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A B S T R A C T . T h e amount o f structure present a m o n g the A b e l l clusters ou t to 
redshift ζ = 0.085 has been c o m p a r e d wi th numerical supe rcompu te r s imulat ions 
(wi th 6 4 s part icles) o f the isothermal, neutr ino, and co ld part icle m o d e l s for large-
scale s tructure, assuming a flat universe and JET = 50 k m sec"" 1 M p c " " 1 . High-
densi ty clusters o f particles were identified in each s imulat ion. Corre la t ion and 
perco la t ion tests were then used to c o m p a r e the spatial dis t r ibut ion o f these high-
densi ty po in ts wi th the apparent superclustering a m o n g A b e l l clusters. Whi l e all 
o f the m o d e l s had s o m e small superclusters (the neutr ino m o d e l has t o o m a n y ) , 
n o n e c a m e very c lose t o possessing the extremely extensive structures found in the 
A b e l l clusters (generally, disagreement b y 2σ or m o r e ) . 

A s econd set o f s imulat ions used the co ld particle m o d e l wi th Ω = 0.2 and 0.5. 
T h e structures found in these simulat ions were certainly larger than those o f the 
Ω = 1.0 c o l d part icle case, bu t still > 2σ t o o small in compar i sons wi th the Abe l l 
clusters. 

T h e spatial dis tr ibut ion o f A b e l l clusters shows evidence o f s o m e very large-
scale ( ~ 300 M p c ) structures in the Universe (e.g., Oor t 1983, Bahcal l and Soneira 
1984, Batuski and Burns 1985) , and an impor tan t current quest ion is h o w well 
mode l s for large-scale structure can ma tch the observed dis tr ibut ion o f galaxies and 
clusters. T o beg in t o answer this quest ion o n these very large scales, w e created 
numerical s imulat ions o f three popula r m o d e l s ( isothermal ( IS ) , neutr ino (NE) , 
and co ld part icle ( C P ) ) wi th a C y b e r 205 supercompute r at Pu rdue University. 
W e then looked for clusters wi thin the s imulat ions, and c o m p a r e d their spatial 
distr ibutions wi th that o f A b e l l clusters. 

In the s imulat ions , w e used 6 4 s part icles, pos i t ioned o n a 1 2 8 s c loud-in-cel l 
( C I C ) grid t o max imize spatial resolution. T h e density da ta were s m o o t h e d b y 
another appl icat ion o f the C I C a lgor i thm to a 6 4 s gr id, wi th each cell ~ 24 M p c 
o n a side. T h u s , the v o l u m e for each s imulat ion was ( ~ 1536 M p c ) 8 . T h e ini-
tial condi t ions for the s imulat ions were the p o w e r spect ra for the three mode l s 
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cons idered , at ζ = 2.5, pr ior to which t ime col lapse o f densi ty per turbat ions o n 
scales o f interest was linear. T h e mode l s were then evo lved gravi tat ional ly to the 
t ime ζ = 0, identified as the t ime that the s lope o f the mass two-po in t corre la t ion 
funct ion m a t c h e d that observed for galaxies. 

Each s imulat ion v o l u m e was then searched for the grid po in ts o f highest mass 
density, wh ich were considered analogous to Abe l l clusters in the Universe . T h o s e 
po in t s were selected that were a b o v e a mass densi ty threshold wh ich yie lded the 
same n u m b e r density o f "pseudo-clusters" as that obse rved for the A b e l l clusters. 
For the perco la t ion tests per formed, each s imulat ion was sampled wi th a v o l u m e 
o f the same size and shape as that conta in ing our A b e l l cluster sample . 

Th i s sample consists o f 226 R > 0 clusters in the largely unobscured (/ > 3 0 ° ) 
po r t i on o f the sky, wi thin ζ < 0 .085. T h e sample is 8 5 % comple te in redshift 
measurements , and redshifts o f unmeasured clusters were est imated b y magni tudes 
o f the tenth-brightest cluster galaxies. T o make the A b e l l cluster data as direct ly 
c o m p a r a b l e t o the s imulat ions as poss ib le , these da ta were also s m o o t h e d wi th the 
C I C a lgor i thm, t o the same grid scale as the m o d e l s . W e used several tests o n 
the different samples for Ω = 1.0, i f = 50 (and also Η = 75, bu t the matches o f 
m o d e l s t o observat ions were consis tent ly worse than at Η = 5 0 ) . In Fig . 1, the 
two-po in t corre la t ion funct ions o f the four samples are shown . T h e A b e l l sample 
is quite s t rongly corre la ted for r ~ 1.0, m u c h different f rom C P and IS, w h i c h 
have essentially f = 0 for r > 0.8, and even m o r e different f rom N E , w h i c h shows 
significant ant icorrelat ion near r = 1. T h e Abe l l cluster data has a > 3 σ " b u m p " 
in the 2.2 < r < 3.2 range, also very different f rom the ζ = 0 o f all the m o d e l s in 
the same range. 

F ig . 2 shows the results o f one o f our percola t ion tests, where the fraction o f 
clusters identified as supercluster m e m b e r s is p lo t ted as a funct ion o f the perco la -
t ion parameter (bp) used to define the superclusters. A l l the samples m a t c h wel l 
for bp large, as nearly all the clusters are "connec ted" in to superclusters , bu t the 
neut r ino m o d e l has far t o o m a n y clusters in superclusters at smal l bp, and IS and 
C P have far t o o few in compar i son t o the A b e l l cluster sample . 

Finally, F ig . 3 provides still another v iew o f the structures present in the 
samples , th rough a mult ipl ic i ty funct ion analysis at bp = 0.7. A l m o s t half o f 
the A b e l l clusters are found in superclusters o f 10 o r m o r e m e m b e r s , whi le a b o u t 
6 5 % o f clusters in each o f the mode l s are in smaller superclusters (2-10 m e m b e r 
c lus ters) . N o n e o f the mode l s have m o r e than 10"~ 4 p robabi l i ty ( χ 2 test) o f be ing 
d r awn f rom the same popu la t ion as the A b e l l clusters, wi th these dis t r ibut ions . 

W e also looked at the C P m o d e l for Ω = 0.2 (jH" had t o b e > 100 t o prevent 
confl ict w i th the i so t ropy o f the mic rowave backg round) and Ω = 0.5 ""(ff > 5 0 ) . 
T h e s e s imulat ions con ta ined on ly sl ighty greater amoun t s o f s t ructure o n larger 
scales , still disagreeing wi th the A b e l l case at the > 3σ level in the cor re la t ion 
funct ion and mul t ip l ic i ty funct ion tests. 

T h u s , w e c o n c l u d e that the current ly popu la r mode l s for large-scale s t ructure 
can n o t p r o v i d e enough structure t o m a t c h the obse rved dis t r ibut ion o f A b e l l 
clusters. It is poss ib le that incompleteness in the cluster sample cont r ibu tes t o the 
apparent large-scale s tructure. H o w e v e r , wi th the da ta current ly avai lable, s o m e 
n e w m o d e l appears necessary, perhaps one employ ing c o s m i c strings t o genera te 
the required s p e c t r u m o f very large-scale densi ty per turbat ions (e .g . , Z e l ' d o v i c h 
1980 ) . 
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Figure 1 T w o - p o i n t correlat ion functions 
for three s imulat ions at /ΐχοο = 0.50, c o m -
pared wi th £( r ) for the Abe l l clusters. Er-
ror bars on the Abe l l cluster curve re-
flect assumpt ion o f Poisson errors in n u m -
bers o f pairs found in each separation bin . 
T h e scale for r is in terms of the aver-
age separat ion o f nearest neighbors within 
the β > 0 A b e l l cluster sample , r a v e = 
p - 1 / 3 = 42.5/ij~QQ M p c , where ρ is the av-
erage n u m b e r densi ty o f the Abe l l clus-
ters. 
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Figure 2 Percentage o f pseudo-clusters in 
the mode l s that were linked together into 
superclusters as a function o f the maxi-
m u m separat ion t w o pseudo-clusters cou ld 
have and still be linked - the percola t ion 
parameter , bp. Error bars represent the 
1σ variat ion in four samples for each 
m o d e l . Obse rved function for the 
s m o o t h e d R > 0 Abe l l clusters sample is 
shown b y the connec t ed s y m b o l s . 

Figure 8 Ave rage percentage of pseudo-
clusters found in superclusters o f various 
sizes in the mode l s c o m p a r e d to super-
clusters found a m o n g the R > 0 Abe l l 
cluster sample popu la t ion . Bins are num-
ber o f clusters per supercluster , wi th a 
m e m b e r s h i p o f " 1 " representing isolated 
clusters. T h e percola t ion parameter for 
the definition o f a supercluster was bp = 
71% o f the average nearest-neighbor sepa-
rat ion o f the Abe l l clusters, i.e., for. / i ioo = 

0.50, bp = 60 M p c . Variat ions in the 
four samples o f each of the mode l s were 
roughly ± 9 % (one s tandard devia t ion) in 
the > 10 bin and ± 3 % in the other b ins . 
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DISCUSSION 

DEKEL: My feeling is that cosmic strings, which looked very promising 
at first as a way to explain the strong clustering of clusters, has 
become recently a theory which requires as much 'patching* as the 
other theories. For example, I don't think we-^understand why the 
cluster correlation function should be ξ oc r" * and of high 
amplitude. The loops about which clusters accrete don't seem to be 
distributed like 'beads along strings' as once thought, and the 
segments of infinite strings seem to be anticorrelated. 

BATUSKI: I am disappointed to hear this. I had recently become quite 
excited about the possibility that cosmic strings could explain very 
large-scale structure. 

ULMER: I doubt there is much effect, but I wonder how literally we 
should take the Abell Catalog given that some are superposition of line 
of sight clusters and that some clusters break up into unbound clumps 
when redshifts are measured. 

BATUSKI: I also do not think that the effect is very large, in part 
because we have smoothed the Abell cluster data with the CIC algorithm, 
removing some of the details of the cluster distribution. Such 
superposition effects, as well as possible incompleteness of the R _> 0 
clusters with galactic latitude and redshift (even with the latitude 
and redshift limited sample we used to minimize the incompleteness), 
suggest that the Abell catalog does need observational refinement. 
These clusters are still the best available probes of the scales under 
consideration, however. 
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