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ABSTRACT

Using a sam ple of228 optically selected Active G alactic Nuclei(AG Ns) in the 0.01{6.3 redshift

range with a high fraction ofX-ray detections (81{86% ),we study the relation between rest-fram e

UV and soft X-ray em ission and its evolution with cosm ic tim e. The m ajority ofthe AG Ns in our

sam ple(155objects)havebeen selected from theSloan DigitalSky Survey (SDSS)in an unbiased way,

rendering the sam ple results representative ofallSDSS AG Ns. The addition oftwo heterogeneous

sam plesof36 high-redshiftand 37 low-redshiftAG Nsfurthersupportsand extendsourconclusions.

W e con�rm thatthe X-ray em ission from AG Nsis correlated with theirUV em ission,and thatthe

ratioofthem onochrom aticlum inosity em itted at2keV com pared to 2500�A decreaseswith increasing

lum inosity (�ox = � 0:136luv + 2:616,whereluv isin log units),butdoesnotchangewith cosm ictim e.

These results apply to intrinsic AG N em ission,as we correct or controlfor the e�ects ofthe host

galaxy,UV/X-ray absorption,and any X-ray em ission associated with radio em ission in AG Ns. W e

investigate a variety ofsystem atic errorsand can thereby state with con�dence that(1)the �ox{luv
anti-correlation isrealand nota resultofaccum ulated system aticerrorsand (2)any �ox dependence

on redshift is negligible in com parison. W e provide the best quanti�cation ofthe �ox{luv relation

to date for norm alradio-quietAG Ns;this should be ofutility for researcherspursuing a variety of

studies.
Subject headings: G alaxies: A ctive: N uclei, G alaxies: A ctive: O ptical/U V /X -ray,

G alaxies: A ctive: Evolution,M ethods: Statistical

1. IN TRO D U CTIO N

SurveysforActive G alactic Nuclei4 (AG Ns)were un-

tilrecently m ost com m only conducted in the observed

opticalband (corresponding to the rest-fram e UV for

high-redshift AG Ns); consequently, our understanding

ofthe AG N population is biased toward properties in-

ferred from AG N sam ples brightin the optical. Radio,

infrared,and X-ray surveyshaverevealed m orereddened

and obscured AG Ns,attesting to the presence ofan op-

ticalbias. AG N surveys in non-opticalbands stillre-

quire opticalor UV spectroscopy to con�rm the pres-

ence ofan active nucleus(exceptforbright,hard X-ray

selected AG Ns,or AG Ns with large radio jets) and to

determ ine the redshift. Historically,our understanding

ofthe evolution ofthe lum inous AG N population with

cosm ictim ehasbeen based largely on optically selected

AG N sam ples; use of sam ples selected in other bands

to further this understanding requires proper interpre-

tation ofthe relations between em ission in these bands

and optical/UV em ission forcom parison.X-ray surveys

arem orepenetratingand e�cientin separatingthehost-

galaxycontribution from thenuclearem ission forsources

with Lx & 1042 ergs�1 ,asthe integrated host-galaxy X-

ray em ission isnegligible com pared to the nuclearem is-

sion (which contributes 5{30% ofthe AG N bolom etric

lum inosity). In order to com pare X-ray survey results

on AG N evolution to thosein theoptical/UV,aswellas
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to understand betterthe detailsofthe nuclearenviron-

m entand theaccretion processpoweringAG Ns,weneed

to establish therelationsbetween optical/UV and X-ray

em ission in optically selected sam ples.

Tananbaum etal.(1979)discovered thata large frac-

tion ofUV-excess and radio-selected AG Ns are strong

X-ray sources with X-ray lum inosities correlated with

those m easured in the rest-fram e UV.This result was

con�rm ed by Zam oranietal. (1981), who also found

thattheX-ray em ission ofAG Nsdependson theirradio

power (with radio-loud AG Ns being on average � 3

tim es brighter in X-rays) and that the optical/UV-to-

X-ray m onochrom atic ux ratios of AG Ns depend on

rest-fram e UV lum inosity and/orredshift. The relation

between AG N em ission in the rest-fram e UV and X-ray

bands is com m only cast into a ratio ofm onochrom atic

uxes called \optical/UV-to-X-ray index",�ox,de�ned

as the slope of a hypothetical power law extending

between 2500�A and 2keV in the AG N rest fram e5:

�ox = � 0:3838log[F�(2keV)=F�(2500�A)]. Studies of

optical/UV and radio sam ples ofAG Ns observed with

the Einstein Observatory (e.g., Avni& Tananbaum

1982; K riss& Canizares 1985; Avni& Tananbaum

1986; Anderson & M argon 1987; W orralletal. 1987;

W ilkesetal.1994)and ROSAT (e.g.,G reen etal.1995)

con�rm ed thatover90% ofoptically selected AG Nsare

lum inous X-ray em itters,that the X-ray em ission from

AG Ns(from Seyfert1sto lum inousQ SO s)iscorrelated

with the optical/UV em ission aswellasthe radio em is-

5 The subscript of�ox com es from the nam e \optical-to-X -ray

index". \O ptical" is som ewhat of a m isnom er since it refers to

the ultraviolet(2500�A rest-fram e)m onochrom atic ux which falls

in the observed opticalband for m ost bright AG N s studied origi-

nally. W e use \optical/U V -to-X -ray index" instead butretain the
designation �ox forhistoricalreasons.
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sion,and thattheprim ary �ox dependenceism ostlikely

on optical/UV lum inosity rather than redshift (but

see Yuan,Siebert,& Brinkm ann 1998; Bechtold etal.

2003). The m ost com prehensive recent study ofX-ray

em ission from a radio-quiet (RQ ) sam ple of optically

selected AG Ns is that of Vignali,Brandt,& Schneider

(2003, hereafter VBS03), who found a stronger �ox
dependence on rest-fram eUV lum inosity than redshift.

A robustem piricalstudy ofthe relationsbetween op-

tical/UV and X-ray em ission from AG Ns provides a

valuable basis for theoretical studies of AG N energy-

generation m echanism s. As we discuss in x4,there are

no concrete theoretical studies to date predicting the

observed range of�ox or its dependence on rest-fram e

UV lum inosity and/or redshift. A well-calibrated rest-

fram e UV-to-X-ray relation can also be used to derive

reliable estim ates ofthe X-ray em ission from optically

selected, RQ , unabsorbed AG Ns and can lead to im -

proved bolom etric lum inosity estim ates. Furtherm ore,

re�ned knowledge ofthe \norm al" range ofrest-fram e

UV-to-X-ray lum inosity ratios in AG Ns is necessary to

de�ne m ore accurately specialAG N subclasses(e.g.,X-

ray weak AG Ns) and (under certain assum ptions) es-

tim ate the X-ray em ission associated with jets in RL

AG Ns.

Establishing the relations between the intrinsic rest-

fram e UV and X-ray em ission in optically selected

sam ples (excluding the e�ects of absorption and jet-

associated X-ray em ission) can be done e�ciently and

accurately only with sam pleswith a high fraction ofX-

ray detections,optical/UV spectroscopy,and radio clas-

si�cations. In addition,appropriate statistical-analysis

m ethodsdeveloped to detectpartialcorrelationsin cen-

sored data sets m ust be used. The advent of large-

area,highly com plete opticalsurveys like the 2 degree

Field Survey (2dF, Croom etal. 2001) and the Sloan

DigitalSky Survey (SDSS; York etal.2000),coupled

with the increased sky coverageofm edium -depth X-ray

im aging (pointed observation with theROentgen SATel-

lite { ROSAT, X-ray M ulti-M irror M ission-Newton {

XM M -Newton,and Chandra X-ray Observatory { Chan-

dra),m akethetask ofcreating suitablesam plesfeasible.

W e have constructed a sam ple of 155 SDSS AG Ns in

m edium -deep ROSAT �elds,supplem ented with a low-

redshift Seyfert 1 sam ple and a high-redshift lum inous

AG N sam ple (for a totalof228 AG Ns),to investigate

therelation between rest-fram eUV and softX-ray em is-

sion in RQ AG Ns. Severalim portant conditions m ust

be m etto ensure the appropriatenessofthe sam ple and

statisticalm ethods:

1. Large ranges oflum inosity and redshift m ust be

sam pled to revealweak correlations of�ox with lum i-

nosity and redshift. Additionally,a signi�cantrange in

lum inosity at each redshift is necessary to controlfor

the strong redshift dependence of lum inosity in ux-

lim ited sam ples (e.g., Avni& Tananbaum 1986); this

range should be larger than the observed m easure-

m ent and variability dispersions. O ur current sam ple

of 228 AG Ns covers the largest redshift and lum inos-

ity rangesto date,0:01< z < 6:3and 1027:5 ergs�1 Hz�1

< L�(2500�A)< 1033 ergs�1 Hz�1 ,without sacri�cing a

high X-ray detection fraction or seriously a�ecting the

sam ple hom ogeneity. The m ain SDSS sam ple provides

adequate lum inosity coverage in the 0:2< z < 3:0 red-

shift range; the addition of the Seyfert 1 and high-z

AG N sam ples (see x2) increases the range oflum inosi-

tiesprobed atlow and high redshifts,respectively.

2. It is necessary to determ ine the radio loudness of

each AG N and to exclude the strongly radio-loud (RL)

AG Ns.RL AG Nshavem orecom plex m echanism sofen-

ergy generation,such asjetem ission,which can obscure

the X-ray em ission directly associated with accretion

(particularly ifan AG N is observed at a sm allviewing

angle). The FaintIm agesofthe Radio Sky atTwenty-

Centim eters survey (FIRST;Becker,W hite,& Helfand

1995)wasdesigned to coverm ostofthe SDSS footprint

on thesky,providing sensitive20cm detections(� 1m Jy

{ 5�) and lim its that allow us to exclude strongly RL

AG Ns.Som epreviousstudieslacked adequateradiocov-

erage and/or did not separate these two AG N popula-

tions.

3. Because we wish to quantify any evolution ofthe

m ain intrinsic energy generation m echanism in AG Ns,

itisnecessary to excludeAG Nsstrongly a�ected by ab-

sorption.StrongX-rayabsorption in AG Nsisoften asso-

ciated with the presence ofbroad ultravioletabsorption

lines (e.g.,Brandt,Laor,& W ills 2000;G allagheretal.

2002). The large observed wavelength range and high

signal-to-noise (S/N) ofthe SDSS spectroscopy is suf-

�cient to �nd Broad Absorption Line (BAL) AG Ns in

40{70% ofthe sam ple (see below),allowing us to lim it

the confusing e�ectsofX-ray absorption.

4.Specialstatisticaltoolsare needed to evaluate cor-

relations when censored data points are present. W e

usetherank correlation coe�cientsm ethod described by

Akritas& Siebert(1996)to determ inethesigni�canceof

correlationsin thepresenceofcensoreddatapoints,while

taking into account third-variable dependencies. Using

M onte Carlo sim ulations,we con�rm the robustness of

the correlation signi�cance estim ates. W e derive linear

regressionparam etersin twoindependentways,usingthe

Estim ateand M axim ize(EM )and theBuckley-Jam esre-

gression m ethodsfrom the Astronom y SURvivalAnaly-

sispackage(ASURV;LaValley,Isobe,& Feigelson 1992;

Isobe,Feigelson,& Nelson 1985,1986).

5. In addition to the use of appropriate statistical

tools,a large detection fraction isnecessary to inferre-

liable correlations in censored data sam ples. Anderson

(1985) and Anderson & M argon (1987) outline the bi-

ases that can a�ect the sam ple m eans and correlation

param eters as a result ofsystem atic pattern censoring.

O urcurrentsam plehas86% X-ray detections(com pared

to � 10{ 50% forpreviousstudies). O ne ofthe assum p-

tions ofthe statisticalm ethods described in (4),which

could be violated,is that the AG Ns with upper lim its

and detections have the sam e underlying distributions

of�ox and rest-fram e UV lum inosity. The e�ectofthis

assum ption is partially alleviated by excluding RL and

BAL AG Ns,butachievingahigh detection fraction isthe

only de�nitiveway to suppressthee�ectoftheunknown

and likely di�erent distributions of�ox and rest-fram e

UV lum inosity forAG Nswith X-ray detectionsand lim -

its.

6.Theresultsfrom statisticalanalysesm usttakeinto

accountthe �ndingsofChanan (1983),La Franca etal.

(1995),and Yuan,Siebert,& Brinkm ann (1998)thatap-

parentcorrelationscan be caused by a large dispersion

ofthe m easured m onochrom atic lum inosity in the op-
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tical/UV relative to the X-ray band. In this work we

useM onteCarlo sim ulationsofoursam ple(asdescribed

in Yuan 1999) to con�rm the robustness ofthe present

correlations.

7. Unlike previous studies, we m easure directly the

rest-fram e UV m onochrom atic ux at 2500�A in three-

quarters of the AG Ns com prising the SDSS sam ple,

which guarantees m easurem ent errors of . 10% . This

ism ade possible by the im proved spectrophotom etry of

SDSS Data ReleaseTwo (DR2;Abazajian etal.2004).

8. Special care is needed to account for the ef-

fectsofhost-galaxy contam ination ofthe rest-fram eUV

m onochrom atic ux m easurem ents for low-lum inosity

AG Ns. The high-quality and large wavelength range of

the SDSS spectra arewellsuited forthis.

9.IfseveralX-ray instrum entsorreductionsare used

to m easure X-ray m onochrom atic uxes,itis necessary

to assessm ission-to-m ission cross-calibration uncertain-

tiesand thee�ectsofdi�erentreduction techniques.The

m ajority oftheobjectsin oursam plecom efrom onein-

strum ent (the ROSAT Position Sensitive Proportional

Counter{ ROSAT PSPC;Pfe�erm ann etal.1987)and

were processed uniform ly (see x2.2),while cross-m ission

com parisons between ROSAT and XM M -Newton or

Chandra allow estim ation ofthee�ectsofinhom ogeneity

caused by m ission-to-m ission cross-calibration issues.

10. Due to the tim ing ofm ost previous studies cou-

pled with therecentprecisedeterm ination ofthecosm o-

logicalparam eters,the \consensus" cosm ology used for

lum inosity estim ates has changed. In what follows,we

use the W ilkinson M icrowave Anisotropy Probe cosm ol-

ogyparam etersfrom Spergeletal.(2003)tocom putethe

lum inosities ofAG Ns: 
� = 0:73,at cosm ology,with

H 0= 72km s�1 M pc�1 .

Thelargestoptically selected AG N sam plewith a high

fraction ofX-ray detections(& 50% )used forestablish-

ingtherelationsbetween optical/UV and X-ray em ission

to dateistheVBS03 sam pleofSDSS AG Nsin regionsof

pointed ROSAT PSPC observations.TheVBS03sam ple

consists of�140 RQ AG Ns from the SDSS Early Data

Release (EDR;Stoughton etal.2002)with a softX-ray

detection fraction of� 50% ,supplem ented by higherred-

shiftoptically selected AG Ns.Thesecond datareleaseof

the SDSS providesa large AG N sam ple (� 9 tim esthat

oftheEDR)with accuratespectrophotom etry,which to-

gether with the large m edium -deep ROSAT sky cover-

age,allowsusto im prove the VBS03 study signi�cantly

by increasing the detection fraction to > 80% fora sim -

ilarsize sam ple,while taking into accountthe e�ectsof

host-galaxy contributionsin theoptical/UV forlowerlu-

m inosity,nearby AG Ns.In thispaperweconsiderin de-

tailthecorrelationbetween rest-fram eUV and softX-ray

em ission in AG Nsand thedependenceof�ox on redshift

and rest-fram e UV lum inosity in a com bined sam ple of

228AG Nswith noknownstrongUV absorptionorstrong

radio em ission.

2. SA M PLE SELECTIO N A N D X -R AY FLU X
M EA SU R EM EN TS

As described in detailbelow,we start with �35,000

AG Ns from the SDSS DR2 catalog,ofwhich we select

174 AG Ns with m edium -deep ROSAT coverage in the

0.5{2keV band. From the initialsam ple of174 AG Ns

we select 155 by excluding allBAL and strong radio-

Fig. 1.| The redshift distributions ofthe m ain SD SS sam ple

(solid-line histogram ),the high-z sam ple (dashed-line histogram ),

and the Seyfert1 sam ple (block-hatched histogram ).The hatched

partofeach histogram denotes the AG N s with X -ray detections.

em ission objects. The X-ray detection fraction ofthis

sam pleof155AG Nsis81% ,and werefertothissetasthe

\m ain" sam ple. W e supplem ent the SDSS data,which

cover the 0:2< z < 3:5 redshift range,with additional

high-and low-redshift sam ples,thereby also increasing

thelum inosity rangecovered atthelowestredshifts.W e

notethatallofthem ain resultsofthisstudy can beob-

tained from them ain sam plealoneand arereportedsepa-

rately.The\high-z"sam pleconsistsof36AG Nswith 31

X-ray detectionsfrom Chandra and XM M -Newton cov-

ering the redshiftrange 4:0< z < 6:3. The low-redshift

Seyfert1 sam ple(hereafter\Sy 1")consistsof37 AG Ns

detected with ROSAT and the InternationalUltraviolet

Explorer (IUE ) with z < 0:11. W e refer to allAG Ns

from the m ain,high-z,and Sy1 sam ples as the \com -

bined" sam ple. The com bined sam ple consists of 228

AG Nswith 195 X-ray detections(86% ).

Theredshiftdistributionsofthem ain,high-z,and Sy1

sam plesare presented in Figure 1. High-redshiftAG Ns

arerelatively rare(e.g.,seetheSDSS DR1 AG N catalog;

Schneideretal.2003),and consequently there are only

eight z > 3 AG Ns in m edium -deep ROSAT pointings

in our m ain sam ple. The m edian redshift ofthe m ain

SDSS sam pleiszm edian = 1:3,com pared to zm edian = 4:5

forthe high-z sam ple,and zm edian = 0:035 for the Sy1

sam ple.

2.1. SDSS OpticalAGN Selection

The SDSS (York etal.2000)isan im aging and spec-

troscopic survey with the am bitious goalofcovering a

quarterofthecelestialsphere,prim arily attheNorthern

G alacticCap.AG Nsaretargeted forspectroscopybased

on a four-dim ensionalcolor-selection algorithm which is

highly e�cient and able to select AG Ns redder than

traditionalUV-excess selection surveys (Richardsetal.

2002,2003a;Hopkinsetal.2004).Assum ing that� 15%

ofthe AG N population is reddened,SDSS targetselec-

tion recovers about 40% of these reddened AG Ns (G .

Richards 2004,private com m unication). Figure 2 dis-
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Fig. 2.| R elative g� icolor,�(g� i),vs.apparenti-band PSF

m agnitude forthe m ain SD SS sam ple (solid circles)in com parison

with thefullSD SS D R 2 sam ple(linearly spaced contoursenclosing
90% ofthe data and sm alldots representing the outliers) and 37

AG N s from the BQ S sam ple with SD SS coverage in D R 3 (open

triangles).Theten m ain SD SS sam pleAG N s,whoserelativecolors

areadditionally reddened by theirhostgalaxies,havetheirsym bols

enclosed by large open squares. N ote that the m ain SD SS sam ple
is representative of SD SS AG N s in general and that it covers a

di�erentrange ofcolorsthan the BQ S,asshown forthe fullSD SS

AG N sam pleby Jester et al.(2005).In thecom putation of�(g� i),

only AG N s with point-source m orphology were used to determ ine

the m edian g� icolorasa function ofredshiftto prevent arti�cial
reddening due to host-galaxy contam ination. This results in poor

sam pling and increased errorsatz < 0:08,a�ecting 12 ofthe BQ S

AG N s. The four z > 3:1 m ain-sam ple AG N s with �(g � i)values

a�ected by the Lym an lim itare excluded.

playstheapparenti-band PointSpread Function (PSF)

m agnitude vs. relative g� icolor,�(g� i),constructed

by subtracting the m edian g� i color ofDR2 AG Ns as

a function ofredshiftfrom each observed AG N colorin

ourm ain sam ple (Richardsetal.2003a). Thisplotwas

inspired by Jesteretal.(2005),who show thattheSDSS

AG N survey includes objects with a m uch wider range

ofg� icolorsthan thebrightestB -band selected AG Ns

(even atcom parablei-band m agnitudes),suggestingthat

popularsam plessuch asthe BrightQ uasarSurvey sam -

ple (hereafter BQ S;Schm idt& G reen 1983) m ight not

berepresentativeoflargerand fainterAG N sam pleswith

red-band ux cuts like the SDSS.6 Figure 2 showsthat

ourm ain SDSS sam ple isrepresentative ofSDSS AG Ns

in generaland containssubstantially redderAG Nsthan

37 BQ S AG Ns contained in the SDSS Data Release 3

(DR3;Abazajian etal.2005) coverage (four additional

BQ S AG Ns, whose im ages are saturated in the SDSS

exposures,areom itted from thisplot).Thiscolordi�er-

ence iscaused in partby the shallow B -band cutofthe

BQ S survey (sam pling offainterAG Nsrevealsboth red-

6 Atlow redshift,intrinsically faintAG N swillhavereddercolors

in com parison to brightAG N sdue to largerhost-galaxy contribu-

tions,even when PSF m agnitudesare used to estim ate the relative
color. This could a�ect 10 AG N s from the m ain sam ple which

have substantialhost-galaxy contributions (as estim ated by their

300-aperture spectrum at the end ofthis section), but it willnot

a�ect signi�cantly the BQ S AG N s.

derand bluerAG Ns,asthe broadening ofthe �(g� i)

distribution with fainterishowsin Figure 2),aswellas

the blue-band selection and blue U � B cutofthe BQ S

(Jesteretal.2005).

W e ensure that all SDSS AG Ns considered here

were targeted as one of the Q SO target subclasses

(Stoughton etal.2002;Richardsetal.2002),excluding

objects targeted solely as FIRST or ROSAT sources.

Thee�ciency oftheSDSS targetselection (spectroscop-

ically con�rm ed AG Ns as fraction oftargets) is � 66% ,

while the estim ated com pleteness(fraction ofallAG Ns

above a given opticalux lim itin a given area thatare

targeted)is� 95% forpointsourceswith i< 19:1,which

dropsto �60% forthehigh-redshiftselection ati= 20:2

(Richardsetal.2005;Vanden Berk etal.2005).7 SDSS

Data Release 2 (DR2) contains over35,000 AG N spec-

tra in �2630 deg2 coveringtheobserved 3800{9100�A re-

gion (Abazajian etal.2004).Theinitialsam pleselected

forthiswork consistsof174 SDSS AG Nssituated in ar-

eascovered by 49m edium -deep (11ksorlonger)ROSAT

PSPC pointings(seex2.2).

RL AG Ns tend to have higher X-ray lum inosity for

a given rest-fram e UV lum inosity (i.e.,atter �ox val-

ues)than RQ AG Ns. It is believed that the additional

X-ray em ission isassociated with the radio ratherthan

the UV com ponent (e.g., W orralletal. 1987), so we

need to exclude the strongly RL objects ifwe want to

study UV-X-ray correlationsand probe the energy gen-

eration m echanism intrinsic to allAG Ns. Allbutthree

ofthe 174 SDSS AG Ns in the initialsam ple have de-

tectionswithin 1.500 orupperlim itsfrom FIRST.Based

on the FIRST data and the Ivezi�cetal. (2002) de�-

nition of radio-to-opticalm onochrom atic ux, we �nd

nine strongly RL AG Ns. Following Ivezi�cetal.(2002),

we de�ne the radio-loudness param eter,R,as the log-

arithm of the ratio of the radio-to-optical m onochro-

m atic ux:R = log(F20cm =Fi)= 0:4(i� m 20cm ),where

m 20cm isthe radio AB m agnitude (O ke& G unn 1983),

m 20cm = � 2:5log(F20cm =3631[Jy]),and i is the SDSS

i-band m agnitude,corrected forG alacticextinction.W e

set the radio-loudness threshold at R = 1:6,excluding

objectswith R > 1:6.Two oftherem aining threeAG Ns

with no FIRST coveragehaveupperlim itsfrom theNa-

tionalRadio Astronom y O bservatory Very Large Array

Sky Survey(NVSS;Condon etal.1998,with typicalsen-

sitivity of� 2.5m Jy for5� detections)which areconsis-

tentwith our RQ de�nition. The radio loudness ofthe

rem aining AG N (SDSSJ2314+ 1407)is not tightly con-

strained by its NVSS lim it (R < 1:8). Taking into ac-

count that the NVSS constraint is close to our chosen

threshold ofR = 1:6 and thatonly �10% ofAG Ns are

RL,itisunlikelythatthissingleAG N isRL,soweretain

itin the m ain SDSS sam ple.Excluding the strongly RL

AG Nsreducesthe sam pleof174 to 165 objects.

The large optical wavelength coverage of the SDSS

spectra allows identi�cation of BAL AG Ns at 1:55 <

z < 4:80 via C IV absorption (\High-ionization BALs"

{ \HiBALs")and 0:45 < z < 2:25 via M g IIabsorption

(\Low-ionization BALs" { \LoBALs"),aswellasweak-

absorption AG Ns(i.e.,absorption notm eeting the BAL

7 This estim ate of com pleteness considers only sources with

AG N -dom inated optical/U V spectra. A dditional optically-

unrem arkable AG N sm ightalso be m issed.
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criteria ofW eym ann etal.1991). BAL AG Ns,with an

observed fraction of10{15% in optically selected sam ples

(Foltz etal. 1990; W eym ann etal. 1991; M enou etal.

2001;Tolea,K rolik,& Tsvetanov 2002;Hewett& Foltz

2003;Reichard etal.2003b),are known to be strongly

absorbed in the soft X-ray band and thus to have

steep �ox values (e.g., Brandt,Laor,& W ills 2000;

G allagheretal.2002). There are 20 AG Ns with som e

UV absorption in the SDSS RQ AG N sam ple of 165,

ten ofwhich are BAL AG Ns by the traditionalde�ni-

tion (troughsdeeperthan 10% ofthecontinuum ,atleast

2000km s�1 away from the centralem ission wavelength,

spanning at least 2000km s�1 ; W eym ann etal. 1991).

Eightofthe BAL AG Ns are HiBALs (outofa possible

67 AG Nswith 1:55< z < 4:80),and therearetwo LoB-

ALs(outofa possible116 AG Nswith 0:45< z < 2:25).

O nly threeoftheten BALsareserendipitously detected

in deeper XM M -Newton exposures (one LoBAL with

�ox = � 1:6 and two HiBAL with �ox = � 1:7,seex2.2),

the rem aining seven BALs have �ox upper lim its rang-

ing between � 1:4 and � 2:0,depending on the sensitiv-

ity ofthe ROSAT exposures. Exclusion ofthe 10 BAL

AG Nsreducesthe sam ple from 165 to 155 objects. W e

expect there to be � 8 m ore HiBAL and . 1 m ore

LoBAL AG Ns(foratypicalLoBAL:HiBAL ratioof1:10;

Reichard etal.2003b) which we are unable to identify

because of a lack of spectralcoverage in the C IV or

M g II regions. W e willestim ate the e�ects ofm issed

BALs on our sam ple correlations by selectively exclud-

ing the steepest �ox sourcesin the appropriate redshift

intervals.

Three-quarters of the AG Ns (117 objects) in the

m ain SDSS sam ple of155 allow direct m easurem ent of

the rest-fram e 2500�A m onochrom atic ux,F�(2500�A),

from the SDSS spectrum . SDSS DR2 reductions have

substantially im proved spectrophotom etry relative to

earlier data releases (better than 10% even at the

shortest wavelengths,8 see also x4.1 of Abazajian et

al. 2004) but do not include corrections for G alac-

tic extinction. To correct the SDSS m onochrom atic

ux m easurem ents for G alactic extinction we use the

Schlegel,Finkbeiner,& Davis(1998)dustinfrared em is-

sion m apsto estim atethereddening,E (B � V ),ateach

AG N position9 and the Nandy etal.(1975) extinction

law with R = A V =E (B � V ) = 3:14 to estim ate the

G alactic extinction, A V , as a function of wavelength.

The G alactic extinction correction is < 10% at 2500�A

in �80% ofthe casesconsidered.

The rem aining quarter(38 objects)ofthe m ain SDSS

sam pleAG Nslack 2500�A rest-fram ecoveragein theob-

served 3800{9100�A spectroscopicrange.W eusespectro-

scopic m onochrom atic ux m easurem ents at rest-fram e

3700�A (30 AG Ns with z < 0:5) and 1470�A (8 AG Ns

with 2:7 � z � 4:5) with the appropriate opticalspec-

tralslopes,�o (assum ing F� / ��o),to determ ine the

m onochrom atic ux at 2500�A. Based on over 11,000

AG Nsfrom DR2with both 1470�A and 2500�A m onochro-

m atic ux m easurem ents,we estim ate that an optical

slopeof�o = � 0:73givesthebestagreem entbetween the

8 D etails about the spectrophotom etry can be found at

http://www.sdss.org/dr2/products/spectra/spectrophotom etry.htm l.
9 The code is available at

http://www.astro.princeton.edu/� schlegel/dust/index.htm l.

Fig. 3.| Exam ple high S/N AG N + host-galaxy decom posi-

tions for two low-redshiftspectra with dom inant host-galaxy (up-

per) and AG N (lower) contributions. The original spectrum is

shown with the thick solid line (sm oothed to � 11�A resolution)

and the eigenspectrum �t with the thick dashed line (displaced

by + 5 m onochrom atic ux units for clarity). The AG N and host-

galaxy com ponentsare given separately below with thin solid lines

and the �tresidualsare shown with thin dotted linesin each case.

direct 2500�A and F�(1470�A)-extrapolated m onochro-

m atic ux m easurem ents. Thisisredder(steeper)than

the \canonical" AG N slope overthe optical-and-UV re-

gion of �o = � 0:5 (Richstone& Schm idt 1980) be-

causeofthe presenceofthe \sm allblue bum p" (see the

discussions on the variation ofspectralslope with the

rest-wavelengthm easurem entrangein Natalietal.1998;

Schneideretal.2001;Vanden Berk etal.2001).Theer-

ror of the F�(2500�A) estim ate due to the F�(1470�A)

extrapolation is typically less than 25% . A canonical

slope of �o = � 0:5 between 2500�A and 3700�A pro-

videsgood agreem entbetween thedirect2500�A and the

F�(3700�A)-extrapolated m onochrom atic uxes, based

on 2,400 DR2 AG Ns with 0:5 < z < 0:8. The error

in F�(2500�A) expected due to variations in the 2500{

3700�A optical slope is typically less than 20% . In

addition, because the direct F�(2500�A) m easurem ent

includes a varying contribution from Fe II em ission,

F�(2500�A) could overestim ate the true nuclear ux by

10{25% (asdeterm ined from �40 FeII-subtracted m ain-

sam pleAG Nsand com parison ofF�(2500�A)and therel-

atively FeII-freeF�(2200�A)m easurem entof� 106 m ain

sam ple AG Ns),leading to a < 3% error in �ox. The

possible overestim ate ofF�(2500�A) due to Fe II em is-

sion does not correlate with lum inosity or redshift and

hasno m ateriale�ecton the subsequentanalysis.

An additional correction is necessary for the

F�(2500�A)estim atesforlow-redshiftAG Ns.Ifnotsub-

tracted,the host-galaxy contributions ofthe 36 AG Ns

with z < 0:55 could lead to potentially large overes-

tim ates ofrest-fram e m onochrom atic UV uxes ofthe

AG Ns. To obtain a reliable estim ate ofthe AG N con-

tribution at2500�A for the z < 0:55 AG Ns,we �t each

observed spectrum with host-galaxy plus AG N com po-

http://www.sdss.org/dr2/products/spectra/spectrophotometry.html
http://www.astro.princeton.edu/~schlegel/dust/index.html
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Fig. 4.| The rest-fram e m onochrom atic U V lum inositiesofthe

SD SS m ain (circles),high-z (squares),and Sy1 (triangles)sam ples

vs.redshift.O pen sym bolsindicate X -ray detections.

nents. The host-galaxy and AG N com ponents were

created using the �rst 3{20 galaxy and AG N eigen-

spectra obtained from largeSDSS sam plesby Yip etal.

(2004a,b).In the AG N (host-galaxy)case,> 90% ofthe

variation isexplained by the �rst�ve (three)eigenspec-

tra. Two high S/N exam ple �ts are shown in Figure 3.

Thehost-galaxy corrections(asm easured at3700�A)are

negligible for six ofthe 36 low-redshift AG Ns and are

� 20% for20 additionalAG Ns.

In whatfollows,we use f2500�A = log(F�(2500�A)[Jy])

to denote the logarithm of the rest-fram e

m onochrom atic UV ux at 2500�A, and luv =

log(L�(2500�A)[ergs
�1 Hz�1 ])to denotethelogarithm of

the corresponding m onochrom aticlum inosity.The rest-

fram e m onochrom aticUV ux (no band-passcorrection

wasapplied)and m onochrom aticlum inosity (band-pass

corrected) m easurem ents for the m ain SDSS sam ple of

155objectsarepresented in colum ns7and 12ofTable1,

with the spectroscopic redshift in colum n 2,the SDSS

PSF i-band extinction-corrected apparentm agnitude in

colum n 13,and the �(g � i) color in colum n 14. The

AG Ns in Table 1 are referenced by their unique SDSS

position, J2000: \SDSSJHHM M SS.ss� DDM M SS.s",

which will be shortened to SDSSJHHM M � DDM M

when identifying speci�c objects below. Figure 4

presents the m onochrom atic lum inosity at 2500�A vs.

redshift for the m ain SDSS as wellas the high-z and

Sy1 sam ples. The selection biastoward m ore lum inous

AG Nsathigherredshiftisevident.

2.2. X-ray Detections

In orderto ensurea high softX-ray detection fraction

for the optically selected AG Ns, we start with a sub-

sam pleconsistingofSDSS AG Nsfalling within theinner

190 of49 ROSAT PSPC observationslongerthan 11ks.

The m edian totalexposure tim e is �16.7ks with indi-

vidualpointingexposuretim esrangingbetween 11.8and

Fig. 5.| N um ber ofSD SS D R 2 AG N s within the inner 190 of

RO SAT PSPC �elds(top)and percentage ofSD SS AG N sdetected

by RO SAT (bottom ) as a function ofthe m inim um RO SAT ex-

posure tim e. N o R L or BA L AG N s were rem oved. The estim ates
were done at discrete intervals given by the solid circles;the con-

necting linesare m eantto guide the eye.The verticaldashed lines

show our choice ofm inim um exposure tim e. O ur �naldetection

fraction (see Table 1) is > 75% for a m inim um exposure tim e of

11ks due to the addition of X M M -N ewton and Chandra detec-
tions. The hatched region in the bottom plot is an approxim ate

region taken by BA Ls in opticalsurveys (see x 2.1),bounding the

realistically achievable X -ray detection fraction in opticalsam ples

to a m axim um of� 85{90% .

65.6ks.10 Thisapproach doesnotintroduce biasesinto

them ain sam plesincetheSDSS doesnotspeci�cally tar-

get ROSAT pointed-observation areas,and we exclude

oneSDSS AG N which wastargeted asa ROSAT source

but failed the SDSS AG N color selection. At the tim e

ofwriting,the com pleted ROSAT m ission has the ad-

vantage(com pared to Chandra and XM M -Newton)ofa

large-area,uniform ly reprocessed,and validated dataset.

Figure 5 illustrates the trade-o� between large sam ple

size and high X-ray detection fraction ofSDSS AG Ns

in ROSAT PSPC pointed observations(no BALsorRL

AG Nswererem oved forthisplot).Pointingswith expo-

suretim es& 10ksarenecessarytoachieve70{80% detec-

tionsin statistically large sam plesofSDSS DR2 AG Ns.

Note thatdetection fractionsof100% are unrealistic to

expectwith serendipitous,m edium -deep,softX-ray cov-

erageofopticalAG N sam ples.Forexam ple,m ostBALs,

com prising 10{15% ofopticalsam ples, willrem ain X-

ray undetected. In our initialsam ple,none ofthe ten

known BALs is detected with ROSAT,and only three

ofthe ten are detected in deeper XM M -Newton expo-

sures.Thehighestrealistically achievabledetection frac-

tion foropticalsam plesis85{90% ,com pared to 81% in

ourm ain sam ple(seex3.1).Using thefullPSPC �eld in-

stead oftheinner190would resultin asix-fold increaseof

theX-ray coveragearea availableforSDSS m atches,but

with largeruncertaintiesin the m easured uxesand an

increased fraction ofnon-detections. The selected sub-

sam ple contains 155 SDSS AG Ns in 49 ROSAT PSPC

10 The e�ective exposure tim es for individualsources (given in

Table 1)willbe shorter,depending on the source o�-axis angle.
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Fig. 6.| D istribution ofangular o�sets between the SD SS and

RO SAT PSPC positions. The RO SAT PSPC pixel size is 1500,

and allm atches are within � 2 RO SAT pixels.The AG N with the

largest (3300) o�set is SD SSJ0255� 0007,which was also detected

as 1W G A J0255.1� 0007 within 1100 ofthe SD SS position in the
0.24{2.0keV 1W G A catalog.

pointings.Thetotalsolid anglecovered by theinner190

ofthese 49 pointings is � 15 deg2 (� 0.57% ofthe DR2

area covered by spectroscopy). To avoid large uncer-

tainties in the X-ray ux m easurem ents due to uncer-

tain source counts,we have excluded two AG Ns which

are close to the m uch brighter X-ray source NG C 4073

(20 and 40 from the pointing center). W e also replaced

theROSAT ux ofSDSSJ1331� 0150(which fallswithin

the clusterAbell1750),and those ofSDSSJ1242+ 0229,

SDSSJ0942+ 4711, and SDSSJ0943+ 4651 (which had

2{3� detections in the ROSAT 0.5{2keV band), with

theirXM M -Newton detections.

W e perform ed circular-aperture photom etry using

sourcephotonswith energiesof0.5{2.0keV to obtain the

countrates.Theexclusion of< 0:5keV photonswasnec-

essary to reducethe e�ectsofabsorption due to neutral

m aterial(both in ourG alaxyand intrinsictotheAG Ns),

soft X-ray excesses,and ROSAT PSPC calibration un-

certaintieson the m easured ux. The average aperture

sizeused was6000,with a rangeof4500{9000to accom m o-

date the presence ofclose com panionsand largeo�-axis

angle sources. The countrateswere aperture corrected

using theintegrated ROSAT PSPC PSF.11 Theoriginal

apertures encircled > 90% ofthe ROSAT ux in � 83%

ofthe cases;allaperture correctionswere < 20% ofthe

m easured count rate. The background levelwas deter-

m ined foreach �eld from a 14{25 tim eslargerarea with

sim ilare�ective exposuretim e to the source.The circu-

lar aperture for each source was centered at the SDSS

position in allbutten caseswheretheX-ray centroid in

an adaptively sm oothed im age12 was �1-2 pixels (cor-

responding to � 15{3000) away from the SDSS position.

11 http://wave.xray.m pe.m pg.de/exsas/users-
guide/node136.htm l.

12 W e use the Chandra Interactive A nal-

ysis of O bservations (CIAO ) task csm ooth,

http://cxc.harvard.edu/ciao3.0/ahelp/csm ooth.htm l.

Fig. 7.| D istribution ofX -ray uxes (hatched histogram ) and

upper lim its(open histogram )forthe SD SS m ain sam ple.

The distribution ofSDSS{ROSAT PSPC o�sets (with

the X-ray centroids in the adaptively sm oothed PSPC

im agesserving asROSAT positions)forthe m ain sam -

ple is shown in Figure 6. The �3300 o�set in Figure 6

is that ofSDSSJ0255� 0007,with an o�-axis angle of

180,which is also detected in the 0.24{2.0keV 1W G A

catalog13 (W hite etal.1994)with an X-ray ux consis-

tent with our m easurem ent, and a positionalo�set of

11 � 5000. In order to determ ine the num ber ofpossi-

ble false SDSS{ROSAT m atches,we extract allunique

sourceswith o�-axisangles< 190 from the fullROSAT

PSPC catalog obtained from the High Energy Astro-

physicsScienceArchiveResearch Center14 (HEASARC)

m edium -deep ROSAT pointings.Toobtain theexpected

fraction offalse m atches,we repeatedly shift allSDSS

AG N positions by a random am ount in the range 0.1-

1� and rem atch them with the ROSAT PSPC catalog.

The false-m atch fraction for SDSS{ROSAT PSPC o�-

sets < 4000 is < 0:1% (i.e.,less than one source for the

m ain SDSS sam ple),which is further supported by our

previousexperience(see VBS03).

Table1 givestheX-ray observation ID (colum n 3),ef-

fectiveexposuretim e (4),o�-axisangle(5),totalsource

counts (6), logarithm of the 0.5{2.0keV ux (8), log-

arithm of the rest fram e 2keV m onochrom atic ux {

f2keV ,notband-passcorrected (9),and logarithm ofthe

restfram e2.0keV m onochrom aticlum inosity {lx,band-

pass corrected (11) for each source in the m ain SDSS

catalog.The0.5{2keV ux histogram ofthem ain SDSS

sam ple is shown in Figure 7. The soft X-ray detection

lim itfortheinner190ofthem edium -deep ROSAT obser-

vationsused hereis� 2� 10�14 ergcm �2 s�1 .Theuxes

wereestim ated usingPIM M S15 assum ingapower-law X-

ray spectrum with photon index � = 2 and theG alactic

hydrogencolum n densityobtained byStark etal.(1992).

PreviousstudiessuggestthatAG N photon indicesdonot

13 http://wgacat.gsfc.nasa.gov/wgacat/wgacat.htm l.
14 http://heasarc.gsfc.nasa.gov/.
15 http://heasarc.gsfc.nasa.gov/docs/software/tools/pim m s install.htm l

http://cxc.harvard.edu/ciao3.0/ahelp/csmooth.html
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vary system atically with redshift(e.g.,Pageetal.2003;

Vignalietal.2003),although the scatter(� 0.5)around

them ean valueissubstantialforallredshifts.Assum ing

a constant�,when in reality 1:5 < � < 2:5 forthe dif-

ferent sources,a�ects our ux m easurem ents by . 4% .

Fouroftheselected 155 SDSS AG Nswerethetargetsof

their respective ROSAT pointed observations (m arked

by note 1 in Table 1).Theirinclusion in the m ain sam -

ple could havea sm alle�ecton the sam plecorrelations,

asthe fourAG Nsdo notcom ply with ourselection cri-

teria { optically selected AG Nsserendipitously observed

in m edium -deep ROSAT pointings. Three ofthe four

AG Nsare notsubstantially di�erentin theirrest-fram e

UV and X-ray properties from the rest ofthe sam ple,

whileSDSSJ1701+ 6412istheUV-brightestAG N in the

m ain sam ple.W e optto retain the fourROSAT targets

in the m ain sam ple,while ensuring that their presence

hasnom ateriale�ecton any ofourconclusions(seex 3.2

and x 3.3).

A totalof40 ofthe 155 SDSS AG Ns (26% )were not

detected in the 0.5{2.0keV band by ROSAT. O ne of

the 40 SDSS AG Ns,SDSSJ1400+ 6225,is not detected

by ROSAT but is detected serendipitously on CCD S2

of a Chandra ACIS-S (G arm ireetal. 2003) observa-

tion. W e used ACIS Extract(Broosetal.2004),which

utilizes Chandra Interactive Analysis of O bservations

(CIAO v.3.0.2)16 tools,to estim atethe0.5{2.0keV ux.

Nine additionalAG Ns with ROSAT upper lim its were

serendipitously detected in XM M -Newton (Jansen etal.

2001) observations, as indicated in colum n (3) of Ta-

ble 1. W e use the count rates in the 0.5{2keV band

ofthe�rstXM M -Newton serendipitoussourcecatalog {

1XM M SSC 17 (W atson etal.2003),whenever available

(four sources),to obtain the XM M -Newton uxes. For

therem aining �veXM M -Newton detected sourceswhich

are notin 1XM M SSC,we use the source listsprovided

by thestandard XM M -Newton processing to extractthe

0.5{2.0keV count rates. W hen a source is detected by

m ore than one XM M -Newton European Photon Im ag-

ing Cam era (EPIC)instrum ent(Str�uderetal.2001),we

averagetheestim ated uxesweighting by thequoted er-

rorsand reportthe M O S totalcounts and e�ective ex-

posure tim es in Table 1. An additional14 sources de-

tected by ROSAT are also detected by XM M -Newton.

The 0.5{2.0keV uxes ofthese 14 AG Ns agree within

0.4 dex (a factor of 2.5) in 12 of the cases, and the

XM M -Newton detections are m ore likely to be brighter

by �30% . Taking into accountthatfourofthe ROSAT

detectionsare2{3�and thatAG Nsarevariableon scales

ofhoursto years(seethediscussion ofAG N X-ray vari-

ability in x 3.5.1),we considerthis agreem entadequate

for inclusion ofthe XM M -Newton detected AG Ns with

no ROSAT detectionsinto oursam ple.

A total of 14 AG Ns in our m ain sam ple have

XM M -Newton (13/14) or Chandra (1/14) detections

replacing the ROSAT upper lim its (10/14) or low-

con�dence/cluster-contam inated detections(4/14).The

XM M -Newton/Chandra observations could be m ore

likely to \catch" the SDSS AG Ns in a high-lum inosity

state,ifthedi�erencebetween theROSAT lim iting ux

and the XM M -Newton/Chandra detection ux is su�-

16 http://cxc.harvard.edu/ciao/
17 http://xm m ssc-www.star.le.ac.uk/newpages/xcat public.htm l

ciently sm allin com parison to AG N variability. Four

ofthe14 AG Nswith XM M -Newton/Chandra detections

haveuxesabovetheirROSAT lim its(� 30% higher)and

could have been detected with XM M -Newton/Chandra

only because they were in a high-lum inosity state. The

rem aining ten AG Ns were detected in m ore-sensitive

XM M -Newton/Chandra observations. O n account of

these possible \high-state" detectionsand the tendency

of som e XM M -Newton detections to provide brighter

0.5{2.0keV uxes than the corresponding ROSAT de-

tections,we willconsider the e�ect ofexcluding all14

XM M -Newton/Chandra detected AG Ns on the subse-

quentcorrelations.

2.3. The High-RedshiftSam ple

To increase the redshift and lum inosity coverage of

the optically selected AG N sam ple, we add an auxil-

iary sam ple of36 AG Ns atz > 4. These high-z AG Ns

were selected from 44 AG Nsspeci�cally targeted forX-

ray im aging with Chandra (19 SDSS AG Ns,16 Palom ar

DigitalSky Survey AG Ns;Djorgovskiet al.1998;and

seven AG Nsfrom the Autom atic Plate M easuring facil-

ity survey,Irwin,M cM ahon,& Hazard 1991)and XM M -

Newton (2 SDSS AG Ns)reported in Tables3 and A1 of

Vignalietal.(2003).The36 high-z AG Nswereselected

from the original44 AG Ns by excluding three strongly

radio-loud (R > 1:6)AG Ns and �ve BAL AG Ns. This

sam ple is som ewhat m ore heterogeneous in its optical

selection (although allz < 5:4 high-z AG Nswould have

m adetheSDSS AG N targetselection),containsonly the

highestrest-fram eUV lum inosity AG Ns,and wasspecif-

ically targeted forX-ray observations.Consequently we

carefully consider the e�ect ofits addition to the m ain

sam ple on the rest-fram eUV-X-ray relations reported

below.

2.4. The Seyfert1 Sam ple

As noted in x 1,the signi�cance ofUV-X-ray corre-

lationsdepends on the range oflum inositiesprobed for

each redshift.The SDSS selectsphotom etric targetsfor

spectroscopic follow-up in two m agnitude ranges{ low-

redshift targets are m agnitude lim ited at i< 19:1 and

high-redshift targets at i < 20:2. M ainly due to the

large solid angle covered by the SDSS,but also on ac-

count ofits two di�erent opticalux lim its, the m ain

SDSS sam ple probes a lum inosity range ofat least an

order ofm agnitude at each redshift,except at z . 0:2

and z & 3. In order to increase the lum inosity range

for low-redshift AG Ns,we consider an additionalsam -

ple ofSeyfert 1 galaxies with m easurem ents from both

IUE and ROSAT. The m ajority of objects were se-

lected from theSeyfert1 listofW alter& Fink (1993)to

have direct m onochrom atic ux m easurem ents at both

2675�A and 2keV (see theirTable 1)and L�(2500�A)>

1027:5 ergs�1 Hz�1 .NG C 3516(K olm an etal.1993)was

added to the W alter& Fink (1993) Seyfert 1 list,and

the IZw 1 m easurem ents were replaced with recent,

m ore accurate estim ates from G allo etal.(2004). The

m onochrom atic ux m easurem ents at 2675�A were not

corrected for host-galaxy contam ination,which we ex-

pect to be sm allat this wavelength for m ost sources.

W e inspected visually a few high S/N IUE spectra

which showed nostronghost-galaxyfeatures.Toexclude



9

Fig. 8.| The 2keV vs. 2500�A m onochrom atic lum inosities

forthe SD SS m ain sam ple (solid circles),the high-z sam ple (open

squares), and the Sy1 sam ple (open triangles). A rrows indicate
upper lim its. The solid line is the best-�t linear relation for the

com bined sam ple:lx = 0:648luv + 6:734,and the dotted line isan

arbitrarily norm alized line with a slope ofone.

strongly radio-loud objects we consider only Seyfert 1s

with L�(5G Hz)< 1025 W Hz�1 ,whereweusethe5G Hz

uxesfrom W alter& Fink(1993)and additional1.4G Hz

ux m easurem ents(extrapolated to5G Hz)from NED 18,

and exclude allSeyferts with unknown radio ux from

FIRST or NVSS.O ur �nalSeyfert 1 list consists of37

AG Ns.Thissam pleisnotbiased in thesensethatitin-

cludesonly X-ray detectionsofknown opticalAG Ns.It

is not,however,purely optically selected;consequently,

we evaluate allcorrelations with and without the Sy1

subsam ple,to controlforany possiblesystem atics.

3. CO R R ELATIO N A N A LY SIS

3.1. Detection Fractions

A high X-ray detection fraction, which m inim izes

the e�ects of system atic pattern censoring and statis-

tical assum ptions, is essentialfor accurate determ ina-

tion of AG N UV-X-ray properties (see x 1). As can

be seen in Figure 7, m ost sources with F (0.5-2keV )>

2� 10�14 ergcm �2 s�1 aredetected foran overalldetec-

tion fraction of126/155(81% )in them ain SDSS sam ple.

The X-ray detection fractions(X-ray detected vs. total

num ber)forthem ain,high-z and com bined (m ain,high-

z,and Sy1)sam plesaregiven in Table1.

3.2. M onochrom atic Optical/UV and X-ray

Lum inosities

Figure 8 shows the relation between the 2keV and

2500�A m onochrom atic lum inosities. The correlation is

signi�cant at the 11.5� (7.4�) level,after the redshift

dependence ofboth quantities and allupper lim its are

taken intoaccountforthecom bined sam pleof228AG Ns

(the m ain SDSS sam ple of 155 AG Ns). The partial

K endall’scorrelationcoe�cient(Akritas& Siebert1996)

18 http://nedwww.ipac.caltech.edu/

is�12,3= 0.38 (�12,3= 0.28)forthecom bined (m ain)sam -

ple(see Table1).

In orderto testthepartial-correlation m ethod,wecre-

ated m ock datasetswith variable dispersion and strong

redshift dependence. W e consider cases of(1) no rela-

tion between the dependent and independent variables

and (2)a linearrelation between the dependentand in-

dependentvariables. In both caseswe assum e that the

UV m onochrom atic lum inosity isa polynom ialfunction

ofredshiftwith a lum inosity range ofaboutan orderof

m agnitude at each redshift,which includes a norm ally

distributed dispersion (with standard deviation equalto

the observed regression residualsfrom Table 1)to both

the UV and X-ray m onochrom aticlum inositiesto sim u-

latethe uncertainty due to variability and m easurem ent

errors. The \true relation" sim ulation further assum es

thatEqns.1{3 given below hold,whilethe\no relation"

sim ulation assum es that the X-ray m onochrom atic lu-

m inosity is a di�erent polynom ialfunction ofredshift.

W hen we m atch the observed redshift distribution and

num berofX-rayupperlim its,wecon�rm theexistenceof

the m ock-linearrelationswith sim ilarstatisticalsigni�-

cancetothesigni�cancefound fortherealdatasets,�12{

14�in them ock-com binedand � 8{10�in them ock-m ain

sim ulated sam ples,weakly dependenton theratio (vary-

ingbetween 0.5and 2.0in oursim ulations)ofdispersions

assum ed forthe dependentand independentvariables.

For\no relation" sim ulations,spuriouscorrelationsof

up to 4� in the m ock-m ain and up to 7� in the m ock-

com bined sam plearepossible.Theapparenthigh signif-

icance ofthe \no-relation" sim ulationsiscaused by our

lack ofknowledge ofthe true m ean dependence ofthe

m onochrom aticlum inosity on redshiftin theUV and X-

ray bands separately,com bined with the observational

constraint on the range oflum inosities probed at each

redshift. The sim ulation set-up is further a�ected by

thefacttheobservationsconstrain only thetotaldisper-

sionsalong the lx{luv,luv{z,and lx{z relations,without

strong constraintson the contribution ofvariability and

m easurem enterror.By necessity,the polynom ial�tswe

use in the sim ulation to represent the m ean luv{z and

lx{z relationsarevery sim ilar,and consequently sim ula-

tionswith signi�cantspuriouscorrelationsare possible.

However,in no sim ulation wherewem atch theobserved

luv{z and lx{z distributions (in both their m ean rela-

tionsand dispersions)aswellasthe observed lx{luv dis-

persion,are the \no relation" correlationsfound signif-

icant enough to cause the observed lx{luv correlations.

Additionally, in allsim ulated cases the signi�cance of

the \true relation" sim ulation issu�ciently higherthan

the corresponding \no relation" case,allowing for easy

distinction between the two. Consequently,we are con-

vinced that11.5� (7.4�)levelcorrelationsfound forthe

com bined (m ain)sam plesareunlikelytoariseon account

ofthe strong redshiftdependence ofthe UV and X-ray

m onochrom aticlum inosities.

Thebest-�trelations,assum ingnoredshiftdependence
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(seethe discussion below),are

lx(luv)= (0:645� 0:034)luv + (6:851� 1:036)

m ain sam ple (1)

lx(luv)= (0:639� 0:026)luv + (7:026� 0:804)

m ain+ high-z (2)

lx(luv)= (0:648� 0:021)luv + (6:734� 0:643)

m ain+ high-z+ Sy1 (3)

(the excess precision quoted is usefulfor plotting pur-

poses). In allcases the �ts given above were obtained

using theEM algorithm forcensored data from ASURV;

theBuckley-Jam esm ethod from ASURV returnsresults

consistentwithin 1�.Theresultingslopeislessthan one

in allcases,im plying a changing ratio between the2keV

and 2500�A m onochrom aticlum inositieswith rest-fram e

UV lum inosity. The residualscattersaround the linear

relationships are 0.39,0.37,and 0.36 (in log units) for

the m ain,m ain+ high-z,and com bined sam ples,respec-

tively (see Table 1). Rem oving the four AG Ns which

were targetsofROSAT pointingsorthe 14 AG Nswith

XM M -Newton/Chandra X-ray photom etry,has no m a-

teriale�ect on the param eters ofthe linear regression

and only slightly decreases the signi�cance ofthe cor-

relation (on accountofthe decrease in sam ple size and

the consequent slight increase in the fraction ofupper

lim its when & 10 detections are excluded). In orderto

check forany e�ectoftheunidenti�ed HiBALs/LoBALs

rem aining in oursam ple,we exclude the 9 steepest�ox
sourceswith z < 1:55 from the m ain sam ple before per-

form ing the correlation. The linear regression param e-

ters for the m ain sam ple rem ain unchanged within the

quoted errors, with lx = (0:65� 0:03)luv + (6:8� 1:0).

Sim ilarly forthe com bined sam ple,assum ing a 10% ob-

served HiBAL fraction and taking into account that

there are 146 AG Ns without C IV coverage, we ex-

clude the 15 steepest �ox sources with z < 1:55 or

z > 4:8,before repeating the correlation analysis. W e

�nd lx = (0:63� 0:02)luv + (7:3� 0:6),consistentwithin

1� with Eqn. 3 above. Rem oving an additional 10

SDSS AG Ns from the m ain sam ple with som e UV ab-

sorption which do not satisfy the BAL criteria (see

x 2.1) also has no e�ect on the correlation param e-

ters, yielding lx = (0:65� 0:04)luv + (6:7� 1:1). Con-

straining the linear regression to the 81 AG Ns with

1:55 < z < 4:80, where BAL AG Ns are easy to ex-

clude using the absorption blueward of C IV,we ob-

tain a slightly shallower slope for the lx{luv correla-

tion,lx = (0:58� 0:06)luv + (8:8� 1:8),consistent with

Eqns.1{3 within 1�.

In order to probe the e�ects ofany dust absorption

in the rest-fram e UV on the lx{luv relation, we use

the relative g� i AG N color,�(g � i). Richardsetal.

(2003a) have shown that a �(g � i) vs. z diagram ,

like the one presented in Figure 9, can be used to

de�ne a dust reddened AG N subsam ple (to the right

of the dashed line, see their Figure 6). Excluding

the 17 AG Ns considered dust-reddened according to

Richardsetal.(2003a) de�nition has no e�ect on the

param etersofthe lx{luv correlation in the m ain sam ple,

lx = (0:65� 0:04)luv + (6:8� 1:1).

3.3. �ox { prim ary dependence on lum inosity rather

than redshift

Fig. 9.| Positionsofthe m ain-sam pleAG N sin the relative g� i

color,�(g � i) vs. redshift diagram . The dashed line represents

SM C-typereddening asa function ofredshiftwith E (B � V )= 0:04

shifted redward by 0.2 to satisfy the R ichardset al.(2003a)dust-

reddening de�nition. AG N s to the right of the dashed line can
be considered to be dustreddened (see Figure 6 ofR ichards etal.

2003a).N ote thatthe Lym an lim ita�ectsthe g m agnitudesofthe

fourAG N swith z > 3:1,rendering their relative colorsunreliable.

Distributionsof�ox arepresented in Figure10 forthe

m ain SDSS (top)and thehigh-z and Sy1 (bottom )sam -

ples.Them ain SDSS sam plehasa m edian �ox = � 1:51,

com pared to �ox = � 1:72 for the high-z sam ple and

�ox = � 1:34 for the Sy1 sam ple. In addition,as can

be seen from the num berson the top ofeach bin in the

top histogram ofFigure 10,lowerm onochrom atic lum i-

nosity AG Ns (luv < 30:5,left num ber) have atter �ox

indices com pared to higher m onochrom atic lum inosity

AG Ns (luv > 30:5,right num ber). It is therefore ap-

parentthat�ox iscorrelated with rest-fram em onochro-

m atic UV lum inosity and/orredshift. W e willshow be-

low thattheprim ary dependenceof�ox ison rest-fram e

m onochrom aticUV lum inosity,whiletheredshiftdepen-

denceisinsigni�cant.

Figures11 and 12 presentthe �ox dependence on luv
and redshift.19 The optical/UV-to-X-ray index �ox de-

pends prim arily on luv with a linear partialcorrelation

coe�cientof� 12,3 = � 0:33 (�12,3 = � 0:30)at a signi�-

cancelevelof10.6�(7.4�)forthecom bined (m ain)sam -

ple. Table 1 presents the partialcorrelation statistics

forvariousAG N subsam ples. Taking into accountthat

the �ox{z correlation coe�cient changes from negative

(m ain and m ain+ high-z sam ples)to positive (com bined

sam ple),and thatthe correlation signi�cancelevelisal-

ways< 1:1�,ourM onte Carlo sim ulationssuggestthat

anyapparentcorrelation could ariseby chanceduetothe

third variable (luv)dependence. To illustrate thisusing

thecom bined sam ple,weshow in Figure13 theresiduals

19 The rank correlation analysisused in thispaper ism ore gen-

eralthan linearcorrelation m ethods.The\rank coe�cient" iscon-
structed by com parison ofallpossible pairs ofpoints,considering

their relative positions rather than exact values. Consequently

the correlation results are una�ected by the choice ofz instead of

log(1+ z)as the independent variable.
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Fig. 10.| �ox distributions for the m ain SD SS (top), high-z

(bottom ,solid line),and Sy1 (bottom ,dashed line)sam ples. The

hatched histogram sindicate X -ray upperlim its.The two num bers
on the top ofeach bin in the top histogram give the num bers of

AG N swith luv < 30:5 (left)and luv > 30:5 (right) in that bin.

foran assum ed �ox dependence on a single param eter{

luv in the top paneland z in the bottom . The struc-

tureoftheresidualscon�rm sthatan �ox dependenceon

luv only is adequate to describe the observed variation

in �ox,while a redshiftdependence alone is inadequate

(asshown by thesystem aticresiduals).In fact,ifweat-

tem ptto �ta relation oftheform ,�ox = Aluv + B z+ C

to the com bined sam ple,the resultisa �twith B equal

to zero within theerrors.Thelinearregression �ts,tak-

ing into accountthe �ox upper lim its and ignoring any

redshiftdependence,are

�ox(luv)= � (0:136� 0:013)luv + (2:630� 0:398)

m ain sam ple (4)

�ox(luv)= � (0:139� 0:010)luv + (2:703� 0:309)

m ain+ high-z (5)

�ox(luv)= � (0:136� 0:008)luv + (2:616� 0:249)

m ain+ high-z+ Sy1 (6)

(the excess precision quoted is usefulfor plotting pur-

poses). The residualscatteraround the linearrelations

is 0.14 in log units for allsam ples. The �ox{luv slopes

for allsam ples are consistent with those inferred from

the lx{luv regressionsin x 3.2.

Com parisonwith previousworkisnotentirelystraight-

forward, since the sam ple selections, X-ray detection

fractions, pattern censoring, and controlof other sys-

tem atics in previous studies di�er substantially from

thosepresented here.W ilkesetal.(1994)obtain �ox{luv
slopesranging from � 0:1 to � 0:2 forvariousAG N sub-

sam ples,selected from a heterogeneous and incom plete

sam pleof343AG Ns,them ajorityofwhich wereoptically

selected and observed with Einstein. For a subsam ple

of272 RQ ,luv > 29:0 AG Ns,W ilkesetal.(1994) �nd

�ox / � (0:15� 0:03)luv (see theirFigure 14a),which is

consistentwith Eqns.(4){(6)above. G reen etal.(1995)

useastackingtechniquetoobtain an �ox{luv relation for

908 LargeBrightQ uasarSurvey AG Nswith RASS cov-

erage,only 10% ofwhich haveX-ray detections.Binning

in lum inosity and redshift,and assum ing no redshiftde-

pendence,they obtain �ox / � (0:08� 0:02)luv,which is

consistentwith ourresultswithin 3�,butthe com pari-

son isinappropriatesincetheirsam pleincludesboth RL

and BAL AG Ns.Thecorrespondingslopeforthe�ox{luv
relation found by VBS03 and updated by Vignalietal.

(2003)is� 0:095� 0:021 fortheSDSS EDR sam ple,sig-

ni�cantatthe 3{4� level.Thehighersigni�canceofthe

�ox{luv anti-correlation found in ournew sam pleisa re-

sultoftheincreased m onochrom aticlum inosity and red-

shift coverage,as wellas the increased X-ray detection

fraction;the2�di�erencein the� ox{luv slopeisprobably

caused by thehigherfraction ofX-rayupperlim itsin the

VBS03sam ple(� 50% in VBS03and Vignalietal.2003).

Aside from the higherstatisticalsigni�cance ofourcur-

rent results,we also consider them to be less prone to

system aticerrorsofthe typedescribed in x1.

Based on the �ox � �ox(luv) residuals, we can es-

tim ate the m axim um possible residual dependence of

�ox on redshift and the corresponding m axim um pos-

sible variation of the ratio of UV-to-X-ray ux, r =

F�(2500�A)=F�(2keV). Using the K aplan-M eierestim a-

torm eansofthe�ox � �ox(luv)residualsin nineredshift

bins (see inset plot in the top panelofFigure 13),we

obtain the weighted linearregression h�ox � �ox(luv)i=

(0:005� 0:012)z+ (� 0:010� 0:023). The slope is con-

sistentwith zero,which again indicatesthatthere isno

need for an additionalredshift dependence. According

to the abovelinearregression,we expect�ox to vary by

no m ore than 0.03 between the redshiftsof0 and 5.By

de�nition,r = F�(2500�A)=F�(2keV)= 102:606�ox,and

di�erentiating thiswith respectto �ox,we have �r=r =

2:606(��ox)loge(10) � 6(��ox) � 0:2,for ��ox = 0:03.

This im plies that the ratio of rest-fram e UV-to-X-ray

ux could only change by . 20% with cosm ic tim e from

z � 0� 5. Sim ilar analysisapplied to the �ox � �ox(z)

residuals(see insetplotin the rightpanelofFigure 13)

con�rm sthatredshiftalonecannotberesponsibleforthe

observed variation in �ox. The �ox � �ox(z) residuals

show a system atic variation of�0.2 between m onochro-

m aticlum inositiesluv = 28:5 and luv = 31:8.

Figure 14 shows the distributions of �ox � �ox(luv)

residuals,adjusted forthelum inosity dependenceof�ox
(using Eqn. 6), for both the com bined sam ple and a

1:55 < z < 4:8 subsam ple (for which allHiBALs can

be identi�ed using SDSS spectroscopy). Both distribu-

tionshave been rescaled to N = 228,the totalnum ber

ofAG Nsin thecom bined sam ple.Theslighttendency of

thecom bined-sam pledistribution towardsm orenegative

�ox � �ox(luv) values is probably a result ofthe � 9{15

unidenti�ed BALs which rem ain in the sam ple due to

lack of C IV spectroscopic coverage for z < 1:55 and

z > 4:8. Proper com parison (i.e.,one that takes into

accountthe upper lim its) ofthe two distributions with

G ehan and logrank testsfrom ASURV showsthatthey

are indistinguishable,im plying thatourcom bined sam -

pledoesnotcontain m orethan afew percentobscured or

X-ray weak AG Ns.Thedotted curvein thetop panelof

Figure14 isa G aussian representation ofthe com bined-

sam ple residuals with a m ean of0.017 and a standard

deviation of0.11 (com pared to 0.14 obtained from the

linearregression ofthecom bined sam ple).TheG aussian

param eterization providesa reasonablerepresentation of



12

Fig. 11.| Top: �ox dependence on the 2500�A m onochrom atic

lum inosity.The m ain sam ple isgiven with solid circles,the high-z

sam plewith open squares,and theSy1 sam plewith open triangles;

arrowsin thetop panelindicate2keV upperlim its.Thesolid lineis
thelinearrelation found forthecom bined sam ple(Eqn.6),and the

dotted line isthe corresponding relation from V ignalietal.(2003,

their Eqn.4). The anti-correlation issigni�cant atthe 10.6� level

forthe com bined sam ple. Bottom : K aplan-M eierestim ator ofthe

m ean �ox as a function ofluv. The num bers at the top indicate
the centers ofthe luv bins and the num ber oflim its vs. the total

num ber ofAG N s in each bin.

the residualsin both the observed (shown in Figure 14)

and the binned di�erentialK aplan-M eier distributions.

Itisunlikely thatwe can determ ine whethera di�erent

param etric distribution (e.g.,a Lorentzian)willprovide

a better�t,since the tailsofthe distribution are uncer-

tain due to the sm allnum ber ofobjects. There is no

evidence ofsigni�cantskewnessofthe �ox distribution,

aftercorrection forthe lum inosity dependenceof�ox.If

a signi�cantnum berofobscured AG Nsrem ained in our

sam ple,we would see an extended leftward tailofthe

�ox � �ox(luv) residuals (ifthe absorbed AG Ns had X-

ray detections,as in Figure 1 ofBrandt,Laor,& W ills

2000),orasigni�cantskewnessofthedistribution ifonly

Fig. 12.| Top: The correlation of �ox with z is only � 1�

signi�cant ifthe luv dependence is taken into account (see x 3.3).

Bottom : K aplan-M eierestim atorofthe m ean �ox asa function of

redshift.Sym bols and num bers are asin Figure 11.

upperlim itswereavailableforthe BAL AG Ns.W e sus-

pect that the skewness ofthe �ox distribution seen by

Avni& Tananbaum (1986,seetheirFigure1,with thex-

axisreversed)isaresultofthepresenceofobscured (and

possibly a largerfraction ofRL)AG Nsin theirsam ple.

The bottom panelofFigure 14 presentsthe �ox � h�oxi

residuals,whereh�oxi= � 1:514 istheK aplan-M eierav-

erage ofthe com bined sam ple,assum ing no luv and no

redshiftdependence. The broad distribution is a result

ofignoring the�ox{luv anti-correlation in a sam plewith

a largerangeoflum inosities.

Eqns.4{6 show that,within the quoted uncertainties,

thesam eslopeand interceptforthe�ox{luv relation are

presentforthe m ain,m ain+ high-z,and com bined sam -

ples. As detailed in x 3.2, these param eter estim ates

are also una�ected by the exclusion of the 14 XM M -

Newton/Chandra detected AG Ns,the fourROSAT tar-

gets,the 9{15 steepest �ox AG Ns (at the appropriate

redshifts)to check forany e�ectofthe unidenti�ed Hi-
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Fig. 13.| Single-param eter �t residuals for an �ox depen-

dence on luv (top) or z (bottom ) for the com bined sam ple.

The system atic residuals in the right plot support the idea that

redshift alone cannot be responsible for the observed variation

in �ox. Sym bols are as in Figure 11. The sm all inset plots
in each panel give the K aplan-M eier estim ators of the m eans

of the �ox � �ox(luv) (top) and �ox � �ox(z) (bottom ) resid-

uals in the sam e redshift and m onochrom atic lum inosity bins

as in Figures 12 and 11, respectively. The dashed lines in

each inset plot correspond to the weighted linear regression �ts,
h�ox � �ox(luv)i= (0:005 � 0:012)z + (� 0:010� 0:023)(top)and

h�ox � �ox(z)i= (� 0:039 � 0:020)luv + (1:184� 0:603)(bottom ).

BALs, an additional10 AG Ns with som e UV absorp-

tion,or the 17 AG Ns considered dust-reddened by the

Richardsetal.(2003a) criterion. The strength of the

correlations is slightly lower (7.2{9.4� levelfor the dif-

ferentsam ples)ifthe 14 XM M -Newton/Chandra AG Ns

areexcluded,sincethisdecreasesthesam plesizeby�7%

and the detection fraction by �1{2% . Ifwe do notcor-

rectforthehost-galaxy contam ination in low-lum inosity

AG Nsfrom them ain SDSS sam ple,Eqn.4 abovewould

haveasom ewhatshallowerslopeof� 0:128� 0:014and an

interceptof2:377� 0:417.The e�ectisin the expected

direction (taking into account the arti�cialincrease in

Fig. 14.| D istributions ofthe �ox residuals after adjusting for

the luv dependence (top) or the average �ox (bottom , assum ing

no luv orz dependence). The hatched histogram in the top panel

representsthe 228 AG N sfrom the com bined sam ple;the open his-

togram represents the 81 AG N s with 1:55 < z < 4:8 (norm alized
to N = 228 forcom parison),forwhich allBA L AG N scan be iden-

ti�ed using the SD SS spectroscopy. The dotted G aussian shown

in both panels is centered at �ox � �ox(luv)= 0:017 and has a

standard deviation of0.11. The two num bers on the tops ofsom e
histogram bins show the num ber ofAG N s in each bin with X -ray

lim itsin thecom bined sam ple(leftnum ber)and the1:55 < z < 4:8

subsam ple (right num ber,no norm alization was applied).

luv and steepening of�ox forthea�ected AG Ns),and its

size(. 1�)isdeterm ined by the factthatonly � 17% of

the 155 SDSS AG Ns have host-galaxy correction > 5% .

Even ifallSy 1 AG Ns need sim ilarhostgalaxy correc-

tions,theire�ecton the�ox{luv anti-correlation param -

eterswillbeequally sm all,asthey representonly 16% of

the fullsam ple(37/228).

Figure 15 presents the �ox � �ox(luv) residuals of

the m ain SDSS sam ple vs. the redshift-corrected g� i

color,�(g� i). Although the redderSDSS AG Nswith

�(g� i)> 0 appearto be m ore likely to have � ox lim -

its rather than detections (partially because they have

fainter i m agnitudes; see Figure 2), no trend of the

K aplan-M eierestim atorsofthem ean�ox� �ox(luv)resid-

ualsisapparentwhen webin thedatain four�(g� i)bins

(selected tohaveequalnum bersofobjects).A Spearm an

test on the individualdata points returns a correlation

coe�cient of� 0.14 with an 8% probability ofthe null

hypothesis (no correlation)being correct. W e conclude

thatany dust-reddening dependence of�ox (in addition

to theluv dependence)m ustbeweak forthem ain SDSS

sam ple,atleastoverthe �(g� i)range where we have

signi�cantsourcestatistics.

3.4. Isthe �ox{luv Relation Non-linear?

Som e studies ofoptical/UV and X-ray em ission from

AG Ns suggest a possible non-linear dependence of

�ox on luv (W ilkesetal. 1994; Anderson etal. 2003).

W ilkesetal.(1994)observethatthe�ox{luv correlation

found fortheEinstein quasardatabase,�ox / � 0:11luv,

hasa atter slope,�ox / � 0:08luv,ifthe sam ple is re-

stricted tolow-lum inosity objectswith luv < 29:5.W hile
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Fig. 15.| Single-param eter �t residualsforan �ox dependence

on luv (from Eqn. 6) vs. �(g � i) for the m ain SD SS sam ple

(solid circles).The fourz > 3:1 m ain-sam ple AG N swith �(g� i)

values a�ected by the Lym an lim itare excluded. A rrows indicate

X -ray upper lim its. The K aplan-M eier estim ators of the m ean
�ox� �ox(luv)in four�(g� i)bins,given with large�lled squares,

show that �ox � �ox(luv)isnot strongly correlated with �(g� i)

over the range where we have coverage.

the authors cannot rule out a non-linear relation,they

suggestthat the di�erence in slopes is likely caused by

thevarying host-galaxy contribution to theluv m easure-

m entatlow redshift(which isaccom panied,asexpected,

by a largerscatterin �ox). Anderson etal.(2003) also

reportan observed tendency toward a non-linear�ox{luv
relation (note that they also use the term \non-linear"

torefertothefactthattheslopeofthelinearlx{luv rela-

tion islessthan one).TheAnderson etal.(2003)sam ple

contains�1158 brightROSAT AllSky Survey (RASS)

selected AG Nswith broad-lineSDSS counterparts.This

sam ple is not optically selected; in fact it provides X-

ray uxes for only � 10% ofallSDSS AG Ns, the m a-

jority ofwhich are at low redshifts (z < 1). The goal

ofthe Anderson etal.(2003) paper was to present the

�rstinstallm entofa RASS-SDSS catalog;consequently

the presented analysisofthe �ox{luv relation,asstated

by the authors,wasnotintended to be conclusive. The

e�ectsnottaken intoaccountincludesam pleselection bi-

ases,thestatisticalm ethod which did notconsiderthird-

variabledependenciesorthee�ectofunidenti�ed BALs,

and the e�ects of the varying dispersions in the opti-

cal/UV and X-ray bands(see x 3.5).To ourknowledge,

thereispresently no conclusiveevidencefora non-linear

�ox{luv correlation.

From Figure11,itappearsthatthe�ox{luv correlation

m ay benon-linear,with a atterslopeforluv . 30:5and

a steeperoneathigherm onochrom aticlum inosities.W e

checked thisby perform ing linearregressionsseparately

fortwo subsam ples,separated atluv = 30:5.Theresults

shown below arebased on them ain+ high-z sam ples,ex-

cluding the Sy1 sam ple which is notoptically selected;

thecom bined sam plegivesqualitativelythesam eresults.

W eobtain a slopeof� 0:09� 0:02fortheluv < 30:5 sub-

sam ple,and � 0:13� 0:02 forthe luv > 30:5 subsam ple.

Itappearsthattheslopesaredi�erentatthe �2� level.

From Figure 11,the m ain SDSS sam ple has�ve outlier

pointsatlow m onochrom aticlum inosities(with luv < 29

and �ox < � 1:46),which could haveinuenced theanti-

correlation found for luv < 30:5 AG Ns. Ifwe exclude

thosepointsand repeattheanalysis,weobtain slopesof

� 0:12� 0:02 and � 0:13� 0:02 for the luv < 30:5 and

luv > 30:5 subsam ples,respectively,im plying that the

di�erencein slopesislikely an artifactoftheaddition of

the �ve outlier AG Ns ratherthan dem onstrating a real

di�erence. The �ve outliers are allnearby AG Ns,with

z < 0:22,and m ostofthem areprobably X-ray absorbed

Seyferts. Exclusion ofthe �ve outlier AG Ns has a 1�

e�ecton theregression param etersin thecom bined sam -

ple,steepening theslopefrom �ox / (� 0:14� 0:01)luv to

�ox / (� 0:15� 0:01)luv. W e conclude thatthe present

sam pledoesnoto�ersigni�cantevidenceforanon-linear

�ox{luv relation.

3.5. Validating the Slope ofthe lx{luv Relation

Chanan (1983,C83),La Franca etal.(1995,F95),and

Yuan,Siebert,& Brinkm ann (1998,YSB98)explorethe

possibility thattheintrinsiclx{luv relation hasa slopeof

one. They propose thata largerdispersion in the rest-

fram e UV (relative to the X-ray) m easurem ents,com -

bined with the steep bright-end UV lum inosity func-

tion,conspire to produce an lx{luv relation with a slope

sm aller than one and an apparent �ox{luv correlation.

Both F95 and YSB98 assum e G aussian distributions of

uncertainties independent oflum inosity or redshift for

lx and luv. They take the observed dispersion around a

linearlx{luv relation to be � 0.4{0.5 in log units,corre-

sponding to a dispersion of0.15{0.2 in the �ox{luv rela-

tion. This is presum ably caused by dispersion in the

optical/UV and X-ray m easurem ents due to m easure-

m ent error,variability,and intrinsic dispersion (related

to di�erences in accretion m odes and the conditions in

the im m ediate AG N environm entas wellas the galaxy

host). In order to �t their Einstein data with a linear

lx{luv relation,F95requirea dispersion in therest-fram e

m onochrom aticUV lum inosity of�uv � 0:34 in log units

(corresponding to 0.85m ag); the known causes of un-

certainty in their sam ple (i.e.,optical/UV photom etric

m easurem enterror,assum ed constantoptical/UV spec-

tralslope,and AG N variability)accountforonly0.5m ag.

Thus, the F95 conclusions depend on the assum ption

thatthe extra scatterobserved around the linearlx{luv
relation isdue to extra dispersion in the optical/UV.

YSB98and Yuan (1999)alsoassum ethattheobserved

dispersion in the lx{luv relation is largely due to G aus-

sian uncertainty in the optical/UV.In the notation of

Yuan (1999), given intrinsic m onochrom atic lum inosi-

tiesof�lx and �luv m odi�ed by (m easurem ent-error,vari-

ability,and intrinsic) scatters of�lx and �luv, the ob-

served m onochrom aticlum inositiesarelx = �lx + �lx and

luv = �luv+ �luv.Thescatters�lx and �luv areassum ed to

be independentoflum inosity and redshiftand wellrep-

resented by G aussian distributionswith zero m eansand

standard deviations of�x and �uv. YSB98 and Yuan

(1999) caution that a spurious �ox{luv relation could

ariseforsam pleswith largeoptical/UV dispersions(with

optical/UV-to-X-ray dispersion ratio,R � = �uv=�x > 1)

and intrinsic brightm onochrom aticlum inosity lim itsof
�lm ax
uv = 31:5. In their scenario,the steep bright-end lu-
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m inosity function produces an e�ective bright luv cut-

o�, which together with the large optical/UV disper-

sion distortsthe lx{luv distribution,inducing an appar-

entcorrelation with slopesm allerthan one(seeFigure5a

ofYSB98). Assum ing a m axim um observed m onochro-

m atic lum inosity lim it oflm ax
uv � 33 (corresponding to

the m ost powerfulAG Ns found in m any surveys),the

intrinsic m onochrom atic lum inosity lim it�lm ax
uv isfainter

by �luv,i.e.,l
m ax
uv = �lm ax

uv + �luv,with �luv given by

Eqn.B3 ofYuan (1999):

�luv =
(o � 1)(ln10)R 2

�(2:605��ox)
2

1+ R 2
�

= �
2
uv(o� 1)ln10:

(7)

Here ��ox is the standard deviation of the observed

dispersion around the linear �ox{luv relation and o is

the slope of the optical lum inosity function (/ Lo,

o = 3 � 4). From Eqn.7,a large �uv com bined with

a steep bright-end lum inosity-function slope (largero)

can causealargedi�erencebetween theobserved and in-

trinsicm axim um m onochrom aticlum inosity (large�luv)

and biasthelx{luv slope.Asde�ned in Yuan (1999),�uv
isrelated to ��ox and R � by:

��ox = 0:3838
p

�2uv + �2x = 0:3838�uv

s

1+
1

R 2
�

(8)

For a given observed ��ox,larger optical/UV-to-X-ray

dispersion ratiosR � areequivalentto a largerfraction of

the observed dispersion being attributed to the disper-

sion in the luv m easurem ent,�uv,and potentially larger

bias a�ecting the the lx{luv correlation. F95,YSB98,

and Yuan (1999) take the observed ��ox,estim ate the

dispersion in theX-ray m easurem ents,and assign there-

m aining observed dispersion to therest-fram eUV band,

assum ing no intrinsic X-ray dispersion. Since the esti-

m ated �x wastypically m uch lessthan theobserved dis-

persion around thelinear�ox{luv �t,R � > 1(seeEqn.8)

givesrisetoan lx{luv correlation with slopelessthan one

and an apparent �ox{luv correlation. In the following

subsectionsweconsiderthesourcesofdispersion in both

the rest-fram e UV and X-ray m onochrom atic lum inosi-

ties and con�rm that the lx{luv correlation has a slope

of� 0.65 forallrealisticR � valuesin oursam ple.

3.5.1. Dispersion ofthe lx and luv m easurem ents

The dispersionsofthe lx and luv estim ates,assum ing

no intrinsic dispersion,i.e.,luv = Alx + C ,where A and

C areconstantsindependentofm onochrom aticlum inos-

ity orredshift,can be attributed to m easurem enterrors

and AG N variability. AG N variability is a function of

both wavelength and AG N lum inosity,and ita�ectsour

resultssince the optical/UV and X-ray observationsare

not sim ultaneous. For our sam ple,the ROSAT obser-

vationsweretaken between 1991 and 1993,the Chandra

and XM M -Newton observationsbetween 2000 and 2002,

and the SDSS observationsbetween 2000 and 2003;the

tim escales ofinterest are thus oforder 0{12years (cor-

responding to rest-fram e tim e lags of0{12years). The

optical/UV variability structurefunction ofAG Nsshows

signsofattening fortim e lagsof> 5years,ata value

of �0.3m ag for m easurem ents at 2500�A of a typical

SDSS AG N with an absolutei-band m agnitudeM i�� 25

(Ivezi�cetal.2004;Vanden Berk etal.2004a).A 2500�A

variability am plitude of 0.3m ag corresponds to � 30%

uncertaintyin F�(2500�A)and Luv,and �4% uncertainty

in �ox.Them easurem entuncertaintiesin therest-fram e

UV are typically �10% ,but could be as large as 25%

for about one-quarterofthe m ain sam ple,as discussed

in x 2.1.Ifwe weightthe m easurem entuncertaintiesby

the num ber ofAG Ns a�ected,we arrive at an average

rest-fram eUV m easurem enterrorof�14% .Adding the

uncertainties due to variability and m easurem ent error

in quadrature,weexpect�Luv � 33% (�luv � 0:17 in log

units).

The X-ray ux m easurem ents are considerably less

certain,with typicalm easurem enterrorsof30% (& 10{

40% for � 14 < log(F0.5{2keV ) < � 13). O n short

tim escales m ore lum inous AG Ns have sm aller X-ray

variability am plitudes (e.g., G reen,M cHardy,& Lehto

1993), but allAG Ns have com parable am plitude vari-

ations on the longer tim escales (of order years) of

interest to us. Longer tim escale variability studies of

Seyfert 1s reveal variability of & 100% of the m ean

count rate in som e sources,with no obvious di�erence

in the variability am plitude between higher and lower

lum inosity AG Ns (Uttley,M cHardy,& Papadakis2002;

Uttley & M cHardy 2004,and references therein). Typ-

ical long-term root m ean square (rm s) variability of

Seyfert 1s is 20{40% (G rupe,Thom as,& Beuerm ann

2001; Uttley,M cHardy,& Papadakis 2002;

M arkowitz,Edelson,& Vaughan 2003). Assum ing

the long-term variability isthe sam e in lum inousAG Ns

(�30% ), and com bining the uncertainties due to vari-

ability and m easurem enterrors,we arriveatan average

uncertainty of�Lx � 42% (�lx � 0:23 in log units) for

ourX-ray m easurem ents.

Taking into accountonly the m easurem enterrorsand

variability e�ects on the lx and luv estim ates, we in-

fer X-ray and optical/UV uncertainties (in log units)

of�x > 0:23 and �uv < 0:17,respectively. Com bining

theaboveestim ates,wearriveatan expected dispersion

of� 0.29. The observed dispersion varies between 0.35

and 0.39 forourcom bined and m ain sam ples,im plying

that,unlessweareunderestim ating the uncertainty due

to m easurem enterrorand/orvariability,there isan ex-

tra source ofdispersion roughly equalin m agnitude to

the one we can account for that is perhaps intrinsic to

the AG N energy generation m echanism .

3.5.2. E�ectofthe lx and luv uncertaintieson the

m easured relations

In theprevioussection weestim ated thedispersionsin

the lx and luv m easurem ents considering m easurem ent

errors and AG N variability. Here we use M onte Carlo

sim ulationsofm ock sam plesto assessthevalidity ofthe

sam ple correlations in the presence oflarge dispersion

in the rest-fram e UV relative to the X-ray band. From

x3.5.1,�x � 0:23,and theobserved dispersion in �ox for

them ain sam pleis��ox = 0:15.Even ifalltheextradis-

persion in �ox com esfrom therest-fram eUV,�uv < 0:31

and R � < 1:4 (in log units log(R �)< 0:15). W e sim u-

lated 100sam plessim ilartothem ain,m ain+ high-z,and

com bined sam ples (equalnum bers of objects with the

sam erest-fram eUV m onochrom aticlum inosity distribu-

tion and equalnum bers ofX-ray lim its) for each of21

di�erentR � values,equally spaced in log unitsbetween

log(R �)= � 1 and log(R �)= 1. Foreach R �,we com -
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puted theaverageslopesofthelx{luv and �ox{luv corre-

lationsfrom the 100 m ock sam plesofeach ofourthree

subsam ples(m ock-m ain,m ock-m ain+ high-z,and m ock-

com bined)and display the resultsin Figure16.Noneof

the ratiosofoptical/UV-to-X-ray dispersion considered

here can produce an apparent �ox relation or a lx{luv
relation with slopesequalto thoseobserved in them ain,

the m ain+ high-z,orthe com bined sam pleswith > 99%

con�dence (> 4�). O ur sam ple estim ates indicate that

log(R �)< 0:15,which only increasesthe signi�cance of

thiscom parison.Largeroptical/UV-to-X-ray dispersion

ratiosthan the one considered here are unrealistic,and

thuswe conclude thatthe correlationsfound in thispa-

per are not apparent correlations caused by the steep

brightend ofthe optical/UV lum inosity function and a

largedispersion in theoptical/UV relativetotheX-rays.

4. D ISCU SSIO N A N D CO N CLU SIO N S

The SDSS is providing one of the largest optically

selected AG N sam ples to date with substantially bet-

ter photom etry and higher com pleteness than previous

well-studied opticalcolorselected sam pleslike the BQ S

sam ple. Various studies have found that the bright B

band selection lim it (B < 16:16) and blue U � B cut

(U � B < � 0:44) ofthe BQ S sam ple bias the sam ple

towardsz < 0:5 and thebluestlum inousAG Ns,system -

atically excluding redder objects,while including som e

AG Ns fainter than the quoted m agnitude lim it (e.g.,

W am pler& Ponz1985;W isotzkietal.2000;Jesteretal.

2005).SDSS uses4-dim ensionalredshift-dependentcolor

selection and ux lim itsthe AG N sam ple in the i-band

(with an e�ective wavelength of 7481�A com pared to

4400�A for the BQ S sam ple’s B band),which,together

with the accurate CCD photom etry, creates a highly

com plete,representativesam pleofopticalAG Ns.

W ehaveselected a representativesam pleof155 radio-

quiet SDSS AG Ns from DR2,serendipitously observed

in m edium -deep ROSAT pointings, creating an unbi-

ased sam plewith sensitivecoveragein therest-fram eUV,

20cm radio,and softX-ray bands.Using the serendipi-

tousROSAT observationsofSDSS AG Nssupplem ented

by 36 high-redshift lum inous Q SO s and 37 Seyfert 1

galaxies, we consider the relations between rest-fram e

UV (m easured at 2500�A) and X-ray (at 2keV) em is-

sion in a com bined sam ple of228 AG Ns with an X-ray

detection fraction of86% . W e have carefully dealtwith

a variety ofselection and analysis issues,ranging from

the appropriateness ofthe sam ple to the suitability of

the statisticalm ethods. The rem ovalofRL and BAL

AG Ns is essentialifwe want to study the intrinsic re-

lationsbetween UV and X-ray energy generation in the

typicallum inousAG N,asitrestrictstheconfusinge�ects

ofjetem ission and X-ray absorption.To theextentthat

we can m easure them ,BAL AG Ns have the sam e un-

derlying X-ray em ission propertiesasnorm alRQ AG Ns

(e.g.,G allagheretal.2002),butthey rem ain hidden by

strong absorption.Consequently wetakespecialcareto

rem oveallknown BALsfrom oursam pleand to consider

thee�ectsofunidenti�ed BAL AG Nsin speci�credshift

ranges.

W e�nd thatthem onochrom aticlum inosity at2500�A

and 2keV are correlated (at the 11.5� level),indepen-

dentoftheirstrong correlationswith redshift.Thiscor-

relation cannot be caused by the steep fall-o� of the

Fig. 16.| Slopes of the apparent �ox-luv anti-correlation

(top) and the lx-luv correlation (bottom ) as a function of the

optical/U V -to-X -ray dispersion ratio,R �,from sim ulated sam ples

sim ilarto the m ain SD SS sam ple (solid circles),the m ain+ high-z

sam ples(solid squares),and the com bined sam ple (open squares).
Each point represents the average slope obtained from 100 sim u-

lated sam ples,equally spaced in log(R �); the squares have been

displaced by � 0.01 from the true log(R �) values for clarity. The

hatched regions represent the 1� ranges m easured in the m ain

SD SS sam ple (right-slanted), the m ain+ high-z sam ples (vertical
lines),and the com bined sam ple (left-slanted).

brightAG N num ber-density com bined with a largeratio

ofoptical/UV-to-X-ray dispersion in oursam ple assug-

gested by C83,F95,YSB98,and Yuan (1999). W e take

specialcarewhen evaluatingthestatisticalsigni�canceof

partialcorrelationsin censored datasets.Using the par-

tialK endall’s�12;3 and theEM linearregression m ethod

in an optically selected sam plewith awiderangeofAG N

lum inosities and redshifts and a large X-ray detection

fraction,wecan properly assessthesigni�canceand esti-

m atetheparam etersofthecorrelations.In addition,we

use M onte Carlo realizationsofm ock relationsin sim u-

lated sam plesto establish the applicability ofthe above

m ethods.W e con�rm thatthe slope ofthe lx{luv corre-
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lation islessthan one(� 0.65),im plying a dependenceof

the optical/UV-to-X-ray index,�ox,on m onochrom atic

lum inosity and/orredshift.W e�nd that�ox isprim arily

dependenton rest-fram e m onochrom atic UV lum inosity

(at the 7.4{10.6� level),while any redshift dependence

isinsigni�cant(. 1:1�).

The �ox{luv anti-correlation im plies that AG Ns re-

distribute their energy in the UV and X-ray bands

depending on overall lum inosity, with m ore lum inous

AG Ns em itting fewer X-rays per unit UV lum inosity

than less lum inous AG Ns. Currently,no self-consistent

theoretical study is able to explain from �rst princi-

ples why �ox should be in the observed range, m uch

less predict its variation with luv. Theoreticalstudies

ofShakura & Sunyaev (1973) disks give predictions of

the rest-fram e UV em ission but cannot predict the X-

ray em ission, which is believed to originate in a hot

coronalgasofunknown geom etry and disk-coveringfrac-

tion. Recent advances in m agnetohydrodynam ic sim u-

lations ofaccretion disks (e.g.,Balbus& Hawley 1998,

and references therein) o�er the prom ise of a self-

consistentdisk+ corona m odelofAG N em ission.In such

a m odel,the dissipation ofm agnetic �elds,arising from

the m agneto-rotationalinstability deep in the accretion

disk,could heatthe coronalgasto X-ray em itting tem -

peratures(J.H.K rolik 2004,privatecom m unication;see

also K rolik 1999). O urem piricalrelation between rest-

fram eUV and soft-X-rayem ission in AG Nsand the�ox{

luv anti-correlation providethebestconstraintsyetthat

future self-consistentdisk+ corona m odelsm ustexplain.

The observed lack of redshift dependence of �ox at

�xed lum inosity provides evidence for the rem arkable

constancy of the accretion process in the im m ediate

vicinity ofthe black hole,despite the dram atic changes

ofAG N hosts and the strong evolution ofAG N num -

berdensitiesoverthe history ofthe Universe.The sam -

ple used here providesno evidence fornon-linearitiesin

the �ox{luv relation. The dispersions observed around

thelx{luv and �ox{luv relationscannotbeaccounted for

by m easurem enterrorsand AG N variability alone,sug-

gesting thatblack-holem ass,accretion rate,and/orspin

(and the corresponding di�erences in accretion m odes,

energy generation m echanism s,and feedback) could be

contributing to the observed dispersion.

O ur results are qualitatively consistent with

previous studies (e.g., Avni& Tananbaum 1986;

Vignali,Brandt,& Schneider2003),butthe new results

arequantitatively bettersincethey arebased on a large,

highly com plete sam ple with m edium -deep soft X-ray

coverage and carefully controlled system atic biases.

Although largersam plesofoptically selected AG Nswith

X-ray coverage can be constructed (e.g., W ilkesetal.

1994; G reen etal. 1995; Anderson etal. 2003), the

existing survival analysis tools cannot guarantee an

accurate recovery of the intrinsic rest-fram e UV to

X-ray relations based on pattern censored data with

shallow X-ray coverageand low X-ray detection fraction.

Stacking analysis can be used on optical AG Ns with

shallow X-ray coverage(e.g.,G reen etal.1995),butthis

m ethod providesonly m ean values,withoutconstraining

the spread in each bin. In addition,stacking analyses

done to date have not always allowed for binning in

G alactic Hydrogen colum n densities, redshifts, radio-

loudness,and strong UV-absorption.Thelx{luv relation

presented here can be used to predict m ore accurately

the intrinsic X-ray uxes of AG Ns with known opti-

cal/UV lum inosity and serves to de�ne the \norm al"

rangeofsoftX-ray em ission fora typicalAG N (i.e.,RQ ,

non-BAL AG Ns,una�ected by absorption). Based on

this de�nition ofnorm alX-ray em ission,it is easier to

determ ineifa\special"classofAG Nsdi�ersin itsX-ray

propertiesfrom norm alAG Ns.X-ray \weak" AG Nsare

an exam ple ofsuch a specialAG N class. Risalitietal.

(2003) used the BQ S sam ple to de�ne norm alAG Ns,

and suggested thatsom eAG Nsin the Ham burg Q uasar

Survey (HQ S, Hagen etal.1995) are X-ray weaker in

com parison. However, Brandt,Schneider,& Vignali

(2004) caution that since the HQ S AG Ns are am ong

the m ost lum inous objects in the rest-fram e UV, the

observed steep �ox values are expected based on the

�ox{luv anti-correlation for about half of the objects

(see their Figure 3). O ur m ore accurate prediction of

the optical/UV-to-X-ray em ission ofnorm alAG N will

also allow researchers to constrain the X-ray em ission

associated with jets in RL AG Ns (assum ing that AG N

jets do not contribute to the em ission at 2500�A,but

see Baker& Hunstead 1995;Bakeretal.1995;Cheung

2002)and to study the X-ray propertiesofotherspecial

AG Ns;e.g,red AG Ns,AG Nswithoutem ission lines,or

AG Nswith unusualem ission lines(e.g.,G allagheretal.

2005). The �ox{luv relation ofnorm alAG Ns presented

in thispapercan also lead to m oreaccurateestim atesof

thebolom etriclum inositiesofAG Ns,resulting in tighter

constraints on the im portance of AG N-phase m ass

accretion for the growth ofsuperm assive black holes as

described in,e.g.,M arconietal.(2004). Assum ing the

Elvisetal. (1994) spectral energy distribution (SED)

and � 1:7 < �ox < � 1:26 (where the m ajority of our

optically selected RQ non-absorbed AG Ns lie;see Fig-

ure 11)togetherwith the �ox{luv relation from Eqn.6,

we estim ate thatthe ratio ofthe 0.5{2.0keV lum inosity

to the bolom etric lum inosity varies by a factor of6{9

overthe lum inosity range luv = 28:5� 31:8 (depending

on theinclusion orexclusion oftheinfrared bum p in the

com putation ofthebolom etriclum inosity).Ifneglected,

the variation of the bolom etric correction with AG N

lum inosity could lead to substantialsystem aticerrorsin

bolom etriclum inosity estim ates.

Future SDSS data releaseswillallow the enlargem ent

ofthe optical/UV/soft-X-ray sam ple ofAG Ns,as well

asprovidelargenew sam plesofoptically selected AG Ns

serendipitously observed with XM M -Newton and Chan-

dra,asthesky-coverageofX-ray satellitesincreaseswith

tim e. Larger sam ples will include m ore hom ogeneous

low-lum inosity AG N data,providing m oresensitivecon-

straintson the non-linearity ofthe �ox{luv relation. In

addition,longer-wavelength optical/UV m onochrom atic

uxestim ateswouldcom plem enttherest-fram eUV m ea-

surem ents at 2500�A used here,to m inim ize any e�ects

ofdustabsorption in theUV on thelx{luv relation (e.g.,

G askelletal.2003,butseealsoHopkinsetal.2004).The

extension to sam plesobserved in harderX-ray bandsis

also necessary to constrain the possible e�ects ofsoft-

X-ray absorption better. This can be achieved by con-

sidering an �ox index com puted using rest-fram e� 5keV

instead of2keV X-ray m onochrom aticuxes.

Hasinger(2004)reportsthatX-ray selected AG N sam -
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pleshavelx{luv correlationsconsistentwith aslopeofone

and no �ox dependence on eitherlum inosity orredshift.

Current X-ray selected sam ples with opticalidenti�ca-

tionsarelargeand coverwiderangesofoptical/UV and

X-ray lum inosity, but they seldom constrain the opti-

cal/UV absorption,radio loudness,or host-galaxy con-

tribution ofthesources.In addition,som eX-rayselected

sam plesarebiased toward particularopticalAG N types

(e.g.,narrow-lineSeyfert1sin brightsoftX-ray sam ples;

G rupe etal.2004)and could contain a largerfraction of

absorbed AG Ns. M ore studies are necessary to recon-

cile the resultsobtained foroptically color-selected and

X-ray selected sam ples,taking into accountthe sam ple

selection e�ectsin ux lim ited sam plesintroduced by the

optical/UV and X-ray AG N population num berdensity

and lum inosity evolution with cosm ictim e.

Firm ly establishing thecorrelation between rest-fram e

UV and X-ray em ission in AG Nsisthe�rststep toward

understanding theirgeneration m echanism sand interre-

lations. A reasonable next step is to try to relate the

correlationsfound hereto reasonableestim atesofblack-

hole m asses and accretion rates. The di�culty in this

endeavorliesin thefactthatdirectblack-holem assm ea-

surem ents and bolom etric lum inosity estim ates are not

available for large AG N sam ples like those considered

here.Indirectblack-holem assm easurem entscan be ob-

tained from a com bination ofm onochrom aticlum inosity

and broad em ission-line width m easurem ents as shown

forBQ S sam pleAG Nsby K aspietal.(2000)and SDSS

AG Ns by M cLure& Dunlop (2004). Such estim ates,

however,willdepend on theextrapolation ofK aspietal.

(2000)relation from lower(�L �(5100�A). 2� 1045,cor-

responding to luv . 30:3) to higher (�L �(5100�A) &

2 � 1045) lum inosity AG Ns, the use of di�erent em is-

sion lines at di�erent redshifts (e.g.,H� and M g II for

theSDSS sam plepresented here),aswellasanon-trivial

correction forthee�ectsofthehost-galaxy,givingriseto

possible system atic errors. W e are currently investigat-

ing the feasibility ofthisendeavorforthe SDSS sam ple

presented here.
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TA BLE 1
SD SS-R O SAT AG N data

SD SS ID z O bs. ID T exp � C nt f2500 fx f2keV �ox lx luv i � (g � i) Flag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

SD SSJ012602.21�001924.1 1.7659 rp800645n00 12.0 11 19.0 �3.71 �13.70 �8.08 �1.68 26.80 31.17 17.94 + 0.144 1

SD SSJ021000.72�100358.0 1.9604 rp800114n00 13.8 9 72.0 �4.16 �13.20 �7.56 �1.30 27.41 30.81 19.23 �0.180 1

SD SSJ022225.49�090258.5 0.2242 rp800016n00 11.6 14 5.6 �4.28 �13.91 �8.65 �1.68 24.41 28.78 18.49 �0.033 0

SD SSJ022226.11�085701.3 0.1667 rp800016n00 11.5 15 445.4 �4.17 �12.32 �7.08 �1.12 25.72 28.63 17.85 + 0.193 1

SD SSJ022356.30�085707.8 1.5762 rp800016n00 12.5 10 13.0 �4.13 �13.92 �8.34 �1.62 26.45 30.67 18.90 + 0.220 1

SD SSJ022435.93�090001.3 1.6118 rp800016n00 9.2 19 15.1 �4.12 �13.62 �8.03 �1.50 26.78 30.69 19.11 �0.015 1

SD SSJ023305.95+ 003856.4 0.2441 rp800482n00 26.1 11 107.0 �5.13 �13.31 �8.04 �1.12 25.10 28.01 18.52 + 0.559 1

SD SSJ023306.26+ 004614.5 2.2906 rp800482n00 26.5 9 36.2 �4.65 �13.82 �8.13 �1.34 26.96 30.44 20.33 �0.159 1

SD SSJ023325.32+ 002914.9 2.0171 rp800482n00 25.1 16 81.1 �3.74 �13.43 �7.77 �1.55 27.21 31.24 18.25 + 0.007 1

SD SSJ023333.24+ 010333.1 2.0587 rp800482n00 19.6 19 5.5 �3.72 �14.02 �8.37 �1.78 26.64 31.28 18.30 �0.038 0

N ote. | T he com plete version of this table is in the electronic edition of the Journal. T he printed edition contains only a sam ple of ten ob jects. N ote 1: T hese A G N s w ere the
targets for their respective R O SAT P SP C pointings. N ote 2: T hese A G N s w ere not detected in the selected R O SAT pointings; X -ray fluxes are from X M M -N ewton, C handra, or shorter

R O SAT exposures as specified. T he units of lum inosity are erg s� 1, of m onochrom atic lum inosity { erg s� 1 H z� 1. C olum ns: (1) SD SS ID ; (2) redshift; (3) X -ray observation ID ;

(4) the effective X -ray exposure tim e, T exp, in 103 sec; (5) �, the X -ray source off-axis angle in arcm in; (6) total source counts, corrected for background and aperture size; the

precision quoted is higher than the accuracy; (7) f2500, the logarithm of the 2500 �A m onochrom atic flux, not band-pass corrected; (8) fx, the logarithm of the 0.5-2 keV flux, not

band-pass corrected; (9) f
2keV

the logarithm of the 2 keV m onochrom atic flux, not band-pass corrected; (10) � ox, the optical/U V -to-X -ray index; (11) lx, the logarithm of the

2 keV m onochrom atic lum inosity, band-pass corrected; (12) luv, the logarithm of the 2500 �A m onochrom atic lum inosity, band-pass corrected; (13) i, the point source SD SS apparent
m agnitude, corrected for G alactic extinction; (14) the relative P SF color, � (g � i), corrected for G alactic extinction; (15) this flag is set to 1 if the A G N is X -ray detected.
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TA BLE 2
X -ray D etection Fractions

Sam ple X -ray Total % X -ray

D etected A G N D etected

M ain 126 155 81%

H igh-z 32 36 89%

Sy 1 37 37 100%

C om bined 195 228 86%

TA BLE 3
X -ray U V correlations

R elation Sam ple N A G N % X -ray Signi- �12,3 R egression

D etected � cance R esiduals

l2keV vs. l
2500�A

M ,H ,S 228 86% 11.5� 0.38 0.36

l2keV vs. l
2500�A

M ,H 191 83% 8.7� 0.30 0.37

l2keV vs. l
2500�A

M 155 81% 7.4� 0.28 0.39

�ox vs. l
2500�A

M ,H ,S 228 86% 10.6� �0.33 0.14

�ox vs. l
2500�A

M ,H 191 83% 9.2� �0.32 0.14

�ox vs. l
2500�A

M 155 81% 7.4� �0.30 0.15

�ox vs. z M ,H ,S 228 86% 1.1� + 0.03 ...

�ox vs. z M ,H 191 83% 1.1� �0.03 ...

�ox vs. z M 155 81% 1.0� �0.02 ...

N ote. | Sam ple M refers to the m ain SD SS sam ple, sam ple H to the high-z sam ple, and sam ple
S to the Sy 1 sam ple. A ll cases test partial correlations, taking into account the effect of a third
variable w hich is either redshift (in the first six cases) or l

2500�A
(in the last three).


