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ABSTRACT 
We provide a summary of results of our Einstein satellite observations of clusters of galaxies. We report 

X-ray luminosities or upper limits for 27 clusters. Newly reported clusters with interesting morphologies are 
presented, and a brief discussion of the data in relation to theories of cluster formation and evolution is given. 
Subject headings: galaxies: clustering — galaxies: X-rays 

I. INTRODUCTION 
Prior to the launch of the Einstein satellite (HEAO 2), we 

made an X-ray survey of rich clusters of galaxies with the 
HEAO 7 A-l experiment (see Kowalski et al. 1984, and refer- 
ences therein). We selected objects from this list to observe with 
the Einstein satellite for the following reasons: (1) to search for 
direct evidence of superclustering, (2) to make morphological 
studies of X-ray sources discovered by the HEAO 1 survey, 
(3) to determine if only rich clusters, or Bautz-Morgan type I 
clusters, or both are X-ray bright, and (4) to determine the 
reliability of the identifications of the HEAO 1 survey identifi- 
cations. Most of the results for (1) and (2) have been reported 
previously (Ulmer, Cruddace, and Kowalski 1985; Ulmer 
1984; Kowalski, Ulmer, and Cruddace 1983; Ulmer and Crud- 
dace 1982). Here we report cluster data that have not been 
published (17 clusters) and combine results of the entire sample 
of 27 clusters. 

II. OBSERVATIONS AND RESULTS 

The observations were all made with the Einstein satellite 
IPC (Gorenstein, Harnden, and Fabricant 1981). The net 
observing time per cluster was typically 1200 s. The data were 
reduced in the standard manner of background subtraction, 
smoothing, and energy range selection to optimize the signal- 
to-noise ratio (Ulmer and Cruddace 1982). In Table 1 we 
present the quantitative results, and in Figure 1 contour plots 
of selected clusters from Table 1 are shown. For simplicity, the 
images for all but A1560, A2356, and A2384 were fitted with a 
radially symmetric model: a Gaussian, or two Gaussians with 
a common center but different widths. At least one of the 
models produced an adequate fit with a reduced %2 of close to 
unity. The Gaussian was chosen for convenience. In some 
cases, although a good fit was produced, inspection of the data 
indicates 2-3 a deviations from a symmetrical shape; see 
Table 1 and § III. 

III. DISCUSSION 
Several studies of clusters based on large samples have 

already been published (see Abramopoulos and Ku 1983; 
Kowalski et al. 1984; Jones and Forman 1984; Sarazin 1985), 
and our present sample does not constitute a statistically sig- 
nificant increase. Therefore, we confine ourselves to describing 
general trends in our data in relationship to the points men- 

tioned in § I. We also comment on a few clusters that are 
reported here for the first time. 

An examination of Table 1, Figure 1, and Jones and Forman 
(1984) reveals that about 10% of all the clusters are ‘clumpy’ 
(have more than one peak flux center), and that it seems that 
clumpy or centrally condensed clusters form over a wide range 
in z, e.g., A1560, A2384 (clumpy), and A2390 or A2204 
(centrally condensed). Unfortunately, a more quantitative 
value than about 10% clumpy cannot be given, as no complete 
sample of morphological studies of clusters has yet been 
published. We estimate that the true fraction of clumpy X-ray 
clusters could be as low as 3% and as high as 15%. Those in 
our sample that we classify as clumpy are A1560, A2356, and 
A2384. The statistical reality of the clumps in these clusters is 
discussed in Ulmer and Cruddace (1982). The probability of a 
line-of-sight object making the clumps is less than 10“3 in all 
three cases. 

Theoretical work by Carnevali, Cavaliere, and Santangelo 
(1981) and White (1976) have indicated that clusters can evolve 
from clumpy to smooth on the time scale of ~ 109 yr over the 
z = 0.2-0.1 range spanned by our data. This suggests that 
clumpy clusters should have smoothed out by z = 0.1. 
Although the cluster mass density may be the basic reason why 
some clusters are beginning to collapse now and therefore 
appear clumpy (see Sarazin 1985, and references therein), we 
note that there is no direct evidence that clumpy clusters which 
formed over 109 yr ago have actually smoothed out by now; 
our data are consistent with the hypothesis that clumpy clus- 
ters may have some other inherent property (besides galaxy or 
mass density), such as angular momentum or turbulence, that 
prevents them from evolving into centrally condensed clusters. 

The data in Table 1 are also consistent with previously 
reported trends that richer clusters are more likely to be 
brighter in X-rays. No richness (R) class 0 clusters are seen to 
be strong X-ray sources in this limited sample, although some 
richer clusters that are not X-ray bright were found. Also, the 
only Bautz-Morgan (B-M) I cluster in our sample, A994, is an 
upper limit, whereas A2204 (B-M II) is bright and centrally 
condensed. Other counterexamples to a correlation between 
B-M type and X-ray brightness can be found in Table 1. The 
correlation or lack of correlation of B-M type with X-ray 
luminosity has been discussed extensively in Kowalski et al. 
(1984) and Abramopoulos and Ku (1984), and references 
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therein. A few counterexamples do not disprove a correlation, 
but they do demonstrate that there is not a simple relationship 
between these two cluster characteristics. 

In a series of papers (Kowalski et al. 1984), and references 
therein), we have estimated the probability that some of the 
HE AO 7 A-l clusters were misidentifications. For distance 
class 5 or more clusters, the estimated probability for a mis- 
identification was approximately 30%. In Table 1 only one of 
the nine upper limits (with fluxes less than the HE AO 1 A-l 
flux limit of ~ 10-12 ergs cm-2 s-1) is an HEAO 1 A-l identi- 
fication, which is consistent with our estimate of the fraction of 
the misidentification rate. Differences between the measured 
X-ray fluxes by the two experiments from source to source (see 
Ulmer, Cruddace, and Kowalski 1985) are due to: the different 
energy range of the measurements; the loss of flux in the 
HEAO 2 observations that were off axis due to flux being 
outside the field of view or partially under a rib (the detected 
fluxes were corrected for vignetting); and to contamination of 
the HEAO 7 A-l data by line-of-sight objects in the field of 
view of the A-l detector. 

Finally, we discuss three clusters that have some potentially 
interesting morphology, but have not been described pre- 
viously. 

A2204.—The image was distorted due to being on the very 
edge of the IPC field (Ulmer, Cruddace, and Kowalski 1985), 
and so the fitted results are not firm ; however, the best fit is for 
a diffuse source and a central point source (<2'). Further, we 
note that the source has a dominant galaxy, and the cluster is 
R = 3. We suggest, therefore, that A2204 is a centrally con- 
densed, relaxed cluster. 

A2378.—The source image presented in Figure Ij is clearly 
out of round. The northeast portion of the flux that produces 
the “tail” in the image is only 3 <7 above the background, 
however. Tentatively, then, this cluster has a peculiar mor- 
phology. 

A2390.—This source clearly has a centrally condensed core 
of X-ray emission, as the data are best fitted by a central point 
source (consistent with the point response of the IPC) and a 
diffuse source. The origin of the point-like emission is unclear, 
but it is likely to be related to the radio source that is within 
the error radius of the peak flux from ,42390. This radio source 
is called MC3 2151 + 174 (Sutton et al. 1974), and it has a flux 
of 0.6 Jy at 408 MHz. We suspect that the source is associated 
with a cD or NGC 1275-like object and that the centrally 
peaked emission has the same origin as in other clusters with 
the similar morphology (see Fabian, Nulsen, and Cañizares 
1984 for an explanation of this morphology based on cooling 
flows). 

IV. SUMMARY 
We have presented X-ray luminosities and morphologies for 

27 clusters of galaxies. We have found examples of clumpy 
clusters over a range of z from ~0.1 to 0.2. This is consistent 
with at least two hypotheses (1) that less dense clusters take 
longer to collapse; (2) these clumpy clusters formed clumpy 
and have not evolved to smooth clusters on time scales 
between 109 and 1010 yr. Our results are also consistent with 
previous analyses that show a dependence of cluster X-ray 
luminosity on richness class and with the previously calculated 
HEAO 1 A-l survey misidentification rate of <30% for dis- 
tance class 5 and 6 clusters. We have also presented three new 
clusters whose X-ray morphology makes them particularly 
worthy of follow-up studies: A2204, A2378, and A2390. 
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