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ABSTRACT 
We present the results of surveying about 1900 Abell clusters with the NRL large-area X-ray 

detectors on HE AO 1. From this survey we derived the following results: 
1. There are exponential and power law fits to the luminosity functions. 
2. The resulting contribution of rich clusters to the local X-ray volume emissivity is ~ 3-10 % of that 

required to produce the diffuse X-ray background. 
3. We tentatively suggest a correlation between the optical radius of the cluster (R0) and the X-ray 

luminosity, Lx, i.e., Lx oc R0
Ô, where <5 ~ 2. 

4. We found no strong correlation between Lx and the Bautz-Morgan class, the richness class, or 
the 26 MHz radio power; but the B-M type I and Abell richness class 3 do seem more likely to be 
strong X-ray sources. 

5. A2218, a cluster with a “ microwave dip ”, is such a weak X-ray source that simple models for the 
system produce a value of the Hubble constant, H0 < 10 km s-1 Mpc- \ which is not plausible. We 
conclude that the simple models are not valid. 
Subject headings: galaxies: clusters of— luminosity function — X-rays: sources 

I. INTRODUCTION 

The HEAO 1 satellite provided a unique opportunity 
to survey the entire X-ray sky down to a factor of 2-10 
better than previous work. We report here the second in a 
series of papers devoted to the X-ray survey of Abell 
clusters of galaxies (Abell 1958). In the first paper (Ulmer 
et al 1980a, hereafter Paper I), we demonstrated the 
sensitivity of the experiment and gave results of scanning 
~ Jb of the Abell catalog. Here we have greatly increased 
our sample from 70 to 1900 Abell clusters. With these 
results, we are able to search for correlations reported in 
previous work (Jones and Forman 1978 ; McHardy 1978), 
as well as examine the question of luminosity evolution 
between distance class 4 and distance class 6. 

This work complements the HEAO 2 surveys (Henry et 
al. 1979; Jones eí al. 1979) which looked at a small 
number of clusters selected mainly for their optical and 
radio properties. 

II. OBSERVATIONS AND ANALYSIS 

The satellite scan motion has been described in Paper I 
and by Ulmer et a/. (19806). The new portion of the sky 
that we covered can be best described in ecliptic coordin- 
ates, i.e., ecliptic longitude ranges 80o-180° and 
260o-360°. We analyzed the data in a manner similar to 
that described in Paper I, and we have produced a list of 
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about 1400 X-ray upper limits which will be published 
elsewhere (Kowalski et al. 1980). 

We subdivided our remaining sample of ~ 500 clusters 
as follows: (1) sources so weak that source confusion 
(more than one source in the field of view) would prevent 
us from determining an accurate position; (2) sources in 
the ecliptic range — 25° to + 25°; (3) mid-ecliptic latitude 
sources 250-65°; and (4) >65° ecliptic latitude. This 
division proved useful because it was not worthwhile to 
try to determine error boxes for confused sources—the 
error boxes were generally too large; also, the satellite 
coverage required different positional determination 
techniques in the different ecliptic latitude ranges. At this 
time, we have determined error boxes only for the ±25° 
ecliptic latitude data; however, combined with Paper I, 
we now have a survey with a comparable number of Abell 
clusters as McHardy (1978) or Jones and Forman (1978). 
The “confusion limit” we used for this survey was 
~ 1.2 x 10“3 counts cm-2 s_1 in the initial 4 day 
averages and ~ 1.5 x 10“3 counts cm-2 s_1 for 1 day 
averages (1-10 keV). The net result of using this cutoff is a 
survey that is complete down to ~ 2 x 10-3 counts 
cm s A. 

III. LUMINOSITY CALIBRATION 

Previously (Paper I), we used 10“3 counts cm-2 

s“1 = (3.2 x 10"12 ergs cm-2 s-1). Erroneously, we 
implied that the 3.2 x 10"12 factor applied to the same 
energy range as the counts (1-10 keV). In fact, the 
3.2 x 10“12 value is for the 2-6 keV range. Also, we have 
reconsidered the conversion and suggest a slightly differ- 
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682 ULMER ET AL. 

ent one: 10-3 counts cm-2 s-1 (~l-10keV) = 
3.4 x 10“12 ergs cm-2 s-1 (2-6 keV), which is accurate 
for a thermal bremsstrahlung spectrum of 6.5 keV. Dev- 
iations of about 1.5 from the true flux should be expected 
due to spectral uncertainties. 

In Table 1, we compare our derived luminosities with 
others (Uhuru, Ariel 5, and HEAO A-2), assuming a 6.5 
keV spectrum to obtain luminosities in the same 2-10 
keV band (Jones and Forman 1978; McHardy 1978; 
McKee et al 1980). The values for the three sources A85, 
A754, and A2319, observed by all four satellites, compare 
fairly well. We attribute the differences among the values 
in Table 2 to spectral differences and to source confusion. 
For simplicity and because few data are available regard- 
ing the spectra of faint clusters, we have not allowed for 
spectral differences in deriving luminosities. As noted 
above, we expect luminosity to be in error on this account 
by a factor less than 1.5. Source confusion, whose effect 
depends on the area of the collimator field, should be less 
of a problem for HEAO 1 when viewing sources detected by 
earlier satellites, which probably explains the larger 
anomalies in Table 1. Using these considerations as a 
guide, we feel that the luminosities of the clusters listed in 
Table 2 are in error by a factor which in most cases is less 
than 1.5. The conclusions we reach here are not sensitive 
to errors of this magnitude. 

IV. DISCUSSION 

a) Luminosity Function 
We have used the V/Vm test described by Schmidt 

(1968) to test for completeness of our sample of X-ray 
emitting clusters (Table 2), and found that it was com- 
plete (V/Vm ^ 0.5) in the range of luminosities 1043-1045 

ergs s"1. A luminosity function of the clusters has been 
derived, using the following expression (Huchra and 
Sargent 1973) in calculating the density of galaxies, in 
specified luminosity intervals : 

3Hq3 

c3Q 
Mpc 3 , 

where Hubble’s constant H0 = 75 km s 1 Mpc 1, c is the 
speed of light, Z is the redshift, Q is the solid angle of the 

surveyed field, Fe is the minimum detectable flux of 
the survey (2 x 10“3 counts cm” 2 s-1 ; see § II), and F* is 
the measured flux from cluster i. Two data sets have been 
considered in the analysis. The first uses those clusters in 
Paper I and in Table 2, which are in Abell’s complete 
sample and which are of richness class 1 or higher. In the 
second set we added to this list all richness class 0 clusters 
in Paper I and Table 2, again restricting ourselves to the 
field of Abell’s complete sample. The list of clusters that 
we used, including those from Paper I, is given in the final 
Note to Table 2. The resulting luminosity functions are 
shown in Figure 1. 

Above a luminosity of 1045 ergs s-1 the effects of 
incompleteness must become evident, because the limit- 
ing sensitivity allows the A-l instrument to reach beyond 
the maximum redshift (Zmax ~ 0.25) of Abell’s survey. 
Therefore we have calculated a corrected value of p in the 
luminosity interval 1045-1045*5 ergs s-1, by assuming 
Fe = 5.7 x 10“3 counts cm-2 s_1, which corresponds 
with the lowest in this interval. As shown in Figure 1, 
this correction indicates that the apparent decline in the 
luminosity function above 1045 ergs s_ 1 is probably due 
to selection effects. There are other methods of correction. 
For example, the density in the interval 1045-1045'5 ergs 
s“1 might be calculated by dividing the number of 
clusters found, N, by the volume of space bounded by 
7 ^max* 

p = 
3Hq3 

UZmax3^ 
N . 

This second method of correction produces a value 
~ 30% lower than the first. The 30% difference is small 
compared to that created by uncertainties in Zmax and by 
the statistical certainty of the data, and none of our results 
are sensitive to these errors in the 1045 5-1045 ergs s_1 

data point. In Paper I, the probability that the distance 
class 5 and 6 clusters have been properly identified with 
X-ray sources was shown to be about 70%. At this writing 
we are aware of only two distant clusters found by HEAO 
1, A2163 (Paper I) and A1413 (this work), which have 
been observed by HEAO 2. Both clusters were detected at 
the expected level (Ulmer, private communication, for 

TABLE 1 

Luminosity Comparison 
(log (LJ 2-10 keV) 

Name Ariel 5 A-5/A-1 Uhuru U/A-l Heao A-2 A-2/A-1 Heao A-l 

A85   44.58 1.17 44.59 1.20 44.49 0.95 44.51 
A754   44.67 1.26 44.76 1.55 44.64 1.17 44.57 
A1367  43.38 0.72 43.73 1.62 ... ... 43.52 
Virgo    43.00 1.02 43.12 1.35 ... ... 42.99 
A2204   44.78 0.50 ... ... ... ... 45.08 
A2244   44.82 1.26 ... ... ... ... 44.72 
A2319b  44.89 1.26 44.79 1.00 44.84 1.12 44.79 
A2440   44.86 2.88 44.89 3.09 ... ... 44.40 
A2589  43.95 1.58 44.19 2.75 ... ... 43.75 

a Assumes spectrum,/ = exp (-Ê/6.5 keV)£ 0 4keVkeV 1 s *. 
b Not from present survey, included as a calibrator, assumed Z = 0.0549. 

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



H
EA

O
 A

 1
 X

-R
ay

 C
lu

st
er

s 
a 

o 

xv; 

bû O 

Cd $ 
£ ^ 

i Ö ^ » X u ^ 

I 1^! 

o 
oC 

? 5 ? ? 5 ? 5 5 ? 

O O © Q fO «O Tj- s 

-H ON Tf T}- ON OO ON NO r-~ <N 

? 
+1 

ON S S R s 

© © 
© © 

<N ON 
© 

© OO 
© 

(N -H 

'd- m 
© 

NO m 
© 

■^H VO 
© © 

t-H Tfr © m 
-Î © 

vo 
© 

Tfr-rvir-voNnON©’-HTj-»rNr^'p-HVO^HVo©rx|vomr-r^r^ONoo©oovo©oo©NnvoNrNrtTi-cr) vo »o oo »o Tt © oo w <n © fN r- en Tt r<^ rt- en CN <n on r- <n r- rn oo ’-h no oo «tn r-. r- <n on vq rn rn OÑ oÑ <N <n no on ©‘ © oo oo ^4 fN r--‘ oo *o ©‘ on on © cn <n © on Tt —1 : ^ <N i^Hmm |io^ir>(Ntomu-)f<NNO no r- <N r- <N oo oo 
I m , 

On */S i-H o CN <N ÍN <N fN 
I I 

ON <n r~- ro OO <N <N rq^HVONOoc^HTf __ , . 
(NrfOÑOs^rNiNOOOrnoÑTt-©^ * ■ i ro m I >r> I    

^tCN<N^HrONn<Nm<NONmvO'^-|0000©Tt00CN>rNON©NO00©CNVOrrNON© ONTfr-ooONOONOONor-o^t^^jvnoNNqNqNqoqCjroro^NnrnON^Nn 
oornoÑTí:©r-^r-''^-HNdr4Nooó»r)©oofOOÑrnNorNÍoÑ©rn<NoduS©'^^H 

I 
'—i i ^ m (N no m »o m vo ^HNo<NvooovN©oomONmNO<NON©m<Nooir>©v^^-, rr><.r> vo t^. <N| CN oO^OO^h^hCN^hCNCNCNCN |^H I m I CO I m I m 

mcNr^'ON'^foor^r^ONr^r<N<Nr-ONC^'ONooNr)VOTi-ON-^-NnvoooON ON^Hoovor<Nmvor-;ONNnoN©ONr^ONr-;ONTtoor^Nnoo»qONNnrn toÑo^<N»-HNc5oNfn©Tí:©r-'’©r^©NoT-ívooÑ'rioÑON<N©<N r«S Tt OÑ O^ <N _ (N i t-H m m 
^r-’-'r-Ti-^H^H©vo*n<N ni Wi-'..^-..-.ï'..viO\©Nq^Hoq<Noor'-;ON«qoq NOOÑfn©Tí:©r-'’©r^©NOT-ívoOÑ'riOÑON<N©<NvdcN©'o\rí:íNO\NO^H^HrNÍ ro it^Ni—iiricsiu^mu^mvo vo »-h r- ■^h r^- (N oo oO’—ion ^hcN'^h<n<n<n<n I^-h r-i m i m i m | ro 

oo(^-<N‘nvoNoON^H©»ooNoo^H,^’-H»r)r^'or-<N©©oO’-ir-'CNON©<N»o(N'or-’-H‘ooNr-- voNOr-'r^r^Tf^HNO(N<NTt^Hr-;<Nr-<Nr-ONNO<N(N©fN‘qmONrornooON»q»q©ON^Hr-Nq <N^ONOÑ'r-H^HNOOÑrO©Tt©vO^Hvd'-HNn^HiOOÑNr¡0oornoÑ<Nvd<NOOOÑr^r4osNO»-Hr-^^H I ^ CO ro I vriT—IIOCNNOCOI^NCONO VO <N <N OO -H OO ^hCN^-hCNCNCNCN 1^ ^ ^H|^H ^4 y-i y-4 CO|CO|CO|CO I 

vo(Nr-vo^HNn,rfirNT-^ior'OO^HVO^HVOTfONVor-r^^H(NNr>roT-HOOoo^Ht^’^HVOvocoNor^vo i—iT-Hr-vO’—'t^'iqcor^^-HooTd;Nnco^coiq©'rf©^.’—^©■rf'^C>c^Ttoqr^'^H’-H^-H©'^i;co^H 
coTtONOÑcN^H'00\co0’^í:©t^:^r-:^HNdr4NOONUN©'oÑco0co'0(NONOÑTj;<NON'0'’ I CO CO I i/'N^HiOCNNOCOcncONO NO JL: <N <N OO OO T-H OO ' ' 

I 
^ <N 1 I <N <N CN CN 

I 

5(NONNO©NONOrO'^-<N'^-©’-H(N ^ ^ no <n <n cN no co r^; © <n oot^-oocot^-'!t^*r)t^'0‘r)'Ov-)t^TtNor-rf¡C^HOorNi©NO<íwv-. t-h no oj vo Tt r^- Tf on on (N © on on co ^ no tí; rv| vq O; -. v , . , > _ v . -. , . . _ CO On On N NO Os CO o ',d: © NO oo © uS <N >5 On ©* OO CO © <N NO <N © Os CO <N On NO © v - v . - •  1 1^-s —I »N1 irN I~rs I^N v/N NO  I f-». fNj (—, qq qq Q>^ ^ i—H CN| fsj fN| CS 
I 

K N ^N ' Í NWI ^sj Vw#     WW t I m m 
i CO I 

& < 
VO OO NO t-H CO ? 

’-H .Ü 

American Astronomical Society • Provided by the NASA Astrophysics Data System 

3.7
3 

3.9
3 

3.4
9 

3.8
9 

3.9
7 

4.3
7 

A2
35

5 
 
 

32
3.2

1 
32

3.3
6 

32
2.8

1 
32

4.2
1 

32
2.5

0 
32

3.9
0 

1.4
0 

6 
2 

III
 

0.2
51
 

4 
2.3

0 
.50
 

44
.9

4 
1.1

7 
1.5

9 
.91
 

1.4
0 

1.7
9 

2.2
8 

A2
35

6 
 
 

32
3.2

9 
32

3.0
7 

32
2.7

3 
32

3.7
0 

32
2.4

4 
32

3.4
1 

0.9
5 

5 
2 

II
-I

II
 

0.1
25
 

4 
2.4

0 
.30
 

44
.36

 
-0

.1
1 

-.
84
 

-1
.4

3 
-1

.0
9 

-.
58
 

-.
25

 



19
8l

A
pJ

. 
. .

24
3.

 .
68

lU
 

i* ° 

ôû o J 

< a* 

i u « X U ^ 

? ? ? ? 

s s s ^ ® $ s 8 S 

s ?. g s vd 

? 

S 

Tf OS Os O O P Ö O 
O Ö 

Os m O d 
s d 

o d 
s d 

Tf 
d 

Tt d 

^H^r^^Hiooo'0‘n<NtNr^^Ht^’-HaNt^-ooONOTi-oooo»rioo 00 00 O rn OO p rn oo P p p I P <N <N ’-H ^ p p iN r^Q^^iz-ivo |‘r4»nTtvSr-'^Hr^'FHdd'-Hr^^»od^'OON <N —h ro i rn ' Tf t-h Tt(NTl-<N‘r> “ m I <^1 1 ro rnjcn rO|fn|cn < V) i-i »r> i 
I 

rnr-aN'-iOfnooTi-ONoofsrsi<N<Nr}-vov>ocnTfoo^vo'OTt r^^iONt^prnpr^ *-h t"- <n t^- <n *-h v£> Tt co <n ^ os s¿dos‘ov-i»-H’-4dr4‘n'díNd<Nosooos'dosTí:g\(N*nod <N ÍN <N im iTt^HTl- TfC-lTfiN’Sl-i-HTt^HTÎ-i-HTf’-H'O r^\ . r*r^ l/^i I , rr\ ro i ro i ro m m rO i cO 

Tfr©Tfsooo<Nmsoosooi-H’-H*-i’-<Tf»oqs‘£Op^-<3-<<NO 
t^:0^^4iosd^Hr4sdTi:«rioo<NoofN©oô’-4dT-ÎTi:©iNvooô cv» Pi m ,m i-^-^HTi- rf<NTf<N»y^^sn'-Hso^-Hsr)^Htr en i rn 1 1 i ^ m i i m en en m | r*- 

soso'Osomr-''0^,^en'0<NsorN©msoosT}-mmpmvo f^rs|^H^Hfn^HfNr^oo©oo«ooq*OTt<NOsoqr^i^;wniNcnun mr-''0^,^en'0<NsorN©msoosTfmmo>mso 
frj^HfNr^oopoo«ooq*OTt<NOsoqr^i^;wniNcnun 
un H ’-î d <n tri sd H so fN os oo os »o os d os e^ oô CO I Tt-T-HTf TtíN-rtr^Tf-H-^-^—ITf-r-HTj-'-HUn 1 0>r\ 0^s r^\ . rr\ . ro #sr\ ro rf\ i 

d d d d d H 

rsrf^HrnTi-msotoosen'^-i q © vo t''; »n 'O en tr> rf Tt J /^s i/s t-h so <>n tr> r— v ^ i ~ v -« wi Tt Tt (N Tf <N Tf 

I ^ I 

^-r-HTtor-ost^'^tsoen'î Tt’-Ht^t^ptr>TfTtpp so   _ —i i— i—^ ^ v i -^r ’vr w r4ddtntri^4^-Hsden»rir^<Nt^rsiosoo©d©Ti:©fN‘rioo <N <N en i ■ I en 1 I ^ ' I en J 

r-PvOs'^-fNsor-2£un'^-eN<Nos©oor-sounosr^Os2oooc en,":'OooenooTj-Pi/->eN<N©vnosOsTi-enunTfensoTr^oo r-'Os©»r>»ri^^H'5en‘rir^rsir-’^HOOoó©vd©n:©2Í‘rioo (N^rn i en iTt^Tfr Tt<Nn-<NTf^un^HwnT-H»rj^-|tr m I en 'en I en | en en | en | en en en en|e» 

^5 < 
(N < 

G ^ 
.2 ^ 

< 
T3 
§ 
s © 
< 
O 

. n 
G ’g 
I s 
^ s 
s 8 
o B 
W 5 JH .> 

G 
f 8 
3 § 
SO ^ un V en v (N < jU 
•S ^ 
'5 O ^ o 

a» D OS 
r- ^ ON (U ▼■H Uh 
•S ^ V æ 
Il 8|s § 
• #s V-Í ^ r- o i 

Os C _ ^ 
^ D S în JH ^ ü 

un ^ r- G h ?3 

S Os ti .5 00 x o j 
18 'i 
2gp- 

.s-S; - 
T3 - HS <U OS ^ K 

_•§§ »" ^ ^ r- d 4-î o oo- ^ ö U TD ' 
o O 15 . bo.52 ^ t: -O ^ A, fi - 

S en 

Os 
-n oo i O 1 
o 2ü1 

o¿ ^ ' 

«i < 

s ^ C/5 ’O ’ 
S I 
d I __ (/) ÇJ 

W 
Ci o <u 

sü:6 o _ Â S 1/3 

> c oo ^ ^ fi <U Tj fi ui Ö 
^„8rl ° U, ^ c n -G i c fi rs o © .S 

^ ^ 3 ^ -S g fi 
2 iS * § so 
- “ <§ 1 is 
• l,>3 ^ 

tí ^ <N 

0 •“ £"° 
1^! § ¿ <N X 0 
1 II II ^ -s: •- fi K «<N < Û ed ffl tj, < 

2 « i i ^S ’fi ^ + © 5 en oo G •§ <N fN| O ^5 © T3 00 O 

00 g c« O 
Cd .s ’S 
c«t S 52 .S o G .s 
fi ^ g G 
G W) o S 8 â| 8 
8 g 2 J ■3 2 J <3 
£ x t-* % o O o O 

.S 8 
^ S 
° £ U § — J 

sd r- os 
<N 3-H 

G fi 
i Q 

00 ^ fi -t- d 

â! so^ D 

S r- 
d Sî <d ^ 
^ "a un 

S 2 

M ON 

3 a 

m un 

O o (Jh 
’S p 

fi o 
o 

oo OS fi un 

y h" u x Æ JH jh X) 
t-i (U Wh 

2 2^2 Ü t¡ JH S W PJ H W 

> un ^ un V3 <N 
«3 © 3 un 
00 Tl-" 
G °S 
><N 

SS 
pG un H un 

C G fi 
O 

« i 
§ è •p o .2 Uh 
X os' 

O os on T—* 

G G fi ffi 
O ^ 
-3 ^ 
fi ôo r- C Os 
fi 

I 

<N 

N n> 
- o 

■. O 
S3 3 u ^ 
w 0^ oô 
S ¿ 2S 
X S S 

American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8l

A
pJ

. 
. .

24
3.

 .
68

lU
 

HEAO 1 SURVEY OF GALAXY CLUSTERS 685 

Fig. 1.—The volume density of X-ray emitting clusters plotted 
against X-ray luminosity. The clusters surveyed were drawn from 
Abell’s (1958) complete sample, and we have plotted data points which 
show the effect of adding richness class 0 clusters to this sample. 
McHardy’s (1978) data have been adjusted to the 2-6 keV energy band, 
assuming a 6.5 keV thermal bremsstrahlung spectrum and H0 = 75 km 
s_ 1 Mpc~1. The curved lines are exponential fits, and the straight line is 
a power-law fit to the data (see text). The point represented by a filled-in 
square, in the 1045-1045-5 ergs s_ 1 luminosity interval, is a correction of 
the data point below, made to allow for selection effects (see text). The 
dashed line measures the space density of clusters in Abell’s complete 
sample. 

A2163; see Henry et al 1979 for A1413). Thus we feel 
confident that most of our identifications will prove to be 
correct. Misidentifications primarily effect the luminosity 
function above ~ 3 x 1044 ergs s-1, as below this limit 
most of the clusters are distance class 4 or less and each 
has been identified in more than one satellite observation. 
Above the limit, the measured densities (Fig. 1) may be 
too low by no more than 30%. We can find no difference 
(Fig. 1) between our results for luminosities greater than 
3 x 1044 ergs s-1, which depend primarily on observa- 
tions of distance class 5 and 6 clusters, and those of 
McHardy (1978), which relied on observations of clusters 
in distance class 4 or less. In Figure 1, we have corrected 
McHardy’s results, assuming a Hubble constant H0 = 15 
km s"1 Mpc-1 and the energy range 2-6 keV. The results 
show no evolutionary variation in the luminosity func- 
tion between Z ~ 0.07 and Z ^ 0.18. This is in agreement 
with all the evolutionary models summarized by Henry et 
al (1979), with the possible exception of the “all gas” 
model (Silk 1976). 

We fitted both power law and exponential forms (cf. 
Schwartz 1978) to two data sets: (1) richness > 1, 1045 

ergs s -1 > Lx> 1043 ergs s- r, set A ; (2) all richness classes, 
plus the corrected data point above 1045 ergs s_ \ set B. 
We found for the exponential fits : 

/ae(L44) = 3.7 x 10"7 exp ( —L44/1.3 ± 1.4) 

x (1044 ergs s-1)-1 Mpc-3 , 

/be(£44) = 7.53 x 10-7 exp (-L44/2.3 ± 2.2) 
x (1044 ergs s-1)-1 Mpc-3 , 

for data sets A and B, respectively. These are shown in 
Figure 1. Our best fits for a power law are: 

/ap(L44) = 8.5 x 10-8L44-
1-7±0-3 

x (1044 ergs s-1)-1 Mpc-3 , 

/bp(l44) = io-7l44-
1-9±015 

x (1044 ergs s-1)-1 Mpc-3 . 

The uncertainties are the estimated 90% confidence 
limits. We show only/BP in Figure 1. The statistical 
uncertainties of the coefficients in these equations aliare 
about ± 20%. 

In order to estimate the contribution of clusters to the 
diffuse X-ray background, we calculated 

CfELdL=VE (2-6 keV). 

We found using/AE, = 5.9 x 1037 ergs s~1 Mpc"3, and 
using/BE, VE = 4.0 x 1038 ergs s_1 Mpc-3. Comparing 
the logarithmic average of these two values, <J^> = 
1.5 x 1038 ergs s"1 Mpc" 3, with the local volume emissi- 
vity required to explain the diffuse X-ray background, 
Be = 2.0 x 1039 ergs s"1 Mpc-3 (2-6 keV, H0 = 75 km 
s"1 Mpc" ^ qf = 0.5), we find that Abell clusters contrib- 
ute about 7%. Calculating VE by integrating L fAP and 
L/BP between 1042'5 and 1045’5 ergs s" \ we found that in 
this case VE contributes about 3% to B. Given the 
uncertainties in cross-calibration between experiments 
and in the absolute determination of B, we feel that our 
data are compatible with 0.03 < Ve/Be < 0.10. Marshall 
et al (1980) argue that clusters do not contribute more 
than about 3% to the diffuse X-ray background. Even if 
we have overestimated the Abell cluster volume emissi- 
vity, the contribution from all clusters of galaxies is 
probably not quite as low as 3 %. This is because some of 
the more numerous poor clusters are also X-ray emitters, 
with luminosities of order 1043 ergs s-1 (cf. Kriss et al 
1980; see also Bahcall 1979). A contribution as low as 3 % 
might be compatible with our results if low-luminosity 
clusters all have low temperatures. However, it is beyond 
the scope of this work to make a detailed calculation of 
the impact of a temperature-luminosity relation on the 
2-6 keV diffuse X-ray background. 

An extrapolation of the power law fit to luminosities 
less than 1042 5 ergs s_1 implies a space density higher 
than that of Abell clusters. Therefore, as suggested by 

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



19
8l

A
pJ

. 
. .

24
3.

 .
68

lU
 

686 ULMER ET AL. Vol. 243 

McHardy (1978), we believe that the curve of the lumino- 
sity function flattens somewhere between 1043 and 1042 

ergs s-1. As the nominal X-ray luminosity per galaxy is 
about 1039 ergs s-1 (cf. Worrall, Marshall, and Boldt 
1979) and the nominal number of galaxies in an Abell 
cluster is on the order of 103 (cf. Bahcall 1977a), we would 
expect there to be no Abell clusters with a luminosity less 
than about 1042 ergs s_ 1. Hence the luminosity function 
for Abell clusters probably terminates near 1042 ergs s~ ^ 

b) Correlation of Luminosity and Radius 
Leir and van den Bergh (1977, hereafter LV) 

determined the radius of each cluster by visual inspection 
of the Palomar Sky Survey. If the galaxy surface density 
determines both the optical cluster size R0 and the X-ray 
surface brightness, then we might expect to see a correla- 
tion between the optical radius and the X-ray luminosity. 
The best fit to the data of a power law, Lx oc R0

Ô, shown in 
Figure 2, gives for the exponent, ¿ = 1.9 ± 1.6 (90% 
confidence level). We have taken R0 = RL 
1.3(Z + Z2/2)/(l + Z)2 Mpc, where RL is the radius in 
millimeters measured by Leir, and we have assumed 
¿jo = 0, H0 = 15 km s'1 Mpc-1. The correlation 
coefficient between log Lx and log R0 is 0.36. Formally 
this means that log Lx is correlated with log R0 at the 
95% confidence level. We remark that LV used R0 as one 
of three distance indicators. Hence, some of the values of 
R0 that we used were implicitly assumed, not measured. 
Also, although one might expect some systematic 
distance-dependent error in R0, LV assure us that any 
such effects are small. With these caveats in mind, we 

CO 
o 
2 3 

o o 

. 
A © 

LEGEND 
O BAUTZ-MORGAN ' I 
A BAUTZ-MORGAN I-II 
+ BAUTZ-MORGAN II 
X BAUTZ-MORGAN II-III 
❖ BAUTZ-MORGAN III 

.5 .6 

LOG (RADIUS) 
Fig. 2.—X-ray luminosity (2-6 keV) plotted against cluster radius 

(Leir and van den Bergh 1977). The dashed line is the best-fit power law. 

Fig. 3.—A plot of ß against the exponent, y, in a polytropic model of 
the gas (P oc ny). ß relates the X-ray and optical radii of clusters through 
the relation, Rx oc R0

ß. The plot assumes that the X-ray luminosity, Lx, 
and the optical radius are related by the best fit in Fig. 2, Lx oc R0

Ô. 

examine now the implications of a relation between Lx 
and R0. 

We applied two consistency checks: (1) as Bahcall 
(1977fr) found that Lx and N0 (the galaxy density) are 
related, we expect N0 and R0 to be related as well. R0 and 
N0 are correlated, although there is a large scatter in a 
plot of R0 versus N0. (2) Mitchell et al (1979) and 
Mushotzky et al. (1978) reported Lxcc T11/2, and we 
sought to determine whether it is possible to find poly- 
trope models which obey this relation and allow 
Lx oc R0

Ô as well. It is assumed that T ccn7'1, although 
this is valid only if conditions in different clusters may be 
related to some common initial or reference state n0, T0 
(see, for example, Bahcall and Sarazin 1977). Assuming 
that Lx oc n2Tll2Rx

3 and Rxcc R0
ß, we obtain: 

We plot ß as a function of y in Figure 3. The relation 
Lx oc R0

Ô appears to be consistent with previous results, 
although Figure 3 implies that Rx is correlated only 
weakly with R0 (ß = 0.0-0.3) for adiabatic conditions 
(? = !)> or that, if Rx is strongly dependent on R0 
(ß = 0.5-1.5), the intracluster gas is cooling or convec- 
tively unstable. 

c) Correlation of Richness with Luminosity 
Figure 4a shows a plot of richness against luminosity. 

On the average, richness class 0 sources seem to be less 
luminous, but the scatter is so large that we hesitate to say 
there is a physical connection between the richness of the 
cluster and its luminosity (see also Pravdo et al. 1979). 
Further, the richness class 0 sample is not complete, and 
there is the possibility that the detection of richness class 0 
clusters is distance dependent (cf. Abell 1958). Thus, 
correlations of richness with luminosity which depend 
upon using richness class 0 must be treated with caution. 
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Fig. 4b 

Fig. 4.—(a) X-ray luminosity (2-6 keV) plotted against cluster richness, (b) X-ray luminosity (2-6 keV) plotted against the Bautz-Morgan 
classification of the clusters. 

Figure 5a shows the fraction of bright X-ray clusters 
(Lx > 1044 ergs s-1) in each richness class, and we see 
that there is a trend, in which richer sources are more 
likely to be bright X-ray sources. This is similar to the 
result of Jones and Forman (1978). As poorer clusters 
also can be bright X-ray sources, the physical connection 
between richness and Lx remains unclear. 

Finally, we calculated the relative luminosity densities 
(i.e., p/p0;d. McHardy 1978) for richness classes 0,1, and 
2 in the range 1045 > Lx> 1044 ergs s-1, and found 
0.09 ± 0.05, 0.08 + 0.02, and 0.12 + 0.05, respectively. 
The space density of clusters, p0, in each richness class 
was estimated by counting the number of different cluster 
types within the 2319 Abell clusters, which are in the 
portion of the sky of the complete sample. In this sample, 
richness class 1 objects are the most numerous, whereas 
clusters of distance class 3 or less are mostly of richness 
class 0. Hence, at least part of our apparent disagreement 
with McHardy (1978) may be attributed to the assumed 
space densities (we used p0 = 1.2 x 1Ö-6, 2.3 x 10~6, 
and 12 x 10~7 Mpc-3 for K = 0, 1, 2 and Hq = 75 km 
s“1 Mpc-1). Furthermore, the statistical uncertainties 
are so large that the disagreement between us and 
McHardy is not statistically significant. 

d) Correlation of Bautz-Morgan Class and Luminosity 
McHardy (1978) and Jones and Forman (1978) have 

discussed why they thought Bautz-Morgan (B-M) type I 
clusters might be strong X-ray emitters. However, a plot 

20 - 

.15 - 

o 
o o 
^ .10 - 

.05 - 

O  1—— 1 1 1  1 1 1 L 1  
o i 2 3 i i-n n n-m m 

Richness B-M 
Fig. 5.—The fraction of clusters in the surveyed sample, with X-ray 

luminosities greater than 1044 ergs s-1, plotted against: (a) richness 
class, (b) Bautz-Morgan class. 
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of B-M type against luminosity (Fig. 4b) shows no 
obvious trend. LV have shown that the frequency distrib- 
ution of B-M type III is much higher in distance classes 
greater than 4 compared with those of 4 or less, and they 
suggest that many distant B-M I clusters have been 
misclassified as B-M III. Thus any correlations found 
between B-M type and Lx must be treated with caution. 
For completeness, we show a plot of the fraction of 
clusters that are X-ray bright (Lx > 1044 ergs s-1) as a 
function of B-M class (Fig. 5b). We have calculated the 
ratio p/p0 in three Bautz-Morgan groups, for the lumino- 
sity interval 1044-1045 ergs s"1 : 

B-M I, I-II, and II: p/p0 = 0.11 ± 0.04 ; 
B-M II-III: p/p0 = 0.17 ± 0.07 ; 
B-M III: p/po = 0.03 ± 0.02 . 

There is a slight trend suggesting that lower B-M types 
are, on the average, more luminous than higher B-M 
types. 

e) Correlation of 26 MHz Power and 
X-Ray Luminosity 

Erickson, Matthews, and Viner (1978) suggested (see 
also Lea and Holman 1978) that Lx and P26.5 (power at 
26 MHz) might be correlated. Furthermore, they listed 
several radio-bright sources which were likely to be 
strong X-ray sources. We have used the data in Table 3, 
taken from Erickson, Matthews, and Viner (1978) and 
from our survey, to plot Figure 6. The correlation 
proposed by Erickson, Matthews, and Viner (1978) does 
not agree with the added data. The dominant source of 
the X-ray emission in most clusters is probably hot gas, 
and the correlation between Lx and P26.3 would be tight if 
the radio emission and hot gas had the same origin and 
were always in the same proportion. The true situation 
appears to be more complicated, however. 

/) A2218 and the Microwave Dip 
A2218 is interesting because it is a cluster that has been 

observed extensively in the microwave regime (for exam- 
ple, see Pravdo et al 1979 and references therein). The hot 
gas in the cluster should produce a diminution in the 

TABLE 3 

Radio/X-Ray Power 

Cluster Log P26.3a Log Lx
b 

A566    34.0 43.7C 

A1682   34.6 44.4d 

A2396   34.3 44.2C 

A2622   33.3 43.6e 

A2626   33.9 43.3d 

a From Erickson et al. 1979, except H0 = 75 km s~1 Mpc~1. 
b Lx in ergs s~ \ all upper limits. 
c 2a upper limit. 
d Twice the measured value of a weak source within the 0?6 x 4° 

error box which also includes the cluster. 
e Confused, upper limit based on twice the apparent strength of a 

source from that direction. 

Fig. 6.—The radio power of clusters at 26 MHz plotted against 
X-ray luminosity (2-6 keV). The units of power are W m"2 s~1 Hz"1 ; 
those of X-ray luminosity, ergs s~ ^ The symbols denote the Bautz- 
Morgan classification of a cluster : open circle, BM I; triangle, BM1-11 ; 
filled circle, BM II; open square, BM III; triangle with tail, unclassified. 
The left-pointing arrows indicate that the X-ray luminosities are upper 
limits, and the letters have the same meaning as those in Table 3. 

microwave background, and an observation of this effect 
has been reported (cf. Birkinshaw, Gull, and Northover 
1978). Pravdo et al quote an X-ray upper limit of ~ 0.9 
juJy and imply that Ho ~ 30 km s -1 Mpc~1 (F^/0.9 /¿Jy) x 
(T/3 x 108 K)3/2 where Fx is the observed X-ray flux. The 
source is below our nominal confusion limit detection 
level and we have not detected the source at a statistically 
significant level. The 2cr upper limit is ~ 0.2 ¿Jy, and, 
taking the equation of Pravdo et al (1979), we find 
H0 < 10 km s"1 Mpc~1 x (T/3 x 108 K)3/2. This value 
of H0 is too small unless T is assumed to be unreasonably 
high, and therefore the correlation of microwave with 
X-ray measurements needs further refinement. 

V. SUMMARY AND CONCLUSION 

To summarize: (1) The luminosity function of Abell 
clusters probably turns over at low luminosities (1043 ergs 
s- ^ and the total contribution to the volume emissivity 
of the diffuse X-ray background is between 3 and 10%. (2) 
We find no strong correlation between the X-ray lumino- 
sity and Bautz-Morgan class, richness class, or low 
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frequency (26 MHz) radio power; however, both B-M 
type I clusters and Abell richness class 3 clusters appear 
more likely to be bright X-ray sources. (3) Tentatively, we 
find a correlation between the optical radius as 
determined by Leir and van den Bergh and the X-ray 
luminosity—the higher the optical radius, the brighter 
the cluster in the X-rays. Future work with HEAO 2 
should elucidate this relationship. 

We thank the referee for useful comments, particularly 
regarding the luminosity function. We also thank R. 
Mushotzky for comments on the absolute luminosity 
calibration. 
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Note added in manuscript.—We have preliminary 
observations from the Einstein Observatory (HEAO 2) 
which indicate that about 70% of our proposed 
identifications are good, as predicted; however, A480 was 
not detectable at all as an X-ray source, and A508 was 
found to be very weak. This does not change any of the 
basic conclusions, except that A480 was the highest- 
luminosity richness-0 cluster in our survey. 
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