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ABSTRACT 
We study rich clusters of galaxies using V-body simulations in comparison with observations. Protoclusters 

are identified in large-scale simulations which represent a wide range of cosmological scenarios (hierarchical 
clustering, pancake scenarios, and hybrids, spanning a range of power spectra in flat and open universes), and 
each cluster is then simulated with high resolution. The density profiles of the simulated clusters (for = 1) 
are found to be similar, irrespective of the initial conditions. The projected profiles have logarithmic slopes of 
about —1.8 at the half-mass radius, and they steepen with increasing radius. The velocity dispersion profiles 
are also similar, and the velocities are quite isotropic. The existence of a universal profile suggests that violent 
relaxation is efficient at erasing traces of the initial conditions from the cluster profile during the first collapse, 
while secondary infall does not significantly affect it. Hence, the cluster density profile is not a good indicator 
of the origin of the large-scale structure in the universe. 

Observed luminosity profiles are obtained for a sample of 27 Abell clusters, and a comparison with the 
theoretical mass density profiles shows good agreement, suggesting that the cluster radial light distribution 
traces the mass distribution. The theoretical line-of-sight velocity dispersion profiles (for Q = 1) also agree well 
with those of five Abell clusters for which reasonably good profiles exist. The profiles of the clusters formed in 
an open universe are found to be steeper in the inner regions than the observed profiles. Other cluster proper- 
ties which are most sensitive to cosmology are discussed in subsequent papers. 
Subject headings: cosmology — galaxies: clustering — galaxies: formation — numerical methods 

I. INTRODUCTION 

Different scenarios are possible within the framework of the 
gravitational instability theory for the formation of structure 
from small density fluctuations. In the two extremes, the struc- 
ture either formed by clustering “bottom-up” (Peebles and 
Dicke 1968) if fluctuations survived on all relevant scales 
(e.g., isothermal fluctuations, or “cold” dark matter), or by 
fragmentation “top-down” from supergalactic pancakes 
(Zel’dovich 1970) if small-scale fluctuations were damped out 
(e.g., adiabatic fluctuations of baryons, or “hot” dark matter, 
such as ~30 eV neutrinos); hybrid scenarios are also possible 
(e.g., Dekel 1983, 1984; Dekel and Aarseth 1984). There is an 
ongoing effort to confront these scenarios with observations, 
which naturally concentrates on the large-scale objects, such as 
superclusters and voids, which are still relatively unevolved at 
present, and hence are expected to reflect directly the cosmo- 
logical initial conditions. Unfortunately, such studies require 
many galactic redshifts at faint magnitudes, which makes 
progress slow and expensive. As an alternative, we study rich 
clusters of galaxies, for which more data are available. The 
hope is that some memory of the cosmological initial condi- 
tions has survived the cluster collapse and subsequent evolu- 
tion. This notion is supported by indications that many 
clusters are dynamically young, based, for example, on their 
relatively low mean densities and on their tendency for align- 
ment (Bingelli 1982; Dekel, West, and Aarseth 1984; Struble 
and Peebles 1985). 

In the present paper, we focus on the density profiles of 
clusters, which are obtainable from galaxy number counts, and 

1 Also Racah Institute of Physics, Hebrew University of Jerusalem. 

on velocity dispersion profiles. Based on certain assumptions, 
the original hope was that the present profiles would be related 
to the initial conditions (e.g., Doroshkevich 1970; Gunn and 
Gott 1972; Gott 1975; Gunn 1977; Dekel and Shaham 1980; 
Dekel 1981; Dekel, Kowitt, and Shaham 1981; Peebles 1982; 
Hoffman and Shaham 1985) and that this relationship could be 
obtained semianalytically in the following way. 

In the linear regime, if the density perturbation field, filtered 
on a scale rs, is a Gaussian process, the typical density profile 
about a high peak is approximately proportional to the two- 
point correlation function, in the range of radii rs<^r <^rc, 
where rc is a coherence radius that gets larger for higher peaks 
(Doroshkevich 1970; Dekel 1981; Peebles 1982). For example, 
if the initial power spectrum is <1 <5* l> oc k”, the typical profile is 
cc r~(3+n\ The exact solution (Doroshkevich 1970; Bardeen et 
al 1986) gives for moderate-amplitude peaks a somewhat 
steeper profile and smaller rc. One hopes that at least for the 
richest protoclusters, there is a range of radii in which such an 
analysis is valid. (This analysis is useless, however, in pancake 
scenarios, where clusters form by nonlinear coupling of pertur- 
bations on large scales.) Then, assuming spherical symmetry 
(which might be a poor approximation for moderate peaks 
though), one can easily calculate the “ turnaround profile.” The 
subsequent infall, however, is complicated by “ shell ” crossing, 
and the crucial question is whether the final profile is indeed 
related to the turnaround profile. 

In the case of slow, gradual inf all, Fillmore and Goldreich 
(1984), extending the rough treatment of Gunn (1977), found 
self-similar solutions for power-law initial profiles; the power 
law is roughly preserved if the initial logarithmic slope is 
steeper than —2 (i.e., n> —1), and the final slope is roughly 
— 2 for every initial slope that is less steep (n < —1). The 
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2 WEST, DEKEL, AND OEMLER Vol. 316 

V-body simulations of secondary infall by Dekel, Kowitt, and 
Shaham (1981) did indeed show that some memory of the 
initial profiles survives in the final systems, and it was found by 
Frenk et al (1986) and Quinn, Salmon, and Zurek (1986), using 
high-resolution V-body simulations of high-density systems 
dominated by secondary infall (næ—2), that the final 
“rotation curve” is quite flat at large radii, corresponding to a 
p ozr~2 density profile in three dimensions, as predicted by the 
infall similarity solution for n < — 1. 

On the other hand, if the collapse is not gradual enough, 
violent relaxation (Lynden-Bell 1967) is expected to erase 
memory of the initial conditions. It is difficult to derive analyti- 
cally the profile that arises in a finite system as a result of 
violent relaxation, but numerical simulations of spheroidal 
systems (Peebles 1970; White 1976; van Albada 1982; Pryor 
and Lecar 1983; Farouki, Hoffman, and Salpeter 1983; Villum- 
sen 1984) have shown that if the system is initially cold, 
clumpy, or aspherical, then it ends up with a certain 
“ universal ” profile. Hence, these analytic approximations do 
not provide a unique prediction for the final density profile. 

In this paper, we examine the final density profiles in clusters 
of galaxies starting with realistic initial conditions as they 
emerge from a wide range of cosmological scenarios. The pro- 
toclusters have no spatial symmetries built into them initially, 
and the final clusters are still dynamically young and of moder- 
ate densities, so we cannot tell a priori the role of violent relax- 
ation or secondary infall in determining their final profiles. We 
find that the final density profiles are not very sensitive to the 
initial conditions, even in clusters that emerge from very differ- 
ent cosmological scenarios. This result indicates that violent 
relaxation is efficient at erasing any memory of the initial 
profile and that secondary infall is not important in this case. It 
also warns us that using the cluster density profile as a cosmo- 
logical indicator is not very promising. 

However, the existence of a universal mass density profile is 
not entirely discouraging; it raises the interesting question of 
whether this profile is similar to the observed luminosity 
profile. In theory, there are several processes that might lead to 
a radial segregation between the galaxies and the dark matter 
in clusters. For example, cosmological arguments have recently 
suggested biased galaxy formation (Davis et al 1985; Kaiser 
1984; Bardeen et al 1986; Rees 1985; Silk 1985; Dekel and Silk 
1986; Peebles 1986; Dekel 1986a; Rees and Dekel 1986), in 
which bright galaxies do not trace the mass distribution, and 
the mean mass-to-light ratio is lower in regions of high back- 
ground density. If this bias occurs inside the protoclusters, one 
may expect a mass-to-light gradient to be built in from the 
epoch of galaxy formation, before the clusters collapse. Alter- 
natively, if galaxies are still forming when the clusters collapse, 
dissipation may cause a further contraction of the galaxies 
relative to the nondissipative dark matter, and a similar segre- 
gation effect would arise. Also, dynamical friction would make 
the bright galaxies spiral into the cluster centers (Ostriker 
1977; Malumuth and Richstone 1984), but this effect is impor- 
tant only in the cluster cores, and perhaps only during the 
cluster formation, before the galaxies suffer significant tidal 
stripping (Merritt 1984). 

The observational evidence on the relation between the mass 
profiles and the luminosity profiles is still ambiguous. Kent 
and Gunn (1981) and Kent and Sargent (1983) have studied the 
Coma and Perseus clusters by estimating the mass profile from 
the radial velocities. They claimed that in Coma a constant 
mass-to-luminosity profile is consistent with an isotropic 

velocity dispersion, while in Perseus only a nonisotropic veloc- 
ity model can be consistent with a constant mass-to-luminosity 
ratio. 

We study here the luminosity profiles of 27 Abell clusters 
and find that they are similar in shape to the theoretical mass 
profiles obtained in the simulations. The line-of-sight velocity 
dispersion profiles also agree reasonably well. The velocities in 
our models are found to be quite isotropic out to at least twice 
the half-mass radius. 

The simulations and the theoretically obtained mass profiles 
are described in § II, the observed luminosity profiles are pre- 
sented in § III, and they are compared to each other in § IV. 
Then a complementary study of the velocities is described in 
§ V. Our conclusions are summarized in § VI. Other cluster 
properties which are more sensitive to the cosmological initial 
conditions are discussed in subsequent papers (e.g., West, 
Dekel, and Oemler 1986h; hereafter Paper II; West, Dekel, and 
Oemler 1986c, hereafter Paper III). 

II. MODEL MASS DENSITY PROFILES 

a) N-Body Simulations 
The clusters have been simulated in two steps. First, low- 

resolution, large-scale cosmological simulations of the different 
theoretical scenarios have been performed to find the locations 
of protoclusters and to generate the initial conditions for the 
second, major step, in which high-resolution simulations of 
clusters have been performed. 

The cosmological simulations have been performed with 
~4000 equal-mass particles using a comoving AT-body code 
(Aarseth 1984) which integrates directly the Newtonian equa- 
tions of motion using a softened gravitational potential on 
small scales. The procedure used here to generate the initial 
conditions is a generalization of that used by Dekel and 
Aarseth (1984). The particles were initially distributed uni- 
formly inside a unit sphere, at the points of a cubic grid, so as 
to initially suppress any undesired small-scale noise. Then the 
position of each particle (and in the pancake and hybrid simu- 
lations, its velocity as well) was perturbed by a superposition of 
1000, small-amplitude plane waves, assuming random phases 
and wave vectors. The wavenumbers were chosen so as to 
provide a random realization of a given spectrum of fluctua- 
tions. This procedure is described in the Appendix. The para- 
meters used in the large-scale simulations are summarized in 
Table 1. The evolution of each system was followed in the 
linear regime by the approximation of ZeFdovich (1970), until 
a stage where the rms density contrast on a scale 2U = 0.5 
reached ~0.25, at which point the cosmological expansion 
factor, a, was set equal to 1, and the N-body simulation started. 
The parameters were chosen such that in the pancake simula- 
tions, the main pancakes reached singularity at a time stage 
corresponding to a « 4. Two random realizations have been 
performed for each of the following five scenarios: three hierar- 
chical clustering scenarios with power-spectrum indices n = 0, 
— 1, —2, a pancake scenario with a truncated spectrum 
beyond a critical wavenumber, and a hybrid of the two sce- 
narios. For the hybrid scenario, the initial perturbation spec- 
trum was such that the amplitude of the small-scale 
component was one-half that of the large-scale component at 
the coherence wavelength. The cold dark matter spectrum of 
perturbations, near the relevant scales for rich Abell clusters, 
can be approximated by either the rc = 0 or the n = — 1 hierar- 
chical clustering case. All simulations, except model f, assumed 
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PROFILES OF CLUSTERS OF GALAXIES 

TABLE 1 
Parameters of Initial Fluctuation Spectra® 

3 No. 1, 1987 

Adiabatic/ 
Model Scenario n Isothermal lmin

b Au
h imax

b a0
c 

a     Pancake 0 A 0.5 0.5 1 1 5.7 
b.   Hybrid0 0,0 I, A 0.1,0.5 0.5 0.5,1 1 5.7 
c.   Hierarchical 0 I 0.1 0.5 1 1 11.3 
d   Hierarchical —1 I 0.075 0.5 1 1 11.3 
e  Hierarchical —2 I 0.075 0.5 1 1 11.3 
f  Hierarchical 0 I 0.1 0.5 1 0.15 22.6 

a For details, see Appendix. 
b Wavelength in units of the radius of the initial sphere of the large-scale simulations. 
c The expansion factor at which the clusters were studied (r0 « 0.1 in the large-scale simulations). 
d The amplitude jump at Àu is a factor 2 in | <5k |. 

an Einstein-de Sitter universe (Q = 1). The simulations of 
model f assumed n = 0 hierarchical clustering in an open uni- 
verse (Q = 0.15 at the present epoch) to check for any sensi- 
tivity of the results to £L 

The stages of the simulations that correspond to the present 
epoch have been determined using the two-point correlation 
function, £{r\ in the low nonlinear regime, where « 1. In the 
pancake simulations, the slope of the correlation function 
increases with time and matches the slope of y = 1.8 of the 
observed galaxy correlation function at only a single stage of 
the evolution, which corresponds to an expansion factor of 
a ä 6 from the start of the simulation. At the time, the correla- 
tion length, where ^(r0) = 1, is r0 æ 0.1 in the comoving units 
used in the simulations (G = m = 1, where m is the mass of 
each particle and the comoving radius of the simulated volume 
is 1.0). To set the physical scaling, we compare r0 to the 

claimed value for galaxies, r0 æ 5 7i-1 Mpc (Davis and Peebles 
1983). With this scaling, the diameter of the simulated system 
corresponds to ~ 100 /i"1 Mpc, and the diameters of pancakes 
are ~30 /i-1 Mpc. In the hierarchical clustering simulations, 
the correlation function grows in a self-similar manner, and 
hence choosing a particular stage which corresponds to the 
present epoch is somewhat arbitrary. It was decided to choose 
the stage in which the comoving correlation length has the 
same value as in the pancake simulations, r0 æ 0.1. This occurs 
at a « 11 in the simulations done, assuming Q = 1, and a « 23 
was chosen for the open universe case, at which stage Q æ 0.15. 
As will be demonstrated later, the density profiles obtained 
from the simulated clusters in the hierarchical scenarios are 
rather insensitive to the chosen time. Representative projected 
distributions of particles in the various models, at those stages 
that correspond to the present epoch, are shown in Figure 1. 

Fig. 1.—Same projection of the different cosmological simulations (see Table 1) at that stage of evolution corresponding to r0 « 0.1. Diameter of the spheres 
corresponds to ~ 100 h~l Mpc. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
87

A
pJ

. 
..3

16
 .
..
. 

IW
 

4 WEST, DEKEL, AND OEMLER 

Note that the initial fluctuations of the largest wavelength had 
the same phases in all the scenarios, so similar elongated super- 
clusters are expected to be dominant in all cases. The degree of 
subclustering reflects the relative importance of small-scale 
fluctuations in the different scenarios. 

The next task is to identify the rich clusters formed in these 
simulations. Using the above scaling, and given the observed 
number density of Abell clusters (Bahcall and Soneira 1983), 
one would expect to find about five Abell clusters of richness 
class 1, and roughly one of class 2 in each of the simulated 
volumes. The procedure used here to identify clusters is the 
simple method of linking near neighbors (Einasto et al 1984; 
Dekel, West, and Aarseth 1984). For a given value of separa- 
tion parameter d, all particles closer to one another than this 
distance are linked together. Particles that are linked to each 
other, either directly or indirectly, form a cluster. The param- 
eter d is related to the number overdensity, n, at the outer edges 
of the clusters, via n = (d/d)~3, where d is the mean separation 
between neighbors. The value of d used here to identify the rich 
clusters in these cosmological simulations corresponds to an 
overdensity of ~35 at the edges of the clusters. A further 
requirement, viz. that each cluster thus identified contain a 
certain minimum number of particles, has been imposed to 
focus as much as possible on those clusters which should be 
representative of Abell clusters of richness class 1 or greater. 
Clusters identified using this procedure are found to contain 
typically 30-50 particles, each corresponding to mass 
~2.1 x 1013 M0. However, because the aim here is to study 
the detailed structure of these clusters, such few particles of 
such large mass cannot provide sufficient resolution on small 
scales. 

It is for this reason that the second, high-resolution step has 
been taken to create the final cluster models used in the later 
analysis. Having identified the locations where rich clusters 
form for a given set of initial perturbations in the different 
cosmological simulations, new simulations have been per- 
formed using these same initial perturbations, but now model- 
ing smaller volumes centered on the locations of each of the 
five richest clusters found in each of the large-scale simulations. 
In this way the resolution can be greatly increased, since by 
concentrating on the relatively small volume around each 
cluster, the mass of each individual particle in the new simula- 
tions can be much smaller, and more of the particles in the 
simulated volume eventually ended up in the cluster itself 
rather than in other surrounding structures. Simulations with 
~ 1000 particles have been run for each cluster using a non- 
comoving version of the Aarseth code. The initial radius of 
these individual cluster simulations corresponds to 45% of the 
initial radius of the large-scale cosmological simulations, rc = 
0.45 in the comoving units of the simulations. This volume size 
was chosen since it is sufficiently small to achieve the desired 
high resolution, yet sufficiently large that it still includes the 
effects of the surrounding structure. As a check, several prelimi- 
nary simulations were run with larger volumes, and it was 
found that no significant differences resulted in the structure of 
the clusters (see § lid). Assuming a mean luminosity density in 
the universe of 2.3 x 108 h L0 Mpc-3 (Kirshner et al 1984), 
each particle in these simulations should represent roughly an 
L* galaxy (L* ä 1010 L0 h~2) at those stages of the simula- 
tions corresponding to the present epoch, where r0 æ 0.1. 
Figure 2 shows projections of several typical clusters formed in 
the different scenarios. To illustrate the effects of the different 
initial perturbation spectra, we show in each column a cluster 

which formed in a similar location in the different large-scale 
simulations. Thus the apparent differences in the visual 
appearance of this cluster formed in the pancake, hybrid, and 
(n = 0) hierarchical clustering scenarios reflect the differences 
in the small-scale component of the initial perturbation spec- 
trum, while the differences seen in the n = — 1 and n = —2 
hierarchical clustering simulations demonstrate the effects of 
having more power on large scales. 

b) Obtaining the Density Profiles 
Three orthogonal, two-dimensional projected views of each 

of the 10 simulated clusters per cosmological scenario have 
been used. A cubic volume with origin at the center of the 
simulated spherical volume has been cut to ensure equal depth 
along the line of sight. The cluster center in each case is taken 
as the location of the density maximum of the projected parti- 
cle distribution within this cube, as determined from an iter- 
ative count procedure in square grid cells. In all cases the 
cluster center determined by this procedure agrees well with 
that determined from visual inspection of the particle distribu- 
tion.2 Visual inspection has also been used to identify any 
clusters for which there is another very nearby cluster or group 
which might confuse the analysis. In such cases, all particles 
within the small region around the undesired cluster have been 
removed from the field of view. This procedure was used in 
order to resemble as much as possible the procedure used by 
observers to obtain the observed profiles. It was required only 
infrequently. A mean mass density of background matter has 
been determined for each simulation by simply dividing the 
total number of particles contained within the cubic volume by 
the projected area. This procedure may slightly overestimate 
the true background level; however, it is a simple way of 
approximating the procedure used by observers to determine 
the local background density^see § IV). The density profiles for 
each projected view of each cluster have then been determined 
by computing the total surface mass density contained within a 
set of concentric circular rings, and subtracting the appropriate 
background contribution. The width of the rings has been 
slowly varied in a systematic way, so as to try to keep the 
number of particles in each ring approximately constant, ~ 20 
particles per ring. This has been done by spacing the ring 
boundaries uniformly in In (r). The profiles have been com- 
puted out to the radius at which the mass density within the 
ring, after subtracting the background contribution, first falls 
to zero. The total cluster mass is then taken as the sum of the 
masses of all the particles contained within this radius. To 
compare with the observations, we use the unit M* which is 
defined to be the total mass associated with an L* galaxy. The 
surface density profiles, S(r), have been computed in two ways: 
(a) in physical units, with the density in M* (/i-1 Mpc)-2, and 
radius in /z-1 Mpc, and (b) in dimensionless units, with the 
masses and radii normalized in terms of the total projected 
cluster masses and the projected half-mass radii, so as to facili- 
tate a more direct comparison between the shapes of the pro- 
files for different clusters. 

2 Beers and Tonry (1986) have recently claimed that the density profile 
obtained for clusters, especially the existence of a core, is quite sensitive to the 
choice of cluster center. Be that as it may, the procedure which we have 
adopted here is similar to that used for the observed clusters, which is impor- 
tant since a direct comparison between the theoretical and observational data 
is desired. Since the same procedure is used in all cases, any differences between 
the profiles of clusters formed in the different cosmological scenarios can be 
regarded as real. 
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Fig. 2.—Projected views of representative clusters formed in the different cosmological scenarios (see Table 1). Clusters along each vertical column have formed 
a similar position in space. Length of each box corresponds to 20 /T1 Mpc (which is less than one-half the diameter of the simulated sphere around each cluster. 
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Finally, we calculate several simple quantities to help char- 
acterize the shapes of the density profiles. Local logarithmic 
slopes are defined by 

'¿(log S)1 
.¿(log r)_U ’ 

(1) 

where is the projected radius that encompasses i% of the 
total mass. We measure (x25, a50, and a75. In addition, a 
measure of the degree of central concentration is the concen- 
tration index C (Butcher and Oemler 1978) which is defined by 

C = log (R60/R20). (2) 

This quantity should be sensitive to any core structure in the 
profiles. 

c) Results 
In Figure 3, the density profiles computed in physical units 

are shown for each of the simulated clusters at the stage of 
evolution corresponding to the present epoch. Similarly, in 
Figure 4, the normalized profiles are presented. It is evident 
from these figures that the shapes of the profiles are quite 
similar. This can be seen even more clearly in Figure 5, where 
best-fit curves to the data are compared for the normalized 
profiles. These curves are a fourth-order power series whose 
coefficients were determined by minimizing x2- In Table 2, the 
slopes cc25, a50, and a75 of these profiles are presented for 
comparison. Similarly, in Figure 6 we show the distribution of 
the concentration index C for the different clusters. It is inter- 
esting to note that in addition to agreeing in shape, the scaling 
of these profiles is not drastically different, the typical half- 
mass radius of these clusters ranges roughly from ~0.5 to 
1 /i_ 1 Mpc, depending on the cosmological scenario (Paper II). 

The temporal evolution of the density profiles can be exam- 
ined in Figure 7, where the best fits to the profiles at three 
different times are presented for two representative cases; the 

TABLE 2 
Mean Slopes for Projected Density Profiles 

Model Scenario a25 a5() a75 

a  Pancake —1.0 —1.8 —2.3 
b   Hybrid -0.9 -1.7 -2.4 
c  Hierarchical (n = 0) —1.1 —1.8 —2.3 
d  (n=-l) -1.1 -1.8 -2.3 
e  (n=-2) -1.0 -1.9 -2.4 
f  (n — 0, Í2 = 0.15) -1.4 -1.8 -2.1 
g  Abell clusters —1.1 —1.7 —2.2 

pancake simulation and the n = 0, Q = 1 hierarchical clus- 
tering simulation. In the pancake scenario, the profiles steepen 
in time, as the steepening of the correlation function (see Dekel 
and Aarseth 1984) would indicate; recall that the present time 
is uniquely determined by fitting the slope of the correlation 
function to the observed slope. In the hierarchical scenario, the 
profile shapes remain self-similar, ensuring us that our choice 
of the present time in this case has no effect on our conclusions. 

d) Interpretation 
The fact that a wide range of initial conditions results in the 

same universal profile suggests that violent relaxation is 
responsible for erasing traces of the initial conditions from the 
final radial mass distribution in clusters. Using V-body simula- 
tions of the dissipationless collapse of galaxies, van Albada 
(1982) and May and van Albada (1984) showed that for spher- 
ical systems, violent relaxation is able to produce a universal 
mass density profile, provided that the systems are initially 
clumpy. This should be the case for those of our clusters 
formed via the hierarchical clustering of smaller clumps. Simi- 
larly, Villumsen (1984) showed that initially smooth systems 
can also undergo significant violent relaxation, provided that 
these systems are aspherical in shape. This should be relevant 

LOG r/R50 

Fig. 5.—Comparison of best-fit curves for the profiles shown in Fig. 4. Fitting function was a fourth-order power-series with coefficients determined by 
minimizing x2- Curves have been shifted relative to each other by 0.2 in log S. 
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Fig. 6.—Distribution of the concentration index C for the clusters 

for those clusters formed in the pancake scenarios. Thus, 
although the clusters in the different scenarios have formed 
with varying degrees of initial asphericity and dumpiness, it 
seems that the process of violent relaxation plays an important 
role in all cases, leading to a universal profile. 

Secondary infall, which may preserve the initial conditions, 
seems to be unimportant here. To ensure that secondary infall 
has not been suppressed by having simulated too small a 
volume, we have rerun three of the clusters of the n = —2 
hierarchical clustering scenario, this time simulating a larger 
region, of radius rc = 0.7, hence allowing for more extended 
regions around the cluster to participate in any infall. In Figure 
8, the resultant mean profile for these clusters is compared with 
the mean profile originally obtained using a sphere of radius 
rc = 0.45. The profiles are quite similar, indicating that our 
original simulations do not miss significant secondary infalling 
mass, even in the n = — 2 case, where the perturbation power 
on large scales is greatest. 

Other simulations of hierarchical clustering scenarios (Frenk 
et al. 1986; Quinn, Salmon, and Zurek 1986), aimed at repro- 
ducing the “ rotation curves ” of spiral galaxies via the three- 
dimensional mass/radius profile of their dark halos, 
[M(r)/r]1/2, do indicate some sensitivity of the final profiles to 
the initial power spectrum (although not as strong as predicted 
by the infall self-similarity solutions). In particular, they obtain 
flat “rotation curves” for n = —2. In Figure 9, we show for 
comparison the three-dimensional [M(r)/r]1/2 profiles for 10 
arbitrary clusters or our n = 0 and n = —2 simulations. The 
average profiles of these clusters for each case are shown in 
Figure 10. They are obtained after scaling the mass of each 
cluster to units of its total mass (defined at the radius where the 
mean angle-averaged density equals the mean density of the 
background) and the radius to units of its half-mass radius. It is 
evident that the “rotation curves” in our n = —2 clusters 

Fig. 7.—Temporal evolution of the density profiles for two representative cases : (a) pancake scenario, and (b)n = 0 hierarchical clustering scenario. These curves 
are best fits to the profiles. Each profile is labeled by the expansion factor at which it was determined. Curves have been shifted by 0.2 in log 5. 
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Fig. 8.—Effect of changing the size of the simulated volume. Curves are best fits to the density profiles for three clusters simulated in the n = —2 hierarchical 
clustering scenario using rc = 0.45 and rc = 0.7. Top curve has been shifted upward by 0.2 in log S. 

decrease much as the u = 0 ones out to several half-mass radii. 
Hence, the similarity seen before between the two-dimensional 
profiles of the clusters within the inner few megaparsecs reflects 
a similarity in three dimensions. 

A plausible interpretation is that our clusters relax more 
violently and suffer less secondary infall than the galactic halos 
in the other simulations. This may be due to a basic difference 
between galaxies and clusters. The galaxies, being of higher 
densities have collapsed well before the present epoch and have 
subsequently accreted a significant portion of their mass via 
secondary infall, while the clusters, being of relatively low den- 
sities, have collapsed only recently, and thus significant second- 
ary infall has not yet occurred. Other possible explanations for 
the difference might be, for example, differences in the ways we 
set the initial conditions or the number of particles simulated 
per cluster. A detailed comparison between the processes of 
violent relaxation and secondary infall will be the subject of 
another paper. 

The final profiles do show some slight dependence on Q. The 
clusters formed in the case of an open universe are somewhat 
more centrally concentrated, as can be seen in the inner regions 
of the profiles shown in Figures 3/and 4/, and is reflected in the 
values of the concentration index C and (x25- In an open uni- 
verse, clusters will have stopped growing when the universe 
entered the free expansion phase; they are therefore smaller in 
size relative to the comoving volume, and have density profiles 
which are more steeply decreasing. The clusters formed in an 
open universe will have had a longer time to evolve until the 
point where the large-scale distribution of matter matches the 
observed correlation function, so their cores are at a more 
dynamically evolved state than their counterparts in an 
Einstein-de Sitter universe. However, it is important to bear in 
mind that the simulations used here have not attempted to 
incorporate more detailed physical processes, such as dynami- 
cal friction, mergers, and mass segregation, which may affect 
these profiles in the innermost regions. 

Thus, these results seem to indicate that once clusters of 
galaxies collapse, their radial mass distribution becomes essen- 
tially independent of the surrounding cosmological initial con- 
ditions from whence they arose. Indeed, the profiles obtained 
here are not very different from those found by Peebles (1970) 
and White (1976) in their simulations of spherical, isolated 
clusters, which did not include the treatment of any surround- 
ing cosmology. 

III. OBSERVED LUMINOSITY PROFILES 

To compare with the model clusters, we have assembled 
data about the structure of real clusters of galaxies. Since most 
of the data are in that form, we shall confine ourselves to 
observations of the radial distribution of cluster galaxies in two 
dimensions. A survey of the literature gives the impression that 
the radial profiles of clusters are poorly known. It is possible to 
find very large differences between the profiles of one cluster as 
determined by two or more workers. Dressier (1978) has found 
a factor of 2 discrepancy between the core sizes of clusters 
determined by himself and by Bahcall (1975). Assertions about 
the general form of the surface density distributions vary 
widely. Oemler (1974) claimed that his cluster profiles were 
consistent with the results of N-body collapse models, whose 
surface densities vary as r~3 in their outer parts. At other 
extremes, Yahil (1974) found an r“1 dependence, with 
(possibly) an isothermal core at small radii. 

The most important reason for these disagreements is the 
necessity to correct for background and foreground galaxies. 
Although unimportant in the cluster cores, background gal- 
axies dominate the galaxy counts at large radii. Because clus- 
ters fade slowly into the background, clusters (at least nearby) 
subtend a large angular scale, and the clumpy distribution of 
background galaxies, it is very difficult to estimate the back- 
ground accurately. Particularly when the galaxy distributions 
are determined by eye counts, as were most of those in the 
literature, there is a strong temptation to stop counting at too 
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Fig. 9.—Three-dimensional mass profiles (“rotation curves”) in physical units for 10 arbitrary clusters in each of the hierarchical simulations, (a) n = 0; {b) 
n = —2. 

small a distance from the cluster center. This results in an 
overestimate of the background and an abnormal truncation 
of the cluster profile. 

That the situation is not hopeless, however, can be seen from 
Figure 11a, which presents four determinations of the profile of 
the Coma Cluster, one of the best studied clusters. The solid 
line is the radial distribution of galaxies with measured velo- 
cities near that of Coma, as determined by Kent and Gunn 
(1982). This velocity discrimination eliminates almost all fore- 
ground and background contamination, and no correction for 
contamination has been applied to this profile. However, 
because the cluster is superposed on a finite mean cosmic 
density of galaxies, this profile represents an upper limit to the 
true cluster distribution. The dashed and dotted lines represent 
the profiles determined by traditional eye galaxy counts, per- 
formed by Omer, Page, and Wilson (1965) and Zwicky (1937). 
Background corrections have been applied to both; because 
the former counts go much deeper, the corrections to these are 
much larger than to Zwicky’s counts. Finally, the points with 
error bars represent the cluster surface brightness distribution 
(or equivalently, the luminosity-weighted galaxy distribution) 
measured by Oemler (1974). The galaxy distribution was deter- 
mined by an automatic search program; the background cor- 
rection was made using a mean relation of field galaxy density 
versus magnitude determined from many regions. 

The four profiles agree very nicely. There is a slight tendency 
for the Kent and Gunn profile to be more extended than the 
others, but the effect is small, confined to the outermost points, 
and consistent with this profile being an upper limit to the true 
distribution. The general form of the profile is compared to 
various proposed profile shapes in Figure llh. A mean of the 
four determinations of the profile is represented by open 
circles. The solid line represents the average profile from the 
simulated clusters. The dashed line is an r1/4 law fit of the type 
favored by Dressier (1978), and the dotted line represents 
Yahil’s proposed distribution. The last is obviously a poor 
representation of the data. The former fits reasonably well over 
the observed range in radii (the r1/4 law fits may clusters more 
poorly). We conclude from this comparison that clusters of 
galaxies are finite and bounded (as would not be the case if 
surface density varied as r"1) and that it is possible, with 
careful work, to accurately determine their profiles. 

We have examined the entire body of data in the literature 
on cluster profiles. Unfortunately, few clusters have been 
studied as carefully as has Coma. We have concluded that, 
with few exceptions, no cluster profile could be trusted if it 
were based on only one determination. From the extant data, 
we have found 27 clusters in whose profiles we have some 
confidence. These are listed in Table 3 and the individual pro- 
files are shown in Figure 12. For each cluster we list the sources 
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TABLE 3 
Clusters of Galaxies with Reliable Profiles 

Cluster R'< 50 References 

Coma   
Corona Borealis. 
Fornax     
Hercules   
Hydra  
Perseus  
Virgo  
Abell 154   
Abell 168   
Abell 194   
Abell 400   
Abell 401   
Abell 539   
Abell 665   
Abell 1228   
Abell 1314  
Abell 1367   
Abell 1413  
Abell 1795   
Abell 1904 ....... 
Abell 2029   
Abell 2197  
Abell 2199  
Abell 2218  
Abell 2255   
Abell 2256   
Abell 2670 ....... 

0.53 
0.64 
0.64 
0.33 
0.61 
0.68 
0.30 
0.65 
0.67 
0.47 
0.48 
0.60 
0.54 
0.47 
0.33 
0.43 
0.33 
0.62 
0.67 
0.53 
0.63 
0.32 
0.53 
0.59 
0.57 
0.51 
0.50 

51. 
14. 
75. 
21. 
75. 
59. 

229. 
31. 
42. 
28. 
29. 
21. 
14. 
7.5 

18. 
15. 
23. 

7.1 
22. 
18. 
25. 
28. 
32. 
11.5 
19. 
19. 
8.4 

1, 2, 3, 4 
5 
6 
2, 7, 8 
9, 10, 11 
4, 12, 13 
14 
8, 9, 15 
8, 15 
2, 7, 16 
2, 9, 15 
8, 9, 16 
2, 15, 17 
2, 8 
1, 
2, 
2, 
2, 

17 , 7, 
, 7 
,9, 13 
, 8, 18 

9, 16 
2, 9, 16 
8, 9, 16 
2, 7, 9 
2, 9, 19 
8, 20 
9, 17 
8, 9, 15 
2, 8 

of the profile and several parameters: Rso and the concentra- 
tion index C of the galalaxy distribution. Values of C range 
from ~0.30 for uniform density clusters to ~0.65 for the most 
centrally concentrated clusters. We have redetermined the pro- 
files of four clusters for this paper. Automated machine counts 
of galaxies in A2255 and eye counts of galaxies in the other 
clusters were made using 10" x 10" 098 plates obtained on the 
Palomar 1.2 m Schmidt telescope. Rough values of the total 
luminosity have been determined for most of these clusters, for 
use in computing their density profiles in physical units. More 
precise values of the total luminosities will be published in 
Paper III. 

The combined profiles of all 27 clusters are shown in Figures 
3 and 4. It is apparent that there is a fairly small, but distinct, 
subset of clusters which have markedly different profiles from 
the others, these clusters appearing to be of rather uniform 
density over a large range of radii. Their galaxy populations 
are also unusual, being much richer in spiral galaxies than 

Notes to Table 3 
References: (1) Kent and Gunn 1982. (2) Oemler 1974. (3) Omer, Page, and 

Wilson 1956. (4) Zwicky 1957. (5) Zwicky 1956. (6) Duus 1977. (7) Butcher and 
Oemler 1978. (8) Dressier 1978. (9) Baier and collaborators. See Baier 1978. (10) 
Kwast 1966. (11) Zwicky 1937. (12) Bahcall 1974. (13) Kent and Sargent 1983. 
(14) de Vaucouleurs, de Vaucouleurs, and Corwin 1976. (15) Dressier 1980. (16) 
Bahcall 1975. (17) Remeasurement for this paper. (18) Noonan 1972. (19) 
Bahcall 1973. (20) Butcher and Oemler 1984. 
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Fig. 10.—Average three-dimensional mass profiles (“rotation curves”) based on 10 clusters in each of the hierarchical simulations. The mass is in units of the 

half-mass of each cluster, and the radius is in units of the half-mass radius of each cluster. 

Fig. 11.—(a) Four independent determinations of the mean profile of the Coma cluster, (b) Comparison of the mean profile from (a) with various proposed profile 
shapes. Circles represent the mean profile; solid line represents the average profile from the simulated clusters; dashed line is an r1/4 law fit; dotted-dashed line 
represents Yahil’s proposed distribution. 
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Fig. 12.—Galaxy surface density profiles of the observed clusters. Vertical scaling is arbitrary. Symbols used for the individual profiles correspond to the order of 
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18 WEST, DEKEL, AND OEMLER 

those of most clusters (Oemler 1974). Six clusters which have 
such profiles have not been used in any subsequent analysis: 
Abell 1228, 1367, 2197, and the Hercules and Virgo clusters. 
Such clusters are discussed in § IV. 

IV. MASS PROFILES VERSUS LUMINOSITY PROFILES 

As can be seen in Figures 3 and 4, the shapes of the projected 
mass density profiles of the simulated clusters with Q = 1 agree 
well with the observed galaxy count profiles of the sample of 
Abell clusters. This similarity of the profile shapes is confirmed 
in a more quantitative way by comparing the values of af in 
Table 1. 

The simplest interpretation of this similarity between the 
theoretical profiles and the observed ones is that the radial 
mass distribution in clusters is similar to that of the light, thus 
showing no evidence for segregation between the dark and 
luminous matter in clusters. Any such segregation, if it existed 
at all, must have been smeared out by cluster evolution. Note, 
however, that the present simulations lack detailed physics in 
the cores, as discussed in § III. Such processes as dynamical 
friction, mergers, and mass segregation may tend to increase 
the concentration of luminous matter in the central regions. 

It is worth mentioning here that none of our simulated clus- 
ters have profiles which are similar to those of the small subset 
of Abell clusters having very flat profiles. We have looked at a 
few clusters of lower densities in both the pancake and n = 0, 
Q = 1 hierarchical simulations, but found their profiles to be 
indistinguishable from those of the richer clusters. If this 
observed subset of clusters was simply the result of observing 
clusters at an early stage of evolution, we should have found 
such profiles when the model clusters were examined at earlier 
stages of the simulations (see Fig. 7). The significance of such 
clusters, and of their absence from our simulations, is not clear. 
It is possible that none of the cosmological models studied here 
can account for the whole variety of clusters in the real uni- 
verse. 

V. VELOCITY DISPERSION PROFILES 

a) Model Velocities 
Kent and Gunn (1982) and Kent and Sargent (1983) have 

studied the dynamics of the two rich clusters Coma and 
Perseus. They point out that systems with very different inter- 
nal dynamics can yield almost indistinguishable density pro- 
files, and for this reason it is important to examine the velocity 
dispersion profiles of clusters whenever possible. By comparing 
observational data of surface-brightness and line-of-sight vel- 
ocity dispersion profiles with simple dynamical models, they 
concluded that in Coma, the assumption of constant mass-to- 
light ratio is consistent with an isotropic velocity distribution, 
while in Perseus, a constant mass-to-light ration can be 
obtained only if the velocity distribution is anisotropic, with 
galaxy orbits becoming increasingly radial with increasing dis- 
tance beyond several core radii. 

In Figure 13, we show line-of-sight velocity dispersion pro- 
files of the simulated clusters, along with the best-fit curves to 
the data for each scenario. The particles have been binned in 
the identical manner as used to compute the mass density 
profiles, and the velocity dispersion of each bin normalized by 
the global cluster velocity dispersion. The simulated volume is 
small enough that contamination by foreground or back- 
ground particles should be negligible. As can be seen, these 

profiles are quite similar for all of the models, with the excep- 
tion of the open universe clusters, which tend to have steeper 
profiles in the innermost regions. 

To address the question of isotropy of the velocity distribu- 
tion, Figure 14 shows the ratio of the one-dimensional tangen- 
tial to radial components of velocity, vt/vr9 as a function of 
radius for clusters formed in two representative scenarios, the 
pancake and the n = 0, Q = 1 hierarchical clustering. For an 
isotropic distribution, this ratio should have a value of unity. It 
appears that all of the clusters have a fairly isotropic velocity 
distribution out to at least twice the half-mass radius. The 
clusters in the two scenarios show a certain degree of velocity 
anisotropy at larger radii, with vt/vr ä 0.6 at 3 times the half- 
mass radius. The fact that the velocity distribution in the 
pancake clusters does not become very anisotropic at large 
radii may reflect the motion associated with pancake collapse, 
which should increase the tangential component of velocity for 
particles at large distances from the cluster center. 

b) Observed Profiles 
There are, unfortunately, many fewer data available on the 

internal kinematics of clusters than on their structure. We have 
found only five clusters for which there exists sufficient velocity 
dispersion profiles. These are the Coma Cluster (Kent and 
Gunn 1982), Perseus Cluster (Kent and Sargent 1983), Fornax 
Cluster (Mayall and de Vaucouleurs 1962; Welch, Chincarini, 
and Rood 1975; Jones and Jones 1980), Hydra Cluster 
(Richter, Materne, and Hutchmeier 1982), and Abell 194 
(Chincarini and Rood 1971). We have subdivided the data for a 
cluster into between two and seven radial zones, and, in each 
zone, have calculated the velocity dispersion by a technique 
which is insensitive to contamination by foreground and back- 
ground galaxies. We assume a Gaussian velocity distribution, 
discard all velocities which differ from the cluster mean by 
more than some value D, chosen to minimize background con- 
tamination, and calculate the velocity dispersion by a 
maximum likelihood method. Although statistically less effi- 
cient than the usual approach of discarding 3 <r points, it is less 
subject to systematic errors. This is especially important in the 
outer parts of a cluster, where contamination by noncluster 
members can be quite significant. 

c) Comparison of Theory and Observations 
In Figure 15, we have combined the five profiles, scaling 

them by R5o, and with the velocity dispersion scaled to achieve 
the best eye-fit. Within the errors, the shapes of the velocity 
profiles seem to be consistent with each other. This result is in 
contrast to that reached by Kent and Sargent (1983), who saw 
significant differences between the profiles of Coma and 
Perseus. The difference in our conclusions seem to be due 
mostly to the different methods of handling interlopers. 

The theoretical velocity curves of the Q = 1 clusters are 
found to provide a reasonably good fit to the observational 
data, while the velocity profiles found for clusters formed in the 
open model are steeper in the inner regions than the observed 
profiles. This result provides an argument for Q = 1, and along 
with the similarity of the density profiles, it supports the con- 
tention that the overall mass distribution is the same in both 
the model and the Abell clusters, and that the isotropy profile 
of the velocity dispersion in the observed clusters can also be 
deduced from the models ; it is quite isotropic inside twice the 
half-mass radius, and it becomes slightly radial outside. 
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Fig. 14.—Ratio of one-dimensional tangential and radial components of velocity as a function of radius for clusters and surrounding regions in the pancake and 
n = 0, Q = 1 hierarchical clustering scenarios. No corrections have been made for contamination by neighboring clusters. 
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Fig. 15.—Line-of-sight velocity dispersion profiles of five Abell clusters. Observed velocity dispersions have been scaled to achieve a good eye-fit. 
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VI. CONCLUSIONS 
We have studied the profiles of rich clusters of galaxies 

formed in various cosmological scenarios by comparing the 
results of high-resolution V-body simulations with observa- 
tions of a sample of 27 Abell clusters. 

The cluster mass density profiles obtained from a wide range 
of initial conditions are found to be quite similar in shape and 
scaling. This suggests that dynamical effects such as violent 
relaxation are efficient at erasing traces of the initial conditions 
from the final radial mass distribution in clusters. The fact that 
we find a universal theoretical mass density profile indicates 
that such profiles do not provide a useful test for distinguishing 
between the competing scenarios for the formation of the 
large-scale structure in the universe. However, we do find a 
slight tendency for somewhat steeper profiles in the inner 
regions of clusters formed in an open universe, although deter- 
mining whether or not this is a significant difference requires 
more detailed simulations. 

The theoretical mass density profiles and the observed 
surface brightness profiles are found to be quite similar. The 
simplest interpretation of this result is that the ratio of lumin- 
ous to nonluminous matter does not vary with radius in rich 
clusters of galaxies, on scales of 1-2 h ~1 Mpc. 

Similarly, we have examined the velocity dispersion profiles 
of the simulated clusters, and compared these to the observed 
profiles of a small sample of Abell clusters. The theoretical 
velocity dispersion profiles are found to be quite similar in all 
the different scenarios with Q = 1, and these agree with the 
limited observations available at present. The clusters formed 
in an open universe show velocity profiles which are too steep. 
More detailed and systematic studies of rich clusters are 
needed in order to confirm these results. We find that the 
velocity distribution of the simulated clusters is quite isotropic 
out to fairly large radii. 

Other clusters properties are presently being examined, and 
preliminary results indicate that several of them may provide a 
more sensitive test of the cosmological secenario in which the 
clusters formed. We discuss these in Papers II and III, in which 
we study such measures as cluster ellipticities, subclustering, 
binding energies, and others. 

We thank Sverre Aarseth for allowing the use of his Af-body 
codes, Julio Ortiz for his help with the observational data, and 
Erez Braun for his help in testing the initial conditions. 

APPENDIX A 

GAUSSIAN REALIZATION OF THE INITIAL SPECTRUM 

The goal is to represent a random-phase realization of a given initial power spectrum of small density fluctuations, 

P(k) = (\ô(k)\2y , (Al) 

in a range kmin < k < /cmax, by appropriately distributing N particles in the volume V to be simulated (e.g., a unit sphere), without 
necessarily requiring periodic boundary conditions. Using the Zel’dovich (1970) approximation at the starting time i, the particles 
are first distributed uniformly inside the volume, at the points of a cubic grid. The comoving position of each particle, q9 is then 
slightly displaced by 

-Kmq), (A2) 
where b(t) is constant in space which grows in time as b(t) oc i2/3, as long as Q = 1. In the case of “adiabatic” fluctuations, each 
particle is given a corresponding peculiar velocity relative to the Hubble flow (in comoving units) of 

-b(t)ÿ(q), (A3) 

representing only the growing modes. 
The spatial perturbation ¡//(q) is taken to be the superposition of Nk small-amplitude plane waves, 

Nk k rm.ni/2 

*(,).£ sin . (A4) 

The corresponding density fluctuation is 

%) =lj dct - b(t) - 1 , (A5) 

which, in the linear approximation (b\j/ < q), is simply 
3 dé- Nk IP(k-)11/2 

%) = b(t) E = b(t) E cos (k¡ • q + (pM —. (A6) 
j=i 0(lj i=i LwiAdJ 

The phases are chosen uniformly at random in the interval (0, 2n). The directions of the wave vectors, kh are chosen uniformly at 
random. Their amplitudes, kh are chosen at random within (/cmin, kmax) such that the number density of waves is w(k). In practice, we 
select the k values via function u(k) which satisfies 

w(k)d3k = 
Nk du(k) . (A7) 
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Ô 

Fig. 16.—Histogram distribution of over 8000 grid points in the initial conditions (e 1), compared with a Gaussian distribution over 8000 points 

The values of u(k) are chosen uniformly at random in the interval u(kmin) < u(k) < u(/cmax), and the corresponding wavenumbers k are 
used in the superposition. 

The weight function w(k) could, in principle, be arbitrary. For example, the choice w(/c) = constant, corresponding to u(k) = k , 
would give a uniform coverage of the three-dimensional /c-space. This choice is equivalent to the use of a cubic grid in /c-space, which 
is forced when periodic boundary conditions are imposed and Fourier transforms are calculated (Efstathiou et al 1985). But the 
representation of the spectrum for small /c’s (large scales) is very poor in such a case. A much more “ uniform ” representation of the 
spectrum over the whole range (/cmin, /cmax) is achieved with an equal number of waves per logarithmic interval in k, i.e. 

u(k) = ln /c, (A8) 

which corresponds to 

w(k) = 
Nk 

Min /cmax - In ^min) 
(A9) 

By increasing Nk, the number of waves increases in the same way in every In k interval, so the discrete spectrum approaches a 
continues one in k; there is no need in this case to distribute the amplitudes of <5(A:) normally about their mean. The randomly chosen 
phases guarantee that the contribution to ô from every small In k interval is normal, such that ô approximates a Gaussian process. 
Figure 16 shows a histogram of the distribution of Ô (normalized to <<52> = 1), as calculated by equation (A-6) over 8000 grid points 
inside a unit sphere. With Nk = 1000 and kmJkmin = 10 we have 30 waves per each 7% k interval. The figure shows how well the 
initial conditions indeed approximate a Gaussian distribution. 

The desired fluctuations are represented well down to a comoving wavelength corresponding to twice the initial grid points 
separation, 

¿m¡„ = In/kmzx = 2(V/N)í/3 . (A10) 

In our cluster simulations Amin » 0.1, corresponding to ~ 5 to-1 Mpc in comoving units. In the collapsed clusters of the hierarchical 
clustering scenarios, the material in the relevant range of radii, 0.5-5 h'1 Mpc, have collapsed from comoving radii in the range 
8-14 ft -1 Mpc, scale on which the initial spectrum of fluctuations is represented well. 

Finally, the mean square fluctuation averaged over spheres of diameter X is 
Í1M 

P(k)d3k. (All) 
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The quantities P(k) and b(t) are normalized such that on a certain scale, Àu (e.g. the coherence length in the neutrino scenario), 

<<52>au = b2(t). (A 12) 
This procedure of generating the initial conditions is to be discussed in more detail elsewhere (Dekel 19866, in preparation). 

Various tests were performed to estimate how well it reproduces the desired initial spectrum of fluctuations and the random phases 
within the desired range of scales. In one test, for example, the local linear density contrast (eq. [A6]), is fast-Fourier transformed 
back to k-space and compared to the original spectrum. In another test the two-point correlation function in the linear regime, as 
obtained from pair counts, is compared with that calculated by Fourier transforming the power spectrum. These tests and others 
show that the procedure used here does reproduce the desired initial fluctuations to a good accuracy. 
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