al. 1997). The flux-limited nature of these samples
reader that the APM cluster catalog is based on the APM ga'axycreates an appareh'& Z relation, as can be seen in Figure 1,
survey, which covers an area of 4300 tliggthe southern sky  and in order to avoid reproducing an artificial redshift evolu-
and contains about 2.5 million galaxies brighter than a mag-tion we construct volume-limited subsamples (the delineated
nitude limit Of bJ = 205 (Maddox et aI 1990) Da_lton et al. regions of F|g ]_)' oneis a |ow-|uminosity)( > 10* erg‘s1)5
(1997) applied an objective cluster finding algorithm to the subsample, spanning a limited redshift ranges(0.07  and
APM galaxy data using a search radius of 05 Mpc in 0.09 for the XBAC sample and BCS, respectively) and the
order to minimize projection effects and so produced a list of other is a high-luminosity subsample(> 8 x 10* ergd)s

957 clusters witlz < 0.15 . Out of these, 30932%) are ACO  spanning a much larger redshift range(0.19  and 0.24 for
clusters, while 407445%) have measured redshifts. The APM the XBAC sample and BCS, respectively).

clusters that are not in the ACO list are relatively poorer sys-
tems than the Abell clusters, as can be verified comparing their
mean APM richnesses, determined in Dalton et al. (1997).
The APM cluster shape parameters (ellipticity and position  Figure 2 shows the distribution of APM cluster ellipticities as
angles) were estimated in Basilakos, Plionis, & Maddox (2000) a function of redshift{ < 0.18 ). The filled circles represent APM
and were used to measure the intrinsic distribution of clustersclusters that are also in the Abell/ACO catalog. There is a definite
shapes (found to be prolate-like). The shape parameters werérend of ellipticity with redshift in the direction expected from
estimated using the moments of inertia method on the Gaussianan evolution of the dynamical status of clusters, supporting sim-
smoothed galaxy distribution, the angular smoothing scale of ilar claims of Melott et al. (2001). Table 1 summarizes the quan-
which depends on the distance of each cluster. An optimumtitative correlation results for all tests. The Pearson correlation
grid size was selected based on an extensive Monte Carlo procoefficient for thes-z correlation i = 0.2 with the probability
cedure. In order not to bias the ellipticity measurements, no P = 1078 of this being a chance correlation. This result is robust
circular aperture was used but rather all cells above a selectedo changes of the sample size by factors of 2 or 3, depending
density threshold were feed into the inertia tensor. Three suchon whether we use clusters with observed redshifts or different
thresholds were used to provide the shape parameters at threeluster richness (see Table 1).
different scales and to test their robustness as a function of Tests were performed to investigate whether systematic ef-
distance from the cluster center (see details in Basilakos et alfects in the shape-parameter determination method could be
2000; Kolokotronis et al. 2001). The shape parameters for all responsible for the ellipticity-redshift trend. Already in Basi-
APM clusters as well as indicators of the dynamical state of lakos et al. (2000), a detailed analysis of the performance of
each APM cluster will be published shortly (M. Plionis & S. the method as a function of sampling, distance, and the presence
Basilakos 2002, in preparation). of a projected random background galaxy distribution (as pre-
Here we use the ellipticities of 903 APM clusters that have dicted by the luminosity function of APM galaxies; Maddox,
measured shape parameters (54 clusters are found in the vicinitffstathiou, & Sutherland 1996) showed that such effects tend
of plate holes or crowded regions and thus are excluded). Weto overestimate by0.1-0.15 the ellipticity of nearly spherical
also use the XBAC (Ebeling et al. 1996) and BCS (Ebeling et clusters (more so for distant clusters—but by only 5% more);
al. 1998)ROSAT X-ray cluster samples to test whether there they underestimate the ellipticity of flat clusters, more so at
is any indications of a recent evolution of the ICM temperature. large redshifts, while leaving unaffected the clusters with el-
Details of the sample construction can be found in the original lipticities around the mean of the distribution (i.e.s~ 0.4 ).
papers. We note only that the XBAC sample has a flux limit These effects could in principle bias the ellipticity-redshift cor-
of fy>5 x 10" s* cm? and contains 283 Abell clusters, relation, depending on the relative abundance of different el-
while the BCS, with its low-flux extension (Ebeling et al. 2001), lipticity clusters. We investigate this possibility by performing

3. RESULTS AND DISCUSSION
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FiG. 3'._|CM temperature redshift correlation for the two subsamples_an- FiG. 4.—L, -z correlation for the two subsamples analyzed. Symbols are as in
alyzed. Filled and open points represent BCS and XBAC clusters, respectively. Fig. 3. [See the dectronic edition of the Journal for a color version of thisfigure.]
Solid line is the best least-squares fit to the data, while the stars represent the

mean ICM temperature in equal volume shells (three shells for each sample,

plotted together). Note that we plot only those clusters with measured tem- |, . : g
peratures from White et al. (1997; those having error bars in their Table 1). with shot noise, and the projection of a clustered baCkground

[See the electronic edition of the Journal for a color version of this figure] cannot create the observed trend. .
Regarding thekT-z relation, we have found that there is
, ) o , indeed a correlation, especially apparent in the Higlubsam-
a Monte Carlo simulation analysis in which we assume the ple, which spans a larger range in(see Table 1). The cor-
same underlying cluster ellipticity distribution at all redshifts. gq|ation coefficient for the combined XBAC-BCS highsub-
characteristics, we simulate for each APM cluster 1000 mock more accurate BCS values) fis= 0.47 , with the probability
clusters having ellipticities derived by randomly sampling the of chance correlation being= 3 x 10 . This correlation is

Fig. 6 of Basilakos et al. 2000). Mock clusters are constructed jth a slightly lower significance. A similar but weak&f-z

having King profiles and APM richness at the selected distancecorrelation is found in the lovi- sample.

from the observer as in Basilakos et al. (2000). The estimated Note, however, that many of the used temperatures are based
background is overlayed on the cluster image, allowing, how- 5 the L,-kT relation of White et al. (1997), and thus this
ever, for clustgring (we take the extreme case that all the back-correlation could be a manifestation of an underlyingz
ground galaxies are clustered at the distance of the cluster)yg|ation. In order to investigate this possibility, we restrict our
From the resulting population @f900,000 cluster ellipticities  analysis to only those clusters with measured temperatures,
that have the correct undgrlymg APM.re.dghlft select|o_n func- reducing our samples considerably (by more than 50%), but
tion, we randomly seled\ times 900 ellipticities and estimate  {he correlation okT with z persists (see Fig. 3 and Table 1).
their correlation with redshiftN = 40,000 ). We find no sig-  Egpecially for the lowk, sample, the correlation now is even
nificant correlation (i.e.{r) = 0.08 andP) = 0.08 ), while  stronger and more significant. For the higrsample, where

in only 16 out of the 40,000 cases do we find a siméar the sample number has dropped by a factor of 3, there is still
correlation having the observed or higher significance level. 5, apparent correlation, but the significance has dropped con-

This number drops to three if we use a random—instead of asjgerably. Therefore, we confirm that cluster temperatures do
clustered—background in the mock cluster construction. Sinceeyglve with redshift in the recent past.

we have used the extreme case where all the background is e return to the question of a possible recepevolution,
assumed to be clustered at the distance of each APM clusterypich, if present, could extend through the-KT relation, the

we should consider the derived significance as an upper limit. gready existingkT-z relation, and also to clusters with esti-

Therefore, the true significance of the obserwattorrelation,  mated temperatures. Indeed, as seen in Figure 4 where we plot
taking into account the possible redshift dependent systematiq_ yersusz (see also Table 1), we do find such a relation with
effects, is correlation coefficient = 0.4 and significanBe~ 0.003 -0.14
(depending on the subsample). Note, however, that if we use
R,=4x 10", 1) all the clusters in our subsample (not only those with measured

temperatures), then we observe a correlation for only the high-
verifying that our ellipticity determination method, coupled L, sample { = 0.2), which is weak and of low significance

TABLE 1
CORRELATION ANALYSIS RESULTS FOR THE DIFFERENT CORRELATION PAIRS AND SAMPLES
Cluster Sample N Correlation Pair r P
APM (z;, ~0.18 ... 899 ez 0.19 43x10°
APM (Zpd +ovveiiaaee i 404 €z 0.22 9.6x 10°
APM (>50 counts).......c.ovvveeinnnnn.. 411 €z 0.21 28x10°®
BCS+XBAC (highLy) ....covvveeennnnn. 55 kT-z 0.47 13x 10"
BCS+XBAC (low Ly) «ovvvviveiiinnnn 106 kT-z 0.16 7.5x 10?2
BCS+XBAC (high L,) measuredr ...... 19 kT-z 0.30 0.22
BCS+XBAC (low L,) measuredr ....... 48 kT-z 045 15x10°
BCS+XBAC (high L,) meauredT ....... 19 Ly-z 0.36 0.14

BCS+XBAC (low L,) measuredr ....... 48 Ly-z 042 3x10°
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(P ~ 0.15. It could be that clusters with measured temperatures relaxation will tend to isotropize the clusters reducing their el-

have more accurately measured luminosities. lipticity, ICM temperature (shock heated during the violent merg-
ing phase of their formation), and X-ray luminosity. We have
4. CONCLUSIONS found indications of varying strength and significance for all

, , three of these effects, supporting similar claims of Melott et al.
We have presented evidence, based on the optical APM and2001), on the basis of an ellipticity-redshift relation. These re-
the X-ray XBAC and BCS cluster samples, of a recent dynamical gits appear to be consistent with the expectations of agw-
evolution of clusters, a fact to be expected if in clusters the piverse.
merging and anisotropic accretion of matter along filaments have
stopped and relaxation processes are now in effect. Gravitational | would like to thank Adrian Melott for discussions.
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