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ABSTRACT

The HEAO-1 experiment A-2 has performed a complete X-ray survay of the
8.2 ateradians of the sky at |b| > 20° down to a limiting senaitivity of £ 3.1
x 10~ exqs/cmz sec in the 2~-10 kev band. Of the 8% detected sources
(excluding the IMC and SMC sources) 17 have been ldentified with galactic
objects, 61 have been identified with extragalactic objects and 7 remain
unidentified. The log N - log S relation for tha non-galactic objects is well
f£it by the Euclidean relationship. We have used the X-ray spectra of these
objects to construct log N = log S in physical unics. The complete sample of
identified sources has been used to construct X-ray luminosity functions,
using the absolute maximum likelihood method, for clusters of galaxies and

active galactic nuclei.
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I. INTRODUCTION

The HEAO-1 satellite experiment A=2 (Rothschild et al. 1979) with its
extended energy range, complete sky coverage, low and stable internal
background and moderate spatial resolution has enabled us to create a complete
catalog of X-ray sources at galactic latitudes Ik} > 20° down to a limiting
#gansitivity of 3.1 x 10~ ergs/cmz sec in the 2=-10 keV band. Recent
identifications of these sources by modulation collimator experiments on
HEAO-1 and SAS=3 as well as imaging detectors on HEAO-2 has resulted in
certain identifications of all sources of fiux 2 4.0 x 10~M ergs/cm2 sec,
pending confirmation of two clusters and NGC 7172, and reasonable
1 dentifications for 78 out of the 85 (92%) sources in the sample, All but 9
of these identifications are extremely likely or certain. This identification
ratio for the extragalactic sources compares to identification of 45 out of 67
(67%) sources in the sample of Warwick and Pye (1979).

The completeness of this sample enables construction of the
number-intensity distribution (log N - log S) for X=-ray sources as well as
developing X=ray luminosity fuhctions for clusters of galaxies and active
galactic nuclei. In addition the body of X-ray spectral data recurned by A-2
allowe us to cast the log N - log S distribution in absolute rather then
instrument dependent units which enables comparison with the log N - log S
relation in different X-ray energy bands (cf. Giacconi et al. 1979).

Analysis of this data shows that the source counts are well fit by a

“Fuclidean”" law with
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= 16.5 s- 2 (R15 ¢:t:£|/sec)-1 sr
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consistent with previous results despite the quite different samples (Warwick



and Pye 1978; Schwarte 1979). The luminosity functions are well fit by power

law representations with
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for active galactic nucleil, similar to pravious results (McKee et al. 1980;
Pye and Warwick 1979). Integration of the luminosity functions over
the < 10425 1045 erg/sec range within which they are well determined
results in estimaéea of the contribution of clusters and active galactic
nuclei to the integral 2-10 keV unresolved X-ray background of € 4% for
clusters and < 20% for active galaxies. Using these luminosity functions,
with no evolution, we estimate that % 30% of the sources seen in the Einstein
Observatory deep survey (Giacconl et al. 1979) should be relatively low
luminosity (L < 1 x 1044 erg/sec) nearby (z ¢ 0.5) gbjects.
II. DATA ANALYSIS AND SOURCE SELECTION

The HEAO-1 A-2 experiment, described in detail by Rothschild et al.
(1979), provided two independent, low background, high sensitivity surveys of
the entire sky six months apart. We have analyzed the A-2 data in order to
obtain a complete flux limited sample of extragalactic X-ray sources. The
ragion between -20° and +20° in galactic latitude has been excluded to
minimtze contamination from galactic sources. A circle of 6 degrees radius
around the LMC sources has been also excluded to prevent confusion problems.

Therefore, we remain with 65.5% of the sky (8.23 ster). The statistical




significance of the existence of the sources is tested by determining the
decrease in xz when the new source is added to the model. All sources in the
sample give a decrease in xz of at least 30. The probability of having, by
chance, a decrease of 30 in x2 with two degrees of freedom (scan angle and
intensity) is 3 x 10~7, This probability is almost the same as the one
associated with a deviation of 50 in a Gaussian distribution (6 x 1077).
Therefore, we can also state that the lowest statistical significance for the
existence of the sources included in our sample is 50, as required by the
maximum likelihood methods we use to determine the log N - log S parameters
{see Section IV~1). Taking into account this statistical significance
requirement we estimated the completeness level of the first and the second
scan as 1.25 and 1.8 R15 counts/sec respectively, see Figure 1. One R15

2 gec™! in the 2~10 kev energy band for a power law

count/sec < 2.17 erg cm-
spectrum with photon index 1.65. R15 is a counting rate derived using the
1.5° x 3° FWHM flelds of view of the second layer of the argon counter and
both layers of a xenon counter. This combination has a FWHM for the quantum
efficlency from € 3 to € 17 kev (Marshall et al. 1979).

The second pass is less sensitive on average, because much more time was
spent in pointing at sources. We shall be more concerned with the first pass
data in deriving best fit parameters and use the second pass ones mostly as an
independent confirmation.

III. OBSERVATIONS
A. The Sample

Table 1 contains all the relevanp'data for the 68 sources either

brighter than 1.25 R15 c/s in the first scan which corresponds to days 248-437

of 1977, or brighter than 1.8 in the second scan, days 73-254 of 1978. Source

names are listed in column 1. Column 2 contains previous catalog names.



rirst pass fluxes and 10 errors are in column 3, while the second pass ones
are in column 4. Some fluxes may differ slightly from previously reported
rasults, as different procedures have been used; e.g.; in the recent paper by
McKee ei: al. (1980) fluxes have been obtained fixing the X-ray position at the
optical position, instead here we have used the best fit X-ray position to
derive the flux. Available identifications are listed in column 5. The type
of object is in column 6. Ons * in column 7 indicates firm identifications
(L.e. as provided by the SAS-3 or HEAO-1 modulation collimatory or by the
Einstein X-ray telescope), two * indicates possible identification consistent
with larger error boxes. Redshift values and references are given in column
8. Spectral information is now available for more than half of our sources
(Mushotzky et al. 1980; Woxrall et al. 1980; Mushotzky 1979; Holt' 1980; Boldt
1980), we quote in column 9 conversion factors between RL5 counts/s and ergs
a2 s, when spectral information is lacking we assamed a 6 keV thermal
bremsstrahlung spectrum for all smources identified with clusters and a 1.65
photon index power law for all sources jdentified with active galaxies. An
average conversion factor value of 2.5 x 10”1 ergs em™? s"/RlS counts 8!
was assumed for the few unidentified sources. Columns 10 and 1l contain the
first and second pass %pmlnositles in units of 1094 erg s~! calculated for Hy
= 50 km/s/Mpc and q, = 0.5. Column 12 contains notes.
B. Clagses of Sources

Sixty of the 82 sources brighter than 1.25 counts s”1 in the first scan
and not definitely associated with galactic objects have been associated with
extragalactic objects. Only 7 remain unidentified at the present time. These
60 identified sources subdivide almost equally between clusters of galaxies

(30) and single galaxies (30). Most of the 30 galaxies are Seyfert galaxies

of class 1 or 2, but we have also 1 QSO (3C 273), 4 BL Lac objects, and 1



*noxmal" galaxy (NGC 7172). Note that M31 and the Magellanic Cloud sources
are not included in our axtragalatic sample bacause thsy represent a local
inhomogeneity as part of the local group of galaxies. Table 2 lists the 17
high galactic latitude sources not included in our extragalactic sample
bacause they have been identified with galactic or "local" objects. The
second pass sample contains only 37 sources brighter than 1.8 Ri5 counts/sec,
all but one identified. The source classification is consistent with the
first pass. Assuming Polsson errors, clusvers contribute 50 t 9% of the
ildentified sources in the first pass and 61 t 13% in the second. Galaxies
contribute 50 t 9% in the first scan and 39 t 108 irn the second.

C. New Sources and Sample Completeness

H0328+025 and HO0917-075 are the only entirely new sources in Table 1.
Figure 2 shows their error boxes., AllL the other sources in Table 1 have been
listed somewhere else before. The improvement in our sample, as compared to
previously reported ones, is due to a better rejection of non-extragalactic
sources, made possible by the recent identifications, and to a uniform sky
coverage to a relatively low limiting flux.

As the instrument has a fairly large (1.5° x 3.0°) angular resolution
the possibility of source confusion must be considered. The total area of the
sky included in this survey is approximately 2.7 x 104 square degrees,
therefore there are about & x 103 independent positions on it. As the high
galactic latitude X-ray sources bright enough to give confusion problems at
our sensitivity level cannot be more than a hundred using the log N-log §
relation derived later (taking into account alsn the possibility that two
weaker sources can simulate a source bright enough to be included in our list)
we therefore expect negligible confusion. That is using'gﬁ < 16.5 s~1:5 there

as
are roughly 65 resolution elements per source, of § > 1.25 cts, well above the



corifusion level of 25 beam areas per source often quoted in the literature.
In addition the uniform sky coverage at the chosen sensitivity levele providoé
by this experiment and the availability of two independent sets of data for
cross-checking purposes support our confidence in the completeness of our
sample.
D. Space Distribution of Sources

Since the pioneering work of DevVaucouleurs (1958) much attention has
been davoted to finding evidence of a supercluster centered in the Virgo
ciuster of galaxies. We plotted the positions of our sources in supergalactic
coordinates looking for some kind of anieotropy. Figure 3 shiows the lst pass
sample. Obviously, no anisotropy is observed as most sources lie beyond the
supercluster. If we restrict our attention to the 12 sources with redshifts
less than .01 (in boxes in Figure 3), we see that 9 are in tha center region
of the supercluster while 3 are in the anticenter and that all but one have
supergalactic latitude less than 30 degrees in absolute value This resulc,
which is significant at the few percent level, suggests that close X=-ray
galaxies may lie preferentially in the supergalactic plane. But no conclusion
can safely he made from such a small number of objects at present.

IV. THE NUMBFR-FLUX FUNCTION

The usual power law form
-Q -1 -1
N(S) = KS (R15 counts/sec) sr (1)

has been assumed for the number-flux relation. The various methods applied to
estimate the coefficient K and the differential exponent a as well as to
evaluate the goodness of the fit are outlined in the next section.

A. Statistical Methods



1. Maximuom Likelihood

Crawford, Jauncey ard Murdoch applied the maximum likelihood method
to unbinned data in order to estimate the slope of the number~flux relation of
radio sources. In the first paper (Crawford et al. (1970) a solution is
worked out for error free data. In the second paper {(Murdoch et al. 1973) the
method is extended to include e)lrors on the measured filuxes. Numerical
corrections to the error free answers were calculated for the special case of
Gaussian distributed errors. 1In the same paper it was pointed out that a
minimum signal-to-noise ratio of five is required so that the uncertainty in
the correction factor due to weaker sources does not dominate the correction
itgelf. This is why we excluded from our sample sources with statiscical
significance less than 50. 1In both Fapers I and II the Kolmogorov-Smirnov
test (liere after: K-S test) was suggested to evaluate the goodness of the £it
obtzined. In the remainder of this paper we will refer to this method as to
the Maximum Likelihood (ML) method.

2. Absolute Maximum Likelihocd

The ML method assumes the same underlying error distribution for

all the souces jin the sample, i.e. it assigns the same 1o error to all the
sources. As we deal with sources of greater than 5¢ significance the error
assumed ils one fifth of the minimum flux in the sample, o .25 R1S counts ﬂ"
in the first scan and .36 RIS counts &~' in the second. Table 1 shows that
these values are ot very far from the actual errors. However Lightman et al.
(1980) have developed & refinement of the ML method in connection with the K-S
test capable of handling sources with their own experimental error. Following
those authors we will call this new statistical method the "Absoluta Maxirdum
Likeiihood" (AML) method. Lightman et al. (1980) worked out the AML methcd on

general grounds and then applied it to the evaluation of globular cluster



X-ray source masses. As this is the first application of the AML method to
the number flux furction, we give a short outlina of the method below.
Assuming the form (1) for the numbex=flux relation and a Gaussian

form p(rl,oi,s) for the error distribition of the measured fluxes we evaluated

numerically the integral probabilities ;L (a) as

Fo -
‘ ar { ds N(S,a) p(F.ol.S)
#,(a) = —210—_20 - (2)
£ ar £ ds N(s,a) P(F:oios)
min co

where S is the true flux, F, and o, are the measure:/, fiux and error of the
i-th source. F_., is a cutoff value used to avoid the apparent divergence at F
= 0., As in Murdoch et al. {}973) the particular choice of the cutoff value
does not affect the value of the integral as long as the statistical
slignificance of the sources is at least 50. Fnin 18 the sensitivity limit
of the sample. For every assumed a we computed the ;1(°) for all the

sources. The ;L(“) should be uniformly distributed hetween 0 and 1.

Following Lightman et al. we evaluated the maximum deviation from the uniform

atstribution:

< i
(a) = max [D,(a)) = max (IPi(a) - g'l) (3)

D
m i=1,N i=1,N

ax

where N is the number of sources in the sample and the §1<q) have been sorted
in ascending order. Then we calculate the probability P(DMAX (a)) of
obgerving deviations greater than Dy,y(a) from the formula for the K-S
statistic given by Birnbaum and Tingey (1951). ‘The (a,P(Dm‘x(u)) function ls

then plotted. The best fit value of a is the one corresponding to the maximum
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value Py, of the P(anx‘“)) distribution. Obviously Py,y must be greater
than some minimum value (say 10%) in order to accept the model. The range
in a for results glven below on o are evaluated fxom the values a,
and a, of a, which reduce P(Cy,, (®)) to Py,y/2:

3.Chi=-Square

Both the ML and the AML methods are indepandent of the
coefficient kK of the number-flux relation, as x is lost in normalizing the
probabilities. Therefore, we used the x2 method to determine x. Bins with
equal expected number of sources for a = 2.5 have been used for
the X2 calculations. Of course, in calculating confidence bounds, we have
assumed that the functional form of the distribution is the "true" one. 1If
better data later shows that this is not true our confidence values are not
applicable.
V. LOG N = LOG 8§ RESULTS

The ML method applied to the 60 non-galactic sources brighter than 1.25

R1S counts s~! in the first pass gives (in this section we use R15 counts 5!

as the unit)

a= 2,67 £ .23
with a goodness of fit probability (evaluated using the KS test) of 39.5
percent.

For the 37 non-galactic sources brighter than 1.8 Ri5 counts s~ in the

second pass the ML result is

a = 2.74 £ .32



1"

with a probability of 17.5 percent.

The AML results are
am 2,61 £ .2
in the first pass, see Figure 4a, and
a= 2,74 £ +22

in the seccnd, see Figure 4h.,
The 68 and 95 percent probability contours for the lst pass values of k
and a evaluated with the x2 method are plotted in Figure 4c The x2 best fit

values and 10 errors for the numbe¢r-flux function parameters are

1

a= 272" .gs (4)

-1

+
:: (R15 ccum:s/-ev:)“-1 sr .

K - 2012

The differential number-flux data as will as the best fit function
N(S) = 20 g=2:72  (Rpis countu/sec)'1 ar~1

are plotted in Figure 5; the X2 value of the fit is 2.79 for 6 degrees of
freedom, corresponding to a probability P{ > xz) < 83%. The limited size of
the second scan sample does no¢ allow a good estimate of the probability kut
tﬁe regsults are consistent with the first pass ones.

c. Number Flux Relation in Physical Units

Using the conversions factors listed in column (9) of Table 1 we can
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express the fluxes in ergs cm™2 s~' and evaluate the number=-fiux relation
accordingly. Conversion factors range approximately from 2.0 x 10~11 o0 2.9 x

10~ ergs cm~2 g1 (Ri5 counts .—1)'1, the highest values referring to soft

spectra sources whose emission peak lies below our instrument energy window.
As a consequence of the diiferent conveisions factors the completeness level
of the samples when fluxes are in ergs em™? 5~ s equal to the former
completeness level in R15 counts s~! times the maximum conversion factor:
that is < 3.6 x 10~11 ergs cm™? s~) for the first pass and 5.2 x 10”11
crga/cm2 sec in the second pass. The lst scan sample with this flux
restriction contalns 51 socurces: 25 clusters, 22 "galaxies" and 4

unidentified sources. The best fit values and 1 ¢ errors for the number-flux

function parameters obtained with the three methods agree with

a < 2.85 % .3

-1.3 -
k S (5.65,,°0) x 10

19 2 -1.a~1 =1 (5)
sr

(ergs cm s )

The 32 second scan sources brighter than 5.2 x 10~1! ergs cm2 g-! give us a
best fit of slightly steeper slope a < 3.1 %t .4.
VI. DISCUSSION OF THE RESULTS
All the first pass samples, whether fluxes are expressed in R15 counts
-1 -1

8 2

or in ergs cm™“ s~' are consistent with the five halves Euclidean slope
(see Figures 6 and 7). The slight preference for a steeper than Eucledian
slope 1s due to the distribution of the brightest few sources in calculating
the likelihood functions. It is these sources that are most sensitive to
changes in a by virtue of the relatively small statistical error in their

measured intensity. Our Euclidean best fit for the lst pass data is
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3

2 g 25 (R15 couutc/n)-1lr-‘

N(S) = 16.5"
with a X2 of 5.8 for 7 degrees of freadom; p()('2 > 5.5) £ 608v. The AML
probability for a= 2.5 is 42.4%. Assuming an average conversion factor of 2.4
x 10='! ergs cm~2s™! (RL5 counts 8)~! the relation (4) bacomes

N(S) £ (1.9+;?25) x 10-'5 8-2'5 (ergs cm-zl“)-1 :r—‘

in agreement with the exact result

N(S) & (2.23‘3) x 10°"° 572'5 (oxgs e 2e™)”! &

obtained from the lst pass complete sample for fluxes ln ergs cm~28”"' and
using the conversion factors in Table 1.
VII. COMPARISON WITH PREVIOUS EXPERIMENTS
Both the Uhuru (Schwartz 1979) and Arlel 5 data (Warwick and Pye 1978)
gave a flux-number function consistent with the Euclidean model. Their best

£it values for the coefficient K with o = 2.5 and S in R15 counts s" are

respectively

K = 16.5 + 3.9 using 1 Yhuru ct/s = 1.0 R15 ct/sec
and

K = 15.8 ¢ 4.2 using 1 Ariel-5 ct/sec = 2.12 R1§ ct/sec

in agreement with our results at the 10 level. These conversion factors

assume a mean R15 conversion factor of 2.4 x 10-11 ergs/sec, 1 Uhuru ct/sec =
2.4 x 10~ erg/sec¢, and 1 Ariel-5 count/sec = 5.1 x 10N erg/sec. If we use
the calibration of Marshall et al. (1979) appropriate for the active galaxies

of 1 R15 ct/sec = 2.17 x 10~ exxg/cm2 sec, we find Kypupey € 20 and
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Kariel-§ ¢ 19. The best fit slope of Warwick and Pye of 2.7 & .2 is also
conaiatent with our result,
VIXX, LUMINOSITY FUNCITION

A Mathod and Data Base

Many authors (Schwarte 1978; McHardy 1978) MoKee et al. 1980; Elvia et
al. 19773 pPya and wWarwick 1979; Tananbaum et al. 1978; Bolde 1980) have
racently consldered the problem of evaluating the X-ray luminosicty functiona
tor different classes of sources principally, clusters of galaxies and active
galaxies. ALL of them with the exception of Pya and Warwick had to rely upon
optical data to select complete samplea. We present here X-ray luminosity
functiona evaluated from X-yay flux liplted samples. As wa remaln with a few
unidentified sources, our results have some uncertainty, but we belleve that
the residual incompleteness ghould not ba very ilwmportant.
1. Tha Samplas

The first pass sample of clusters of galaxies contains 30 objects. The
gacond pass one lncludes 22 sources. Thirty “galaxies" are observed in the
firat pass, but we exclule from our sample the QS0 3C273, the 4 BL Lac
objects, the peculiar galaxy M82 and the "normal" galaxy NGC 7172 as they are
not homogenaous with the bulk of the sample which consists of Seyfert
galaxies. Theraefore wa remain with 23 actlve galactic nuclei. The second
pasa sample contalns only 12 objects (after excluding 3C 273 and PKS
2155-304).

The completeness of the sample is checked using the Schmidt <V/Vy > test
and with a XK= test on the distribution of the Vl/VMl as suggested by Avni and

Rahcall (1980). The results are listed in Table 3.

TABLE 3

BT T T f
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# OBJECTS K~8 TEST

CLASS OF OBJECTS SCAN #  IN SAMPLE VN P(>d)
Clusters of Galaxies 1 30 +471%.054 18.1
Clusters of Galaxies 2 22 +552%.062 11.8
Active Galaxies 1 24 «523%.059 50.4
Active Galaxies 2 12 +557%.083 56.8

The 1¢ error quoted for <VA,> is the formal ervor 1/Y12N, where N is the
number of objects in the sample (see Avni and Bahcall). All the 4 samples
meet the requirements of the tests. However, we expect a sm.ll degree of
incompleteness due to the unidentified sources.
2. Methods of Analysis

Of the three methods outlines in Sec (IV-A) only the AML is suited for
the determination of the luminosity function parameters. The relatively smail
sizes of the samples do not allow an efficient use of the xz sguare method or
of any other binned method. Moreover the ML method in the form developed by
Crawford, Jauncy and Murdoch cannot be used because of its assumptions of a
single underlying error distribution. This last hypothesis was reasonably
satisfied by the flux data in the evaluation of the log N log S parameters, as
we already pointed out, but is not satisfied at all by the luminosity data, as

the errors are proportional to the square of the redshift of the sources:
o % Z; 0 (6)
On the contrary the AML method is well sulted for the task. The description

of Section IV-A still applies. However, instead of calculating the

probabilities of eq (2) we evaluated the probabilities:
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r"max
L

i
L av’ Lm{n a £(L,q) V. (LF

-

(3
P,(q) = (7)

L
L - max »
[ au jhmndn £(L,q) Vo (L,F ) p(L,oLt, L)

Eq. (7) gives the integral normalized probabilities of observing a source with
measured luminosity less or equal to Ly, assuming a Gaussian error
distribution with standard deviation OLL' and for the differential luminosity
function the form f(L,q) where L is the true luminosity and q represents the
functional parameters to be determined. Lnin and Lp,, are the lower and upper
boundaries of the luminosity function. Vyuy is the maximum volumes at which
one could detect the source and depends on the sensitivity limit of the
sample. For a source of luminosity L in a sample of minimum sensitivity Fyyy
the maximum visibility volume Vy,, is proportional to

(/E7ﬁ;1;73 Note that Eq. (7) does not take in account errors on the redshift
z. The AML method can determine the form of the luminosity funciion but not
its absolute value. Therefore we have used a least squares fit to the
unbinned data to evaluate the multiplicative coefficient.
B. Results

1. Clusters of Galaxies Lumiﬁosity Function

We considered t‘v;vo different forms for the luminosity function: the

power law form

£(L) = K.Y

and the exponential form
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£(L) = xe ¥/%

between the minimum (L,,. ) and maximum (Lggmay) Observed luminosities,
expressed in units of 1044 ergs sec”!. The normalization for a power law
luminosity function scales as Ho".
Clusters of Galaxies

Figure 9 represents the AML probabillties for the slope of the cluster
of galaxles power law %uminostty function. The lst pass best fit values for
the power law parameters are

v = 215002

-3

K= (3.5 £ 1.1) x 10-7 (1044 erg/es)y-1 Mpc .

K has been evaluated with the least squares method. The error on X has been
determined by letting y assume the 10 extreme values of 2.03 and 2.32. Figure
8a gives a binned representation of the data with the best fit luminosity
function. Each bin contains three sources, except for the highest luminosity

bin which contains five. The second pass results are

+.16
e 24
-3

-7 -
K= (3.842) x10 (1044 ergs/a)Y ! Mpc

Y = 2.13

Figure 8b give the binned representation. The minimum luminosity object in
both the 1lst and the 2nd pass at 2.4 x 1043 (ergs/s) is the vVirgo cluster.
The highest luminosity cluster is Abell 2142 wicth 2.8 x 1043 (ergs/s).

The exponential form of the luminosity function has also been

considered, but the quality of the fit is poorer, see Figure 10.
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As the Virgo Cluster of galaxies has a "local" character, we evaluated
the cluster of galaxies luminosity function without the Virgo cluster. The
lst pass sample is reduced to 29 sources; the mean V/V"Ax is 0.486 £ 0.055 and
the K-S text on the uniformity of the V/Vnax distribution gives a'probabillty
of 24.7%. The 2nd pass sample contains 21 sources, the mean V/VM;X is 0.576 &
.063 and the K=S probability is 6.1%. Figure 9 gives the
usual (Y,P(Y)) probability curves for the power law slope. The best fit

values for the paramecers are

2003 % .18

k= (2202 x 10”

-
i

lst scan

7 44 -3

(10 erga/a)Y -1 Mpc

+.2
=-.25
-3

(3.2 £ 2) % 10-7 (1044 ex:gs/s).v-1 Mpc .

2nd scan V" 2,07

x
L}

The minimum luminosity is now € 3.6 x 1043 ergs/s (Abell 1060) in boch first
and second scan. The exponential fit is again poorer, see Figure 10.
2. Active Galaxles
i. Luminosity Function
The insert in Figure 11 represents the AML probability for the power
law slope of the active galaxies differential luminosity function calculated

from the lst pass data. The best fit values for the power law parameters are:

Y = 2.7 ¢ +15

K= (2.7 & .15) x 10-'7 (1044 ergs/s)Y -1Mpc—3

NGC 3227 is the weakest source in the sample with 1.75 x 1042 ergs/s and

o L S
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IIIZw2 is the brightest with J.3 x 1045 ergs/s. Figure 11 shows the binned
representation (3 sources/bin), This result is similar to that of Boldt
(1980) and Pye and Warwick (1979). The exponential form for the luminosity
function is not acceptable as the probabilities are always less than 2%,

The second pass sample is too small for a good determination of the
iuminosity function, however we find power law slopes steeper but consistent
with the first pass ones

ii. A Lower Limit to the Active Galaxy Luminosity Function

The active galaxies contribution to the cosmic X-ray background
depends strongly on the lower luminosity limit of the luminosity function.
The lower luminosity limit for which the function can represent the daca,
LggMins ©an be calculated by noting that the luminosity function must be
consistent with the log N = log $§ observations. Namely, we can set a
lower limit on L .uyy bY requiring that the number of active galaxies brighter
than 1.25 R15 counts/sec expected from the luminosity function does not exceed
the observed number pius 1 or 2 times the square root of the expected number.

From eq (14.7.35) of Weinberg (1972), and assuming a power law

luminosity function we have (for Y # 2.5 and ¥ # 3)

L
1 (2:5-Y) MAX o~3/2 | _B_ [ 3-Y; CMAX -2 (8)

)
2.5=Y LN 3=y Luin

N(>S) = KA |

2.-1

where: S is the flux in ergs cm™“s

K and Y are the parameters of the differential power law luminosity
function in Mpc™3 (erg/sec)'(Y-l)

Luax and Lypy are the upper and lower limit of the luminosity function

(actually N(>S) depends strongly on Lvin and very weakly on LMAx)
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all the luminosities are in ergs/s

A% 3,20 x 10775

B * 4.7 x 10729 (assuming H, = 50 kn/s/Mpc)

N(>S) is the total number of sources in the sky uncorrected
for sky coverage. The second term of this equatalon represents a {irst order
cosmological correction to the Eucledian resuit. (1)
R R R I I I T T T T T T T T T T s
(1) Footnote:
For L in units of 1044 erg/sec aquation (8) has constants
A= 3.2 x 1077
B = 2.3 x 10~7 (H,/50) (1+4T) where I' is the spectral index of the source (here
chosen to be .7)

Assuming an average conversion factor of 2.17 x 10~ ergs cm %s~! per R15

1

counts 8~ ' we find that the 10 lower limit on LN is 4 x 1042 when Yy is 2.75

and K is 2.68 x 107 (1094 erga/s)" Mpc™3 and Lyax Varies between 5 and 15 x
1044 ergs/sec.

In Table 4 we show the 1 and 2¢ limits on Lyry as a function of Ly,y
and Y. We note that we have not included in Table 4 the possibility that all
(or some) of the unidentified sources could be Seyfert galaxies. However,
considering the distribution of identified sources with flux < 3 R15 cts/sec,
we would expect, at most, 3 of these unidentified objects to be active
galaxies.

TABLE 4

APPROXIMATE Lyyy FOR VALUES OF Lyay AND Y

Lyag = 1:5 x 1095 Lypy = 3 x 1093
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Y Y
2.6 2.75 2.9 2.6 2.75 2.9
19 4.5%1092  2.5x1092  4.5x1042 1.5x1042  3,0x1042  4.5x1042
20 4.5x10%"  1.5x1092  2.5x1042 5.5x1097  1.5x1042  3,0x1042

Ce Discussion
1. Clusters of Galaxies

We note that our luminosity function for clusters of galaxies is
very similar to the result of McKee et al. (1980). This indicates that,
whatever selection effects are operating in making a X-ray or optically
complete sample, they do not strongly bias the result. However there is a
strong overlap in the individual objects between this sample and McKee's. The
method we have used has allowed us in principle to discriminate between
exponential and power law luminosity functions for clusters. It is somewhat
surprising that a power law is favored, since it requires a change in form at
low luminosities in order not to exceed the space density of all clusters
(Bahcall 1979). However, the contribution of clusters to the diffuse X-ray
background (DXRB) depends only weakly on the lower limit chosen, We do remind
the reader that an exponential form is not excluded. Our data are not capable
of rejecting the exponential form. They are also not capable of determining
well the three constants in Bahcall's (1979) suggested form of the luminosity
function.

Keeping in mind that the mean X-ray spectrum of clusters differs
slgnificantly from the diffuse X~ray background we shall, for historical
reasons, compare the 2-10 keV volume emissivity of clusters to that of the
diffuse X-ray background. For q, = 1/2, Hy = 50 km/sec/Mpc the 2-10 keV

039

background has a volume emissivity of S 2.4 x 1 erg/sec/upc3. The



N
>

contribution of clusters is

rJHIN

Tax

8 crgl/sac/ﬂpca

£(L) LaL = 1 x 10°
{for Ly, = 3 x 1093 ergs/sec, Iypy = 1 x 1043 ergs/sec, where we have used
the lst pass cluster power law luminosity function without the Virgo
cluster). Therefore, in an average sense, clusters contribute € 4% of the
2=10 keV background. (For a more accurate treatment of the problem which
includes the effect of éhe spectral differences of clusters from the
background see McKee et al. 1980 and Marshall e+ al. 1980). We note that the
present value agrees well with the estimate made by Marshall et al. (1980) of
the maximum possible contribution of clusters if they were not to distort the
thermal bremsstrahlung fit to the spectrum of the DXRB in the 3=50 kev band.
We note that the relatively soft spectra of clusters should result in an
increase in their contribution to the DXRB in the Einstein Observatory energy
range.
2. Active Galaxies

The luminosity function derived here is in reasonable agreement
with those derived previously by Pye and wWarwick (1979) and Boldt (1980) in
both slope and normalization. Using a lower bound of 3.0 x 1042 ergs/sec and
a upper bound of 1.5 x 1045 erg/sec for our luminosity function results in a
volume emissivity of € 4.9 x 1038 ergs/sec Mpc3 or a contribution of € 20% vo
the 2-10 keV DXRB. If the lower limit is 1.2 x 1092 (gee Table 4) the
wontribution to the DXRB is ¢ 40%. In fact, in order not to exceed the DXRB
the luminosity function of AGN's must flatten at L » 3 x 1041 ergs/sec (De
Zotti 1980). There is a strong indication of such a flattening in the optical

luminosity function (Huchra and Sargent 1973; Huchra 1977; Huchra 1980) at
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M, € = 21.5 (H, =50) equivalent to a optical bolometric luminosity of € 1.2 x
1044 exgs/sec. Since the slope of the optical luminosity function, at higher
luminosities, is the samo, within errors, (Huchra and Sargent 1973; Weedman
1979) as the X-ray function it is tempting to assocliate the bend in the
optical luminosity function with the bend in the X-ray function and therefore
derive a nopt/bx € 35. This value is rather larger than that found by examing
individual objects (Kriss et al. 1980); Elvis et al 1978). This may be due to
the fact that most of the optical flux from low luminosity active galaxies
does not come from the nucleus but from the stellar population.

The total space density of X-ray emitting active galaries in the
luminosity range 3 x 1042 - 1.5 x 1093 48 < 7 x 1073 Mpc™3 which is < 1.5% of
all galaxies of Mp ¢ =19 (Huchra 1977). This compares to a space density of
active galayies of Mp ¢ =19 of ¢ § x 10~5 Mpc™3 (Huchra 1977, 1980). It thus
seems, to first order, thet all active galiax'es of Mp < =19 emit X-rays at L,
> 3 x 1042 ergs/sec. For a flat universe there are (assuming no
evolution) < 4 x 107 X-ray emitting active galaxies with L, > 3 x 1042 with z$

3.5,

We can also estimite, the numbexr of sources per square degree expected
in the Einstein deep survey if the luminosity function used in this paper does
not evolve strongly in either slope or norm and that spectral effects, such as
low energy absorption, are not important. Wwith qo = «5, Loin ™ 3 x 1042 in

the 2~10 kev band and, S =5 x 10”14 ergs/cmzsec in the 2-10 kev band,

min
(which corresponds to the Einstein "deep survey” 1imit for a a = 0.7 source we
predict < 6 active galaxies per square degree and € 1.3 clusters per square
degree, compared to the 19 i 8 total sources per square degree seen by the

Einastein Observatory (Giacconl et al. 1979). DeZottl (1980) has performed a

similar calculation and finds < 5 active galaxies per square dogree for L,;. =




.
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9.1 x 104" ana Dpax ™ 2+9 % 1044 ergs/sec in the 2-6 kev band and assuming
that the slope of the luminosity function is 2.5. B8ince most of the objects
are near L,;,. we would expact many of the Einstein survey objects to be
Seyfert galaxies of L,s5x 1042 erg/sec and z £ .20. This is a consequence
of tha welil known fact that Lf the luminosity function is steeper than 2.5,
and barring strong svolution, when one looks at fainter objects one is looking
primarily lower in the luminosity function rather than at higher redshift
objacts.

A simple way to look at thé problem is to examine the number of objeci:s
predicted by our best fit luminosity function which would have redshifts
(z) ¢ 0.5 and would have luminosities high enough to have been included in the
Einstein Deep Survey. (We shall use q, = +5 or 0 geometry for simplicity).
For Spy, ™ 5 X 1014 argn/cm2 sac in the 2-10 keV band and g, = +5 that we
predict < 1.4 x 109 mources/ster due to active galaxies and < 1.4 x103
sources/ster due to clusters compared to the 6.312.6 x 104 sources/ster seen
in the deep survey (Giacconl et al. 1979). We therefore predict that < 25\1‘5

of the sources in the deep survey are low (L 2 4 x 1093) close by (z s «5)
active galaxies or clusters of galaxies of luminosity > 1 x 1043 erg/sec.
That this was a likely situation was noted by Fabian and Rees (1978). (If 9%
= 0 the number of sources increases to < 2.1 x 109 sources/ster and the
calculated contribution to the Einstein source counts to 35:?:\).

Both the contribution of active galaxies to the DXRB and their
contribution to the Einstein source counts depend sensitively on the lower
limit, Lpine ©f the luminosity function used. It is possible that the
luminosity where the flattening of the luminosity function takes place could

be higher than our calcuated value if we allow a two siope model of the

luminosity function rather than our simple single slope power law model with a
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cutoff. However our data are not guod enough to constrain such a model. Ve
therefora strongly caution the reafier that these resuits are model dependant
and should be treated as such.

IX. CONCLUSIONS
We have performed an all sky survey of X-ray sources complete to a
limiting sensicivivy of 3.1 x 10~ ergs/cm’ sec in the 2-10 kev band. Of the
85 detected sources only 7 remain without reasonable idsntifications. The
log N= log 5 relation for extragalactic sources is well ffit by a Euclidean

law'gg = 16.5 5“2*5 yhere 5 is in R15 ct/sec

15

or W 2.2 x 10 s-z'5 (erg/cm?s)=! sxr~1 where S is in erg/cm?s in the 2-10

ds
kev band. This complete sample has allowed construction of luminosity
functions based on a flux limited sample for clusters of galaxies and active
galactic nuclei. These functions are well representsd by power laws of slope
2.05 and 2,75 respectively. The sample enables us to estimate that the
luminosity function for active galaxies should flatten at L §3 x 1042 arg/sec
in the 2-10 kev band. The cpace density of X-ray emitting active galaxias is
approximately the same as that of optically selected Seyfert galaxies. |

Integration of the best fit luminosity functions indicates that clusters

of galaxies contribute < 4% of the 2-10 kev diffuse X-ray background and
active galactic nuclei < 20%. 4wne sum of these contributions is very similar
to the 26111% contribution due to resolved due to sources seen in the Einstein
deep survey. We also predict that many of the objects seen in the deep survey
should be local, (z < 0.5), relatively low luminoslity active galactic nuclei
and clusters of galaxies. In order to determine more accurately the
contribution of low luminodsity active galaxies to the diffuse X-ray bhackground

one would have to sample the luminosity range 1041-42.5 oyer large solid

angles. This would require a complete sky survey with < 30 times the
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i sensitivity of the present onec and a angular resolution < 20 times better.

Such a survey wouid also extend the luminosity function up to luminosities
of ¢ 1087 ergs/sec. We stress the importance of a complete unbiased X-ray

survey with good identifications in determining log N = log S and luminosity

s functions since there are various clasges of sources of widely varying X-ray
‘" t0 optical luminosities. We feel that this strategy rather then deep
observations over small solid angles will determine log N - log § and the
luminosity functions most accurately for the local epcch since for a given
observing time and fixed instrumental parameéters the number of observed
sources greater than some statistical limit is maximized when the solid angle
is maximized at a given completeness level for a photon limited experiment.
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FIGURE CHhPTIONS

Figure 1. The completenéss level of the present survey vs ecliptic

latitude. The diamonds are for the firsc pass and the crosses for the second
pass. The lower histogram is the sky fraction in eich ecliptic latitude bin
(right hand scale). The centre of the diamonds and crosses is 5 times the
mean error for a source located in that ecliptic latitude bin and the sizs of
the error bar is the standard deviation of this error. Since we truncate at
1.25 RLS counts all of our sources at ecliptic latitude greater than 30° lie
well above the 50 level. We estimate that residual incompleteness of sources
at levels less than 1.4 cts is less than 3 sources and zero sources greater

than this limit.

Flgure 2. The error boxes for H0328+025 and H0917-074. The inner and Guter
boxes are the 90% confidence boxes as described in Marshall et al. 1979. The
inner box assumes that the source was roughly constant during our period of

obgervation.

Figure 3. The distribution of the non-galactic sources detected in this

survey in supergalactic coordinates.

Figure 4. The probability distributions for x and a. The top panel shows
the AML probability vs. o in the first pass data, the middle panel shows the
AMI, probability vs. ¢ in the second pass. The bottom panel shows the 65 and
95% joint probability contour for Kk and a for the first pass data. The +

marks the best #it.



Figure 5. The differential log N - log 5 distribution for our sample. The
best fit is indicated. The highest flux point is indicated by a dashed cross

because its upper flux bound is not well defined. (ist pass data)

Flgure 6. The AML Kolomogorov-Smirnov test distribution for an o = 2.5

model. The 50 and 95% probability bounds are indicacted. (lst pass data)

Figure 7. The ratio of the number of observed sources N,, . to the number of

expected sources for a = 2,5 log N -~ log S law. (lst pass data)

Figare 8a. The cluster of galaxies differential luminosity function for the
first pass data.
8b. The same information for the second pass data. The best fit

power law models are indicated on both panels.

Figure 9. the AML prcbability vs. ¥ the slope of the power law differential
luminosity function for clusters of galaxies for the first and second passes

including and excluding the Virgo cluster.
Figure 10. Same as Figure 9 but for the exponential luminesity function..
Figure 1l. The Seyfert galaxy luminosity function for the first pass data.

The best fit power law differential model is indicated. The insert shows the

AML probability vs. Y the slope of the luminosity function.
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