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ABSTRACT 
The X-ray luminosity functions (XLF) of X-ray-selected active galactic nuclei (AGNs) and its cosmological 

evolution are derived and discussed. The sample utilized consists of more than 420 X-ray-selected AGNs 
extracted from the Einstein Observatory Extended Medium-Sensitivity Survey. The local (z < 0.1) observed 
XLF as well as the XLF in different redshift shells up to z ~ 2 have been derived. The local XLF shows a 
substantial flattening for Lx < 5 x 1042 ergs s-1, while at higher luminosities it can be approximated by a 
power law. The AGN XLF obtained in a model-independent way at different redshifts gives direct evidence 
for cosmological evolution (weak for z < 0.4 and more pronounced for higher z). The data have been analyzed 
within the framework of pure luminosity evolution models, and the two most common evolutionary forms 
Lx(z) = Lx(0)eCx and Lx(z) = LX(0)(1 + z)c have been considered. Best-fit values of 4.18 and 2.56, respectively, 
have been found for the evolution parameter C. The de-evolved X-ray luminosity function has been derived. A 
good fit with a broken power law (with slope ^ = 1.35 for Lx(0) < 2.5 x 1043 ergs s_1 and slope y2 = 3.05 for 
Lx(0) > 2.5 x 1043 ergs s_1) has been obtained. There is no evidence for a further slope change outside the 
range of luminosities sampled (1042-1047 ergs s_1). The simultaneous determination of the cosmological evo- 
lution and of the XLF is then used to estimate the contribution of the AGNs to the extragalactic diffuse X-ray 
background. Using the best-fit values for the evolution of AGNs and for their volume density, it is found that 
they contribute ~40% of the 2 keV diffuse X-ray background. About 85% of this contribution comes from 
objects with Lx(0) between 1042 and 1044 ergs s_1. 
Subject headings: galaxies: nuclei — galaxies: X-rays — luminosity function — X-rays: sources 

1. INTRODUCTION 

The completion of the Einstein Observatory Extended 
Medium-Sensitivity Survey (EMSS; Gioia et al. 1990) and the 
very high identification rate presently available (96%) allow us 
to extract subsamples of sources suitable for statistical studies. 
In this paper we concentrate on the sample of X-ray-selected 
active galactic nuclei (AGNs)9 as a whole to study their X-ray 
luminosity function, cosmological evolution, and contribution 
to the X-ray background. These studies require only the X-ray 
flux and redshift information which is already available for 427 
AGNs (Stocke et al. 1991). The analysis of different subsamples 

1 This paper uses data obtained at the Multiple Mirror Telescope Observa- 
tory (MMTO), which is operated jointly by the University of Arizona and the 
Smithsonian Institution. 

2 Osservatorio Astronómico di Bologna, via Zamboni 33, 40126 Bologna, 
Italy. 

3 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam- 
bridge, MA 02138. 

4 Dipartimento di Astronomia, Università di Bologna, via Zamboni 33, 
40126 Bologna, Italy. 

5 Istituto di Radioastronomía del CNR, via Irnerio 46, 40126 Bologna, 
Italy. 

6 The Observatories of the Carnegie Institution of Washington, 813 Santa 
Barbara Street, Pasadena, CA 91101. 

7 Center for Astrophysics and Space Administration, University of Colo- 
rado, Campus Box 391, Boulder, CO 80309. 

8 Osservatorio Astronómico di Brera, via Brera 28,20100 Milano, Italy. 
9 As we have done in previous papers, with the term AGN we refer to both 

quasars and Seyfert galaxies (but not to BL Lacertae objects), i.e., to those 
objects showing broad and/or narrow emission lines, evidence of a nonstellar 
continuum, and a measurable redshift, regardless of their appearance on the 
Palomar Observatory Sky Survey. 

of AGNs, of luminosity correlations, of the optical and radio 
luminosity function, and of the comparison of the overall 
properties of X-ray-selected, optically selected, and radio- 
selected AGNs will be published in forthcoming papers. We 
are aware that the sample used here is not fully identified and 
that a number of AGNs will be discovered among the remain- 
ing 31 unidentified sources. However, our analysis shows that 
the results presented here will not be changed significantly 
once the identification process has been completed. We have 
specifically addressed this point, using the available informa- 
tion to estimate the number of AGNs hidden among the 31 
unidentified sources as well as their probable redshifts. For a 
full description of the EMSS, selection criterion, and data 
analysis, the reader is referred to the paper by Gioia et al. 
(1990), where the sample of sources is given, together with the 
classification of the optical counterpart of the identified 
sources. 

Here we recall that the EMSS is a statistically complete and 
well-defined sample of 835 serendipitous X-ray sources 
detected in IPC images of the high Galactic latitude sky 
obtained with the IPC on board the Einstein Observatory. The 
EMSS has limiting sensitivities from 5 x 10“14 to 3 x 10“12 

ergs cm-2 s_1 in the 0.3-3.5 keV energy band. A detailed 
discussion of the identification process and of the optical 
properties of the EMSS X-ray sources is given in Stocke et al. 
(1991), while the optical images of the area surrounding the 
EMSS sources are shown in Maccacaro et al. (1991). 

The optical identification program is still in progress, and at 
the time of this writing (1990 September) 804 sources out of 835 
have been identified (43 more than quoted in Gioia et al. 1990). 

117 

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



19
91

A
pJ

. 
. .

37
4.

 .
11

7M
 

MACCACARO ET AL. 118 

Moreover, as a consequence of further spectroscopic work, a 
few identifications have been revised (see Stocke et al. 1991). 
AGNs are by far the most numerous class of objects found in a 
high Galactic latitude survey conducted in the soft X-ray band 
(0.3-3.5 keV). Of the 804 EMSS sources identified so far, 427 
are AGNs. They represent ~73% of the entire extragalactic 
population. 

This paper is organized as follows. In § 2 we describe our 
data set, and we discuss the slight incompleteness of the sample 
and how to take it into account in the statistical analysis. In § 3 
we derive the local X-ray luminosity function as well as the 
luminosity function in different redshift shells. In § 4 we discuss 
the cosmological evolution of AGNs. In § 5 the derived lumi- 
nosity function and its cosmological evolution are used to 
determine the AGN’s contribution to the diffuse X-ray back- 
ground. Finally, in § 6, a summary and conclusions are pre- 
sented. 

Throughout the paper a Hubble constant of 50 km s“1 

Mpc-1 and a Friedmann universe with a deceleration q0 = 0 
are assumed. 

2. THE EMSS AGN SAMPLE 

The relevant data for the sample of 427 spectroscopically 
identified X-ray-selected AGNs used in this paper are present- 
ed in Table 1. These sources are those listed in Table 7 of 
Stocke et al. (1991) and identified with an AGN or, in the case 
of an ambiguous identification, those for which an AGN is the 
primary identification. Columns are as follows: (1) EMSS 
source name, (2) signal-to-noise ratio, (3) 0.3-3.5 keY X-ray 
flux in units of 10“13 ergs cm-2 s_1, (4) redshift, (5) logarithm 
of the observed monochromatic X-ray luminosity (at 2 keV, in 
ergs s-1 Hz-1), (6) logarithm of the observed broad-band 
X-ray luminosity (0.3-3.5 keV, in ergs s_ 1). 

EMSS source name, signal-to-noise ratio, and X-ray fluxes 
are taken from Gioia et al (1990). Fluxes are computed 
assuming a power-law spectrum with energy index a = 1.0 
(derived in the spectral analysis of the extragalactic EMSS 
sources of Maccacaro et al. 1988) and using the measured 
hydrogen column density along the line of sight to each source 
(as reported in Stark et al. 1989; Heiles & Cleary 1979; Cleary, 
Heiles, & Haslam 1979). The quoted fluxes and luminosities 
have been corrected for absorption. (See Gioia et al. 1990 for 
details.) Redshifts are taken from Stocke et al. (1991). 

As a consequence of the spectroscopic work carried out 
since the publication of Gioia et al. (1990), several new sources 
have been identified and a few identifications have been 
revised. A detailed description of the identification criteria and 
of the reasons behind the revision of a few identifications is 
given in Stocke et al. (1991), together with the discussion of a 
number of sources for which either the identification or the 
classification of the optical counterpart is ambiguous. Thus the 
sample of AGNs used here is slightly different from that of 
Gioia et al. (1990). Thirty-four of the sources listed in Table 1 
were in fact unidentified in Gioia et al. (1990) and listed as class 
1 (31) or class 2 (3); two were classified as stars and one as a 
cluster. These 37 sources are indicated (see the footnotes to 
Table 1). Furthermore, five sources (MS 1019.0 + 5139, MS 
1157.3 + 5548, MS 1208.2 + 3945, MS 1309.1+3208, and MS 
1332.6 — 2935) which were classified as AGNs in Gioia et al. 
(1990) are now classified differently (see Stocke et al 1991). 

Even though the identification rate is very high (96%) and, 
as a consequence, most of the results are not significantly 
affected by the resulting incompleteness, we have attempted to 

reduce the effect of this incompleteness further as described 
below. We have used the information on the composition of 
the EMSS sample as a function of flux (see Table 2) to estimate 
the fraction of AGNs expected among the unidentified sources. 
At the flux level characteristic of the unidentified sources, 
AGNs constitute ~80% of the extragalactic population. 
Taking into account that four of the 31 unidentified sources are 
classified as of probable Galactic origin (class 2,), we expect 
that ~21 AGNs will be added to those of Table 1 upon com- 
pletion of the work of identification. We have thus extracted, 
using a random process, 21 “expected” AGNs from the 27 
unidentified sources of probable extragalactic origin. These 
objects are listed in Table 3, which is organized in a manner 
similar to that of Table 1. As can be seen from Table 3, redshifts 
have been assigned to the “ expected ” AGNs. The procedure 
followed is based on the relationship between redshift and 
X-ray flux observed in the 427 spectroscopically classified 
AGNs for which the redshift has been measured (see Fig. 1). As 
expected, the AGN mean redshift increases with decreasing 
flux; the dispersion around the mean, however, is significant 
and prevents assignment of a redshift value to the various 
objects simply on the basis of their flux. Therefore, to take into 
account this large dispersion, we have constructed the AGN 
redshift probability distribution for different flux groups. We 
have then used a random number generator to assign a redshift 
to each “ expected ” AGN, using its flux to choose the appro- 
priate redshift probability distribution. 

These 21 objects combined with the 427 spectroscopically 
identified AGNs constitute the sample used throughout the 
present paper. As we show in § 4.2, this procedure does not 
introduce significant uncertainties in the analysis of the cosmo- 
logical evolution. 

The redshift and X-ray luminosity distributions for the AGN 
sample are shown in Figures 2 and 3, respectively. The shaded 
area indicates the distribution of the “ expected ” AGNs. 

The mean redshift is 0.42, and 50% of the objects have red- 
shift less than 0.27. X-ray luminosities are distributed over five 
orders of magnitude, from ~ 1042 to ~ 1047, the mean logarith- 
mic broad-band luminosity being 44.25, and the luminosities of 

Fig. 1.—The 427 spectroscopically classified AGNs plotted in the 
log iv-log z plane. The two dotted lines represent the locus with Lx equal to 
1042 and 1047 ergs s-1. 

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



s r" 

l~D ft 

Oï 

^ CL, 
U % 
« g 
í I 

LO 
^ * »J ro > ^ CT I <1> vo O ro j* '-' 

Cnr>j eu 10 o M 

LO X • ¡3 co > — iH I (Ü CO ti co — 

r»*rocNio^ioa»<y»a^THioir>voor^r^r^,?í,<T»co,^rooTH'^r(N<Nrovo<T>,«3,oo^iO'x><T>OfH LOTH^o^ootHvoco^rioo^^rcMooLnoooaiOOOooojvotNrooocNvovoLOLnchOtHr- 
roijr)’?rco^'ir>roco^,^,^,^rcoro^*ro^*,«a‘ir)roLn^*v£>rOLOro^vo^rcOTr^p^r,^r^í''^ ^ 'CT ^ ^3* tJ4 ^ ^ "çj» «çy ^3« 
CT»tHOLnror'r*r>»vo'«a’Lr)ir)Ln<Nroroo'<!3,coo^OfHr-<y»r^covorH<^rr'Coovovooo ^•rHxl'a»OOrHVDOOCOlOOT|*rO(NOOLnoOOCr>OOOOOCgLOiHrOOO<NlV£>r>lOlOOOOLO 
lor^vOLnvor^ioiovDvovovoioiovoLOvovor^Lnr^voooior^LDvooovoLnvovor'VovoLo <NCNfS<NCNfN<NCNCsir<l<N(NfNfNCN<NCNfNfNfN3<NCN><NCN(NCNCNCN{NfNCNCMrslCNCNCM 

COV£>m<Nr* ••OVDLnOOlOtHOCNJrH ••OCNOOCOrOOOCOOOOOLOOOLDrHrO-^CnO rH^HLnr-COOOLOOOOLO^r^LOOO<T>rHlOLOrOTHr-r-'r-VOCOLO<NLnr-LnPOOTHOO'OrO iHr^CNtHVOO^rHOCO<^r<NrOiHOLn<NVOCOTHOJr^VOCT>tHOOVO,^rcOiH'«3,,^rvOCNJ'^Ln 
OOOOOOOOOOOOOOOOOOr—lOOOrHOr-HOOr-HOOOOOOOO 
OCr>CNfNlO<T>rHCN’^rfNOO«H<T>OCOOr-O^CO^tHV£)r-CO'O^IOOCr>r''X)LOLOCnOOOOO r^cs)^'Lnrov£>'*3,C'ioor^ir>tHTHcsja>vorHvo<Nr^'*a‘oov£>c^ir>THLr>rHOoocoLn<Nr'00vo 
LOPOr-VOCNrH^rCN ^ <N CO^CNLOCNrHCNrHLOfNCNr-iCMrOrH^rcNr^LOPOCNCOrOrslOiN fS rH 

LOTíoioroo^oocN'^r^í,t^'LnrHTHO>r^LnrHfNiioooocNJcofNrooo^rcricOrH'OO^ooLnro 
iOTrvoLnir)<^rvorHLf>LO^i'^i*vooooir)TrTrvoir>ir)^*TfTrTfr^iovovovo,^,vo^,«d',^í'io iH rH 
r~'OfSfH<T»’<3,LO«<3,Lnvor^r-fNLnoocnocTt,^rr-oor^voTHfM^H^H'^rooLnLn'^^rr^o POrO^lOfOfNLOrHOO O LO'^,LOrOCNTÎ,tH<NLOlO»HrH^},Ln<NT3,rH003LOOLOt—(^(N cN)roroiHroro<NvomvDcoioooa»a>oa»^i,ooooc'ïor^OtHOTj*rrvovooovocooo (NOO^OOOlOfNOCOOCOOrOCOrHrOOOOOrH^HrHrOrHOOtHOOOfNJ^rCO I++I+ + +I I+ + +I I I I I l + l l + l + l + l I I++I + I I I ,HOtHin©co*a'Ococooococo<N''3,inv£>OTrino>coTroLnir>coir>cOfHcovo<T>cocovo 
a%OtH<Nioijf>LOvDv£)v£)vocy»OTrooa>OfHcgoo^r^ogioiovocNc<jr)'^i,r^r'OOcM’^r rMrororororororororororO'^'Tr'<a'^ir)LnLf)oooOtHCMCMCMrororororororor»''>çr r—It—li—IrHr-lt—l»Hr—(t—It—It—lfNfNJfNCNCNCNJ{N(NfN(NfN(N(NCNCNfN5(N OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO WCOWWCOMCOWCOWCOWCOtOCOCOCOCOCOWWCOWCOCOCOCOWCOWCOCOCOWCOCO 
ssssssssssssssssssssssssssssssssssss 

LT) X • ^ »J CO > — (T» I 0) VO O co jxi — 

X 
•J > — tr>fN ü) in O 

in X • P CO > ' iH I 0) r 1*4 CO ,X * 

tHvocor^tHojoo^i,coT-i»H<N©oiinvotHcsjvoooo>vo^rfNr^^pina»a>cvicoinc>j choointH©rooMovo©vo<y»tH»H<Nincoa»<NTrr«*,^coco^'rHinoor'Oorgoocsi^HTHO 
Trrococovoco^,in,d'^a,rorovocoinco^,co^,vo^*voin^'^'Trroco^Ln^,rororoin^r 

rH<NCNc>jcr»ojvo<>iTHoocoinooocooorH'ii'ina»ooi-iTrvo^»nTrinooa\<NCör'<N<Nin <nooin^Hcy>cocr>vovo<rtii><T>OTHfMLncocT>cNcovoLnroroTr^Hinoor-cocNoo<NTHTHO 
voLnininr^inLor,*voinininooinp^invoiniooovooor>«-vovovoininvor^voininLnr»vi> CN(N(N<N(NCNIiN(NCNCNnJCSfNOJ<NCNfNCNfN{N<NfN<NCN{N(NCN(NfN(NfNCNJCNCNfN3CN 

Tr^r'coincoooioior'-ininoroiocor-icoincgr'-rocorovoo^roïioco ••oovor^tH T—|incOO^Cr>0003LnT—IO^<T>CNt^-t—IOOrOOlOO(T>^<NT—|tn<N'sOCNQOLOOOOOLnuOLOM,(N LT) tH O O VO O f^" CN Tj* (N T—I (N IO tH © O ^ T—I co o ro o CO PO CN T—I CN lo ^ ro ro O rH PO <N 
0©0©t—IOOt—IO©©©t—|0rH0©00CN0iN00©0©0©T—IO©©©©© 
^rf-ivo^rtHTr<N'*3*0'*a'<Noir-©cOKrio<N)rot-icoin^ootHioincor,'-THtH,'a,©ooincy> inf-iinio^,inro^,o^©©»Horo^,o<y>corocNrorovo<T»cor^<T>inr^r^œovûoi£>^j' 
^•i£)a»co<Nvo<N<srocMc>jroroc>ï»HcoTHr-coroin’«a'inrg^ro-«a'rHCN<NTHTHTHTHO’^ VO rH CN] 

©inTHO©inio(Nr>-'sr,^,i£>coroooinTHoïOTH©ro-^j'<y>©©iovocN<y>'^,THTrino'^ 
vo^'0^in,Q'a>^i,,^,inininr-r-in^p<N^rr^LO^,vovo^a'ioo>^roinrj'in^j,rrio^3,cT»^r O) tH tH 
'^•inTHcoTro©ro©vorgTH<y>invor^inTHin-^'Lnroo>vr>a>(NcN©co<TiocNr^cNi^*© ooro^,rg^*ino<MinTrinLn^r©orororoTHOinroroinTrro^cMO^'TH^©rocN lOfN<NinOinOrHCNTHCNfNrHTHOJ<T>OCr>©OfNrH^HOO©CNTHTHrH©rH©rH©©rO TH^rOrOOrHOCNOOrOrOOOOCNOCNTHOOrOOrOrOOOOOOOOrOOCNO + 1 I I I+ + +I I++I I I+ + +I+ + + + + + +I I I + I+ + +I + •^in«H©LncoKrinfNr‘Or^©onj«a»tHcoinvocNO'^r^'Tj'o\a»coinincNvor^csjo 
C'i<Nr^r'-mr^ovor'*r^co«co<y*<7><x>cr*C'icoin©xj«cocococr»*-icMTrTj*’*rLnv£>ior-o ©©©©1-lrHniCOrOCOCOCOrororOTrTrinininOOOOOOfHrHrHiHTHTHrHrHtHfN © © © © © © © O O O O O O © © © © © © O tH rH tH tH tH tH rH tH tH tH tH tH t—I tH t—I tH 00©00©000©00©©©©©00000©0©0©0©0©0000Q 
WWC/Dt/DWWWWWWWWWCOWC/DWWWWWWCOWWtOWCOWWtOWWCOtOW EESS&SSSESSaS&ESSSSSSESSSSESESSS&SSSS 

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



19
91

A
pJ

. 
. .

37
4.

 .
11

7M
 

Lf) X • ro > ^ O' I a> vo O ro ^ — 
or^oor'»HvooTHooor>îvovooo'r^THor^vo<Noo'^rv£>a'voro'«a,<Nooroo>tntHir>o (NOO'0'r-0'iHO'roinvor^O'0''0<NtHO'r^r^roovoo^ro'voLnorooo^rr^^j,o'CN 
romr-a'^inro^'roLn^'rorororo^^'^'rororo^a'^a'Trin^^rOTrTi'LnTi'^^^ro'çr ''3' ^ ^3* ^ '•d' ^ TJ* ^ ^ ^ ^ KT ^ ^ ^ ^ TJ* ^* ^* ^* ^» 

X 
•d > ^ O'oj a) in o 

^noio(Nr-’«a'vor-^i,fNinininoor-^rHrHr-^rTHLn^Hvoo''nroro(Nr-roo'LOcrl^o ojoo'oiooococoinior-o'coiom iH <j> r^r^rooioo^j'o'ioinorooo'^'r^rocj'cg 
inr>*^,r'r'Vovoinr<‘ioininininioiovDinininvoioior'VOvoinioior^ioioiovoinio <N<NfNfNfNfNCN<NfN<NCN<NCN{NCNfNCNCNCN<NfN<NJfNCN(N(NfNCNJ<NCNfNl<N(NfNCNl<N 

N 
inr^oorovooooinro<NintHr*c4a'^'vooo^r ••ro^Hoc'^rior^voiHooroinrorH THc^Trofovoror^^inmoaiHoot-ir-r^O'^HO'oo'oooinrgoor-Trro^injino'oor^ oinomcs»HrorgcST-itHtHiHororotHOrHororoinr«Trvooin<N^í'voro^í'na<N<N 

in X • ^ p ro > — rH I 0) CO ro ^ 

OOOOrHOOOtHOOOOOOOOOOOOOOOOOOOOi—IOOOOOO 
rromo)0'ooooor^incoinooooo'oiOrHCNi’^'vo<y»r^inincNvoocgcoo<^vof^iH vnro{Nino'o<r>ococor-voLnror^oocoor-ooo<Nr-cr>cNrH'^^fNCTt^cr><NrHO'cr> 
0'ioo'innir>*THcgiHr*inr*inoaooiHoooooocoTrtHiHO)cgco<NT-HcoocN,*3,’^,intHco in CN iH CN tH »H rH 

voTrio^roo^J,infNjojf>jioioioo'oocorHr'*ino'nj'i3*r-oooino''^'iOtHcoocsjr^cMrr 
ir)inTP'<Q>^iDoooor«G',Q,^'a'in^r^vDinooinTrTi«in<«atin<^coinin^rT3*r^,^,’^,'^r^ CNJ iH 
r^oo<y>oorHoo'oocooooo^»Hv£>^incoo'r>»ocoir)oo'coooo'^rr'’^rTHioinc300' fNOOiHO^r^rrH'^rroooorHcocO’^cNfNincNincN'^romcNO^rcN^iooLnfM'^' cotHvoo'cotHoooooocor^fHO'OTrr-ino'tHinoo^r^i*oooocg,«a'coiocoiovotH’^roo'<at 

oinrrr*cotH<N<>jnavoror'Vooor^coinco<Nr^cvjr^r'Tj'-<a,inino<soiovOfHocNji£> + 1 l + l I I I I + + + + + + + + + + + + + + + + + + + + + + + + + + + incoior*r^iocoinTrr»^,0'CNvoo,^,rHioo'covor^ooo'r^ooorHcsr>»r^'^,0'covD 
0'voio«Hvoovoior»öcoo'rHtHr'Oin,^'iHcoiovor-ooo'inoo<Noj’^'ooooo'0'Ofvj inOfHcgcgcocococootHiHnjcoco'^'Tj<inoooooootHtH<Ncs(N(Njnjcsmcoco •srininininininininr>'r'r-r-r'r'r^r-r'OOoooooooooooooooooocooocooooooooooo oooooooooooooooooooooooooooooooooooo cncaiacßcacococacococßcntacßcncocacßcococncacacACAcococacAcßcAcacßcAcäca ssssssssssssssssssssssssssssssssssss 

m 
« 
Í 

in 
X • iJ CO > —' O' I <U vn O co — 

> — O'cn <u m O M ' 

rH CO 

oi£>coooooojinoiHTrcN’«3,covDoioo'or^co^rco<scooo'r^ootHr-cocoLncNcocy> inoinr'-ocorHCNcoinvor-iHcNO'O'inrHC'jinr'-o'CNjooococotHincNjocor'-o'oco 
^rvoTTininincocoincocoinco^njojcoin^cocoioco^^fcoin^rin^rcoin^rcNTa'^ 

iocNO'0'r^»ocoa»iHcocNjO'r^tHoo^J'r^oo^3*iHoor^-,^i,fHioa'<T»';rcoa'ininLn<Nr^o LnO^r-rHCOrHtHCOlOlOlOOCgoOOVOrHCOiniOOOCNJOOO'COCOlN^tNOCOr^O'O'«^ 
vooovor^r^r-'ininr-ininr^inio^ininr^ioinLnooinvnininr^ior-voinr'VO'^miD 0ííN<NCNCN(N(NCN<Nnj(N(N{NfN<NfNCN30JCNfNfN<NCMfNJ<N(NCNICNCNlCNfNJCN5CN]fN(NCM 

N 
ioo'ioo'^,r^',!a,coo'ino'oco^i'inr-oio<Nincor^r^'^rtHrHooiocoa»invocoo'ooco r^ominTro'OO'oocooogcoiHcno'LnoooinrHcorHr-iDioo'O'r'a'^coincgo tH'^CNlNr^-O'iHOOtHrHrHtHCOOOtHr^tHtHiH'^J'OlOCNJfHOOfHincSOO'COOtHCO 

in X • ^ p CO > — rH I 0) CO tu co — 
o 

OrHOrHOOOOrHOOtHOOOOOOOOOrHOOOOOOOOOOOOOO 
iHO'ocooo'^riNincoino'oaor^ior-r^oocsir^ooincNjcor'OoOfHO'ooooinfNin oinincor^<Nr^O'Oincocooooocooov£>ooinioa'CNi^r'<d,oo,,?rmvo<Ninin'«^(NLnio 
O’^CNCOtNCNCNCOCN'n^r’^rrHCNOfNlCNCNOVO’^J'COr-CNrSlTHCOr-CN^CNCNOOLncO^r CN tH 00 tH CO CN tH rH 

<NinrHcocoinoo^i'cNcor^cocNCNcocoior',^,,ig'<Ni£)vorHLntHco<NOin»HooN,mo^in 
Lnin'nN,vDN,inininoovoN,unN,cnN,N,N,vDN,LnN,cN'c,cnN,in'vOCNN,^T'^rLnN,LOin 

0) S i0 

oococorHino'r-r-iniocNr^oovo'N'invorHvooTHcocNin’^rt^'Oooo'ooor^ror^rHio cNCN^roo’^coin'N'ocNrHtH'^rcNinTj'in^’^'OTHOiHO’^'inintHinotHCNTH'^in 0'<Ninoo^3,0'0'ior^vDinioioinrH'N,^i,'N,ocor^iDoocoa'cNOtHcoooo'oooOrHLn tHCNinOiHrHtHl£>rHOOCOCNCNCNOOO»HCNCOCOOlOCOTHrHO^TH»HOrHtHOO + III + IIII + IIIII+ + + +IIIIIIII + IIIIII + I ooinN,ooo<T>oincNooTHCNN,cocococoa^,^rr^coo^r-oooo'nor-ocr>TH'^rrocricn 
Q) u u 
P O w 

’«^cNOiHCNr'OOrHinoTH'^rinioa'OOiH •^•OrHrHtHrHtHCNCNCOCOCOCOCOCO^'ïP'^r CNCr^rOCOCOCOCOCOCOCOCOCOCOCOCOCOCOCO oooooooooooooooooo cncococncAcococococncococncococococo ssssssssssssssssss 

r-r^oocNCN-^rocooocTiCríO^r-críOr-r- LnintnoTHTHcNcNcococoN,N,N,N,inLnLn cococo^r,d,Tj,^,'d,^r'?j'Tj«'>r*s3»^i,^r^j»'»cr^ 
oooooooooooooooooo WWWWWCOWWCOWWWWWWWWW SSSSSSSSSSSSSSSESS 
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TA
BL

E 
1—

Co
nt

in
ue

d 
r" 

l~D ft 

IT) 
X • ^ *J ro > — O' I 0> vo O ro 

o 

O'CN 0 LT) O ^ '— 

O'tHroooojro'^roorHror^ooororHroomo'r^O'THOjr^O'voororrooooLno'voiH ^•LDooooLnroo'LOtHvo^a'ovooo'rorgTroocgr^o'oovooivoTroor^vofsr-orro'iH 
cNTrm^»,Tj'LnTrvoLf>TrTr^'c>)Tr<N'^‘T)'Tj'roTr^rrorgir)mrrTî'Ti''^rTj*cgro»r>rr(NjLn 

r^OiHcorHrgror^or^'^tnoi^r^O'iHiHinLnvor^ootHoomo'fNjrooor^ooouocvjr- 'srir)ooooinroo>ir)^HLr>rrcr>voooorg<NjTroo<Nr'00t^vo<Nvorooor-votHvoo'?r<T»o 
T5<vor'Vovor>'VOoor^vovom^vo,^rvovovou,)vovoLn'«!3,r'Lr)vovDV£)v£>vD^rLnr>-vo^rr' (N<NCN(N(NCNCNCNCNCNCN(N<NCNCN(N<NCN(NCNfNfNfN(N3<NCNfNCN<NCNfNtNfN<NCNfN 

N 
rOtHtHLDOOOOOOOOOOCSJCN'^OOTHOOOrOOrOiHOin^'CNVOLnor^OOO'rOOtHO rHroinvoorg,«a,tHrovoLf)rovoir>r^r^,^j'r«-oo'Lnvo^ro'ooir)<Niroir)oo(NoorHoovo(N OiH^'Trino'vo^rvotrxNc^ocNOTrrHrocscN^tHoam^voooLn'^ooo^or' 

LO 
^ ^ p ro > — r—I I (Ü ro b-» ro —' 

o 

OOtHOOOOíNOOOOOOOOOOOOOOOOOOOOOOOOtHOOO 
tHOOíNrHr^OOintHTrvOVOVOO'^rvOOOTTmOrH^'rHO'iHOOVOiHCMVOOJOOrOCNJ^O roo'ir)^ro'vor^rHroooi>^,r,'Oooo'vo^J,voo'vo<N<Noo»H^rooTHvoovoLr)iHoroiH 
cNcocNLn»HCN(Nro'«a,THoomfNro(NTH’^rrooom^3,v£>cr»^rrHPOOrHfNro^rrOTHrsjLnro CO rH rH 

w 
oooo'rgr^r^roTr^rinrHcoroo^oioinTHOvooosrro’^rr^’^'OMnoooroLnrHLn’^ 
r'OTrmTrinLDTPin^'Tr^'rr^a'Tj'TrvoTrtnr^Lnr'OTi'Trr-TPTroo'^rioo'^i'^rLn'çi' 

Q) 6 (0 
0 
O rH U —- 
3 o w 

oroTrrMvoroocNLnoooovor^o^rr-rHOrHfMr^ooooOTro'tNLnorocNjr^r^O’^ ir)POOrHLnrHOrH’^rOrHrOrOCNLn-^LnPOlOrHTrrOrHrHfHLnrHrorOOOOO'«d*rOrH G'roco'^rooo'rorgiHr^ocoooooooor'inTrTj'rriniD'crrorororomTroroLnr^moo OrHOTi'vovorHoooomcN^i'TrrHvovocNrororHrHroromoooooOrHr'^rororo + + + + + + + + + + + + + I + + I + + + + + + + I I I I I I + + + + + + OOrHOjroOTrvOror^OCNLDOr^OJOOCNCNrHrHfNOrOO'LDOOO'O'OOrHOOOrO'^mcS 
<s^ro<Njr^oorovovorHooooo'0'0(NOTrLnvovor'r^ororomro’^rinooo'Oinoocr> ’^TrminLOLnooorHrHrHrHrHfNirgroTi'Tj'-srTj'^r'^'LnmmmmmmtnLOoooo O'O'O'O'O'O'OOOOOOOOOOOOOOOOOOOOOOOOOOrHrHrHrH O O O O O O rH rH *—I rH rH rH rH rH rH rH rH rH rH rH rH rH rH rH rH rH rHrHrHrHrHrHrHrHrHrH cocococococococotococococococococococococococococncococococococococococo 

LO X • iJ m > ^ Cn I 0 vo O CO 
O'O'OVOO'CNO'OOVOr^rHOLnvOO'OlOCOVOr^^'O^OVOCNOOO'rH^rHaDrHVO ovo^rcoooior^coLncocoiovoojr'^rcNcoocNOrHfScoor^^rrHO'O'O'oioo'rHTr 
Trioio^rco^,comroTi*^fLnco^j,,<3,coLO,,!3'LO'»a',53,coco^i'^»^rTP^co^rcoiocorr'd',^r 

X »J > — O'CN 0 LO O ^ — 

0'O0'V0V0rHr^00C30Tl'V0<T>00V0^,00 00^,rHLnr'V0OTj*lOrH00Lnv0r^0'<N<NV00'V0 or'CoooooLnr-r*^rcoco^io<Nr^Ti'rHcoocNOrH<Ncoo>r'Cooooo'oooioa'0'^' 
voi^r^voLnvoioiounvovor^iovovoior^vor-vovoiOLOvoiovovovoLOvoior'iovovovo CN(NC'l<NCN<NCNfNC>3{NCN03<NfNCNC'J0JC'JCNCNfN(N(NCNfN<NfNCNCN<NfN0JfNCN3CNJCsJ 

N 
oo cn ••co^rooo^vor^ococ7'<Na^r^co^csi’^rco^rHOTHPor»iooo'^'CNjfoor'ioio 
LOrHocNr-ioio^oooror^ovo^rcrir-cncNcr>LnLor-vovocr>co'^LOcor'OOOcnorH COrHrHr^fNCNrHrHOPOPOCN(NO^J,rH<NrH<TirHrHOOrHrHfN^3'CNrHOOrHr~'(NO'(NVO 

LO ^ * o CO > ^ rH I 0 CO ffci CO ¿id '— 
o 

OrHrHOOOOOOOOrHOOOOrHOOOOOOOOOOOOOOOOOOO 
cn^rcr»co^r(NLr)^rHocNcocN'^rr^Ln’^or--'^rco^LncricocNooLnchfMvo^r-oof4o Lnoocrir^oooLr>rHCN(Nr-r^r-'^’>^Lnco'^rco^rrH^oorHr^chvooocovocorHLnocrio 
rHrOrHrHrHO'LnVOa''*3,COrHrHrH'^rrHOrHrHO'OOVOr^'r^rHrHrOVOrHLnCNrHrHlOrH O rH rH rH rH rH 

cncorMvorHovoo^rvjoor-corHcn-^rrHooooLncNLnr-rocor^ooo^cMcN^roooLn 
^ooLOiounLn»^vor--^r--vor^cocTivo^'^rvovo^ro^aDco^^rr'00’^Lnr-vo^'^r^r CM rH 

(U € (0 

LOCOLOLnvOO'OOOVOrHCOLOO'LOLOOr^-VO rHCH^CNOOICMCMCOlOrH^rCNOrHCSlfNCO OOLOCOCOO'VOVOr^OOC'-OOOOOOOOOOOOOCO lOVOrHrHrHOJrHOrHCO(NCNCNO<N<NCNrH + + + + + + + I + + + + + + + + + + OOCOCNVOCNOOr^r^<J>rHlOOfNlOr^OOOCN 

LOrHCOLOr-rHCOCOrHOOlOOOCOOCNCNOO (NOTrorHrHco^riooifNocgLO^rHLn^ OO’^LDLOOOrHrHLD’^rCri'^VjDrHrHCOCNJCnCO (NrHOrHOrHLO^TCOCOCOOCNrHCNrHOCN + + +I I+ + + + + +I++I++I csoocvjTrvococoo'ooo'r'rHa^cOrHCNoor^ 
(U Ü u 
p o w 

cgcooooooorHcHrrior^o'G'O'O'O'oo COCOCOCO^J,T3*Tj,'^'^i*rj*Tj,^'^*^r^J»<^*LOLO 000000000000000000000000000000000000 oooooooooooooooooo WWWWOTWWWWWOTWWWWWWW SSSSSSSJSSSSSSSJSSSS 

OO^Tj'invOO'O'rHrHOjmor^OOChO'rH LDLDLOOOOrHrHCNJiNCNCMCOCOCOCOCO'^r oooooocr>cr»cr>cr»cricricncr»cr>cricr>cr>cncricn oooooooooooooooooo towwtowwwwwwwwwwwwww SSESESSESSEiSSSSSSS 
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in 
X • ^ *j co > —* Cji I 0) vo O co ' 

X 
OUNJ o 

> — (U in xi — 

r-voLn^i'r'a%cotHinir)cgr^a»ooocgococvj^co^coTHrHocMr>>^'ir>co«^cNjoor^vo r~r^»HoorH,«a,cocor''^rovocoLOt^'^,,^rLr)tHCNvoLnoovo^roocr>co’«3,voLnvo’^ro>iHLr) 
cNco'^j,Ln^r^rvoTrrocoTrcococoLn^rcoLnrr^j,co^r'^r^rco^rcNLnro’*3,^rrococN^ri-n ^ ^ ^ ^ ^3» tJ* tJ* Tj4 Tj* ^ ^ ^3* ^ ^ TJ* ^ ^ tJ* ^ ^3* ^ ^3» tJ* ^sj* TJ* 'sS* Tj* 
CN)CNrHOCNJVDCOVOtHCNCOLnr^VOCOVOVOVOr-OOCT>OCOCT>VOr^'53,Cr>COO^r^OOCOCOCO^( r^r^»HooTH^í'ojo3r^^í'a»vooo,^,r-cocoir>OT-iLnir)r«-Lncor^at<NcoLO'?i'Lr)co<T>iHLn 
'^rLnvor'VOvooovoLnmmminLnr-votnr'Vovotnvovovoinvo^r'LnvDvoLnLnrrvor^ fNJ<N(NfN(NCNfN(N<NfNfNCNfNCsJfNJCvlfNCN{N03CN(NfNfSCN0JCN3CNC<lCN<N(NCNCM<N(N 

N 
cor'CovotHLncoLnmooor*' ••oir>iHiHoivoco<Noîoo^ir>tH<NvootHiHr^vo<Nvoin Lr)COVOtHr-0’«3*CN<T>ir>CNOOVOVOr-OOtHCN^rOrHOLOCNCOCOr-COCri'«sl,rHOCOCX>VOO OOOÏ^<NCOOO^r<NrH'^*iHOl»HCOCN»HfHCOCOrH'53,^rcOTH^'0(J»0<NCOiHiHO<SO> 

LO X • 3 co > — .H I <D co fci co ^  
o 

OOOrHOOf—lOOOOOOOi—lOOrHOOOOOOOOOOOOOOOOOO 
Tj'00<N00fHr«-V000,^'00^'tHC0V0C0a»C0O000>l0V0<>ÎOOC0<NOOr^Lnv0r^L00^00 V0CNr^r-V0000>r^iHOia»V0iH^J,V0<X)CSa»00<NrH,^'rH^a'a»C0iH^<NrHfHa»00Or-00 
•^rvOCO(NCOLOCOrH^HfNO<NfNCNfNLn^rfNrHCOr^COLOVO<NLn^r<Nr'’^rvor'<NCOCO’^J' t—I rH 

r^vocooco^HvoLnfH<Nr'r*‘»-irHi-iOtHO<N^i*inooooLno>ooOfHoo<yvvor^vo,^ro 
TrcgT3*TPr^iovoT3tTrLOLOTr'srLOTrvo^LO<«a'^rGOiovoo>'cr^r^r^i,vor^vo^rco,^rr<^r 

W 

< H 

0 6 (0 & 
<D U U 
3 O co 

LO 

<j\<Na»oooovorHcop^o^cr»or-<T»r-iocooo^í'r*<r»co^i'oiovooMOooorHá3<T»a> rHCO^LO^rOOCOCOlOCOOO^rcOrHiHCNOrHrHLOOtHLOCOCN^OCOCOOLOCsliHLn <NVOr-r--''3,VOr--OLn-<3,LnCNCNrH^’*3,iHinvO<NCOC'JCOCNlOO^Î,OïLn<Nr-li-ILncOT-HLncO COtHrHCOCOOLnOOOOOJCNOCOCOOOCOCOr^r^^rtHOÎOOÎOJCOCO^rLnOCOOCN + + + + +I + I I I I+ + + + +I I+ + + + +I + I+ + + + + + +I+ + CMOÏ'^COLOOr^OLO^VOLOCOr^’^'OtHrHOOrHtHr^COCOCOOOCOVO^LOTHaiVOTHVOr^ 
o^fNcNvovooocorHr-<cNco'<3'iOLnr^,^í,vocy>o,>tH<N,^rr^-r^ooocNvor-cocNjco'<3,Ln<T>o CO^TTTTTrTrTÍ'LniOlOLOlOlOlOlOOOOOrHrHiHtHtHrHC^CNCNJOaoacOCOCOCOCO'^ CNCNCNCNfNCN<N(N<N(N(NCNCNCNCNcorococococorococororororococororococororo rHt—li—Ir-ltHt—ItHtHi—It—IfHrHtHrHrHrHiHt—ItHiHtHrHt—IfHtHrHrHtHtHt—ItHtHtHrHrHtH cocococococococococococococococococococococococococococococococococococo ssssssssssssssssssssssssssssssssssss 

X • ^ J co > — CT' I 0) vo o co ^ 

vocncnt—ioovolOí—i'3,cor^cT>LnLOcoo>>LOLOLOo>»cr»<T>oooooocNOrHvocr»cMvot—irooo'^r cocovovo^rcNcotHootHOoovor^oor'OvotH^rcoiOTrr^^r^rvooojcocooaicNO^io 
LOCNjcooj^LOcoco^r^r'^'coiococo^'. cocNvocooi^vocN^rco^ioun^rcococococNLO 

> — lT*fN 0) LO O ' 

O3V000V0C0t3'rHr^'C0CNCNr^^J,O0>»L0CNC0L0V0L0L0^3,C0t3,r^00Cr>^3,000,l<N00Ot3,t-H COCNJLOLO’«3'fNCOOr^rHOCX3VOr-r^r^OV£>iH^rCOLOt3,r^^í,COLO<T»CNCOC'JOCOOÍ<T>LO 
r^Tj'LO^rvor^iOLOvovovoior^ioiovoiOTrooiOTí'voooTi'voiovovor^voiOLOioiO’^'r' CNCNCNfNCNJCN<N(NO3fSCN(NfNCNCN<NCNCN]<N<N(NCNO3CNCNCNCNCNCN<NCNCN3CNfN0>JfNJ 

N 

LO X • ^ 3 co > ^ rH I <D CO b-i CO ^ '— 
O 

0'>OVOCN^rCN<NOOLOOCOCOr~-^J,VO<NOLO ••LOCN'^’OCOr'O'^COC^rHtHr^COVO'^O OCOt^O^^COCOatOlOOlCOLOtHCOOOCNVOCOOVOaiCOtHCNOOVO^riOr-OOVOLO^OOVO (JiOOOVOOOOOOrHCOiHCOrHTH^OOOOiHOCOOOOCOO^VOCSOOOtHOOOO 
OOOOOOOOOOOOlHOOOOOtHOOOCNOOOOOrHOOOOOOO 
xrroLO<Nr^,^rHt-ivooooovorHoor'COf-Hr~oo<N<Nvo<y»^a^t-icocNocot-icocor'Oa> oojTroa>ojr^cocNoooooa\cooocovo<T>’«!3'0’^r'^roooooocoo’«d,ooLOor«-<T>co 
COlOLOiHO<N<X>CHrH<NrHO^OJCOr^^',!3,<N<NLOTr^rt-ltH^OOCNCOtHVOVOLOr^r-<NlO 

,-H TJ* t-H vo 00 O tH 

co 
cr>LOtHvoLOrHtHfNr--oo^vocNO>tCDLO't3'ovoLOcr>cr>'^'«3,r^cr>vor'Ooocovo^rcr»r-vo 
^rcr>'^rTrT3<^3't3*^3<^rvo^roo',3,',3,Lnvx>vo'^r'^‘cr>i—i^Lor^-oo^'^LOvo^voLOrr 

t—I t—I CS tH CN es 
^OO^tH^OCOOCOOOt—ICOLO"'3,COCOO<T>r^'rHVOl LOVOOO^eSOOLOrHeSCOOVOrH ^tHiooesorHOLO^rHtH'^res^J'esescoesestHO^OrHO'Q'esescooescoioesio ioesooooocr>'^r^rLOovo^rvotHcocococooo^í'oooooooesr^iOLOioiovoLOr«-LO^a*vo coes^iHrHocoovOfHvoorHr^-esLOoorHvocoesescooor'r-t^-r-fHesvOrHr-vo 
+ + + + +I+ + + + +I I+ + +I I I + + + + + + + + + + + + + + + + + cocoLO'«3icor-LOrHvor--^LOLOcocr>LOvo^Hesr-cor'escr>coo'«3,voovo<T>ior^^fcocr> 

<D o u 
3 o co 

<yíOes^rLO'^*vooooo<T»escocoooesvoooooio,^'^rioiovor^r^oo<T><y>oco'^rescoTi' OrHtHrHtHCOCOCOCOCO^Tr-t^'t^lOLOLOOOOtHrHrHrHtHtHtHtHtHrHeSeSeSCOCOCO tHrHrHiHrHtHrHrHtHtHtHtHrHTHTH^HrHesesesesesesesesesesescsesesfseseseses t—I t—I rH t*H t—I t—I rH t—I rH t—I rH t—I t—I t—I t—I t-H t—I t—I t—I rH rH rH i—I t—I t—I t—I t—I «—I t—I rH t—I tH t—I t—I t—I t-H cocococococococococococococococococococococococococococococococococococo £ESESESSSSSSSE&S&E:aSSSS£SSSESSSSSS£E& 
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c o O 

a 
PQ 
C H 

LO 
J ro > ^ CP I <U vo O ro M — 

•J > ^ Cprg O) lo O 

LO 
X • ^ 3 oo > — H I 0) 00 &4 ro w 

^ £ W 

r^Lno<pcpr^r'(NootHvoc^i£>oo<p^i,tHV£>Tt‘’^r*>ojfsiir>cr»r^Lncriir)OtH'«a'cNtH'5roo rooovoro'»!j,vooO’*3'00,,*3,ooror^Tr^T'^'fNCPrHTHrHro<po<pvooovo’^rr>'’«3,oocPiH 
^oo^Tí'oo'^í'roLn'^foo^j'^TroO’^rroiooooo^í'LnooLn^Tr^ooTrooLnoooo^TrooLn 

COCPOOr^THVOOJr-rOOOtHCNtHrOLOtHOOrOtH^rLOCSrHCPLnrorgvOCNr-THiHCP^OCN ooooin'5rLnv£>ooroocp^roooor-Ln'^roo(N<PiHiHrHrocx)tH<pvooovooor^'^rcpo<PrH 
votovovoLOvoior'VO^'vovovoLOvoLnr^iOLnvor^LOr,'VOvoLOLnLoior~'LOLOLOvoLnr^ CNCNCNCgrg<SCSCNCN<NfNCNCMrgfS)CNCNjOJ<N<NOJCNlCS<N<NCN<NCNJCV3(NOJ<N(NCsJ<NfN 

^Hooo<poooooooor~oocr>’^j4 ••oOtHr'Ooovomr-vooíPíP'^roo^oooocsi'^'f^-oooo <pooro<N<PLOoovovooocNLnoo<p<p^j'ootHr^iH<Noooo’^'Ln‘«d,LOooooLOtHor'OOCPoo ^OCNOOOO^r—li—lOOOLOr^LOCNCSjT—IOrH<NrHLOOOOLO(NCT»THLO(NOOt—IrHrH«—lt—ICO 
O O O O O O O iH O O O O O O O O iH O O O O O i—I O O O O O O T—I O O O O O O 
LnrooírHrovorHor'rHOcor^r^vooo'^i,ro’,íj'oocoTHoo<pvoiH<N»Hoooo<P'^roor'00’^r ^S*<NtH<Pr^V0Ln00^r<POL0rH<MtHr^rHr'tHtHr^r-CPr0r0»H00CP<PtHCNl0C0V0CNCN 
tH <N ^ 00 LO OO ^rHrHCNtHiHrHrH VO <NCN<N(N»—1^000^ 00 tH 00 00 O »H 00 LO VO LO (N fN rH í—I CN 

OOfHiHlOVOtHLOOrHOrOVOrH^rcOOJCPrOCOVOiHrOLOrO^Or'OO^LOOVjOLOOOO 
•^r^vOTriooiTi'Tj'io^r^Tr^^j*LO<pco'«3'r'OOOLO^LOrr'«3,ooTrvor^oiO'!3,voLO,^r tH rH i—I t—I 
0000rH»HL0CNCN300C0'^rfNfN(PL000L0L0CPr\J»HfNO00O00'^'(N’^r<P0sir~0000^<NCn OOOLOOOCNfNfNOOCNOJOrHfNCNJOLOOOLOOOTH’^r'^'^fLOfNOrH’^’LOTH’^fNCNOOO (NLOLOt—lOOOLO»—I»—lOOrHCNr-Ir—lOOrHOCNOf— t^-r—IVOCPCNLO»—((POO'^^CO'sOCPOnI r^OtHtHO<N^í,,<d*'cJ'rO’«i'Tí'^TrororororotHfN<NOJooorovo^rvoLOCNiLOTi'rH’«d'oo + I + I + + + + + + + + + + I + + + + + + + + + I + + + + + + + + + + + rocOiHorooorHorOrHTrcorHCPcorovOrH<P(P^í'io^HOiHTHior>-rNjLor-LOvooovo,^r 
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TABLE 2 
Composition of the EMSS as a Function of the Survey Flux Limit 

Sky ¿lux 
Limit 
*E-13 

erg cm s 

Área 
(deg 

TEST” 
in 

EMSS 

with 
flux 

>= 
Slim 

■Tfflfft.—wnr.— 
in in in 

EMSS EMSS EMSS 
(Class 1) 

with with with 
flux flux flux 

>= >= >= 
Slim Slim Slim 

ÇôEâl 
Sources 

in 
EMSS 
with 
flux 

>= 
Slim 

508 
609 
731 
825 
878 
05 
26 
52 

1.82 
2.18 
2.62 
3.14 
3.77 

53 
43 
52 
83 

9.39 
11.3 
13.5 
16.2 
19.5 
23.4 
28.0 
33.6 

0896 
7176 
535 
654 

6.368 
15.05 
29.38 
55.22 
94.24 

139.4 
191.6 
249.5 
319.1 
402.0 
497.0 
582.9 
657.7 
711.8 
743.7 
762.7 
771.9 
775.7 
777.4 
777.9 
778.1 

427 
427 
427 
427 
425 
413 
404 
394 
373 
344 
308 
260 
224 
183 
153 
125 

94 
70 
63 
45 
32 
25 
18 
14 
14 

31 
29 
29 
26 
26 
24 
20 
18 
15 
10 

6 
4 
2 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 

27 
26 
26 
23 
23 
21 
18 
16 
14 

9 
5 
3 
2 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 

161 
161 
161 
161 
161 
160 
159 
157 
153 
147 
133 
125 
113 
106 

93 
88 
81 
73 
66 
58 
47 
42 
32 
27 
21 

835 
832 
832 
829 
825 
808 
786 
758 
720 
669 
600 
520 
455 
390 
331 
285 
229 
179 
157 
127 

99 
83 
62 
49 
42 

Note.—Total area = 778.1 square degrees. 

the “expected” AGNs are distributed over the broad range of 
observed luminosities. 

Finally, Figure 4 shows the log z-log Lx plane and how it is 
populated by the present sample. The dotted lines represent 

TABLE 3 
Relevant Data for the Sample of 21 “ Expected ” AGNs Included 

in the Statistical Analysis 

Source Ñame 

(1) 

“S7H  
0.3-3.5 

kev 
(2) (3) (4) 

logiiX logLx 
2 0.3-3.5 

kev keV 
(5) (6) 

MS0134, 
MS0317. 
MS0354. 
MS0358. 
MS0405. 
MS0407. 
MS0418. 
MS0420. 
MS0421. 
MS0422. 
MS0501. 
MS0623. 
MS0625. 
MS1610. 
MS1613. 
MS1703. 
MS1704. 
MS1903. 
MS1907. 
MS2223, 
MS2310, 

4+2043 
7- 6647 
2- 3658 
0-2355 
4- 5625 
3- 5551 
5- 6240 
0-3838 
3-3916 
3-3838 
0- 2237 
1- 5223 
5-5532 
4+6616 
0+3053 
2+6100 
6+6053 
9-6353 
8- 6406 
8- 0503 
9- 4948 

4.1 
13.9 
4.1 
4.4 
4.5 
5. 
4. 
4. 
4. 
4. 
4.8 
4.6 
4.7 
4.4 

1.12 
10.88 
3.09 
3.84 

0.450 
0.050 
0.150 
0.050 
0.250 
0.950 
0.650 
0.350 
0.250 
0.350 

1.87 
1.77 
1.40 

050 
050 
350 
150 
450 
050 
350 

0.950 
0.450 
0.150 
0.350 

26.19 
25.08 
25.48 
24.61 
25.82 
27.28 
26.88 
25.74 
25.54 
25.87 
27.53 
27.32 
26.15 
25.40 
26.10 
26.89 
25.57 
27.08 
26.41 
25.31 
25.96 

44.17 
43.09 
43.54 
42.64 
43.85 
45.31 
44.89 
43.78 
43.58 
43.91 
45.56 
45.30 
44.13 
43.42 
44.13 
44.92 
43.60 
45.06 
44.39 
43.30 
44.01 

the limiting sensitivities 5lim = 5.08 x 10~14 ergs cm-2 s~1 

and Slim = 2 x 10"12 ergs cm”2 s“1. Note that at these flux 
limits ~0.1 and 776 square degrees of sky have been surveyed, 
respectively (see Table 2). 

The number of objects at our disposal is much larger than 
the number used by Maccacaro, Gioia, & Stocke (1984), and it 
is of the same order as the largest complete samples of optically 
selected quasars currently available (e.g., Boyle et al. 1990). It is 
thus possible to study the luminosity function in different red- 
shift shells. However, inspection of Figure 4 also reveals the 
limitations of the application of this approach to our data set. 
The low-luminosity end (1042-1044 ergs s”1) of the luminosity 
function is sampled only at z < 0.3, while the high-luminosity 
end (1045-1047 ergs s”1) is sampled only at z > 0.5. Therefore, 
in studying the luminosity function, we shall follow two 
approaches : first we will derive the observed luminosity func- 
tion in different redshift shells without using any evolutionary 
model. Then we will use an evolutionary model, determine its 
best-fit parameters, and derive the “de-evolved” luminosity 
function for the whole sample. 

3. THE OBSERVED X-RAY LUMINOSITY FUNCTION 

A nonparametric representation of the observed X-ray lumi- 
nosity function is obtained using the 1/J^ method of Avni & 
Bahcall (1980), a generalization of the 1/Fmax method (Schmidt 
1968) when several samples are analyzed. 

The procedure used to derive the X-ray luminosity function 
in different redshift shells (defined by zlow-zhigh) is as follows. 
For each AGN falling in the shell zlow-zhigh, and each limiting 
sensitivity, we have computed the maximum redshift at which 
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Fig. 2.—Redshift distribution of the 427 spectroscopically classified AGNs. 
The shaded area indicates the distribution of the 21 “expected” AGNs 
included in the statistical analysis (see § 2). The histogram bin size is 0.05. 

the source can be detected. This, combined with the solid angle 
of sky searched at that given limiting sensitivity, gives the 
volume available. The fraction of this volume contained in the 
volume defined by the redshift shell under consideration is 
retained, and all the volumes are summed to obtain the total 
volume searched, 1^. The contribution of each AGN to the 
luminosity function in each redshift shell considered is then 
given by 1/FS. 

The integral luminosity function is then obtained by 
summing, in order of decreasing luminosity, the individual 
values of l/i^i.e., 

over all the objects with luminosity greater than L. 

Log L* (Observed) (0.3-3.5 keV: erg s-i) 
Fig. 3.—The 0.3-3.5 keV observed X-ray luminosity distribution of the 427 

spectroscopically classified AGNs. The shaded area indicates the distribution 
of the 21 “expected” AGNs (see § 2). Data have been binned in bins of equal 
logarithmic width of 0.25. 

Fig. 4.—The 448 AGNs (427 “observed” AGNs [open triangles\ +21 
“ expected ” AGNs [filled circles]) plotted in the log z-log Lx plane. The 
plotted Lx is the observed X-ray luminosity in the 0.3-3.5 keV band. The two 
dotted lines represent the limiting sensitivities Slim = 5.08 x 10-14 and Slim = 
2 x 10"12 ergs cm-2 s_1. 

In order to obtain the differential X-ray luminosity function 
(hereafter XLF), we bin the individual contributions in bins of 
equal logarithmic width A log L. For each bin we have 

dN(L) _ " 1 
dL ¿ = i Vs¡ AL ’ 

where n is the number of objects in that bin. Errors (1 cr) have 
been determined from the number of objects contributing to 
each bin and have been computed using Poisson statistics. 

Using this procedure and setting zlow = 0 and zhigh = 0.1, we 
can determine the AGN local differential luminosity function. 

3.1. The Local Luminosity Function 
There are 81 AGNs with z < 0.1. They cover the luminosity 

range 1.6 x 1042 to 2.5 x 1044 ergs s-1. These sources have 
been used to derive the local XLF shown in Figure 5 (filled 
circles). Data have been binned in bins of equal logarithmic 
width of 0.30.10 

Since the local XLF shows a substantial curvature, we have 
not attempted a fit with a single power law. 

The luminosity function shown in Figure 5 is the 0.3-3.5 keV 
local luminosity function obtained from objects selected and 
measured in this same energy band. It can be compared with 
other X-ray luminosity functions obtained either directly or 
indirectly (e.g., from optical data plus a knowledge of the ratio 
of the optical to the X-ray luminosity). 

A direct estimate of the local AGN XLF was obtained using 
the HEAO 1 A-2 data by Piccinotti et al. (1982). Since then, the 
optical identification of a number of HEAO 1 A-2 sources has 
been revised, and the AGN sample of Piccinotti et al. (1982) 
has been updated by Danese et al. (1986). We have used the 
AGN sample as defined by Danese et al. (1986) to rederive the 
AGN XLF. 

10 The bin width of 0.30 is chosen so as to prevent the occurrence of empty 
bins. We note that in the rest of the analysis, since more objects are available, 
we have chosen a bin width of 0.25. 

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



19
91

A
pJ

. 
. .

37
4.

 .
11

7M
 

No. 1, 1991 PROPERTIES OF X-RAY-SELECTED AGNs 127 

Fig. 5.—Differential local X-ray luminosity function (z < 0.1) {filled 
circles). The open circles indicate the HEAO 1 A-2 local luminosity function 
obtained as explained in § 3.1. Data have been binned in bins of equal logarith- 
mic width of 0.30; 1 a error bars are determined by the number of objects 
which contribute to each bin. 

In order to compare the A-2 local XLF with our local XLF, 
we have converted the HEAO 1 A-2 count rate (R15 counts 
s-1) reported in Piccinotti et al. (1982) to fluxes in the 0.3-3.5 
keV energy band. To do this, we have assumed an average 
conversion factor 1 R15 counts s-1 = 2.19 x 10""11 ergs cm-2 

s-1 in the 2-10 keV band (appropriate for an energy index of 
0.65; see Table 1 in Della Ceca et al. 1990). The same spectral 
index a == 0.65 was then adopted to convert 2-10 keV fluxes to 
0.3-3.5 keV fluxes. The local HEAO 1 XLF obtained in this 
manner is shown in Figure 5 (open circles). For ease of com- 
parison, data have been binned in bins of equal logarithmic 
width of 0.30, the same bin width used for the EMSS XLF. The 
two luminosity functions show good agreement for lumi- 
nosities greater than ~2 x 1043 ergs s-1, where they are both 
well described by a single power law; at lower luminosities the 
XLF obtained from the EMSS AGN sample is flatter than the 
XLF obtained from the harder HEAO 1 A-2 data. 

Intrinsic absorption in low-luminosity objects may be 
responsible for this difference, since it would affect the EMSS 
sources (selected in the 0.3-3.5 keV band) more than the 
HEAO 1 sources (selected in a higher energy band). If this is 
indeed the case, then we expect to see an even more pro- 
nounced low-luminosity flattening in the luminosity function 
of AGNs selected by “softer” X-ray telescopes like those of 
EXOSAT or ROSAT. Stocke et al. (1991) find evidence for 
obscuration in the optical spectra of a number of AGNs of the 
present sample through the presence of a strong Balmer decre- 
ment. 

Intrinsic absorption in AGNs was also suggested by 
Warwick & Stewart (1990) as the possible cause of the appar- 
ent deficiency of sources in the EMSS with respect to the pre- 
diction of a fluctuation analysis of Ginga data. 

The detection of very low luminosity AGNs and the exten- 
sion of the local XLF to luminosities below 1042 ergs s-1 are 
very difficult tasks. Normal galaxies are known to be sources of 
X-ray emission with luminosities in the range ~ 1038-1042 ergs 
s“1 (see Fabbiano 1989 for a recent review on X-ray emission 
from normal galaxies, and see Stocke et al. 1991 for the X-ray 
properties of X-ray-selected normal galaxies). These lumi- 
nosities are the results of integrated emission from individual 
sources (e.g., supernova remnants, galactic binaries, star- 
forming regions, etc.) and/or diffuse emission from hot gas. In 
order to extend the study of the X-ray emission from active 
galactic nuclei to luminosities of the same order as those 
typical of the host galaxy, one has therefore to have high 
angular resolution observations so as to distinguish between 
the nuclear component and the rest of the emission. With the 
present technology (angular resolution of a few seconds of arc) 
such a study would be possible only for extremely nearby gal- 
axies. However, evidence for flattening of the “hard” (2-10 
keV band) luminosity function at very low luminosities (< 1042 

ergs s_1) is presented by Persic et al. (1989), who have studied 
it indirectly, using X-ray measurements of an optically selected 
sample of AGNs. 

3.2. The Luminosity Function in Different Redshift Shells 
The larger statistics available with respect to the MSS 

sample of AGNs (Maccacaro et al. 1984) allows us, for the first 
time, to derive the AGN XLF at different redshifts directly 
from the data in a model-independent way. We have chosen to 
divide the sample into redshift slices in such a way that the 
slices correspond to a uniform increase in look-back time t of 
0.15. For qr0 = 0, t is equal to z/(l + z), and the corresponding 
redshifts ranges are 0.0-0.18; 0.18-0.43; 0.43-0.82; 0.82-1.50; 
and 1.50-3.0. The numbers of AGNs in each redshift shell are 
respectively 167,137,75,56, and 13. 

The individual luminosity functions do not overlap; rather, 
they show a systematic shift toward higher luminosities as one 
moves from low to high redshift. This is the expected signature 
of cosmological evolution for which Figure 6 shows direct evi- 
dence. It is worth nothing that a “ weak ” evolution is evident 
at low redshifts (z < 0.4), while evolution becomes more 
evident for z larger than 0.4. We have previously noted that we 
sample different regions of the luminosity function at different 
redshifts. This is a consequence of dealing with a flux-limited 
sample. As a result we are not in a position to determine 
unequivocally from the data the evolutionary law which best 
describes the AGN behavior. To do so, a sampling of the lumi- 
nosity function over a broader range of luminosities in each 
redshift shell is needed. Therefore, in the interest of brevity and 
simplicity we shall limit our analysis in the present work to the 
assumption of evolutionary models and the derivation of best- 
fit parameters. We expect, however, that the large statistics 
available and the current sampling of the luminosity redshift 
space will allow us to test, more stringently than was pre- 
viously possible, whether the models assumed are an accept- 
able representation of the data. 

4. THE COSMOLOGICAL EVOLUTION OF AGNs AND THEIR 
DE-EVOLVED X-RAY LUMINOSITY FUNCTION 

A number of models have been proposed to describe the 
cosmological evolution of quasars. The major contending 
models have been the pure density evolution (PDE) model 
(Schmidt 1968) and the pure luminosity evolution (PLE) model 
(Mathez 1976, 1978). In the framework of the PDE model the 
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Fig. 6.—Luminosity functions derived in various redshift shells using the 
\!Va method (see § 3.2). The redshift ranges are 0.0-0.1765 {crosses), 0.1765- 
0.4286 {open circles), 0.4286-0.8182 {filled circles), 0.8182-1.50 {open squares) 
and 1.50-3.0 {filled squares). In each redshift slice data have been binned in 
bins of equal logarithmic width of 0.25 ; 1 a error bars are determined by the 
number of objects which contribute to each bin. Note that in the z = 0.8182- 
1.50 luminosity function {open squares) there is one empty bin at <LX> = 
46.625. 

luminosity function is shifted, from early epochs to the present, 
along the density axis, preserving its shape. The luminosity of 
the objects does not change; it is their number which changes 
with cosmic time. PLE models instead conserve the number of 
objects as a function of cosmic time; it is their luminosity 
which changes. If the change in luminosity affects all objects 
equally, then the shape of the luminosity function is again 
conserved and the net result is a shift along the luminosity axis. 
More complicated models have been proposed, such as 
luminosity-dependent density evolution (Schmidt & Green 
1983, 1986) and luminosity-dependent luminosity evolution 
(Cavaliere et al. 1983). In these latter cases the luminosity func- 
tion also changes its shape. It has been shown that, in the case 
of quasars, PDE models fail to describe the observed counts at 
faint magnitudes. PDE models have thus lost their appeal, and 
we will not consider them in our analysis. 

Here we will consider only PLE models with the two most 
commonly used evolutionary forms. 

4.1. The Cosmological Evolution 
A powerful tool for studying the cosmological evolution of a 

class of objects is the F/Fmax variable, first introduced by 
Schmidt (1968) for the case of a single sample, and adapted 
(Fe/Fa) to the more general case of the combination of several 
complete samples by Avni & Bahcall (1980). If the test is 
applied to a sample that is known to be complete, one can test 
whether the objects are uniformly distributed in the universe or 
not. In the case of a statistically complete sample of objects 
which are uniformly distributed, the above test yields a mean 
<Fe/Fa) = 0.50 [rms = (12iV)-1/2, where N is the number of 

objects in the sample] and a uniform distribution of the indi- 
vidual values oîVJVa between 0 and 1. 

For our sample of objects we find that the hypothesis of a 
uniform distribution is rejected at more than the 99.99% con- 
fidence level ({Ve/Va} = 0.6194 ± 0.0136). Thus we assume an 
evolution law and search for the value of the parameter which 
gives <1^/0 = 0.5 and the individual Ve/Va values uniformly 
distributed between 0 and 1. 

We discuss here only the case of pure luminosity evolution, 
and we consider the two most common evolutionary forms : 

Lx(z) = Lx(0)ec' (1) 

and 

Lx(z) = LX(0)(1 + z)c , (2) 

where LJ0) is the present-epoch luminosity, C is the evolution 
parameter, and t is the look-back time. 

From our evolution analysis we find that, for the evolution- 
ary law of equation (1), (a) the best-fit value for C is 4.18, and 
the associated 68% and 95% confidence intervals are 3.83-4.50 
and 3.47-4.80, respectively, and (b) the pure luminosity evolu- 
tion model considered is acceptable by the Kolmogorov- 
Smirnov (K-S) test at the 95% confidence level. In the case of 
the evolutionary law of equation (2), we find that (a) the best-fit 
value for C is 2.56, and the associated 68% and 95% confidence 
intervals are 2.39-2.73 and 2.19-2.88, respectively, and (b) the 
pure luminosity evolution model considered is acceptable by 
the K-S test at the 95% confidence level. 

We note however, that the analysis of the luminosity func- 
tion in different redshift shells (see Fig. 6) seems to indicate that 
the two simple PLE models tested are not an excellent repre- 
sentation of the data. There is no significant difference, in fact, 
between the first two luminosity functions, as if evolution 
begins only at redshifts greater than 0.4. This is an indication 
that the sample size is now large enough to require more com- 
plicated models. Use of the two adopted models is, however, 
justified by the interest in comparing the evolutionary behav- 
ior of X-ray-selected AGNs with previous results (Maccacaro 
et al. 1984) and with the behavior of optically selected and 
radio-selected quasars. 

With respect to the previous analysis of X-ray-selected 
AGNs, we obtain here a best-fit value for the evolution param- 
eter Cof4.18(±l (7 = 3.83-4.50), slightly lower than the value 
C = 4.85 found by Maccacaro et al. (1984) from the analysis of 
the MSS sample. If we consider that the estimate of Maccacaro 
et al. (1984) was affected by larger uncertainties because of the 
limited statistics available (the ±1 er interval on C was 4.02- 
5.54), then the difference with the present result is fully within 
the statistical uncertainties. 

The cosmological evolution and the luminosity function of 
optically selected quasars have been determined by several 
authors (see among others Schmidt & Green 1983) and more 
recently by Boyle et al. (1990), who have analyzed a sample of 
about 600 objects, comparable in size to the sample used in this 
work. These authors, in order to avoid possible incompleteness 
in their sample either at faint magnitudes or at low redshifts, 
have restricted their analysis to those objects with MB < — 23 
and z > 0.3. Within the framework of the two luminosity evo- 
lution laws considered in this paper, they found a best-fit value 
of 7.0 (if the evolutionary law is eCx) and 3.46 [if the evolution- 
ary law is (1 + z)c]. We can thus confirm that the X-ray evolu- 
tion of quasars is slower than in the optical and radio domain, 
as first noted by Maccacaro & Gioia (1983). We emphasize, 
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however, that the X-ray-selected samples used contain both 
high-luminosity objects (quasars) and low-luminosity objects 
(Seyfert galaxies) and are dominated by low-redshift objects, 
while samples of optically selected quasars usually do not 
contain low-luminosity objects and are incomplete at a redshift 
less than 0.3. 

More complicated models, including luminosity-dependent 
evolutionary models, will be considered in a separate paper, 
together with a study of a possible dependence of the evolu- 
tionary properties on other intrinsic AGN properties. 

4.2. The Effect of Incompleteness on the Cosmological 
Evolution Analysis 

In order to evaluate how the results derived are affected by 
the uncertainties on the actual number of AGNs in the remain- 
ing 31 unidentified sources, we have considered two extreme 
cases. In the first (SI, maximum incompleteness) we have con- 
sidered only the 427 spectroscopically identified AGNs, as if no 
more AGNs were to be found among the unidentified sources. 
In the second case (S2) we have limited the analysis to that 
portion of the survey defined by Slim = 2.62 x 10"13 ergs 
cm-2 s“1. In this way, at the price of losing a considerable 
number of sources (see Table 2), we can deal with a virtually 
fully identified survey (incompleteness <1%) from which to 
extract the AGN sample. 

The results obtained from the evolution analysis of samples 
SI and S2 are shown in Figures la (evolutionary model of eq. 
[1]) and Ih (evolutionary model of eq. [2]), where the resulting 
values of (VJVf) are plotted against the evolution parameter 
C. For comparison the result obtained using the original 
sample is also indicated. The two dotted lines indicate the 95% 
confidence region for C. As expected, the best-fit value for C for 
sample SI is lower than that for sample S2. This reflects the 
incompleteness which affects SI with respect to S2. At the same 
time, it is reassuring to notice that the best-fit values obtained 

for SI and S2 are very similar to each other and are consistent, 
given the statistical uncertainties, with the best-fit value 
obtained for our working sample. 

We have then evaluated how the estimate of the cosmo- 
logical evolution is affected by the uncertainties due to the 
redshifts assigned to the “expected” AGNs. We have thus 
assigned to the AGNs extreme redshift values in the following 
manner. We have assigned to each object (using the procedure 
explained in § 2) a redshift value such that the “ real ” value for 
z has a probability less than 10% of being lower than the 
assigned value (case Szlow) or higher than the assigned value 
(case SZhigh). The results of the evolution analysis for these 
extreme cases are shown in Figures 8a (evolutionary model of 
eq. [1]) and 8h (evolutionary model of eq. [2]), where the value 
of (VJVa) is reported as a function of the evolution parameter 
C for the original sample (solid line) and for the cases Szlow and 
5Zhigh (dashed lines). The influence of the actual value of the 
redshift assigned to the 21 “expected” AGNs on the best-fit 
evolution parameter C is negligible. 

Thus we are confident that when the EMSS is fully identi- 
fied, the results derived here on the AGN cosmological evolu- 
tion will not change significantly. 

4.3. De-evolved X-Ray Luminosity Function 
As already discussed in § 4, in the framework of pure lumi- 

nosity evolution, the luminosity function maintains the same 
shape, and the number of objects is conserved. The luminosity 
coordinate is simply shifted as a function of redshift, according 
to the chosen evolutionary law. The luminosity function we 
derived here is computed at z = 0; i.e., for each object we 
determine and use the zero-redshift luminosity, using for the 
evolution parameter C the best estimate obtained from the 
(VJVay test. This procedure has the advantage of allowing the 
use of the full sample of objects to study the luminosity func- 
tion (at a given redshift) over the maximum possible range of 

Evolution Parameter 

Fig. 7.—(a) Value of (VJVay as a function of the evolution parameter C for the original sample (solid line), sample SI, and sample S2 (see § 4.2) for the 
evolutionary law Lx(z) = Lx(0)eCt. (b) Value of <Fe/%> as a function of the evolution parameter C for the original sample (solid line), sample SI, and sample S2 (see 
§ 4.2) for the evolutionary law Lx(z) = LjQ)(l + z)c. The two dotted lines indicate the 95% confidence region for C, while the dashed line indicates the best-fit value. 
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Evolution Parameter 
Fig. 8.—(a) Value of <Fe/Ka> as a function of the evolution parameter C for the original sample {solid line) and for the case Szlow and S {short-dashed lines) (see 

§ 4.2) for the evolutionary law Lx{z) = Lx{0)ec\ {b) Value oi(Ve/Va) as a function of the evolution parameter C for the original sample {solid line) and for the caseSzlow 
and S2biib {short-dashed lines) (see § 4.2) for the evolutionary law Lx{z) = LX{0){1 + z)c. The two dotted lines indicate the 95% confidence region for C, while the dashed 
line indicates the best-fit value. 

luminosities. Obviously, since the various objects are “ moved ” 
to the reference redshift from the redshift at which they are 
observed, one has to use the adopted evolutionary model, and 
best-fit parameter(s). Consequently, the luminosity function so 
derived is model-dependent. In general, steeper evolutionary 
laws and higher values of C lead to steeper luminosity func- 
tions (see Table 4). 

Figure 9 shows the differential XLF obtained using the 1/Va 
method. It has been computed at z = 0 using the PLE model of 
equation (1) with C = 4.18 (best fit). Data have been binned in 
bins of equal logarithmic width of 0.25. The 1 a error bars 
associated with the individual points are determined by the 
number of objects which contribute to that point. Errors have 
been computed using Poisson statistics. Figure 9 clearly indi- 
cates that a single power law is not an appropriate representa- 
tion of the data over the whole range of luminosities sampled. 
The two power laws, shown in Figure 9, represent the best fit to 
the unbinned data using the maximum-likelihood method (see 
Murdoch, Crawford, & Jauncey, 1973 and references therein). 
At low luminosities [Lx(0) < 2.5 x 1043 ergs s-1] the best-fit 
slope is y i = 1.35, while at high luminosities the best-fit slope is 
y2 = 3.05. In Table 4 we report the variation of the XLF 
parameters as a function of the evolution parameter C. For 
each value of the evolution parameter C considered (best-fit 

value and ±95% confidence interval) the fits have been com- 
puted between 3.16 x 1041 and 2.5 x 1043 ergs s-1 and 
between 2.5 x 1043 and infinite luminosity. The normalization 
coefficients and K2 (in units of Mpc-3 L7^1) have been 
obtained by requiring that the number of expected objects 
equal the number of observed objects. 

If the PLE model of equation (2) is used, the resulting de- 
evolved XLF is not significantly different. It can still be 
described by a broken power law, with best-fit slopes of 1.40 
and 3.16 and a break luminosity of 3.6 x 1043. 

In Figure 10 we present the histogram of the de-evolved 
X-ray luminosity for the 427 spectroscopically classified AGNs 
and for the 21 “expected” AGNs (shaded area) obtained 
according to the evolutionary law of equation (1). The bins are 
identical to those used in Figure 9. 

The AGN XLF shown in Figure 9 (de-evolved at z = 0) and 
in Figure 6 (observed) cover the range of X-ray luminosities 
from 1.4 x 1042 to 7.4 x 1045 ergs s-1 and from 1.6 x 1042 to 
8.5 x 1046 ergs s-1, respectively. Objects with luminosity 
outside this range are not observed. We can check whether this 
is evidence of a further change in the XLF slope [more pro- 
nounced flattening at Lx(0) < 1042 ergs s-1 and/or steepening 
at Lx(0) > 1046 ergs s_1] or whether it simply reflects the limi- 
tations of the EMSS survey (in terms of sensitivity and/or 

TABLE 4 
Variation of XLF Parameters with Evolution Parameter C 

[Evolutionary Model Lx{z) = Lx{Q)eCz] 

y¡, K¡ (Mpc-3 LU‘) y2,K2 (Mpc'3 LX1) 
C [LJ0) < 2.5 x 1043 ergs s“1] [L^(0) > 2.5 x 1013 ergs s'‘] 

3.47 (-2 <r)   1.32, 1.7 x HT6 2.89, 2.0 x HT7 

4.18 (best fit)   1.35 + 0.13, 1.5 x KT6 3.05 + 0.05, 1.4 x lO'7 

4.80( + 2a)   1.42, 1.1 x 10'6 3.22, 9.7 x 10“8 
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Log 4 (z=0) (0.3-3.5 keV: erg s'1) 
Fig. 9.—Differential X-ray luminosity function, computed at z = 0 accord- 

ing to the evolutionary law Lx(z) — Lx(0)eCx (see § 4.3). Data have been binned 
in bins of equal logarithmic width of 0.25; 1 o error bars are determined by the 
number of objects which contribute to each bin. The two power laws represent 
the best fit to the unbinned data using the maximum-likelihood method. The 
high-luminosity [Lx(0) > 2.5 x 1043 ergs s-1] best-fit slope is 3.05, while the 
low-luminosity best-fit slope is 1.35. 

volume searched). We have estimated that, extrapolating the 
XLF at low luminosities with the same slope y1 = 1.35 which 
describes it at Lx(0) < 2.5 x 1043 ergs s~ \ only two sources are 
expected in the EMSS with luminosity in the interval 1041- 
1042 ergs s“1. We see none. With a similar procedure we have 
estimated that, extrapolating the XLF at high luminosities 

Fig. 10.—The 0.3-3.5 keV de-evolved (z = 0) X-ray luminosity distribution 
for the 427 spectroscopically classified AGNs and for the 21 “ expected ” AGNs 
(shaded areas). Luminosities have been computed at z = 0 according to the 
evolutionary law Lx(z) = Lz(0)eCz (see § 4.3). The bins are identical to those 
used in Fig. 3 and in Fig. 9. 

with y2 = 3.05, only 0.8 objects are expected in the EMSS with 
luminosity in the interval 1046-1048 ergs s_1. We see none. 
Similar results are obtained using the numerical values for yx 
and y2 which best describe the luminosity function de-evolved 
according to the evolutionary model of equation (2). The 
absence of extremely high luminosity objects in the survey is 
then due to the limited volume surveyed given their low 
volume density. Therefore, we cannot comment on the shape of 
the XLF outside the range sampled, in the sense that we have 
no evidence for a slope change. 

Having determined the X-ray luminosity function and 
cosmological evolution of AGNs, we can now make a direct 
estimate of their contribution, as a class, to the diffuse X-ray 
background radiation. 

5. THE AGN CONTRIBUTION TO THE DIFFUSE EXTRAGALACTIC 
X-RAY BACKGROUND 

Since its discovery (Giacconi et al. 1962), the origin of the 
diffuse X-ray background (XRB) has remained a subject of 
controversy (see, among others, Giacconi & Zamorani 1987, 
Boldt 1987, and Setti 1990 for recent reviews of the subject). 
Schwartz & Gursky (1974) showed that even with no evolu- 
tionary effects a significant fraction of the flux of the XRB 
should originate at a redshift greater than unity. This suggests 
that the study of the XRB might provide information on events 
occurring at an early epoch. 

The most favored model to explain the origin of the diffuse 
XRB radiation is emission from discrete sources (Giacconi et 
al. 1962). This model has received considerable support by the 
analysis of the Einstein Deep Survey (Giacconi et al. 1979) and 
by the discovery that AGNs, as a class, are strong X-ray emit- 
ters (Tananbaum et al. 1979; Zamorani et al. 1981). More 
recently the results of the Cosmic Background Explorer 
(Mather et al. 1990) seem to have put to rest the suggestion 
that a significant fraction of the diffuse XRB radiation is due to 
truly diffuse emission from a hot intergalactic medium. Mather 
et al. (1990) have in fact inferred, from the measurement of the 
cosmic microwave background spectrum and its very small 
deviation from a blackbody shape, that diffuse X-ray emission 
accounts for less than 3% of the XRB intensity. 

As discussed by Maccacaro et al. (1984), short of resolving 
the XRB with extremely deep, high-resolution X-ray images, 
the best way to determine the contribution to the XRB from a 
particular class of sources is to integrate its luminosity function 
(determined directly from the X-ray data), taking into account 
its evolution with cosmic time. 

The spectrum of the XRB is well fitted by an isothermal 
bremsstrahlung model corresponding to an optically thin, hot 
plasma with kT of the order of 40 keV (Marshall et al. 1980); in 
the 3-100 keV energy band it may be approximated by (Boldt 
& Leiter 1984) 

/xrb(£) = A(E/3)~0 29e~E,4° , (3) 

where E is the photon energy (in keV), A = 5.6 keV cm ~2 s 1 

sr_ 1 keV - \ and /Xrb(£) is t*16 measured intensity of the XRB. 
Since the large majority of the extragalactic X-ray sources 

have been measured in the soft X-ray energy band (F < 4 keV) 
(with the Einstein Observatory or EX OS AT), while the XRB is 
well known for energies greater than 3 keV, it is common 
practice to refer the AGN contribution to the XRB at an 
energy of 2 keV. To obtain the XRB intensity at 2 keV, we have 
made the assumption that equation (3) holds to this energy. We 
find Ixrb(2 keV) = 5.99 keV cm“ 2 s"1 sr“1 keV" ^ If the XRB 
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spectrum turns up below 3 keV as indicated by Micela et al. 
(1990) and by Wu et al. (1990), then the estimate of the AGN 
contribution to the 2 keV XRB can be viewed as upper limit. 
Nevertheless, our determination of the total intensity produced 
by the AGNs is independent of the intensity of the XRB and 
therefore is not affected by the uncertainties which affect the 
estimate of the XRB. 

Since we have derived a parametric representation of the 
XLF over the entire range of luminosities sampled, we 
compute the contribution of the AGNs to the XRB intensity by 
integration of the parametric representation of the XLF. 

The intensity of the XRB at energy E0 due to AGNs can be 
calculated, in the case of q0 = 0, from the equation (Schwartz 
1979) 

I(E0) = 
c 

4nH0 

J' + 00 

0 

B[£0(l + z); z] 

(1 + z)5 
dz , (4) 

where B[£0(l + z); z] is the AGN volume emissivity at energy 
E = E0(l + z) and redshift z. 

In the framework of the PLE model given in equation (1), 
and assuming an X-ray spectral index of 1 (derived in the 
spectral analysis to the extragalactic EMSS sources; Macca- 
caro et al. 1988), the AGN volume emissivity at energy E = 
£0(1 + z) and at redshift z is given by 

B[E; z] = B[F0; z = 0](1 + z)2eCx, (5) 

where C and t have been defined in § 4.1 and £[F0; z = 0] is 
the AGN local volume emissivity at energy E0. 

If dN0(L)/dL is the differential XLF referred to z = 0, then 

J*L(0)max (T\ 
^jf^LdL (6) 

r-iOJinin 
is the local volume emissivity derived from objects with lumi- 
nosity between L(0)min and L(0)max. In our case we have found, 
in § 4.3, that 

<MT0(L44) = jKjW , Lx(0) < 2.5 x 1043 ergs s“1 , 
<fL44 \k2 L472, LJO) > 2.5 x 1043 ergs s"1 . U 

where Ki9 X2, and y2 are the differential XLF parameters 
reported in Table 4 and L44 is the luminosity expressed in units 
of 1044 ergss-1. 

From equations (4), (5), (6), and (7) we can obtain 

I(E0) = 1.272 x 106£( 

J,L(0)44,max ¿jV0(L44) 

Í 

L(0)44,mi, dL, 

xL^dL (1 + z) 3eCrdz . (8) 

Because of the shape of the XLF (steep at high luminosities 
and flat at low luminosities, the computation of the AGN 
intensity does not depend critically on the values of Lmin and 
Lmax. Moreover, within the framework of the evolutionary law 
of equation (1), we have estimated that only 6.2 sources are 
expected in the EMSS with redshift between 2 and 3. This 
number increases to 11.8 if the evolutionary law of equation (2) 
is used. We see 4 (z = 2.027, 2.095, 2.410, and 2.830). These 
results allow us to integrate the XLF consistently over the 
observed range of luminosities and redshifts [between 
mmin = 1041 and L(0)max = 1047 ergs s”1 and between zmin = 
0 and zmax = 3.0] to obtain an estimate of their intensity. We 
stress that this contribution comes from objects that we have 

TABLE 5 
Contribution from AGNs to the 2 keV XRB 

zmax “2 <7 Best Fit +2 a 
3.0   32% (33%) 37% (40%) 45% (48%) 
3.5  34% (36%) 40% (45%) 48% (55%) 
4.0   35% (39%) 42% (50%) 51% (63%) 

Note.—Numbers in parentheses refer to the evolution- 
ary model of eq. (2). 

actually seen and does not result from the extrapolation of the 
measured properties to a redshift or luminosity domain not 
sampled. We obtain a 2 keV AGN intensity of 2.23 keV cm-2 

s-1 sr-1 keV-1. This corresponds to 37% of the keV XRB 
intensity. 

This result is a weak function of the evolution parameter 
used and of the associated XLF. Using for C the values 3.47 
and 4.80 (95% confidence interval for C) and the correspond- 
ing XLF (see Table 4), the fractions of 2 keV XRB intensity 
accounted for by the AGNs become 32% and 45%, respec- 
tively. We have also investigated how the results depend on the 
evolutionary model chosen and/or on the limit chosen for the 
integration over redshifts. The results are summarized in Table 
5 (the values reported in parentheses represent the fraction of 
the 2 keV XRB intensity computed using the evolutionary law 
of eq* [2]). 

Using equation (8), we have also computed the percentage 
contribution to the 2 keV AGN intensity from the different 
bins of luminosity and redshift. These results are reported in 
Table 6. It is worth noting that about 85% of the 2 keV AGN 
intensity comes from objects with LJO) between 1042 and 1044 

ergs s- L A third of the overall contribution is due to objects in 
the redshift range 1-2. 

The present “ best-fit ” estimate of the AGN contribution to 
the diffuse XRB is significantly lower than the “ best-fit ” esti- 
mate of Maccacaro et al. (1984) (37% versus 79%). This is due 
mainly to two reasons. First, the best-fit value for the evolution 
parameter C is slightly lower than it was in Maccacaro et al. 
(1984). Using C = 4.02 (a value closer to the current best fit of 
4.18) Maccacaro et al. (1984) in fact found a contribution of 
53Í i?% which compares better with the present estimate of 
37%. Second, following the spectral analysis of Maccacaro et 
al. (1988) of the EMSS sources, we have used in the present 
work an energy spectrum with slope a = 1 to characterize the 
AGN population. Therefore, the present estimate, being based 

TABLE 6 
Percentage Contribution to the 2 keV AGN Intensity from the 

Different Bins of Luminosity and Redshift 
[Evolutionary Model Lx(z) = Lx(0)eCt] 

Redshift Range 
log Lx(0)   Redshift Range 

(Lm¡n Lmax) 0.0-0.5 0.5-1.0 1.0-2.0 2.0-3.0 0.0-3.0 

41- 42  1.43 1.38 1.97 1.16 5.94 
42- 43  6.43 6.21 8.84 5.22 26.70 
43- 44  14.02 13.54 19.28 11.38 58.22 
44- 45   2.01 1.94 2.76 1.63 8.34 
45- 46  0.18 0.17 0.25 0.15 0.75 
46- 47  0.02 0.02 0.02 0.01 0.07 
41-47  24.09 23.26 33.12 19.55 100 
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on much tighter determination of several critical parameters, 
represents a significant improvement over the previous esti- 
mate of the AGN contribution to the diffuse X-ray background 
and, within the unavoidable limitation of the current data set, 
is the best possible estimate. 

6. SUMMARY AND CONCLUSIONS 

The high identification rate (96%) presently available for the 
Einstein Extended Medium-Sensitivity Survey has allowed us 
to extract a sample of more than 420 X-ray-selected AGNs 
exclusively defined by their X-ray properties. Using the avail- 
able information, we have also corrected for the effect of the 
present slight incompleteness of the sample. We have shown 
that the results presented here will not significantly change 
once the identification process is completed. 

The number of objects in the AGN sample, and their cover- 
age of the log z-log Lx plane, have permitted us to derive the 
local (z < 0.1) observed XLF as well as the XLF in different 
redshift shells up to z ~ 2. The local XLF shows a substantial 
flattening for Lx< 5 x 1042 ergs s-1. We have compared our 
local XLF with the HE AO 1 A-2 local XLF (converted into the 
0.3-3.5 keV energy band). For luminosities greater than 
~2 x 1043 ergs s-1 a good agreement is shown between the 
two local XLFs, which are both well described by a single 
power law. At lower luminosities the XLF obtained from the 
EMSS AGN sample is flatter than the one obtained from the 
“harder” HE AO 1 A-2 sample. Intrinsic absorption in low- 
luminosity objects could be responsible for this difference. 

The AGN XLFs at different redshifts have been obtained in 
a model-independent way. These XLFs give direct evidence for 
cosmological evolution. Weak evolution is evident for z < 0.4, 
while the evolution becomes more pronounced for z larger 
than 0.4. 

In order to compare the results of our evolution analysis 
with those discussed in the literature, the data have been 
analyzed within the framework of pure luminosity evolution 

models. We have considered the two most common evolution- 
ary forms : 

Lx{z) = Lx(0)eCt and Lx(z) = LX(0)(1 + zf . 

Best-fit values of 4.18 and 2.56, respectively, have been 
obtained for the evolution parameters of the two chosen evolu- 
tionary laws. This result confirms and strengthens the evidence 
for “slower” evolution of X-ray-selected AGNs relative to 
optically selected QSOs. 

Using the full sample of objects, and within the framework of 
the assumed evolutionary laws, we have derived the de-evolved 
X-ray luminosity function. A good fit with a broken power law 
has been obtained. The high-luminosity [Lx(0) > 2.5 x 1043 

ergs s-1] best-fit slope is 3.05, while the low-luminosity best-fit 
slope is 1.35. We have no evidence for a further slope change 
outside the range of luminosities sampled. 

Having a determination of the XLF and its evolution, we 
have estimated the contribution from AGNs to the diffuse 
X-ray background. Such an estimate, based upon the X-ray 
luminosity function and its evolution, is more reliable than 
estimates based upon an optical luminosity function plus an 
Lx-L0 relation. We find a value of about 40% for their contri- 
bution to the 2 keV XRB. About 85% of this contribution 
comes from objects with LJO) between 1042 and 1044 ergs s" L 
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