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Abstract. Wepresentanall-sky cataloguethatalignsandoverlaystheROSAT HRI, RASS,PSPCandWGA X-ray catalogues
andthe NVSS, FIRST andSUMSSradio cataloguesonto the optical APM andUSNO-A catalogues.Objectspresentedare
thoseAPM/USNO-Aopticalobjectswhicharecalculatedwith

�

40%con�denceto beassociatedwith radio/X-raydetections,
or which areidenti�ed asknown QSOs,AGN or BL Lacs,totalling 501,761objectsin all, including48,285QSOsand21,498
doubleradio lobedetections.For eachradio/X-rayassociatedopticalobjectwe displaythecalculatedpercentageprobabilities
of its beingaQSO,galaxy, star, or erroneousradio/X-rayassociation,plusany identi�cation from theliterature.Thecatalogue
includes86,009objectswhich werenot previously identi�ed andwhich we list asbeing40% to � 99% likely to be a QSO.
As a byproductof the constructionof this catalogue,we areableto list comprehensive ROSAT �eld shifts asdeterminedby
our whole-sky likelihoodalgorithm,andalsoplate-by-platephotometricrecalibrationof thecompleteAPM andUSNO-A2.0
opticalcatalogues,signi�cantly improving accuracy for objectsof � 15 mag.Thecatalogueis availablewholly andin subsets
at http://quasars.org/qorg-data.htm.

1. Introduction

In recent years a number of good-resolutionradio and X-
ray surveys have beencompletedandthe full datapublished.
One major goal of such surveys is that the radio/X-ray de-
tections should be associatedwith optical objects to fur-
ther their classi�cation and to �nd new examplesof emis-
sionphenomena.Previoussuchefforts generallytreatjust one
radio/X-ray survey per paper, and usematchingcriteria par-
ticular to that paper;seenotably APM Optical Counterparts
to FIRST Radio Sources(MWHB: McMahon et al. 2002)
and the Hamburg/RASSCatalogueof Optical Identi�cations
(HRC: Bade et al. 1998) which has multiple optical identi-
�cations per X-ray detection.It is desirablefor there to be
a single uni�ed cataloguewhich combinesand overlays all
these good-resolutionradio/X-ray surveys onto the optical
backgroundusing a uniform optimized matchingalgorithm.
This paperpresentssucha catalogue:the `Quasars.org' all-
sky optical catalogueof radio/X-raysources,obtainablefrom
http://quasars.org/qorg-data.htm. The namerefersto the web-
site usedasa repositoryduring this catalogue's development.
Wereferto ourcatalogueas`QORG' throughouttherestof this
paper.

The task of combiningall thesedatawas a complicated
one,andour generalapproachwasto startwith no preconcep-
tionsbut to let thedatabeour guidein evolving thebesttech-
niques.Iterationwascommonlyusedto �nd stableresultsfor
datamerging and calibrationtasks.Extensive testingagainst
well-understoodcontrol dataallowed us to develop heuristic
solutionsfor ROSAT �eld shifting anddoubleradio lobeiden-

ti�cation. We developeda whole-sky basedmethodof calcu-
lating likelihood-of-associationwhich causallytiesopticalob-
jectsto radio/X-raysources.Theselikelihoodsarewritten into
our catalogueaspercentageoddsthat eachassociatedoptical
objectis in turn a QSO,galaxy, star, or erroneousradio/X-ray
association.ObjectspresentedareAPM/USNO-A optical ob-
jectscalculatedwith � 40% con�denceto be associatedwith
radio/X-raydetections,or whichareidenti�ed asknownQSOs,
AGN or BL Lacs;the40%thresholdis anarbitrarychoice,but
ensuresthat the cataloguecontainsonly interestingor poten-
tially interestingobjects.Theseopticalobjectstotal501,761in
all, including119,816objectsbearingidenti�cations from the
literatureand86,009objectsnot hithertoidenti�ed which we
list asbeing40%to � 99%likely to bea QSO.

This paperis divided into sectionsas follows: (2) an ac-
countof all thesourcecataloguesusedin this compilation;(3)
a brief summaryof our primary likelihoodalgorithm,ROSAT
�eld shifts,andtechniqueusedto identify doubleradio lobes;
(4)adescriptionof ourmaincatalogue.Theelectronicpaperin-
cludesanappendixdetailing,at somelength,our methodsand
theissuesencounteredduringtheconstructionof thecatalogue.
Its sectionsare:(1) issuesin theconstructionandrecalibration
of the mergedoptical catalogueusedfor thebackground,and
its attributes;(2) descriptionof thelikelihoodcalculationsused
to causallyassociateopticalobjectswith radio/X-raysources;
(3) issuesin overlayingthe X-ray detectionsonto the optical
background,notablythe�eld shiftsrequired;(4) issuesin over-
laying the radio detectionsonto the optical backgroundand
identifying doubleradio lobes;(5) issuesin matchingidenti-
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�cation cataloguesto theopticalbackground;(6) attributesand
analysisof theresultingQuasars.org catalogue.

2. The Sour ce Catalogues

Sourcecataloguesincludedare categorizedas optical, radio,
X-ray, or identi�cation catalogues.

2.1. Optical Surveys

Thewhole-sky opticalbackgroundrepresentsby far thelargest
datapool to be incorporated,althoughonly thoseoptical ob-
jectswhich areassociatedwith radio/X-raydetections,or are
known quasars,are included in the �nal QORG catalogue.
This projectcommencedin 1999andwe usedtheopticaldata
availableat that time to compileour own in-housewhole-sky
optical catalogue.Our main sourcewas the completeset of
the CambridgeAutomatic Plate Measuringmachine(APM:
McMahonandIrwin 1992)scansof 1906plateson theNorth
andSouthGalacticcaps,consistingof 896�rst-epochNational
Geographic-PalomarObservatorySky Survey (POSS-I)E and
O platescentredon equatorialdeclinations0� to � 90� , and
1010second-epochUK SchmidtTelescopesky survey (UKST)
ESO-R and SRC-J plates centredon declinations � 85� to
0� ; theseyielded about270,000,000sourcesin one or more
colours.We alsoincludetheUnitedStatesNaval Observatory
whole-sky catalogues(USNO-A) which used the Precision
MeasuringMachine(PMM) to readsourcesfrom the POSS-
I andUKST plates.The USNO-A cataloguesarenot asdeep
as the APM so are treatedas supplementarydata,but only
USNO-A covers the Galacticplanearea.The earlierUSNO-
A1.0 (Monetet al. 1998)lists 488,006,860sourcesin bothred
and blue, with POSS-Iplatesusedfor �eld centresdown to
declination � 30� , andUKST platesbelow that. USNO-A2.0
(Monet et al. 1998)lists 526,280,881sourcesin both red and
blue; the additionalsourceswerea resultof a re-reductionof
thePMM scansandswitchingfrom POSS-Iplatesto thedeeper
UKST platesfor �eld centreswith declinationsof � 20� to

� 30� .

2.2. Radio Surveys

Thelargestradiosurvey is theNRAO VLA Sky Survey (NVSS:
Condonet al. 1998)catalogue40 (2002),which is a 1.4-GHz
all-sky survey down to a declinationof � 40� , with a source
detectionthresholdof 2.5mJyandpositionalaccuracy ranging
from � 1 arcsecfor thestrongestsourcesto 7 arcsecat thefaint
limit. A secondradio survey is theFaint Imagesof theRadio
Sky atTwenty-cmsurvey (FIRST: Whiteetal.1997)whichhas
recently(April 2003)beencompleted;this is a1.4-GHzsurvey
of 9033squaredegreesof primarily thenorthGalacticcap,with
asourcedetectionthresholdof 1 mJyandapositionalaccuracy
within 1 arcsec.The FIRST survey overlapsthe NVSS in its
surveyedareabut is deeperandhasbetterresolution.Thepart
of thesky notcoveredby theNVSSis currentlybeingsurveyed
at 843 MHz by the Sydney University Molonglo Sky Survey
(SUMSS:Mauchetal. 2003,Oct272003release)to acompa-
rabledepthandresolution;this survey is at this time about70

percentcompletesosomeof thesky below declination � 40�

is asyet without radiocoverageto this resolution,but thetotal
sky coverageof thesethreeradiosurveysexceeds95%.

2.3. X-ray surveys

The best-resolutionX-ray surveys up to the end of the last
decadeall originatefrom ROSAT (ROentgenSATellite), which
was operational from 1990 to 1999; its extragalactic and
Galactic surveys are available in 4 primary catalogues.The
ROSAT All-Sky Survey (RASS / revision 1RXS) is derived
from theall-sky survey performedduring the�rst half yearof
the ROSAT missionin 1990/91,andis availableastwo sepa-
ratesub-catalogues:theBright SourceCatalogue(RASS-BSC:
Vogeset al. 1999a)containing18,806sources,and the Faint
SourceCatalogue(RASS-FSC:Vogeset al. 2000) contain-
ing 105,924sources.The RASShasa sky coverageof 92%,
with a nominalpositionalaccuracy of 30 arcsec.Secondly, the
ROSAT SourceCatalogueof PointedObservations with the
High ResolutionImager (HRI / 1RXH: Vogeset al. 1999b)
�nal release1.3.0 (2001)has131,902sourcesfrom 5393se-
quencesrepresentinga sky coverageof 1.94%with nominal
positionalaccuracy of 5 arcsec.Third is the SecondROSAT
SourceCatalogueof PointedObservationswith the Position
Sensitive ProportionalCounter(PSPC/ 2RXP: Vogeset al.
1999b)�nal release2.1.0 (2001) with 116,259sourcesfrom
5182sequences,representinga sky coverageof 17.3%with a
nominalpositionalaccuracy of 25arcsec.We includewith this
thesupplementaryPSPCwith BoronFilter catalogue(PSPCF:
sameattributions as PSPC)release2.0.0 (2001), with 2526
sourcesfrom 258 sequencesrepresentinga sky coverageof
0.15%.Last is the WGA Catalogueof ROSAT Point Sources
(WGA: White,Giommi& Angelini 1994)�nal release(August
2000)with 115,962sourcesfrom 4160sequences,which cov-
ersthesameobservationaldataas2RXPbut wasoriginally re-
leasedearlierandusesdifferentdatareductionalgorithms.We
usetheWGA cataloguein recognitionof therole it hasplayed
in research;it doesincludea few earlysequencesabsentfrom
thePSPCcatalogue.

2.4. Identi�cation catalogues

The fullest descriptionof any radio/X-ray emitting object in
the QORG catalogueis given when it is possibleto iden-
tify it as a known QSO, AGN, BL Lac, galaxy or star. The
following are the sourcecataloguesfor thesetypes of ob-
jectswhich areusedin the presenttask;web sitesdescribing
many of theseare listed in the online datafor the catalogue
(http://quasars.org/ReadMe.txt)

The primary catalogueused for identi�cation of QSOs,
AGN and BL Lacs is the Catalogueof Quasarsand Active
Nuclei, 11th edition (Veron: Véron-Cetty & Véron 2003)
which identi�es 64,866such objects,and usesan absolute-
magnitudethresholdto differentiatea QSOclassi�cationfrom
an AGN classi�cation, to which we adhere.We have added
supplementarypositional and name information from the
large recentreleasesof the SloanDigital Sky Survey (SDSS:
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Abazajianetal.2003)andthe2dFQSORedshiftSurvey (2QZ:
Croometal. 2003).We havealsoadded52extraQSOidenti�-
cationsfrom theNASA/IPAC ExtragalacticDatabase(NED) as
thosewerefoundto have radio/X-rayassociations,and11 ex-
traQSOsfrom theSDSSquasarcatalog2ndedition(Schneider
et al, 2003)which madea supplementaryreleasebasedon re-
inspectionof the SDSSspectratoo late for inclusion in the
Veroncatalogue.However, we make useof only thoseobjects
for which we have an optical counterpart;in total this gives
48,285QSOs,14,633AGN and841BL Lacs.

A measuredredshift is required for identi�cation as a
QSO,but galaxiescanreasonablybe identi�ed by visualmor-
phology, althoughspectroscopy remainsdecisive.Theprimary
catalogueusedfor identi�cation of galaxiesis the Principal
Galaxy Catalogue(PGC) which is extractedfrom the Lyon-
Meudon ExtragalacticDatabase(LEDA: Paturel, Bottinelli,
Gouguenheim1995);ourcopy from September2000(courtesy
of G. Paturel) contains1,088,795galaxies.We also use� ve
redshiftsurveyswhichmakegalaxyidenti�cationsovera large
sky area:theSDSS,theCfA RedshiftCatalogue(CFA: Huchra
et al. 1999, April 2003 edition), the IRAS PSCz Redshift
Survey (PSCz:Saunderset al. 2000),the2dFGalaxyRedshift
Survey (2dFGRS:Collesset al. 2001) and the 6dF Galaxy
RedshiftSurvey Early Data Release(6dFGS:Wakamatsuet
al. 2002). Some extra identi�cations are sourcedfrom the
catalogueof ArcsecondPositionsof UGC Galaxies(Cotton
& Condon 1999), the 2QZ, the online 3CRR catalogueat
http://www.3crr.dyndns.org/ (3CRR: Laing, Riley & Longair
1983), the UpdatedZwicky Catalog (Zwicky: Falco et al.
1999)andtheRedshift-DistanceSurvey of NearbyEarly-Type
Galaxies(ENEAR: Wegner et al. 2003). To summarize,for
galaxiesnotclassi�edasAGN, weutilize only thosefor which
we have anopticalobjectassociatedwith a radio/X-raydetec-
tion; thesetotal 49,743galaxies.Notethatsomelargegalaxies
known to be radio/X-rayemittersaremissingfrom our cata-
logue becauseof astrometricmismatchesbetweenthe avail-
able isophotally-boundedoptical signaturesand the radio/X-
raysourcelocations.

The remaining possibility is that objects are identi�ed
with stars.This hasbeensomewhat problematic,in that un-
til recentlystellar identi�cations werenot often compiled,as
they representedthedetritusof QSOor galaxysurveys.Since
radio/X-ray emitting objectsare rarely stars,if such an ob-
ject displayeda star-like spectrumit may have served only
to keepit classi�ed asan `unknown' object.Large starcata-
loguessuchasTycho (Hog et al. 2000)areactuallyjust point
sourcecatalogueswhichdonotmakegenuinestellaridenti�ca-
tion, andhistoricstarcataloguesaretooastrometricallyimpre-
cisefor unambiguouscomputerisedmatching,whichwe�nd to
requireastrometricprecisionof 15 arcsecor better. Recently,
however, cataloguesof starsof speci�c typessuchas white
dwarfs have beenreleasedto the requiredastrometricpreci-
sion,andlargesurveyslikeSDSSand2dFGRShavepublished
their star identi�cations; thus in the last few yearsthe avail-
ability of suitablestellardatahasgreatly improved.We have
used the following star cataloguesfor stellar identi�cation:
theAtlas of CataclysmicVariables(CV: Downeset al. 2001),
SpectroscopicallyIdenti�ed White Dwarfs (WD: McCook &

Sion 1999), the GeneralCatalogueof VariableStars(Vol 1)
with Improved Coordinates(GCVS: Samuset al. 2002), the
revised New Luyten Two- Tenthscatalogueof high proper-
motion stars (NLTT: Salim & Gould 2003), stars from the
Large Bright QuasarSurvey (LBQS: Hewett et al. 1995) re-
ceivedcourtesyof Paul Hewett, starsfrom theLasCampanas
RedshiftSurvey (Shectmanet al. 1996), and star identi�ca-
tionsfrom thegalaxyandQSOsurveys listedabove.We have
also includedthe Tycho survey, as its objectsare bright and
very likely to bestars,andtheHenryDraperExtensionCharts
(HDx: Nesterov etal.1995)eventhoughtheirstarsarenotcon-
�rmed spectroscopically. We have obtainednamesof bright
starsfrom the Bright Star Catalogue,5th Revised Ed. (Yale:
Hof�eit & Warren1991)andtheCommonNameCrossIndex
(Smith W.B. 1996).In the endwe utilize only thosestarsfor
which we have anopticalobjectassociatedwith a radio/X-ray
detection;thesetotal6314stars.

3. All-Sky Based Likelihood Calculations and
Matching Techniques

Wegivehereabrief summaryof themethodsweusedto relate
optical objectsto radio/X-raysources,andto identify double
radiolobes.An appendixthatgivesfull detailsof ourmethods,
togetherwith supportingtabulateddata,can be found in the
electronicversionof this paper.

Ourprimaryalgorithmto calculatethelikelihoodof associ-
ationbetweenopticalandradio/X-raysourcesis basedoniden-
tifying classesof optical objectswhich tendto be astrometri-
cally co-positionedwith radio/X-raysources,andassessingthe
signi�canceof therelationshipby comparisonwith whole-sky
backgroundaverages.For example,if a classof opticalobject
is found nearNVSS sourcesat twice the arealdensitythat it
hason averagein thebackground,thenwe saythatthechance
of associationof thoseobjectsneartheNVSSsourcesis 50%,
aswe expecthalf of theapparentassociationsto bechancesu-
perpositionsof backgroundobjects.Wede�ne theseopticalob-
ject classesusingfour parameters:astrometricoffset from the
radio/X-raysource,photometric� B � R	 colour, APM psfclas-
si�cation, andlocalsky objectdensity, binningtheseto provide
largepopulationsin eachclassandsominimizesmall-number
�uctuations.

To improvetheuniformity of our opticalobjectclasseswe
found it necessaryto recalibratethe sourcedata.The APM
plate depthswere photometricallyrecalibratedby matching
starson overlappingplate margins; this was doneseparately
for red andblue plates.USNO-A photometry, which usually
shows largezero-pointoffsets,wasrecalibratedinto theAPM
standardusingmatchedstars.Thesephotometricrecalibrations
improveour � B � R	 colourdata.TheROSAT sourcepositions
were recalibratedby using our likelihood algorithm to pro-
vide an optimal astrometricsolutionfor eachsequence;these
typically involved shifts of 1-10 arcsecon the sky. Theseas-
trometric recalibrationsimprove our accuracy in gaugingpo-
sitional offset betweenindividual optical objectsand X-ray
sources.As our recalibrationsarepotentiallyusefulfor others,
we provide themon-line: the APM/USNO-A2.0recalibration
is listedplate-by-plateathttp://quasars.org/docs/QORG-APM-
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Table1. Radio/X-rayAssociationspresentedin theQORGcatalogue.

Sourcecatalogue No. astrometrically No. core No. double
uniquesources detections lobes

in QORG in QORG
FIRST 781667 155132 11512
NVSS 1810664 242851 8323
SUMSS 165531 31156 1663
HRI 56398 12733
RASS 124730 30521
PSPC 102005 29472
WGA 88578 18712

USNO-calibration.txt,and the ROSAT �eld shifts are listed
at http://quasars.org/docs/HRI-�elds.txtfor theHRI catalogue,
andsimilarly for theRASS,PSPCandWGA inputcatalogues.

As our aim wasto derive maximumvaluefrom thesource
catalogues,we have alsoendeavouredto identify doubleradio
lobesfrom theradiodata.As QORGis anopticalcatalogue,we
areinterestedonly in thosedoublelobesfor which we havean
opticalcentroid.Weusedaheuristicalgorithmto identify these
lobes,consistingof �rstly enumeratingthelikely lobepopula-
tion inherentwithin theradiodata,thenusinganumberof dis-
tinct rulesto estimatethe likelihoodof a given radio-optical-
radio con�guration being a memberof that lobe population.
Thedetailsaregivenin theappendix.Table1 summarizesthe
numbersof associationspresentedin QORGfrom eachsource
catalogue.

4. The Optical Catalogue of Radio/X-ra y Sour ces

The catalogueis available from the cataloguehomepageat
http://quasars.org/qorg-data.htm,andis written asoneline per
optical object. The cataloguepresentsunique`best' associa-
tions,soopticalobjectsandradio/X-raysourcesarenot dupli-
catedacrosslines;thiskeepsthepresentationsimpleandplain.
The full catalogueis in the `Master.txt' �le (21Mb zipped)
whichprovidesparticularsof all 501,761objectsincludingdata
contributingto thelikelihoodcalculationsanddoublelobedec-
larations.A condensedversion,`Free-Lunch.txt',is alsopro-
vided;this displaysnomorethan2 associationsperobjectand
omitssupportingdata.Also availablearetwo subsets,̀Known-
Objects.txt',whichdisplaysonly the119,816objectsfrom our
cataloguewhichareidenti�ed from theliterature,and`Quasar-
Candidates.txt'whichdisplaysthe86,009objectsfrom ourcat-
aloguenot hitherto identi�ed which we list as being 40% to

� 99%likely to bea QSO.
Table 2 displayssomesamplelines of the QORG cata-

logue,usingtheFree-Lunchversion(which is easilytabulated
while showing the salient points of the similarly-structured
main Mastercatalogue).̀ ReadMe' �les are provided on-line
whichgive full �le layouts,�eld de�nitions andsupportingin-
formation for all catalogues;we only give an overview here.
Column1 displaystheopticalcoordinates(epochJ2000)which
doublesas the IAU-recommendednameof the object, e.g.,
QORGJ040904.9-364744. Column2 summarizesany associ-
ationswith, and identi�cation of, the optical object:R=radio
source,X=X-ray source,2=doublelobedeclaration,Q=known

quasar, A=AGN,G=galaxy,S=star, B=BL Lacobject.Columns
3 and4 give theredandbluemagnitudesrespectively, andcol-
umn5 statesif thosemagnitudesarePOSS-I(='p') or UKST
photometry, plus �agging any nominal variability or proper
motion. Column6 givesthe point spreadfunction (psf) clas-
si�cation of the two optical observations,taken largely from
theAPM: '-'=stellar, '1'=fuzzy, '2'=extended,'n'=no psf and
'x'=object not seenin this colour. Column 7 gives the name
of the object,whereit is identi�ed from the literature(abbre-
viatedherefor spacereasons).Columns8-11 give the calcu-
latedprobability that the radio/X-rayassociatedobjectis turn
a QSO,galaxy, star, or erroneousradio/X-rayassociation;this
is discussedfurther in the next paragraph.Column 12 gives
theredshift,if known.Column13givestheradio/X-raysource
namefor a declaredassociation,andcolumn14 givesthe �ux
in mJyfor a radioassociation,or thecountratein counts/hour
for a ROSAT X-ray association.A few of theseobjectsare,in
the Free-Lunchcatalogue,listed also with a secondradio/X-
ray associationwhich here is not shown for spacereasons.
The Mastercatalogue,which we expectwill be of mostgen-
eral interest,lists up to six associationsfor eachoptical ob-
ject, togetherwith particularsof any doubleradio lobe found
for it, supportinginformationwhich enablesreconstitutionof
thelikelihoodcalculationfor thatobject,andreferencesto the
sourcecataloguesfor identi�ed objects.Fig. 1 is a whole-sky
opticaldensitymapof all 501,761objectspresentedin thecat-
alogue.

In thecataloguewedisplay, for eachradio/X-rayassociated
opticalobject,thecalculatedprobabilitiesthat it is a QSO(in-
cludingBL Lacs),galaxyor star. We accumulatedthedatafor
thesecomputationsfrom the identi�ed optical objectsin our
catalogue,augmentingthe`star' pool with all unidenti�ed op-
tical objectswhichare11thmagor brighter. Weplacedobjects
classi�ed asAGN into the QSObin if they hada stellarPSF
in both colours,or whereboth colourswerefainterthan18.5
magnitudefor USNO-A objectswithout PSF(therewereonly
38 of these),andotherwiseinto thegalaxybin. Thusour start-
ing pool of known objectswith radio/X-rayassociationswas
8628QSOs,52422galaxiesand7078stars.In separateexer-
cisesfor theradioandX-ray associations,we binnedtheasso-
ciationsby four categories:radio/X-ray-to-opticalastrometric
offset(4 bins),B � Rcolour(16bins),stellarAPM PSFclassi-
�cation (4 bins),andradio/X-ray-to-optical�ux ratio (8 loga-
rithmic bins);anadditionalexerciseomitting thePSFbinning
wasdoneto caterfor USNO-A sourcedobjectswhich have no
PSFdata.Thenumbersof QSOs,galaxiesandstarsaretotalled
within eachcross-categorizedbin; theirratioswill yield therel-
ative likelihoodsof eachidenti�cation for thatbin. At least20
objectsarerequiredfor eachbin to be usable;if this wasnot
thecase,thebinswereamalgamateduntil the20objectsareat-
tained.However, this processyieldeddifferentresultsdepend-
ing on which categorieswere amalgamated�rst; we accom-
modatethis by amalgamatingby eightprimarysequencesand
taking theaverageof the results.We endedup with ratiosfor
eachbin, of the form 53% QSOs,36% galaxies,11% stars.
We thenassignedthosepercentagelikelihoodsto all radio/X-
rayassociatedobjectswhichbelongedin thatbin, includingthe
identi�ed onesfor comparisonby theuser(objectsassociated
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Table2. Samplelinesfrom theQORGcatalogue(`Free-Lunch'variant)

J2000location type R, B (mag) ct psf name typepercentages z radio/X-raysource1 �ux
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
040904.9-364744 GR 14.314.2 2 2 PGC632512 0 98 0 2 NVSSJ040904.8-364745 113
040905.0-053236 RX 19.120.3 1 1 12 74 0 14 NVSSJ040904.6-053234 4
040905.2-283859 R 19.720.6 1 2 21 56 3 20 NVSSJ040905.3-283859 4
040905.3+153056 R 16.921.2 p n - 2 80 2 16 NVSSJ040905.2+153051 3
040905.4-092350 R 17.219.4 p 2 1 2 89 0 9 NVSSJ040905.4-092353 16
040905.8-123849 QR 18.018.4 p - - PKS0406-127 97 1 0 2 1.563 NVSSJ040905.7-123847 450
040906.2-651733 R 15.015.1 - - 63 20 3 14 SUMSJ040905.3-651729 27
040906.2-041022 A 18.519.9 p 1 1 SDSSJ04-041 0.133
040906.3-760006 R 13.013.6 - - 2 46 15 37 SUMSJ040906.3-760006 6
040906.5-051054 Q 19.720.3 - - SDSSJ04-051 1.556
040906.6-760534 R 18.619.8 1 1 3 63 0 34 SUMSJ040906.7-760532 6
040906.6+122356 X 20.2(20.0) p 2 x 0 57 3 40 2RXPJ040906.9+122353 6
040906.6+290944 SX 10.6 0 p n n HD281690 0 6 64 30 1RXSJ040906.6+290943 92
040906.7-504531 R 18.721.6 2 1 2 92 0 6 SUMSJ040906.5-504528 18
040906.7-175710 QRX 19.120.6 - - PKS0406-18 64 6 4 26 0.722 NVSSJ040906.6-175709 999
040906.8-681946 2 11.711.5 - - 2 19 51 28 SUMSJ040900.6-682023 36
040906.8-011844 R 19.021.3 p 1 - 12 67 0 21 NVSSJ040906.7-011845 6
040907.3-043235 Q 19.119.8 p - - SDSSJ04-043 0.802
040907.6-304915 R 20.6(22.5) - x 4 47 9 40 NVSSJ040907.7-304916 2
040908.0-695738 X 18.821.5 n n 18 56 4 22 1RXSJ040907.9-695735 71

with bothradioandX-ray havetheirtwo resultscombined),but
for eachindividual objectwe alsodecreasethosepercentages
by thecalculatedchancethatthatobject's radio/X-rayassocia-
tion is false.Thispercentagechanceof falseassociationis also
listed,andthefourpercentagestogetheraddto 100%;weround
thepercentagesto thenearestwholepercent,soa listed�gure
of 100%is just a roundingratherthanastatementof total con-
�dence. Objectsthusgiven high QSOprobability scoreswill
be of themostinterestto researchersin the �eld; we enumer-
ate86,009suchobjectsin our cataloguenot hithertoidenti�ed
whichwe list asbeing40%to � 99%likely to bea QSO.

Theappendix,availablein theelectronicversionof this ar-
ticle,givesfull detailsof all ourmethodsalongwith supporting
tabulateddata.TheQORGcatalogueandsupportingdataand
ReadMe�les canbeaccessedfrom thecataloguehomepageat
http://quasars.org/qorg-data.htm.

5. Summar y

This paperpresentsthe QORGAll-Sky Optical Catalogueof
Radio/X-rayObjects,which is intendedto beagrandcompila-
tionof thelarge-scalesurveysof theradioandX-raysky asthey
existedbeforethebeginningof XMM andChandra operations.
It usesthecompletedROSAT, NVSSandFIRSTcataloguesand
the SUMSScatalogueat 70% completion.It providesoptical
associationsfor thesetogetherwith comprehensive identi�ca-
tionsof known objectswith the intentionof presentingan in-
formativemapto helpformulateandsupportpointedinvestiga-
tions.
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Appendix A: Details of the catalogue
construction

A.1. The Optical Catalogue used in QORG

The APM andUSNO-A catalogueshave beencombinedinto
a whole-sky 670,925,779-objectphotometricallyrecalibrated
catalogue.This wasdoneto provide an ef�cient anduniform
optical backgroundagainstwhich to perform all other tasks.
It was decidedat the outsetto storeastrometricpositionsto
a precisionof 1 arcseconly, as early matchingacrossAPM
platesshowedtypical discrepancieson theplatemarginsof up
to 2 arcsecfrom themean,andwe hadno desirefor precision
to exceedaccuracy. TheUSNO-Acatalogueshavenominalas-
trometricprecisionof 0.5arcsec,but theAPM astrometrywas
selectedwhereavailablebecauseit is photometricallydeeper
thanUSNO-A, andsoshouldbeusedto ensurethebestlocal
astrometricconsistency of the mergeddata.Similarly, it was
decidedto storephotometryto a precisionof 0.1 mag only,
asearlyanalysisacrossAPM platesshowed20%of matching
objectsto have photometricscattergreaterthan0.3 mag,thus
providing a senseof its accuracy. Useof this modestprecision
standardenablesour �nal opticalcatalogueto bestoredat just
7 bytesperobject,convertedto 11bytesperobjectin ourwork
�les, whichallowsspeedyprocessingfor whole-sky tasks.The
densityof objectson thesky in theresultingcatalogueis plot-
tedin Fig. A.1.

TheAPM andUSNO-A presenttheir datadifferentlyand,
in a sense,complementeachother. The APM classi�es the
point-spreadfunction (PSF) of each object as stellar, non-
stellar(i.e. galaxy),merged,or non-morphological,andseeks
to displaygalaxysizes,shapes,andpositionanglesby using
ellipsesto modelisophotally-boundedareas.Thedownsideof
this is thatclosepoint-sourcesareoftencollectedby theAPM
into a `merged' object indistinguishablefrom a galaxy. The
USNO-A is orientedto displayingstarssohasnoPSFclassi�-
cationandjust describespoint- positionsandmagnitudes,but
this meansno distinctionis madebetweenstarsandgalaxies.
By merging thesetwo cataloguestogether, onegetsbothkinds
of information,andsometimesa bit extra. APM `merged' ob-
jectsareoftenresolvedby theUSNO-A into constituentpoint
sources.Often photometryof different sectionsof a galaxy
becomesavailable. And wherean APM ellipse hasa single
USNO-Apointsourcepositionedatoneendof theellipsewith
no otherUSNO-A objectpresent,the propertiesof an object
at theotherendcanbe calculated;comparisonwith Digitized
Sky Survey (DSS) imagesshow that the calculatedobject is
correctto within a few arcsecin positionand1-2 magphoto-
metrically. Suchobjectshavebeenincludedin ouropticalcata-
logueandare�aggedas`inferredobjects'.Any APM `merged'
object that we have resolved into constituentpoint sourcesis
droppedwhile theresolvedsourcesareincludedin our optical
catalogue.

Someissuesencounteredin readingtheAPM datawere:

1. SomeAPM platesweremissingtheir calibrationparame-
ters,so default valuesweresuppliedwhich werelater ad-
justedin thesubsequentwhole-sky calibrationexercise.

2. About 10 of our 1997-datedPOSSI-based�les weremiss-
ing J2000coef�cients in the headers.This was remedied
by mappingindividual objectsfrom the B1950 positions
usingthetransformationmatrix from Murray(1989)which
wasfound to yield J2000positionsaccurateto within the
requiredarcsecprecision.

3. Overly-�attened ellipseswere found to be spurioussig-
nals.A thresholdwasestablishedto remove suchobjects.
Also, the APM hasa photometricclassi�cation for static-
like (non-morphological)signals;it wasfoundthatobjects
having only this classi�cationwereusuallyfalsepositives
andsowereremoved.Wefelt thatany trueobjectsthuslost
would generallybe restoredwith the subsequentaddition
of theUSNO-Adata.

4. Many pointsourcesareseenin onlyonecolourasthecoun-
terpartof the othercolour is fainter than the plate depth.
Sometimes,however, a point sourcein onecolour hasits
counterpartof theothercolourconcealedwithin a`merged'
ellipsewith an offset centroid,so appearingto be entirely
missingin that colour. We felt it importantto distinguish
betweensuchconcealmentandgenuineabsence,soin such
caseswehave�lled outtheobjectdataby addingtheellipse
photometryfor themissingcolour.

5. About half of the POSS-I plates contain spuriousone-
colour `objects' positionedpreferentiallytoward the plate
centres;this is evidenton the optical densitychartof Fig.
A.1. They areanartefacton theglasscopiesof thePOSS-I
plateswhichoriginatedfrom defectsin theolder103aEand
O emulsionsthatweremoststronglyimagedin thecentral
areaduring the copying process.Thesearevery faint but
weredetectedby thedeepAPM scansof thoseglasscopies
(M. Irwin, privatecommunication).In worstcasesthesecan
doublethenominalpopulationof a POSS-Iplate,but they
have beenfound via patternanalysisto have hadno dis-
cernibleeffect on our efforts; we have probablybene�tted
from our approachof matchingopticalobjectsto radio/X-
raydetections,whichalsocon�rms thatthematchedobject
is likely to bereal.SeeMWHB section3.5,wherethey sim-
ilarly �nd that FIRST detectionscon�rm matchingAPM
`noise'objectsaslikely to bereal.

6. Largeisophotalellipseswithin largegalaxiescanbeastro-
metricallymisalignedbetweenredandblueplates,causing
APM to displayneighbouringpairsof notionalone-colour
or mismatched-colour̀objects',oneblueandtheotherred,
both non-stellar. Therewas no simple �x for this which
wouldnot introduceerrors,sosuchdatawithin largegalax-
iesoriginatefrom thisartefact.

7. To allow easyreferencefrom a lookup table,we choseto
crop eachAPM plate to the maximalsimplerectangleof
sky boundedby two longitudesandtwo latitudes(J2000)-
somecarewasneededin this to avoid lossof sky coverage,
i.e.eachcroppedplatemustat leastreachall its neighbours.
This taskwasmademoredelicateby thefactthattheorigi-
nal plateswerearrayedby B1950coordinateswhich areat
asmallangleto ourJ2000boundaries.

8. An APM plate solution designedto correct astrometric
plate distortion is available,but we choseto usethe raw
APM astrometrydueto thecomplex natureof thesolution.



8 E. FleschandM.J.Hardcastle:Opticalcatalogueof radio/ X-ray sources

Fig.A.1. A whole-sky opticaldensitymapof thesourcesin theopticalcatalogue.Themissingsky coverage(white stripat centre-right)is due
to corruptUSNO-Adata;seethetext for details.

In this we feel justi�ed by the�ndings of MWHB that the
platesolutionactuallyincreasesoffsetsof faintobjectsnear
the plate corners.In generalour raw APM astrometryis
correctto an error of 1 arcsecin RA andDEC, with oc-
casionalerrorsof 2 arcsecin RA andDEC asdetermined
by comparisonto FIRSTastrometry;seeMWHB for a full
discussionof theseissues.

Someissuesencounteredin usingtheUSNO-Adatawere:

1. At thePOSS-IandUKST source-plateboundaries(within
the USNO-A data) it frequentlyoccursthat an object is
representedtwice, being on both sidesof the boundary.
Suchduplicateobjectswithin a 4-arcsecseparationwere
removed.

2. Datafor 17 northern-sky POSS-Iplateswerefound to be
corruptedin both A1.0 andA2.0 catalogues,i.e. basically
emptyof datathere.Theaffectedareais boundedroughly
by RA 5h-12handDEC 3� – 8 
 3� . Half of this is covered
by the APM, leaving the areaboundedby RA 5.6h-8.3h
andDEC 3� –8
 3� (about243.7sq deg, 0.59%of the sky)
without coveragein our opticalcatalogue.

3. Similar corruptionoccursin 17 southern-sky platesin the
A2.0 catalogue.Fortunately the A1.0 cataloguehas no
problemshere,so it was usedto populatethis region of
sky. Oddly, the affectedUSNO-A platesare thosenum-
bered537– 553in eachhemisphere.

4. Therearesubstantialphotometriczero-point offsetsin the
A2.0 catalogue;the listed valuesarenearlya full magni-
tudetoobright,exceptfor redPOSS-IE data.Theproblem
was remediedvia calibrationinto APM-governedmagni-
tude ranges.The A1.0 catalogueis not thus affectedand
seemswell calibrated.

5. Southern-sky POSS-Iplatesdisplayedasystematicpattern
of objectsbeing0.3 magfainterat the southendof each

platecomparedwith objectsat thenorthend.Thispresum-
ably resultsfrom thethickersky coverat lowerangles.

Our optical cataloguewas initially assembledone APM-
basedplate at a time by adding in correspondingdata from
theUSNO-A2.0catalogue,aswell asUSNO-A1.0asneeded.
Objectswerematchedacrossinput cataloguesto a separation
of 3 arcsecin eachof RA and DEC regardlessof photome-
try, while accommodatingbest�ts for objectsmultiply packed
morecloselytogether. Intra-platephotometriccalibrationwas
doneseparatelyfor red and blue by establishingthe median
offsetbetweentheAPM andUSNO-A2.0data,thenadjusting
theUSNO-A2.0magnitudesby thatamountto attaintheAPM
standard;this wasdoneseparatelyfor USNO-A1.0datawhere
we usedit. Our opticalcatalogueretainsonly a singleredand
bluemagnitudevaluefor eachobject,sotheAPM photometry
wasretainedasthe�rst choicein all casesexceptwhentheonly
availablePOSS-Iphotometrywas from USNO-A, asPOSS-I
magnitudesarepreferred.This is because(a) POSS-IE (red)
andO (blue)plateswerephotographedon thesamenight, thus
ensuringthe colour magnitudesarecomparable.By contrast,
UKST R (red) andBj (blue) platesareoften obtainede.g.10
yearsapart,sovariability canspoil thecolourcomparison.(b)
POSS-IO is centredonviolet,4050	A, makingabroadercolour
baselinewith thered6400	A (for bothPOSS-IE andUKST R)
thandoesUKSTBj 4850	A. Wehavefound,from2227162stel-
lar objectsonoverlappingequatorialPOSS-I/ UKST platesaf-
ter calibration,thatthemedianvalueof � Bj � R	��
� O � E 	 was
0.65.

After assemblyof 824 two-colourAPM-basedplates(i.e.
all thoseavailable in 1999,with two overlappingNorth pole
platestreatedasa singleplate),next camethe taskof whole-
sky photometriccalibration. The APM photometrywas re-
calibratedplate by plate by comparingmagnitudevaluesof
matchedobjectsoncroppedplateoverlaps,rolledupinto ame-
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dianoffsetfor eachtwo-platecombination.ThePOSS-Iplates
werecalibratedtogetherin oneexercise,theUKST in another.
Objectsusedwerethoseof stellarPSFin bothcolourson both
platesandwith positionsthatagreedto within 2 arcsecinclu-
sive in bothRA andDEC - theclosercriterionwasusedto en-
suretruematches.Calibrationwasdoneby adjustingall plate
magnitudesby half of theindicatedamountsfrom overlapping
areas,then repeatinguntil near-stability was reached,i.e. to
wheretheabsolutechangeperplateaveragedlessthan1/200th
of amagnitude.Thistook15iterationstoachievefor thePOSS-
I plates,and10iterationsfor theUKSTplates.Thephotometric
scatteraboutthemedianoffsetsis displayedin Table1, astro-
metricscatterin Table2. The�nal magnitudeswereroundedto
0.1mag,asdescribedabove.

The calibratedmagnitudesof objectsfrom APM POSS-
I plateswere found to vary from the nominal valuesmostly
within a rangeof � 0 
 4 mag,but discrepanciesof up to a full
magnitudewere found. The UKST plateswere more stable.
The calibratedAPM POSS-IE plateswere found to have a
zero-pointoffsetof 0.2magcomparedwith theUKST; thatis,
the E plateswere nominally on average0.2 mag too bright.
After con�rmation (Mike Irwin, private communication),all
POSS-IE magnitudeswere made0.2 mag fainter. The out-
comeof thefull calibrationshowsthatPOSS-Iplatesareoften
considerablydeeperthanthenominalmagnitudelimit. An ex-
tremeexampleis eo789which calibratesashaving a depthof
E � 21
 2 andO � 22
 7, easilydeeperthanthe POSS-IIcov-
eragethere,con�rmed by examiningDSSimages.Of course,
otherPOSS-Iplatescanturnoutquiteshallow, e.g.eo774with
a depthof E � 19
 1 andO � 20
 2. One particularlynotable
resultwasthattheLargeMagellanicCloudplatef056wascal-
ibrated into being over a full magnitudebrighter than APM
nominal.The3823overlappingstarswhich yieldedthis result
werecarefully examined,andthe offset wasfound to be uni-
form with normal scatter. The brighterLMC magnitudesare
includedin ouropticalcatalogue.

134 additional two-colour APM plateswere obtainedin
March 2002, all but one in the southernhemisphere,and
thesewereaddedby reconstitutingthe�nal cataloguein those
places using the same processingrules. These new plates
were calibratedto the QORG baselineby comparingstellar
objects on overlappingplate margins and simply adjusting
by the offset median.Our calibration is listed plate-by-plate
at http://quasars.org/docs/QORG-APM-USNO-calibration.txt,
which also lists the MWHB POSS-IE calibrationof 148 of
theseAPM platesusingAPS.Table3 summarizesthis calibra-
tion of all 958APM-basedplates.

It remainedto calibrate the large Galactic plane area,
which is coveredonly by theUSNO-A.TheAPM-basedplates
showed the medianadjustmentsfor USNO-A2.0wereto add
+0.2 to POSS-IE and+0.8 to POSS-IO, and+0.9 to UKST
R and+0.7 to UKST Bj; seetheaggregatesummaryin Table
3. Theseoffsetswere appliedto all USNO-A2.0-onlyareas,
except that north of declination � 63� the local APM-based
platesindicateda POSS-IO adjustmentof just +0.3; thehalf-
magnitudedifferenceindicatesthe limit of our ability to bulk
calibratethe USNO-A data in the absenceof co-positioned

APM data.TheseGalacticplaneadjustmentscompletedthe
photometricrecalibrationof our opticalcatalogue.

Preparatoryto assemblingourall-sky catalogue,weneeded
to integratetheAPM-basedequatorwhich is coveredby both
POSS-Iand UKST plates.We combinedtheseby matching
objectswith positionsthat agreedto within a separationof 3
arcsecinclusive in eachof RA and DEC. The UKST plates
aregenerallydeeperthanPOSS-Iplatesandsohave moreob-
jects; thus,we useUKST astrometrywhereavailable to pre-
servelocalastrometricconsistency andprovidethemostrecent
position,but we usePOSS-Iphotometrywhereavailable,al-
thoughtwo-colourUKST objectswerechosenoverone-colour
POSS-Iobjects.Thereforethe resultof combiningtheseis an
interwoven mix of POSS-IandUKST objectsandattributes,
with a �ag to indicatewherethebluemagnitudeis POSS-IO.
In this way, 29 equatorialPOSS-Iplatesand24 UKST plates
wereentirelywritten ontotheir counterpartsandsonot further
used.Similarly, theUSNO-A1.0hasPOSS-Icoveragebetween

� 17� and � 33� which is coveredin UKST by USNO-A2.0,
so the POSS-Idatawasoverlaid onto the UKST background
andinternallycalibratedby adjustingbothE andO by theme-
dian � R � E 	 offsetfor eachtwo-platecombination;thismethod
keepsPOSS-IO andUKST Bj photometricallydistinct.

Theremainingtaskwasto combineall platesinto continu-
ousdatacovering thesky. The recalibratedUSNO-A wasini-
tially usedas the background,to be tiled over by the APM-
basedplates.Whereplatesoverlap, it is desirableto usethe
deepestplate;wethereforeorderedtheplatesfrom lowestplate
depthto highestand tiled them onto the backgroundin that
order. The deeperplatesthus overwrite the shallower ones.
Mergingwasperformedattheplateboundariesto ensurenoob-
ject waslost,aswell asde-duplicationto aseparationof 3 arc-
secin eachof RA andDEC. Post-assemblyanalysisrevealed
somesmall `holes' in the sky coveragewhich weremanually
repopulatedfrom whicheverAPM platehadthedata.As men-
tioned,theastrometricprecisionof the �nal optical catalogue
is to onearcseconly. Thisallocates1,296,000R.A. unitsalong
theequator. Theseunitsnaturallycompresstowardthecelestial
poles.To easeprocessing,we allocateonly 432,000R.A. units
betweendeclinations60� and75� , 259200R.A. unitsbetween
declinations75� and85� , andjust 86400R.A. unitspoleward
of declination85� . Theseroundingsconform to the 1 arcsec
astrometricprecisionfor whichweareaiming.

The �nished optical cataloguehas 155,108,493POSS-I
sourcesand112,827,180UKST sourcesfrom the APM, and
192,176,786POSS-Isourcesand210,533,717UKST sources
from USNO-A. Thesecrisp photometrictotalsmaskthe fact
that many of theseQORG optical objectsare two-epochhy-
bridshaving POSS-IphotometryandUKST astrometry. There
are in addition a total of 279,603inferred objectswhich ap-
pearonly in thiscatalogue,133,018inferredfrom POSS-Idata
and146,585from UKST data.As thereis no PSFinformation
on inferredobjectswe treatthemasnon-APMexceptfor 286
which are matchedin the other colour to an unresolved off-
centreAPM `merged' ellipseandso aretreatedasAPM-type
dueto their nominalPSF. All of theseaddup to 670,925,779
uniqueobjectsin the QORG optical catalogue,which maps
thesky north of � 3� in POSS-I,southof � 33� in UKST, the
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Galacticplanenorth of � 17� in POSS-I,and the remainder
in a two-epochmix of both.A comprehensive listing of indi-
vidual cropped-platesky boundaries,platedepths,andcounts
of theobjectscategorizedby PSFtypecanbefoundin the�le
http://quasars.org/docs/QORG-plate-summary.txt . Table4 dis-
playstheobjecttotalsfor our opticalcataloguewhereeachof
our two-colourprocessedplatesis allocatedwholly by survey
(POSS-I/UKST/BOTH) and sourcecatalogue(APM/USNO-
A). These�nished processedplatessharenoobjectswith their
neighboursandcanhave irregularboundariesandresiduesof
objectsfrom adjacentareas,e.g.,thePOSS-Iplatescancontain
someUKST objectswherethey borderon UKST areas.These
aggregatetotalssummarizetheintegratedopticalcataloguethat
wehaveusedthroughoutthis project.

Of particularnotein Table4 arethetwo-epochobjects.Our
optical dataretainsno explicit two-epoch�ag (exceptwhere
theobjectis �agged asvariableor having propermotion),but
sincewe retainthePOSS-Iphotometryfor all suchtwo-epoch
matches,and � 98% of POSS-Iobjects in this sectorhave
UKST counterparts,we can make the generalstatementthat
all objectsin this sectorannotatedasPOSS-Iare two- epoch
in our catalogue,andUKST objectsarenot, i.e., therewasno
goodPOSS-Imatchfor thoseUKST objects.An exceptionis
theequatorialplatesthatwerecoveredby APM in bothPOSS-I
andUKST; herewe�nd thatabout16%of the�agged2-epoch
objectsarein factUKST from overlappingAPM SERCplates.
Additional two-epochobjectscomefrom suchoverlapsof our
croppedAPM-basedplates,for which we evaluatedonly ob-
jectsthatwerestellarin bothcolourswhencalibratingour op-
tical catalogue;weretainedonly thosetwo-epochobjectsfrom
theAPM overlaps.APM POSS-Iplatesare6 
 5� on a sideand
positionedat6� intervals,sotwo-epochareasaresmallto begin
with; afterour croppingandobjectselectionwe retainedonly
1.2% of all objectsas two- epoch,asshown in Table 4. The
APM UKST platesarealso6 
 5� squarebut arepositionedat
just 5� intervals,which optimally allows 70%two-epochcov-
erage;however, theusefulnessof two- epochUKST coverage
is temperedby the UKST red andblue imagesbeingtaken at
differentepochs,so that variability andpropermotion canbe
jumbledand lost; after our croppingandobject selectionwe
retainedonly 8.7%of all objectsastwo-epoch.In total 10.7%
of our optical catalogueobjectsaresourcedfrom two epochs,
comprising18 per cent( � 62200000� 347418297) of POSS-I
objectsand just 3% ( � 10000000� 323507482) of UKST ob-
jects;theprevalenceof POSS-Itwo-epochobjects,again,is a
consequenceof oursystematicretentionof two-colourPOSS-I
photometrywhereveravailable.

A token effort was madeto detectvariability and proper
motion acrossepochsin our dataprior to the �nal assembly
of ouropticalcatalogue.Matchedobjectswith post-calibration
variability of over1.0mag(exclusive)in eachcolourhavebeen
�agged as variable,althoughwhereboth epochswere APM
thenthethresholdis 0.5 magbecauseof theuniformity of the
calibratedAPM photometry. We �ag 3,702,933suchobjectsin
our completetwo-epochzonebetweendeclinations� 3 � and

� 33� , comprisingabout5.7% of all objectsthere.Testingof
GCVSstars(for which thereis no publishedcompleteness)in
our two- epochzoneshowswe �ag 283outof 851GCVSstars

thereasvariablefor a33%identi�cation rate,whichis afair re-
sult giventhatmany of thesestarswill have beenat equivalent
pointsof their light curvesin bothepochs,or atdifferentpoints
of their light curvesfor thediscreteepochsof theUKST-R and
UKST-Bj plates,which would confusethe comparisonto the
POSS-Idata.In regardto propermotion, matchedstellarob-
jectswith post-astrometric-calibrationpositionalshifts of 3-8
arcsechave been�agged in our optical catalogueasdisplay-
ing propermotion;thesetotal 871,705,comprising1.2%of all
our two-epochobjects.Wehavetestedour resultsagainstthose
starsfrom theTychoandNLTT surveys which arelistedwith
propermotionsof � 0 
 08arcsec/yearwhichshouldshow upas
a 3-arcsecshift acrossthe � 30-yearspanof our two epochs.
We test againstTycho starsin our completetwo-epochzone
(as with GCVS) and our optical catalogue�ags 6753 out of
15515qualifying Tychostarsasmoving, for a 43.5%identi�-
cationrate,which seemslow; however, thesearebright stars,
many of which were astometricallyinsertedinto the USNO-
A insteadof usingstandardPMM reductions.The NLTT lists
faint moving starsperhapsmoresuitedto comparisonto our
opticalcatalogue;it has36,085stars,being90%completeover
44% of the sky. Testingagainstthe NLTT over the entiresky
showsouropticalcatalogue�ags asmoving3402outof 33,975
qualifying NLTT starsthat we �nd in our catalogue.As our
whole-sky two-epochcompletenessis just10.7%thisindicates
a � 93% (3402��� 33975 ��
 107	 ) identi�cation rate of NLTT
starsasmoving. While at �rst glancethis looks pretty good,
further inspectionshows that thecompletenessof NLTT indi-
catesthat thereshouldbeonly about91,000suchhigh proper-
motionstarsover thewholesky, whereaswe �ag 871,705such
objects,sowe have abouttentimestoo many. By comparison,
Gould (2003)notesthat the USNO-B catalogue(Monet et al.
2003) �ags onehundredtimes too many high proper-motion
starscomparedwith NLTT, but the USNO-B authorselected
to over-reportasa methodof designatinghigh propermotion
candidates.Our goal was simply to accuratelyidentify these
objects,so it seemsthat we have overreachedsomewhat.Our
partial successin �agging variableandpropermotion objects
shows that these�ags shouldbe taken asindicative only, and
needingcon�rmation in individualcases.

A.2. Calculation of the Likelihood of Association
between Optical Objects and Radio / X-ray
Sources

The distinguishingtechniqueof the QORG catalogueis the
uniform algorithmby which likelihoodof associationbetween
optical and radio/X- ray sourcesis calculated.The nä�ve ap-
proachto causallinking of thesewould beto searchfor simple
astrometricco-positionality, but problemswith that approach
include the natural offsets in extendedobjectsand jets and
lobes,the astrometricimprecisionof the availabledata,espe-
cially theX-ray data,andthediffering signi�canceof co- po-
sitionality in densestar�elds comparedto sparse.TheFIRST
Bright QuasarSurvey (FBQS:White et al. 2000)alignedradio
andoptical astrometryto a precisionof 0.1 arcsecandfound
thatco-positionalitywasa suf�cient solecriterionfor associa-
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Table A.1. Photometricscatteraboutthemedianoffset for matchedobjectson overlappingAPM plates.All includedobjectshave stellarPSF
in bothcoloursonbothplates.

POSS-IE POSS-IO UKST R UKST Bj
Magnitude Numberof Cumulative Numberof Cumulative Numberof Cumulative Numberof Cumulative
difference matches percentage matches percentage matches percentage matches percentage

0.0 256530 16.24 232634 14.73 1317056 24.32 985544 18.20
0.1 446552 44.52 416090 41.07 2039190 61.98 1703200 49.65
0.2 311352 64.23 309549 60.67 1061705 81.58 1149693 70.88
0.3 192744 76.43 204464 73.62 483864 90.52 668240 83.22
0.4 117074 83.85 129618 81.83 228729 94.74 371877 90.09
0.5 72618 88.45 84078 87.15 115546 96.87 206804 93.91
0.6 47723 91.47 56436 90.72 60490 97.99 118176 96.09
0.7 32845 93.55 39041 93.20 33789 98.61 68602 97.35
0.8 22946 95.00 27518 94.94 20956 99.00 41267 98.12
0.9 16581 96.05 19822 96.19 13467 99.25 25972 98.60
1.0 12418 96.84 13829 97.07 9301 99.42 16849 98.91
1.1 9589 97.44 10237 97.72 6590 99.54 11844 99.13
1.2 7298 97.90 7550 98.20 4833 99.63 8866 99.29
1.3 5730 98.27 5679 98.56 3716 99.70 6827 99.42
1.4 4699 98.56 4204 98.82 2781 99.75 5554 99.52
1.5 3754 98.80 3307 99.03 2235 99.79 4383 99.60
1.6 3014 98.99 2717 99.20 1794 99.83 3570 99.67
1.7 2509 99.15 2151 99.34 1436 99.85 3037 99.72
1.8 2083 99.28 1770 99.45 1209 99.88 2532 99.77
1.9 1788 99.40 1410 99.54 1010 99.89 2134 99.81

2.0+ 9518 100.00 7261 100.00 5704 100.00 10430 100.00
Total 1579365 1579365 5415401 5415401

TableA.2. Astrometricscatteraboutthemedianoffsetfor matchedstellarobjectsonoverlappingAPM plates.All includedobjectshavestellar
PSFin bothcolourson bothplates.Note:selectioneffect at3 arcsec;multiply numberof objectsby 3 to obtaintruebackgroundapprox.

Scatter POSS-I UKST
(arcsec) Numberin Dec. Percentage Numberin RA Percentage Numberin Dec. Percentage Numberin RA Percentage

0 848948 53.75 691329 43.77 3376931 62.36 2977660 54.99
1 663282 42.00 785769 49.75 1991025 36.77 2297920 42.43
2 65641 4.16 100762 6.38 47338 0.87 139132 2.57
3 1494 0.09 1505 0.10 107 0.00 689 0.01

Total 1579365 100.00 1579365 100.00 5415401 100.00 5415401 100.00

tion only out to a 1.2arcsecseparationin sky areasaway from
the Galacticplane.The presentwork treatspositionalsepara-
tion only in incrementsof 1 arcsec,and usesthis with addi-
tional criteria to quantify likelihoodof association.As an ex-
ample,given two equivalentnearbyoptical candidatesfor as-
sociationwith a radio/X-raysource,if oneof themhasR = B
andthe otherhasR = B - 2.5, we would considerthe former
to bethefar morelikely candidateasit hasQSO-like colours,
while the other is likely to be a coincidentstar. But to weigh
this distinctionaccuratelyrequiresquantitative assessmentof
the likelihoodsto be assignedto differentoptical colour bins.
In totalweusethreeobservationalparameterstoassessthelike-
lihood of associationbetweenradio/X-raysourcesandoptical
candidates:astrometricoffset,B - R colour,andAPM PSFclas-
si�cation in eachcolour.

Likelihoodis gaugedby comparativedensityon thesky. If,
say, stellar- PSFobjectsof R = B on annuli5 arcsecfrom the
setof all RASSX-ray sourcesare10 timesasdenseon thesky
therecomparedwith theall-sky (background)density, thenwe

saythe chanceof associationof thoseoptical objectsthereis
90%, i.e. of each10 of thoseoptical objects,we take oneas
typical backgroundandtheexcess9 ascausal.This approach
mustincorporatelocal sky objectdensity, asotherwisecalcu-
lated likelihoodsin densely-populatedareaswould be falsely
high againstthe all-sky-averagebackground.A simple local
density-dependentmultiplier would suf�ce in one sense,but
this would overlook the different mix of objectsin different
partsof thesky, i.e. thelow- densityGalacticcapsareexpected
to haveahigherratioof objectswith QSO-likecoloursthanthe
high-densityGalacticplane.To accommodatebothdensityand
object-mixvariations,we have dividedthesky into twelve sky
densitybins,andaccordinglyhavebrokenouropticalcatalogue
out into rectanglesof approx1 sqdegreeandallocatedthemby
meanobjectdensityinto thosetwelve bins.Table5 shows the
areas,objectcounts,andaveragedensitiesfor thetotal objects
andtheAPM-only objects,for eachsky densitybin.Theseden-
sity binshave beendesignedto keepthediscrepancy between
any local sky densityandthedensityof thecorrespondingbin
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Table A.3. Photometriccalibrationof the APM and USNO-A2.0cataloguesummarizedby plate depthadjustment.The threeright-hand
columnscomparethe calibrationof 148 POSS-IE platesby MWHB andthis paper. Columnsareas follows (1) classi�cation: magnitude
amountaddedto platedepthto obtainnew platedepth(2) Numberof POSS-IE plates,from APM depthto QORGdepth(3) Numberof
POSS-IO plates,from APM depthto QORGdepth(4) Numberof UKST Rplates,from APM depthto QORGdepth(5) Numberof UKST Bj
plates,from APM depthto QORGdepth(6) Numberof POSS-IE plates,from USNO-A2.0depthto QORGdepth(7) Numberof POSS-IO
plates,from USNO-A2.0depthto QORGdepth(8) Numberof UKST Rplates,from USNO-A2.0depthto QORGdepth(9) Numberof UKST
Bj plates,from USNO-A2.0depthto QORGdepth(10) 148POSS-IE plates,from APM depthto MWHB depth(roundedto 0.1 mag)(11)
Thesame148plates,from APM depthto QORGdepth(this is a subsetof column2) (12) Thesame148plates,from MWHB depthto QORG
depth.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
� 1 � 4 . . . 1 . . . . . .
� 1 � 2 . 1 . . . . . . . .
� 1 � 1 . 1 . . . . . . . .
� 1 � 0 1 1 1 2 . . . . . .
� 0 � 9 1 . . . . . . . . .
� 0 � 8 . . . . . . . 1 . .
� 0 � 7 1 2 1 4 . . . 1 . . .
� 0 � 6 3 7 . 6 . . . 2 1 .
� 0 � 5 3 8 6 11 . . . 1 1 .
� 0 � 4 3 21 15 18 . . . 3 . 3
� 0 � 3 5 29 36 46 . . . 6 . 3
� 0 � 2 25 54 60 39 . . . 5 5 17
� 0 � 1 34 61 89 92 7 . 1 13 10 25

0.0 48 73 123 105 49 . . 17 19 29
0.1 60 60 91 91 102 . . 1 11 17 28
0.2 74 57 45 43 90 4 . 23 27 24
0.3 68 47 22 25 84 2 . 4 20 21 11
0.4 50 16 10 13 57 4 7 15 19 16 4
0.5 40 4 7 5 34 26 3 26 14 20 1
0.6 19 4 2 7 12 59 22 63 8 7 3
0.7 6 . 1 1 2 110 42 71 3 2 .
0.8 4 1 1 1 1 90 46 53 1 2 .
0.9 2 1 . . . 62 65 37 1 . .
1.0 . . . . . 39 42 16 . . .
1.1 . . . . . 22 25 7 . . .
1.2 1 . . . . 15 23 7 . . .
1.3 . . . . . 2 13 5 . . .
1.4 . . . . . 2 11 . . .
1.5 . . . . . 1 4 . . .
1.6 . . . . . . 1 . . .
1.7 . . . . . . 1 . . .

Total 448 448 510 510 438 438 306 306 148 148 148

to a maximumof 20%,althoughgreaterdiscrepanciesarepos-
siblein inhomogeneousareas,of course.A 20percentdensity
error will result in a likelihood �gure of e.g.,90 per cent, to
be written as88% or 92%(seeequation2, below), which we
consideracceptable.

Thesebinnedareasand countsof objectsserve as back-
grounddenominatorsfor our likelihoodcalculations.For ob-
jectswith APM PSFinformationwe usethe APM areasand
counts,for non-APM we usethe total areasandcounts.One
remainingdivision in our sky is thatof POSS-IversusUKST
objects.As previouslystated,UKST (Bj � R) is 0.65of POSS-
I (O � E) asa median,soanobjecttypically will have a larger
colour spreadin POSS-Ithanin UKST. Early pre-publication
versionsof our cataloguecalculateddenominatorsseparately
for eachsurvey, thusdoubling the numberof bins andso re-
ducing their population.However, it is desirableto keepour

backgroundbin populationsas large aspossibleto minimize
statistical�uctuations.We judgethat it is qualitatively prefer-
ableto useasimplestatisticalruleto aligntheUKST coloursto
the POSS-Icolours,thuskeepingtheseobjectsuni�ed within
thesamebins.Thuswe choseto multiply eachUKST object's

� Bj � R	 by 1.5( � 1 � 0 
 65) to mapto thestatisticallyexpected
POSS-I � O � E 	 , for Bj � R. Theresultis thatthe12 sky den-
sity binsof Table5 representthestartingpoolsof datafor all
likelihoodcalculations.During eachsuchcalculation,the ap-
propriatepool was divided up by APM PSF classand O-E
colourto obtaintherequiredbackgrounddenominator.

Our APM-style PSFclassi�cation takeson just 4 discrete
valuesfor eachcolour:stellar(written by usas`-' asa trunca-
tion of APM's `-1'), fuzzy (`1'), extended(`2') andnoclassi�-
cation(`n'). Our stellarandfuzzy classescomestraightfrom
the APM, but our extendedclass`2' differs from the APM
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Table A.4. Countsof opticalobjectsin theQORGopticalcatalogue,subdividedby POSS-I/UKSTsurveyedareas(`BOTH' indicates2-epoch
areas)andsourceAPM/USNO-A catalogue.Note that all 2-epochobjectsfrom areassurveyed by both POSS-IandUKST arePOSS-I,as
POSS-Iphotometrywasalwaysretainedfor these.

Source No. of R+B Area No. of optical No. of POSS-I No. of UKST No. of 2-epoch 2-epoch
Survey Catalogue plates (sqdeg) objects objects objects objects percentage
POSSI APM & USNO-A 448 13504.9 133053261 133046581 6680 1579365 1.2
POSSI USNO-Aonly 296 5799.1 149390371 149204938 185433 0 0
UKST APM & USNO-A 201 4534.7 62582083 20972 62561111 5415401 8.7
UKST USNO-Aonly 207 4857.8 170296427 45907 170250520 0 0
BOTH APM & USNO-A 309 7977.7 82968412 27932578 55035834 � 28000000 33.7
BOTH USNO-Aonly 76 4335.0 72635225 37167321 35467904 � 37000000 51.0
TOTAL 1537 41009.3 670925779 347418297 323507482 � 72000000 10.7

Table A.5. 12 sky densitybinsandsummationsof thesky portionallocatedto eachbin. Notethat243.71squaredegreesaremissingfrom the
opticalcatalogue.

Density Densityrange Total area Totalno. Mean APM Area APM no. APM mean
bin (persquaredegree) (squaredegree) objects density (squaredegree) objects density

6000 1–6000 3206.24 15533000 4845 2757.65 13057871 4735
8000 6001–8000 5416.09 38352783 7081 4815.15 33185681 6892

10000 8001–10000 7333.54 65955475 8994 6382.29 56028957 8779
12000 10001–12000 6018.01 65589155 10899 4916.19 52348586 10648
15000 12001–15000 5591.52 74376431 13302 4039.37 52316607 12952
18000 15001–18000 3299.59 53680671 16269 1801.29 28611437 15884
22000 18001–22000 2409.98 46968715 19489 796.56 15306870 19216
34000 22001–34000 3539.80 94724199 26760 405.07 10157923 25077
45000 34001–45000 2380.68 93561653 39300 31.81 1197891 37657
60000 45001–60000 1144.29 56432307 49317 23.21 1223691 52712

100000 60001–100000 347.90 27239742 78298 32.18 2529866 78608
150000 over 100000 321.63 38511648 119740 16.54 1970579 119123

Total 41009.25 670925779 16360 26017.32 267935959 10298

merged-object̀ 2' in thatwe expectthatsucha sourceshould
have a visible sourceat the centroid,or be a componentof a
largegalaxy. If thePSFis not classi�edas`-', `1', or `2', then
wetake it asan`n' for theselikelihoodcalculationsevenif the
colour is missing,asthequestionhereis not thevisibility but
just themorphology. All objectsarealsoaccumulatedinto the
PSF-freèn' classin eachcolour(withoutdouble-countingif it
is alreadỳ n'), andagainwith `n' for bothcolours.Thus,with
just four PSFclassi�cationsavailablefor eachof two colours,
wehavea totalof 16 two-colourPSFbins.

O-E colour is binnedby 0.3 to keepbin populationslarge
while blurring coloursby no more than0.1 mag.We usethe
range( � 0 
 9 � O � E � 4 
 5),binnedby 0.3,with O � E ��� 0 
 9
takenas-0.9 andO � E � 4 
 5 takenas4.5.As mentioned,for
UKST Bj � R, we take O � E ��� Bj � R	�� 1 
 5, then bin it
in the sameway. One-colourobjectshave no O � E, but are
includedin a cumulationof all objectswhich is givena place-
holdervalueof O � E � 9 
 9. Thuswe havea totalof 20O � E
colourbins.Note that thereis anAPM photometryartefact in
denseLMC areaswhichresultsin anoverabundanceof Bj � R
in the two highestdensityAPM bins;possiblythe APM con-
fusednearneighbourswhenmatchingimagesacrosscolours.
The consequenceis thatwe cannotusethecolour criterion in
theLMC. Without this tool, andin recognitionthatour meth-
ods are lesseffective in very densestar �elds, to deter false

positiveswe have chosento requireco-positional�t within 1
arcsecto acceptassociationin the two highestdensitybins of
100000and150000.

The breakdown of our optical catalogueinto thesecross-
categories of 12 sky density bins by 16 PSF bins by 20
colour bins is displayed at http://quasars.org/docs/QORG-
background.txt. ThetotalnumberandAPM numberof objects
for eachof the 3840 cross-indexed bins are listed. For each
likelihoodcalculation,across-indexedbin is selectedusingthe
opticalobject'sattributes,andthatbin providesthebackground
numbersusedfor thedenominator.

Likelihoodis calculatedin termsof the overabundanceof
optical objectsover the background.As an examplecalcula-
tion, let usconsidera HRI sourceoffset3 arcsecfrom anopti-
calobjectwhichis stellarin bothcolours,hasO � E � 0 
 3,and
is locatedin sky of densitybin 8000.Our input HRI catalogue
has6859X-ray sourcesin sky of densitybin 8000; therefore
for offsetannuliof 3 arcsecaboutthese,thetotalarea(between
radii 2.5 and 3.5 arcsec)is 129,289arcsec2, and within this
areaof sky our opticalcatalogueyields31 objects(smoothed)
which are stellar in both coloursand O � E � 0 
 3. Table 5
shows that the all-sky areaof densitybin 8000is 4815.15sq
deg which convertsto 62,404,324,852arcsec2, andwithin this
sky areathe backgroundcountof objectswhich arestellar in
bothcoloursandO � E � 0 
 3 is 213,453,asshown in `QORG-
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background.txt'.Thecomparativesky densityfor theseoptical
objectsat 3 arcsecoffsetfrom HRI sourcesis thus

Density ��� count� area	��
� backgroundcount� backgroundarea	

��� 31� 129289arcsec2 	��
� 213453� 62404324852arcsec2 	

� 70
 1 (A.1)

Thedensityof 70.1representsanoverdensityof 69.1com-
paredto thebackgroundof 1. Thuscon�denceof association=

� 70
 1 � 1	�� 70
 1 � 98
 6% for eachobject,andthis is our mea-
sureof causallikelihood:

Con�dence �

� density� 1	

density
(A.2)

Completedensitiesandsupporting�gures aregivenfor all
cross-indexed bins for the HRI input cataloguein the den-
sity chartat http://quasars.org/docs/QORG-HRI-densities.zip,
andsimilarly for theRASS,PSPC,WGA, NVSS,FIRSTand
SUMSSinput catalogues.Smoothingrulesusedare itemized
in the headersof those�les. Note that outlying bins suchas
that of O � E ��� 0 
 9 canhave very small populations,so to
avoid small- numbers�uctuations we have amalgamatedthe
outliersto wherethebin population`count' in equation(1) is
expectedto beat least� ve.Thusin `QORG-HRI-densities.txt'
the �rst displayedO � E bin is O � E � 0 
 3, which includes
smallerO � E. The needto keepbin populationshigh shows
thattheef�cacy of our likelihoodmethodis directlydependent
on the size of the input catalogue,and indeedsmall-number
�uctuations in outlying bins arean occasionalhazard.In the
closingsectionof this paperwe describean offset-dependent
penaltywhich we have deployed to further control this inter-
mittentproblem.

Thereare, however, complicationsthat we neededto re-
solve beforethese�nal densitieswerewritten. In the caseof
theX-ray catalogues,theROSAT �elds aremisalignedwith re-
spectto theoptical background,typically by 1-10 arcsec,and
needto be shiftedto their correctlocations.Someshifting is
alsoneededfor theradio�elds, but in thiscaseit is becausethe
APM astrometrycanbeoffset from thetrueby up to 2 arcsec
in eachof RA andDEC (at theplateedges;seeMWHB for a
full discussion),andaswe usetheAPM for our referenceas-
trometrywe needto realigntheradiosurvey astrometrywhere
appropriate;thatis, introduceequalerrorssoastoalignit to our
APM background.Thisis aniterativeprocessasadensitychart
mustbe compiled�rst out of the original astrometryfor each
radio/X-raycatalogue,thenthatdensitychartis usedto re-align
theastrometry, thena new densitychartis compiledusingthe
revisedastrometryasan input catalogue,etc.Our experience
is that threeiterationsaresuf�cient as the fourth bringslittle
changeto thedensitychart.The �nal densitychartsaremuch
morefocusedthantheinitial ones,with high densitiesfor near
positional�ts, anddensitiesfalling off rapidlyoutwards,much
likethe�nal chartdisplayedonhttp://quasars.org/docs/QORG-
HRI-densities.zipfor HRI; similar resultsareobtainedfor the
othercatalogues.We describeour methodfor achieving these
shiftsin thefollowing sections.

A.3. The X-ray Sources

Theimmediateconsiderationin usingROSAT X-ray catalogue
data is in decidingwhich sourcedetectionsto useat all, as
their reliability variesand �ags are presentto signal reduc-
tion dif�culties due to closeor complex sources.Most HRI
and PSPCsourcesbearsomeof these�ags; of the 131,902
total HRI sources,only 13,452are entirely un�agged.These
�ags originatefrom thesurveyors' manualinspectionof all the
individual detections,andoneof the �ags signalstheir over-
all assessmentthat the sourceis a falsedetection;wherethis
�ag is not set,the sourcewasnot determinedto be spurious.
We thereforeuseonwardsall sourceswithout this �ag ascan-
didatesfor matchingto our optical catalogue.Of the 131,902
HRI sources,111,865arewithoutthefalse-detection�ag; how-
ever, of these,8767areastrometricduplicates(to the1-arcsec
resolutionof this project) within the sameROSAT observing
�eld, and46,700further sourcesare�agged by HRI as`non-
unique' astrometricduplicatesacrossdifferentROSAT �elds –
this is not unexpected,as many objectsof interestwere ob-
servedrepeatedly. Thusin theendwe areleft with 56,398as-
trometrically uniqueHRI sourcesto attemptto matchto op-
tical objects.Similarly, 100,205individual PSPCsourcesare
availableto us from the 118,785original sourcesin the com-
binedPSPCandPSPCFcatalogues;thesecatalogueshave no
`non-unique'�ag. The WGA catalogueauthorsuseda single
`quality �ag' to gaugereliability, andusingtheir88,621-record
catalogueof `good' sourcesyields 88,378individual sources.
TheRASScataloguehascleandatawith only a few complex-
emissionsourceswhich we have chosento retain,so we use
their full complementof 124,730sources.

Theprimary taskin associatingROSAT sourceswith opti-
cal objectsis thatof astrometrically�tting theROSAT observ-
ing �elds to theopticalbackground.As detailedin Appendices
B andD of theROSAT User's Handbook,therewereongoing
boresightingandundiagnosederrorswhichcausedpointingun-
reliability of up to 20 arcsec.This `attitudesolutionerror' was
accompaniedby asystematicroll angleerrorof 6 arcsecwhich
hasbeencorrectedfor in the �nal HRI, PSPCandRASScat-
aloguesthat we use,but the attitudeerror wasmore random
thansystematicandpersistedthroughoutROSAT's operation.
HRI �elds arenominallymorepreciselypointedthanPSPCor
RASS,butwe�nd in ouranalysis(below) thatsomeHRI �elds,
too, areoffset by asmuchas15 arcsec;seealsoMasonet al
(2000),�gure 1, which shows PSPCsourcesoffset from their
optical counterpartsby up to 15 arcsecwith onesourceoffset
by 30 arcsec.WGA �elds oftenhave offsets10 arcsecgreater
thantheir correspondingPSPC�elds, possiblybecauseof the
absenceof the roll angle�x combinedwith an early pointing
solution.Thequestionof correctlyrepointingaROSAT observ-
ing �eld is presentin everyinstanceof itsuse.Researchershave
oftenresistedshifting the�elds lest their analysisbedisputed.
Our task here,however, explicitly involvescausallinking of
opticalandX-ray sources,andcorrectlyrepointingtheROSAT
�elds is essentialto optimizingthis task.We believeour likeli-
hoodalgorithmsbasedon our whole-sky opticaldatagivesus
an unprecedentedopportunityto decidethe correctalignment
of theROSAT �elds in bulk.
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Thegeneralprincipleof ourapproachis to �nd compelling
X-ray-opticalassociationsandshift eachROSAT �eld soasto
superposeits X-ray sourcesperfectly onto the optical back-
ground.Of course,the real datanever �ts perfectly, many X-
ray sourceshave optical counterpartstoo faint for our optical
catalogue,andweneedto �nd quanti�cationswhichyield opti-
malalignmentswithout falling prey to chancecoincidental�ts.
Our main tool is of coursethe likelihoodcon�dencemethod
explainedin theprevioussection,andwe neededto determine
thelikelihoodscorefor eachX-ray-opticalassociationandsum
the scoresfor eachROSAT �eld in a way which incorporates
both (1) thenumberof associationsand(2) thepower of pre-
cise�tting associationsin a balancedway – neitherof theseis
suf�cient on its own, asrandomalignmentscaneasilygiverise
to many associationsatlargeoffsets,or afew small-offsetasso-
ciations.MonteCarlosimulationscannoteasilybedesignedto
optimisethecombinationof thesetwo measures,aswehaveno
a priori notionsof whatcomparative con�gurationsof control
andtestdatashouldbeexpectedto �t validly, andwhichwould
�t only coincidentally. Any simulation-derived rules would
needto be testedagainstreal-sky datato �nd if the simula-
tion was designedin conformanceto real-sky behaviour; the
requirementfor real-sky testingrendersthe simulationsuper-
�uous. Our generalapproachof beingguidedby the realdata
itself to �nd the rules and numbersappliedas strongly here
asanywhereelse.Thus,in practice,to determinethe optimal
combinationof theabove two measures,we heuristicallytried
differentformulationsandtestedthemagainstwell- understood
X-ray �elds to �nd thebest-performingsolution.

We processedeachinput catalogue(e.g.,HRI) separately.
Our �rst stepwas to compile an initial densitychart (as de-
�ned in theprecedingsection)for a wholeinput catalogueus-
ing its nominal(original) ROSAT astrometry. Next we test,for
eachROSAT �eld, all positionalshifts from thenominalloca-
tion out to � 48arcsecoffsetin eachof RA andDEC (in inter-
vals of 3 arcsecto save processing,thus1089shifts in total).
Eachtested�eld shift is scoredas follows: �rst, we usethe
densitychart to producecon�denceof association�gures for
the �eld' s X-ray- optical matches,usingsourcessingly only;
theseneedto be amalgamatedinto a �nal scorefor that �eld
shift. This �nal scoremust incorporateboth the numberof
X-ray-opticalmatchesandtheir individual con�dencescores;
thusasummationof con�dencescoresis indicated,but in test-
ing this againstselected�elds (notably the quasar-rich envi-
ronsof NGC 3628)we found that �eld shiftswith many low-
con�dencematchestendedto outscore�eld shifts with a few
high-con�dencematcheswhichwerein factcorrect,judgedby
co-positionalityof X-ray sourcesto known quasars.We found
this problemto be remediedby usingthe squaresof the con-
�dence scoresinsteadof thecon�dencescoresdirectly; in this
way a single100%matchis worth four 50% matchesinstead
of just two. Thisyieldedthecorrect�nal astrometryin our test
�elds. It did not, however, work to usethe cubes(etc) of the
con�dence scores,as then a single randomly-generatedpre-
ciseco-positionalitycouldoverpowera smallnumberof valid
causalmatches.Thusin oursummationswede�ne the`weight'
of anindividualX-ray-opticalmatchto bethesquareof its con-
�dence �gure. We doubleaweight�gure if its opticalobjectis

a known QSO,and decreaseit up to 33% wherethe optical
astrometryis compromiseddueto non-stellarmorphologyor
missingR or B; again,thesecorrectionsevolved heuristically
via extensive testing.Only individual weight �gures of � 0 
 5,
correspondingto con�dencesof � 70%, areretainedto limit
thecontributionsof randommatches,andat leasttwo separate
X-ray-opticalassociationsmustbepresentfor a�eld shift to be
plausiblyinformative;to shift a �eld basedonasingleassocia-
tion prejudgestheprocess.Thetotalweight(score)of the�eld
shift is thesumof theweightsof all its individualX-ray-optical
combinations.

Of course,the signi�cance of this scoredependson the
numberof X-ray sourcesin the ROSAT �eld, which we term
N. Finding two preciseX-ray- opticalalignmentsin a ROSAT
�eld having only two X-ray sourcesmight constitutea com-
pelling �eld shift, but if the �eld has100 X-ray sources,and
we have matchedonly two, thenthat would be unconvincing.
Weneedto makethisquantitative.Onemightstartby consider-
ing thecontributionof the�eld' s angularsizeandphotometric
depthto N, but variousstudies(including Masonet al. 2000)
have foundthat theassociabilityof X-ray signatureswith vis-
ible opticalsourcesdoesnot vary muchwith X-ray �ux. Thus
wecanquantifyN directlyasthesolecounterbalanceto ourto-
talweightof the�eld shift; it is thesolecounterbalancebecause
on theopticalsideourdensitycalculationsalreadyincorporate
the optical object density. We incorporatethis quanti�cation
f � N 	 to de�ne the`power' P of the�eld shift:

P � S � weight	�� f � N 	

Wewill �nd athresholdpowervaluebelow whichwedeem
that the �eld shift is not proven and so not used.We �nd a
suitable f � N 	 by heuristictesting. f � N 	 � 1� N fails because
it modelsmatchnumbersto be increasinglinearly with X-ray
sourcenumbers,ignoringhigh matchratesrandomlyobtained
in low-density�elds, i.e. small-numbers�uctuations; we �nd
that twice the matchesin a �eld with twice the X-ray detec-
tionsis indeedmoresigni�cant asour testingshowssuch�eld-
shiftspoint morereliably to known quasars.f � N 	!� 1�#" N is
foundto modeladequatelytheperformanceof �eld shiftsusing
�elds of differentN; this is againa heuristically-gainedmea-
sure.Thuswede�ne thepowerof theX-ray- opticalalignment
of the�eld as:

P � S � weight	��

" N (A.3)

whereN is thenumberof X-ray sourcesin theROSAT �eld.
Note that we thusascribethe samepower to two precisesu-
perpositionsin a �eld of four X-ray sourcesas to 10 precise
superpositionsin a �eld of 100 X-ray sources,where other
X-ray sourcesareunmatchedto optical.This conformsto our
nä�ve expectation.Large�elds with many X-ray sources,such
assomeRASS�elds, will have high powerscoresonly if they
arewell alignedwith theopticalbackground.

However, yet anotherfactor is neededto counteracthigh
weight scoresgeneratedrandomlyat large �eld shifts; after
all, two con�gurationsof randompointsourceswill alignopti-
mally, but meaninglessly, somewhere,mostlikely at large�eld
shiftsasthenumberof candidate�eld shifts increaseslinearly
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with shift distance.Thus,we needan accompanying linearly-
dependentpenaltyto suppressthe randomoutliers.The ques-
tion basicallyis thatof quantifyingthesigni�canceof theorig-
inal astrometryasspeci�edin theROSAT catalogues.We anal-
ysethisby compilingthemeanpowerscoreof all ROSAT �elds
over all 1089candidateshifts, for eachROSAT catalogue,in
Table6. Inspectionshows themeanpower rating is highestat
theoriginal astrometryandfalls off with increasing�eld shift
until at high shifts it stabilizesinto a backgroundlevel. The
HRI meanpower at theoriginal astrometryis lessthanthatof
thePSPCbecauseits smaller�eld sizesprovidefewerassocia-
tionsper �eld. Therapiddropoff of theHRI meanpower with
increasing�eld shift showsthatit is thebest-pointedof thefour
surveys,andits reachingnear-stabilityatashift of 21arcsecin-
dicatesthat thereareno valid HRI �eld shifts greaterthan20
arcsec.The PSPCandWGA powersdeclinesigni�cantly out
to about30 arcsec.The WGA meanpower at theoriginal as-
trometryis smallbecauseof its lesserpointingaccuracy; in ad-
dition, about30%of thelistedWGA �elds areamalgamations
of multiplePSPC�elds for whichour�eld shiftingtechniqueis
necessarilyproblematic.TheRASSpowersin Table6 areme-
diansasweprocessRASSdifferentlyto theothers;wedescribe
this in moredetailbelow.

We usedthe power valuesin Table 6 as our measureof
thesigni�canceof thenominalastrometryof the four ROSAT
catalogues,to be addedto thepower scoreof each�eld shift,
thusfavouring lessershifts whereall elseis equal.Beforewe
addedthis in, though,we analysedthe full setof 1089candi-
dateshiftsfor each�eld to �nd local powermaxima;i.e., �eld
shifts having power valueshigher thanall their neighbouring
shifts have, which generallysigni�es close individual align-
mentsacrosstheX-ray andoptical �elds. We might �nd, say,
38of these,andweusefrom thenononly those38,whichthus
avoidsskewing positionswhenaddingthevaluesfrom Table6.
We thenaddedthe extra power scorefrom Table6 according
to the�eld shift in arcsecfor eachcandidateshift, but alsosub-
tract the scoreobtainedfor no offset zero(e.g.1.38 for HRI)
to normalizethescorecomparedto non-shifting�elds; the �-
nal effect is that of a penaltyagainstthe original astrometry,
i.e. the further the candidateshift, the greaterthe penaltyde-
ductedfrom that candidate's power score.After applyingthis
penalty, the �eld shift with the highesttotal power scoreex-
ceedingthe thresholdvalueof 0.5 is the `winning' �eld shift,
andis usedfrom thenon,providedit leadstherunner-uppower
scoreby at least0.1or if bothshiftsareastrometricallysimilar
– we preferto useno shift if the top shift candidatesarescor-
ing aboutthesame,ascanhappenespeciallyin densestar�elds
whererandom�ts oftenhaveequally`good' powerscores.The
0.5 ( � 0 
 45) power thresholdwasfoundby trial anderrorand
physicallycorrespondsto two 70%con�denceassociationsin
a �eld of four X-ray sources;̀best' �elds scoringlessthanthis
usually look like random�ts. The 0.1 power distinction ap-
proximatelycorrespondsto thepresenceof anadditional70%
con�denceassociation.As thewinning �eld shift wasselected
from candidatesat intervalsof 3 arcsec,we testedfurther�eld
shifts offset 1 arcsecfrom the winner to �nd the oneproduc-
ing the bestscore;this is the �nal �eld shift used.A com-
pletelist of theHRI �elds andthe�eld shiftsusedis displayed

in http://quasars.org/docs/HRI-�elds.txt,andsimilarly for the
RASS,PSPCandWGA inputcatalogues.

Wehaveestablishedmaximumshift valuesof 18arcsecfor
HRI andPSPCand31 arcsecfor WGA. Thesewerenot arbi-
trarydecisionsbut weremadeafteraninitial full build without
usingthesemaxima,andwithout usingtheastrometricsigni�-
cancepenaltiesfrom Table6. Seehttp://quasars.org/docs/HRI-
shifts-old.psfor the distribution of HRI �eld shift distances
versuspower; each�eld is representedonce,by the shift of
that �eld that yields the bestpower score;similar chartsare
availablefor RASS,PSPCandWGA. Thegraphshowsa pop-
ulationalongtheverticalpower axisconsistingof high-power
( � 1 
 5) low-distance( � 10 arcsec)shifts,andanotherpopula-
tion alongthehorizontalshift distanceaxisconsistingof high-
distance( � 15 arcsec)shifts of low power ( � 1 
 5); theseare
therandomly-generated�eld shiftswhichhavenophysicalsig-
ni�cance andariseonly becauseof thesheervolumeof high-
distancecandidate�eld shifts. We originally tried to draw a
dividing line of signi�cancewherethesetwo populationsmeet,
which is of coursenot a cleanboundaryasvalid and invalid
shiftsarefoundon eitherside.Spotchecksof all �elds in the
centralvicinity wherethedividing line lay revealedthatbeyond
a certain maximum �eld shift no shift looked compellingly
good; either fuzzy or one-colourobjectsdominatedor there
werea lackof closepositional�ts. For HRI wefoundthemax-
imum good�eld shift was18 arcsecandfor PSPCwe found
thesame;althoughwefelt PSPCshouldhavesomelargergood
�eld shifts,given the intrinsically lower resolutionof the ob-
servations,we could�nd no compellinginstancein our exten-
sive spotchecks.The valid-lookingshifts all hadgoodpower
scores,andshiftsof similarmagnitudeswith low powerscores
looked lesscompellingon inspection.Theselow-power shifts
aregenerallyremovedby the astrometricsigni�cancepenalty
from Table6. WGA hadplausiblealignmentsout to a 31 arc-
secshift, and a broadview of http://quasars.org/docs/WGA-
shifts.psshows thatasa wholetheWGA �elds aremorefree-
rangingthanHRI or PSPC.Having establishedthesemaximal
�eld shift valuesfor HRI, PSPCandWGA, the�nal full build
wasdonewhich disallowed considerationof any �elds shifts
beyond the maxima,and which requiredany candidate�eld
shift to have a power score � 0 
 45 above the astrometricsig-
ni�cance penaltyfrom Table6, asdescribedabove.Theresult
for HRI is shown on http://quasars.org/docs/HRI-shifts.psand
similarly for thePSPCandWGA input catalogues.

The RASS differs from the other ROSAT surveys in that
its �elds are large ( � 27 deg2 each)and the exposurescom-
paratively short, with concomitantlarge uncertaintiesin the
publishedsourcepositions.We have also encounteredastro-
metric inconsistencieswithin RASS �elds which are possi-
bly dueto distortionin the outeroff-axis partsof the ROSAT
images.Given this graininessof the RASS positions, we
have electedto optimize our optical selectionsby using the
HRI and PSPCsurveys to `anchor' the RASS �elds wher-
everpossible,by correlatinghigh-�ux X-ray sourcesacrossthe
threecataloguesanddesignatingthecorrespondingHRI/PSPC-
chosenopticalobjectsashighly-weightedtargetsfor theRASS
�elds. RASS�elds without HRI/PSPCoverlapsmuststill rely
on astrometricsigni�cance penaltiesto avoid randomly-large
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Table A.6. Mean power and total numberof � 70% con�denceassociationsfor all ROSAT �elds for eachcatalogue,for candidateshift
incrementsof 3 arcsec.Objectnumbersincreaseat highershifts becauseof the greaterquantityof candidate�eld shifts.RASSpowersare
medians.

Fieldshift HRI PSPC WGA RASS
(arcsec) Power No. objects Power No. objects Power No. objects Power No. objects

0 1.38 2251 1.61 3220 1.07 1792 0.93 1144
3 1.22 16048 1.52 25010 1.05 13960 0.89 9082
6 0.96 19406 1.37 35830 1.02 19944 0.79 13537
9 0.73 19750 1.20 44874 0.98 24940 0.67 17864

12 0.58 29180 1.01 81977 0.92 45276 0.54 35319
15 0.51 20527 0.83 64890 0.84 35261 0.43 30367
18 0.49 26240 0.72 83211 0.76 44561 0.36 42535
21 0.48 24849 0.63 75432 0.69 39375 0.31 41769
24 0.48 29044 0.59 83235 0.62 41781 0.27 49226
27 0.47 40676 0.56 109828 0.57 52335 0.25 68633
30 0.47 33109 0.54 86150 0.53 38722 0.23 55324
33 0.47 42010 0.53 106248 0.52 45635 0.22 69625
36 0.47 39520 0.52 97874 0.50 40444 0.21 64784
39 0.47 50532 0.51 123597 0.50 49278 0.20 82234
42 0.47 50237 0.51 120733 0.50 46913 0.19 80655
45 0.47 46927 0.50 113371 0.49 42863 0.19 75379
48 0.47 61338 0.49 146744 0.49 53524 0.18 97355

shifts, and we �nd that median-basedpower valuesaccord
bestwith the grainy RASSastrometryto allow valid-looking
large shifts to be selected.A `valid- looking large shift' is
one for which associatedoptical objectshave similar PSFs
andcoloursasthoseassociatedin �elds with smallshifts,and
which containssomeclose X-ray-optical positional �ts. We
found that somelarge RASS�eld offsetsdid ful�l thesecri-
teria, so we did not imposea maximum shift value as was
donewith HRI andPSPC.However, evenwithout sucha limit
thereturn out to be few large RASS �eld shifts, as seenon
http://quasars.org/docs/RASS-shifts.ps. We have checked all
�elds with shiftsof � 14 arcsec:�elds 33023034at 42 arcsec
and33016040at34arcsecarethetwo largestshifted�elds, and
bothhave multiple goodoptical �ts andsourcescon�rmed by
PSPC.All theother�elds alsolook valid exceptfor threelow-
power �elds which lookedlike random`best' �ts: 33025019at
15arcsecand0.7power, 33012017at15arcsecand0.9power
and33031016at 26 arcsecand1.1 power. We have manually
resettheseto zeroshift andnonecontributesany associations
to the�nal catalogue.Having culledthese,wearesatis�edwith
theperformanceof thelargeRASS�eld shifts.

Table7 summarizesall �eld shiftsfor thefour inputROSAT
catalogues,showing the resultantincreasein the numberof

� 70% con�dence X- ray-optical associations.For HRI the
numberof associationspresentedin QORG is less than the
numberof � 70% con�dence associationsusedto shift the
�elds; this is becauseof overlapping-�eldduplicateswhichwe
remove; WGA hasfew suchduplicates,andRASSnone.The
shift=0row represent�elds whichwere`shifted' to their origi-
nallocations;thelackof astrometricpenaltyatzeroshift allows
a few low-quality �elds to residethere.Unshiftable�elds are
includedfor completenessas`unshifted'.Thehigh numberof
WGA �elds without a preferredshift is a consequenceof their

� 1000merged�elds which causeproblemsfor our analysis,

andmany HRI �elds areleft unshiftedbecausethey containfew
sources;3288HRI �elds havefewerthan10sources,compared
to 2005for PSPC.

In all, for shifted �elds, HRI shows the high-con�dence
( � 88%) X-ray-opticalassociationsexpectedfrom their well-
pointedhigh-resolutionobservations,PSPC'spointinglooksas
goodbut its detectionsarenot aswell resolved so positional
�uctuations lower the mediancon�denceof X-ray-opticalas-
sociationsto about79percent,WGA'sresolutionis thesameas
PSPC'sbuthaspointingproblemswhichlowerthemediancon-
�dence of X-ray-opticalassociationto about70%,andRASS's
pointing is similar to PSPC's but its resolutionappearsto be
quite grainy with X-ray-opticaloffsetsoften in excessof the
statedpositionaluncertainty, which keepsthe mediancon�-
denceof X-ray-opticalassociationsdown to about69%.Table
8 displaysthemedianoffsetbetweentheoriginalpublishedX-
ray positionandany optical objectwhich we �nd to be asso-
ciatedwith � 40%con�dence(which is thethresholdrequired
for inclusion in QORG),categorizedby publishedpositional
uncertaintyof theX-ray detection;ROSAT duplicateentriesare
included,andwe usetheoriginal astrometryto excludetheef-
fect of our �eld shifting.No RASSsourcesarepublishedwith
less than 6 arcsecpositionaluncertainty. It can be seenthat
HRI hasmarginally betteraccuracy than PSPC,which is in
turn marginally betterpointed than RASS, which shows the
RASS positionsto have greaterscatterand thusa lower res-
olution. Thereis no WGA entry in Table8 asWGA provides
no publishedpositionaluncertaintyfor their detections;their
publishedcommentis that theuncertaintyis `closeto 10 arc-
sec'whichaccordswell with our �nding thatthemedianWGA
X-ray-opticaloffsetis 8 arcsecregardlessof source�ux.

In the end, the questionof justi�cation remains;that is,
do our �eld shifts indeedcorrectly align the ROSAT �elds
with the optical background?As a �nal checkwe were able
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Table A.7. Alignment of ROSAT �elds: The numberof �elds shiftedasa function of shift distance,with X-ray sourcenumbers,� 70 per
cent-con�denceassociationsusedin shifting (bothbeforeandaftertheshift), resultantassociationsappearingin ourcatalogue,andthemedian
con�denceof thoseassociations.Unshifted�elds areincluded;theabsenceof a shift is generallydueto a lackof goodX-ray-optical�ts.

HRI PSPC
Shift No. Orig. � 70% QORG No. in Median No. Orig � 70% QORG No. in Median

(arcsec) �elds sources conf � 70%conf QORG conf. �elds sources conf � 70%conf QORG conf
0 58 961 324 324 270 80 90 2577 948 948 839 77
1 301 3945 1608 1692 1276 88 285 7576 2679 2779 2824 78
2 354 4334 1800 2122 1646 89 324 8920 3008 3412 3231 78
3 480 7331 2345 3022 2549 88 575 14355 4628 5481 5093 78
4 456 6090 1889 2708 2240 88 558 13650 4186 5206 4980 78
5 271 3515 993 1557 1301 88 316 7915 2491 3160 2903 79
6 131 1427 381 712 530 87 274 6177 1767 2386 2311 78
7 92 1075 247 468 417 84 221 4981 1400 2020 1887 78
8 27 209 53 113 85 89 108 2232 581 884 802 78
9 20 182 45 87 72 89 103 1929 517 851 664 79

10 3 33 6 15 15 81 46 808 203 357 276 77
11 4 20 3 16 8 81 27 460 115 207 177 82
12 1 6 1 4 5 84 13 172 39 84 75 82
13 . . . . . . 13 248 42 99 59 74
14 1 11 1 8 9 92 7 288 46 99 82 82
15 . . . . . . 7 154 32 60 66 79
16 . . . . . . 3 37 6 20 18 81
17 1 33 6 13 12 79 1 16 3 8 8 89
18 1 10 . 6 4 88 1 8 1 3 3 87

unshifted 2920 27121 1251 1251 2294 60 2321 29073 1651 1651 3174 58
Total 5121 56303 10953 14118 12733 84 5293 101576 24343 29715 29472 76

WGA RASS
Shift No. Orig. � 70% QORG No. in Median No. Orig � 70% QORG No. in Median

(arcsec) �elds sources conf � 70%conf QORG conf. �elds sources conf � 70%conf QORG conf
0 14 520 92 92 149 66 41 3672 665 665 1022 71
1 41 1187 264 270 342 70 71 6372 1213 1247 1876 70
2 63 1862 352 405 574 68 88 9683 1711 1863 2935 69
3 114 3872 707 818 1099 67 183 18954 2886 3213 4976 68
4 150 4531 823 991 1284 68 187 19905 2961 3383 5417 67
5 100 2733 501 655 823 70 87 8081 1440 1694 2522 71
6 124 3276 622 813 1033 71 107 9156 1606 1925 2862 69
7 152 4553 814 1103 1438 70 102 9134 1415 1687 2629 69
8 97 2714 482 682 796 72 41 3523 568 725 1044 69
9 131 3636 553 874 1109 71 54 4539 759 962 1461 70

10 94 2779 418 639 824 70 29 2459 334 441 665 67
11 88 2493 377 620 761 69 18 1461 209 290 413 69
12 78 2485 319 617 731 71 11 764 86 121 183 68
13 40 1112 134 279 335 71 10 727 117 158 226 67
14 50 1304 167 351 462 71 2 149 14 28 43 71
15 45 1420 182 346 463 70 4 413 49 51 70 68
16 32 729 92 207 225 74 2 152 18 21 36 75
17 16 452 57 124 128 73 . . . . .
18 11 225 21 62 70 79 . . . . .
19 13 317 40 99 98 77 3 167 4 14 36 58
20 9 233 30 73 61 75 1 90 3 6 15 49
21 7 130 19 54 29 69 2 80 4 8 11 63
22 8 236 17 62 87 73 . . . . .
23 6 74 11 27 20 77 . . . . .
24 5 134 11 38 49 70 . . . . .

25+ 18 324 33 103 66 72 2 128 12 16 23 73
unshifted 2479 44942 2086 2086 5656 56 332 25067 737 737 2056 55

Total 3985 88273 9224 12490 18712 65 1377 124676 16811 19255 30521 68
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Table A.8. Themedianoffsets(in arcsec)from theoriginal ROSAT coordinatesto a � 40%-associatedopticalobject,by publishedpositional
uncertainty(in arcsec)of theX-ray source.Themedianoffsetscorrespondlinearly to scatterandinverselyto resolution,showing HRI to have
thebestastrometricaccuracy, followedby PSPC.

Positional HRI med HRI no. PSPCmed PSPCNo. RASSmed RASSNo.
uncertainty offset sources offset sources offset sources

0-1 3 2758 4 2095 . .
2 4 5104 5 2319 . .
3 4 1635 5 3097 . .
4 5 1069 5 3718 . .
5 5 821 5 2696 . .
6 5 386 6 3682 5 126
7 5 255 6 2981 5 581
8 6 236 6 2453 6 1312
9 6 200 6 1582 6 1384

10 6 185 7 1576 7 1826
over 10 6 335 7 3365 8 24613

total 4 12984 5 29564 7 29842

to usetherecently-publishedcataloguesfrom theFirst XMM-
Newton SerendipitousSourceCatalogue(XMM1, 2003) and
the ChaMPFirst X-ray SourceCatalog(Kim et al. 2003) to
verify our opticalselections.Thesecataloguesderive their de-
tectionsfrom the high-resolutionXMM-Newton andChandra
satellite observatories which are the next generationafter
ROSAT. Their nominalpositionalerrorsaretypically 1-4 arc-
secdependingonsource�ux, andwherepossiblethey eachuse
astrometricsolutionsagainstthe optical backgroundto hone
theirastrometryby a few arcsec;in this they shareourpremise
that suchopticalmatchingis an appropriatetool. The XMM1
cataloguecontains41,990good-to-mediumquality detections,
representingabout36,000uniquesources,whichwemappedto
12,423uniqueobjectsin ouropticalcatalogueusingamatching
radiusof 5 arcsec.TheChaMPcatalogueis muchsmallerwith
just 991detectionsrepresenting974uniquesourceswhich we
have mappedto 379objectsin our opticalcatalogueusingthe
samemethod.It wasnecessary, beforethemaintest,to match
the XMM1 andChaMPcataloguesagainsteachother to see
how well they agree.We found 86 X-ray sourcesin common
betweenthe two catalogues,of which 80 wereplacedwithin
5 arcsecof eachother;this accordswell with thenominalpo-
sitionalerrorof 4 arcsec,andtheoutliers(out to an 11 arcsec
discrepancy) hail from star-poorareaswhereopticalastromet-
ric solutionswerenot used.We searchedfor opticalastromet-
ric matchesto thesesharedX-ray sourceswithin 2 arcsecof
the listed X-ray positional error, the 2 additionalarcsecac-
commodatingboth roundingandthe 1 arcsecerror typical of
ouropticalcatalogue;wecall thesè good' matches.Usingthis
matchingcriterion we found that 29 of thesesharedsources
mapon both sidesto objectsin our optical catalogue.All but
oneof theseshareddetectionsagreedon theopticalobjectse-
lected,whichyieldsanopticalhit ratioof 98%(57/58),assum-
ing thejoint opticalassociationsareall truesources.Although
we areherein therealmof smallnumbers,theconsistency be-
tweenthe two cataloguesencouragedus to considerXMM1
andChaMPoptical associationsto be reliabletestsof the ac-
curacy of our opticalselectionsfor theROSAT detections.The

comparisonof theXMM1 andChaMPjoint detectionsis view-
ableat http://quasars.org/docs/XMM1-vs-ChaMP.txt .

We matchedthe ROSAT sourcesunambiguouslyto the
XMM1 and ChaMPsourcesby �nding uniqueX-ray source
matcheswithin 30 arcsecradii which have similar normalized
�ux es, i.e. the stronger�ux is lessthan twice the other. The
`good' optical matchesto theseXMM1/ChaMP sourcesgave
uspreciseoptical targetsagainstwhich to measuretheperfor-
manceof our �eld-shifted positionscomparedwith theoriginal
ROSAT astrometry. This is a very precisetest,as the optical
targetsandROSAT positions,bothoriginal andshifted,areall
speci�edtoarcsecprecisiononouropticalbackground;ROSAT
positionaluncertaintiesareimmaterialaswe aretestingcata-
loguedpositions,not true sourcepositions.This test is view-
ableon a case-by-casebasisat http://quasars.org/docs/QORG-
vs-Original-ROSAT.txt and is summarizedin Table 9 which
displayssimplecountsof X-ray-opticalassociationsasa func-
tion of offset in arcsecfor eachof thefour ROSAT catalogues.
The accumulatorcolumnsof Table 9 (labelled`Total') show
thatourcataloguehastwice(158/75)theaccuracy of theorigi-
nalHRI cataloguein pinpointingcorrectopticalsourceswithin
offsetsof 2 arcsecinclusive andmaintainsa robustadvantage
out to 5 arcsec(280/228),after which the numberseven out,
as expected.Gainsare modestwith PSPC,with just a 36%
(166/122)advantagewithin offsetsof 2 arcsecand just 13%
(562/498)to 6 arcsec.Gainsarevery goodwith WGA, with
twice (162/87)the captureratewithin offsetsof 4 arcsecand
still strong (278/194)to 6 arcsec.And with RASS we start
well with a 75% (42/24)advantagewithin offsetsof 5 arcsec
but it evensout rapidly beyond that. Overall we are pleased
with the performanceof our �eld shifts againstthe HRI and
WGA catalogues,whilst a little disappointedthatour improve-
mentsagainstPSPCandRASSarenotequallystrong;perhaps
off-axis vignettingandblurring (documentedon pages20-23
of the ROSAT User's Handbook)in the outer partsof large-
�eld ROSAT exposuresresultedin astrometricdistortionwhich
would causeproblemsfor our method.
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TableA.9. Performanceof QORGshiftedsourcelocationscomparedwith originalROSAT sourcelocationswhentestedagainstopticaltargets
identi�ed by XMM1/ChaMPsources.For eachoffset in arcsec,thenumberof X-ray/opticalpairingsfound is listedfor shiftedQORG�elds
andoriginalROSAT �elds in turn.The`Total' columnsarerunningtotalsof the`No.' columns.All four ROSAT cataloguesarerepresented.

Opt/Xray HRI PSPC WGA RASS
offset QORG Orig QORG Orig QORG Orig QORG Orig QORG Orig QORG Orig QORG Orig QORG Orig
(arcsec) No. No. Total Total No. No. Total Total No. No. Total Total No. No. Total Total
0 19 5 19 5 16 4 16 4 12 0 12 0 7 0 7 0
1 67 30 86 35 51 41 67 45 18 17 30 17 3 2 10 2
2 72 40 158 75 99 77 166 122 37 16 67 33 7 5 17 7
3 58 65 216 140 97 94 263 216 38 23 105 56 5 9 22 16
4 40 53 256 193 105 109 368 325 57 31 162 87 6 4 28 20
5 24 35 280 228 103 92 471 417 63 58 225 145 14 4 42 24
6 9 44 289 272 91 81 562 498 53 49 278 194 7 14 49 38
7 11 18 300 290 53 71 615 569 46 55 324 249 6 10 55 48
8 7 9 307 299 48 58 663 627 40 48 364 297 10 11 65 59
9 5 13 312 312 41 50 704 677 35 43 399 340 6 9 71 68
10 2 3 314 315 40 41 744 718 26 35 425 375 7 8 78 76
11 4 3 318 318 35 37 779 755 30 34 455 409 5 6 83 82
12 3 3 321 321 26 34 805 789 20 17 475 426 4 4 87 86
13 3 2 324 323 13 23 818 812 12 21 487 447 5 4 92 90
14 2 1 326 324 15 15 833 827 10 20 497 467 7 2 99 92
15 2 4 328 328 11 14 844 841 12 16 509 483 5 4 104 96

We feel the outcome of this test against the recent
XMM1/ChaMP resultsvalidatesour techniquesof likelihood
calculationandROSAT �eld shifting. Accordinglywe present
this whole-sky-basedopticalanalysisagainsttheROSAT cata-
loguesasa best-effort bulk astrometricsolutionof theROSAT
�eld positions.Suchanoptimizedstatisticalapproachwill al-
wayscontainindividual errorsof course,but we trust thatour
generallycorrect resultswill aid future researchwhich will
over time improveourknowledgeof thedetails.

A.4. The Radio Sources

Unlike the X-ray catalogues,the radio catalogues(NVSS,
FIRST and SUMSS)do not take the approachthat eachde-
tectedobject is a discretesource,as extendedemissionand
lobesare found as commonlyas detectionsof point-like ob-
jects. Accordingly the only warning �ag accompanying the
datais that of possiblefalsedetection,for examplefor such
observationalartefactsassidelobesof bright sources.FIRST
andSUMSSprovide such�ags, andwe do not usedatabear-
ing those�ags. NVSSis alreadyclean.

Theseradiosurveysareastrometricallywell-groundedand
do not require �eld shifting as did the X-ray surveys. Early
pre-publicationversionsof thiscataloguedid detectandutilize
some�eld shifting of the radiocatalogues,but furtherexami-
nationshowedtheseshiftsto bespuriousandbasedon coinci-
dence.In theendtheonly discrepantastrometryarisesfrom the
APM raw astrometricoffsetsfrom POSS-IandUKST plates
whichareupto 2 arcsecin RA andDEC,seeMWHB for a full
discussion.Thusit is ouropticalcataloguewhichdivergesfrom
thetrue,not theradiocatalogues.But wehadalreadytakenthe
decisionto useour opticalastrometryasmaster, sowe needed
to aligntheradioastrometryto theAPM astrometry, i.e. to shift
theradio�elds up to 2 arcsecin RA andDEC whererequired,
usingthesamelikelihoodalgorithmaswasusedfor theROSAT

Table A.10. Numbersof radio detectionsand � 70% con�dence
radio-opticalsourceassociationsfor eachradiosourcecatalogue.

Source No. of No. of radio No. of � 70%core Total
catalogue �elds detections associations weight
FIRST 29148 781667 134444 121523.4
NVSS 2326 1810664 142268 106358.9
SUMSS 428 165531 27126 19442.5

�elds. We have performedthis adjustmenton a �eld by �eld
basiswhich works well for the small FIRST �elds but is less
effective for thelargeNVSSandSUMSS�elds, for which the
astrometricuncertaintyfor detectionsis typically 2 arcsecany-
way. In practicea very few �elds shift asfar as3 arcsecin RA
or DEC which we take asanaccumulationof astrometricand
positionalerrorsandrounding,correctedby theshift. With the
astrometryaligned,we appliedour likelihoodalgorithmto de-
tect core radio-opticalassociations.Totals for the threeinput
cataloguesarelisted in Table10,and�eld-by-�eld summaries
canbe found at http://quasars.org/docs/radio-�elds.zip. Note
thebetterweight-per-associationratiofor theFIRSTdetections
comparedto NVSSandSUMSSwhichresultsentirelyfromthe
betterastrometric�t to ouropticalbackground.

Of coursemuchof thesigni�canceandinterestinherentin
radio detectionsis in identifying extendedradio doublelobes
andassociatingthemwith sourceoptical objects.But our all-
sky-basedlikelihoodmethodis effective only for coredetec-
tions.The lobe detectionsasrecordedin the radio catalogues
aretypically offsettoo faraway from theopticalsourcefor our
likelihoodalgorithmto confermorethana tokenprobabilityof
association.We foundwe neededto devisea heuristicpattern
analysisalgorithmto identify lobecandidates,usingin turnthe
attributesof eachof thethreeinput radiocatalogues.Suchpat-
ternanalysiscannotbedonefrom �rst principles.In theradio
cataloguesthe detectionentrieshave beenreducedfrom raw
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dataandformattedinto �ux ellipsesof speci�ed axesandori-
entationangles.Large lobesareoftenrepresentedasmany el-
lipses,especiallyin the FIRST catalogue.Our task is to �nd
the rules which work best to identify theseellipsesas lobes
wherethey arein fact lobes;identi�cations canultimately be
con�rmed on a case-by-casebasisby comparisonwith images
from the surveys' respective imageservers.Of course,many
imageslook inconclusive. If we �nd the ruleswhich will re-
liably accordwith the conclusive cutoutimages,thenwe will
becontentwith thealgorithm's judgementfor theinconclusive
images.Theseheuristicsshouldapply to orthogonallysignif-
icant aspectsof the input cataloguedata,whosecontributions
to ouroverallcon�dencein eachdouble-lobeidenti�cation can
bequantitatively assessed.

As oursis anoptically-basedcataloguewe concernedour-
selves only with thoseradio-emittingobjectswhich are de-
tectedon our optical catalogue.Many bright lobesoriginate
in objectstoo optically faint to appearhere.In suchcaseswe
arein dangerof falselyattributing thelobesto a nearbyoptical
object.Thesingleclearestindicatorof sucha falsedeclaration
is for the optical object to be offset from the naturalmidline
of the two lobes.This canbe describedin termsof the angle
subtendedby thetwo radiosignaturesabouttheopticalobject.
`Perfect'lobesmakea180� anglewith theopticalcentroid;an-
gleslessthanthisarenotuncommonaslobesbendin theIGM,
soa loweranglecanbevalid, but astheanglegrowssmallerit
becomesmorelikely thatwe aresimply usingthewrongopti-
calcentroid.Thisangleof thelobesaboutthepresumedoptical
centroidis our �rst criterionfor assessingcandidatelobes,and,
aswill beseen,it is alsothedeterminantby which we discern
populationexcessesover the backgroundwhich yields a total
countof doublelobesfor usto locate.Wehavechosento permit
doublelobecon�gurationswith a sourcebendingangle(lobe-
identi�cation-lobe)of � 90� only, which we expectwill have
little impactoncompleteness.

We�rst collectthesetof all doublelobecandidatestogether
with candidateoptical sources.We treat as a lobe candidate
any radio detectionwhich doesnot lie within 2 arcsecof an
optical object.Thus if a true lobe happensto be at the same
positionasan unrelatedoptical objectwe will both declarea
falsecore associationand exclude that lobe from our search
for doublelobes!Sucherrorsareunavoidable,but suchprecise
chancealignmentmustbe rare,andthe fact that we have en-
counteredonly a singleinstanceof it in testingagainstknown
doublelobespersuadesusthattheproblemis small.We search
thesky for opticalobjectswithin 90arcsecof everyradiodetec-
tionnotalreadyassociatedwith anopticalsource.Everyoptical
objectthuspickedupby two separateradiodetectionsbecomes
a candidateoptical centroidprovided the anglesubtendedby
thetwo radiodetectionsaboutit is � 90� . Of coursein a �eld
with many radio detectionsand optical objectsthis can pro-
ducea greatmany permutationswith many candidaturesfor
eachobject.We needto �nd the bestuniquelobe candidates
for an optical centroid,anda bestuniqueoptical centroidfor
eachlobepair; ideally, this shouldcorrectlycorrespondto the
reallobesandtheir trueopticalsourceson thesky.

To achieve this we identi�ed, asaninitial step,distinctcri-
teria which test the joint hypothesisthat two radio detections

arein facta lobe pair andthata certainoptical objectis their
truecentroid.To know thenumberof true lobesin thepartof
thesky underconsiderationwould bea greathelpaswe could
thencompareour resultantlobecountto theknown total to see
how well we aredoing;in practice,we obviouslydo not know
the numberof true lobes.But as a substitutewe are able to
identify excessnon-randomcon�gurationsof sourcesoverlay-
ing therandombackgroundwhich constitutea potentialsepa-
rateradiopopulation,i.e., thedoublelobes.The identi�cation
of thisexcesspopulationandtheapplicationof ourselectedcri-
teria proceededtogetherin an iterative processappliedto our
datapoolof candidatelobesandopticalcentroids,asdescribed
below.

Our sevenprimarycriteria to identify radio lobepairsand
their opticalcentroidsare:

1. Angle (q): anglesubtendedby thetwo radiosourcesabout
theopticalobject.

2. Distpct (d): Comparative offsetsof the two radio sources
from theopticalobject;thesmalleroffsetis expressedasa
percentageof thelargeroffset.

3. SNRpct (R): Comparative �ux strengthof the two radio
sources,expressedassignal-to-noiseratio;thesmallerSNR
is expressedasapercentageof thelargerSNR.

4. SDratio (S): SNR-to-offset comparison,designedto ex-
cludeweak radio sourcesat large radio-opticaloffsetsas
wemodelthatlargelobesshouldbebrighterthanthesmall
lobesvisibleat thefaint limit of thesesurveys;proportional
to theminimumSNR/offset2.

5. CLA (y ): Comparativelobeangleof thetwo radioellipses,
expressedin degrees.This comparestherespective offsets
of theellipsemajor- axisorientationto optical-to-radiodi-
rectionfor eachof thetwo radiosources,soCLA=0 shows
a perfectmatchof the two lobe ellipses,aswhenthereis
e.g.,a20� clockwisetilt of eachellipseaxiscomparedwith
its directionto thecentroid.Thisgaugesthemorphological
similarity wherethetwo radiosourcesaredistantfrom the
optical centroid,typically whenthe only partsof the lobe
visible arethesurroundsof thebright `hotspots'at theend
of the jets. It is intendedto penalizerandomisolatedde-
tectionswhich areunrelatedto thecandidatecentroidand
point in unrelateddirections.

6. EA (E): Eccentricityalignmentof theradiodetections.This
is for whenthe radio ellipsesrepresentwell-de�ned lobes
extendingawayfrom thecentroid,andcombinestheeccen-
tricity eof theradioellipsewith its angleof alignment(f A)
to the optical centroid; f A � 0 meansthe ellipse's major
axispointsbackto theoptical centroid.For small double-
lobe angles(see(i)) the lobesmustbe signi�cantly elon-
gatedtowardsthe candidateoptical identi�cation to make
the optical object a strongcandidate.EA is expressedas
e �$� 4 � f A � 10	

2 for f A � 40� , usingthelesserscoreof the
two lobes.If EA is high then CLA will be high too, but
this is desirable,sinceweconsidera highEA a stronglobe
signature.

7. Offset(D): Largeoptical-radiooffsetsaremorelikely to be
a consequenceof randomalignment,sowe needto assign
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anoffset-basedpenaltyto keeptheseout, expressedasthe
meanof thetwo lobeoptical-radiooffsets,in arcsec.

We next neededto assesstherelative weightto begivento
eachof thesecriteria;e.g.,how muchbetteris anangleof 180�

than140� , or, if all elseis the same,how muchbetteris it if
theradio-opticaloffset is 10 arcsecinsteadof 80 arcsec?This
involved an iterative analysisof the radio-opticaldatawhere
in turn theimpactof varyingweightsfor onecriterionis mea-
suredwhile theothersix criteriaareheld�x ed.We foundthat
four iterationsof this processyieldedadequatestability for all
the criteria, as well as a viable �gure for the excess,i.e. the
expectednumberof doublelobesto befound.Oncein posses-
sionof thisrobustexcess,were-initializedtheiterativeanalysis
holdingtheexcessasaconstant,andsore�ned theweightings.
As enumerationof theexcess,i.e. the lobepopulation,is such
a usefulprocess,wenext describehow thiswascarriedout.

Thepopulationof excess,double-lobecandidatesourcesis
estimatedseparatelyfor eachinput radio catalogueby �nd-
ing the excessof large- angle con�gurations of two radio
sourcesabouteachoptical centroid.We derive theseexcesses
by analysingall doublelobecandidatecon�gurationswithin a
90 arcsecradiusof optical objects,summarizedin Table 11
for all such candidatedouble lobes of angle � 115� , in 5�

bins centredaboutthe listed values,except for the 180� bin
which is half- width. Thetotal countof doublelobecandidates
(non-uniquein that individual sourcesarere-usedacrossmul-
tiple con�gurations)is displayed,aswell astwo kindsof back-
groundsto bededucted,̀static'and`geometric'.Thereis alsoa
columnof `bestunique'candidatelobeswhich areselectedby
thesix otherquanti�ed criteria(SNRpct,CLA, etc);thesecan-
didatelobesarematchedto a singleopticalcandidate,without
duplication.

The `static' backgroundcomesfrom consideringrandom
pairsof radiodetectionsaroundanopticalobject.Weshouldof
courseexpect to seeequalnumbersof sourcesfor all radio-
optical-radioangles.This backgroundof randomcon�gura-
tions dominatesour set of candidatelobes.The `geometric'
backgroundconsistsof false optical matchesto true double
lobes,andis modelledby consideringrandomoptical objects
within a disk boundedby two lobesat oppositeends,which
containstheentirespacefor all angles� 90� ; Fig. A.4ashows
thateachangle(q) spacefollows anarcwhich passesthrough
both lobesA andB, andFig. A.4b shows that the arc is of a
notional circle of radiusR � r � sinq wherer is half the dis-
tancebetweenthe two lobes.An individual anglespace(e.g.
q � 163� ) canbequanti�edby usingtheareaof thesegmentof
diskR boundedby thearcandchordconnectingthetwo lobes,
asshown in Fig.A.4b(whereq is expressedin radians);thean-
glespaceareaof e.g.163� is thedifferencein areasof thedisk
segmentsde�ned by q � 162
 5� andq � 163
 5� . In thisway it
canbeshown thatthenormalizedexpectationof �nding afalse
lobecon�gurationperindividualangle(e.g.163� ) rangesfrom
200%of meanat 90� to 66.67%of meanat 180� , andhasthe
form

e� q 	%� 180 �

&

1 �'� q �(
 5	�� 180 � sin� 2 � q �(
 5	)	�� 2

sin2
� q �*
 5	

�

1 �(� q �+
 5	�� 180 � sin� 2 � q �+
 5	�	�� 2

sin2
� q �+
 5	 ,

� 90�-� q � 179
 5��	 (A.4)

Thelevel of thegeometricbackgroundcannotbeestimated
in isolationasit dependson thepresenceof all true lobes,in-
cluding thosefor which the true optical identi�cation is too
faint to be found in our optical catalogue.We chooseto com-
bineestimatesof thestaticandgeometricbackgroundin such
a way asto yield an angle-basedexcesscorrespondingto our
expectationthattherewill befew lobeswith anglesof � 140� ,
with lobesincreasingaswe approach180� . Thedecisive con-
straint is that the excesslobe populationshouldbe small and
�at between110� and 140� , so we �nd static and geometric
populationswhich will matchthatexpectation.In practicethis
constraintimposesa delicatebalancebetweenthetwo popula-
tions,andweconsequently�nd thatpersingle-anglebin (e.g.,
167� ) of theFIRSTlobecandidatesthestaticbackgroundvalue
is about6475objectsandthegeometricbackgroundhasa co-
ef�cient multiplier of about500 for equation(4). Similarly,
17000 and 2700 are the static and geometricper-angleval-
uesfound which suit NVSS,and1300and215 arefound for
SUMSS.Thesevalues,accumulatedinto 5� anglebins, yield
theexcessabovebackgroundshown in Table11.

Table 11 shows the static and geometricbackground�g-
uresthat we subtractfrom the total numberof possiblecan-
didatelobesto yield the excessof lobe candidatesabove the
backgroundexpectation.The excesstotalsto about12000for
FIRST, 12000for NVSSand1500for SUMSS,sotheseareap-
proximatelythenumberswe'll betrying to locate.Thenext col-
umn,`bestunique',givesthenumberof bestuniquelobesiden-
ti�ed by thelobeselectioncriteria.Our taskis to �nd whichof
thesebestuniquecandidatesarethegenuinelobesenumerated
by theexcess.Thenext column`excess/unique'showsthefrac-
tion of thebestuniquecandidatesthatwe expectwill begen-
uine lobes.The last columnis the per-anglevalueof the for-
mula(shown in Table12) thatwe designto simulatetheratio.
This formula is appliedto theangleof eachcandidatedouble
lobeasanabsolutestartingpoint; thus,for example,a FIRST
candidatewith angleof 152� is assignedthe angle-basedex-
pectationof 0.0777,sincewenominallyexpect7.77%of these
objectsto be true lobes.Our �nal scorefor eachdouble-lobe
candidatewill beonanopen-endedscalenormalizedto ascore
of 1 equatingto a 50%probabilityof beinga lobe,i.e. score=
odds/(1-odds).Sowe �rst convertour angle-basedexpectation
into thatscale,so0.0777becomes0.0777/(1-0.0777)= 0.0843.
For this candidatenow to attaina �nal 50%scoreit will need
to gain a total multiplier of 11.9 from the othersix selection
criteria all of which have hadcurve-�tting formulaesimilarly
constructedasabove,but arenormalizedto 1 equatingto 50%.
Theseformulaefor the seven quanti�ed criteria, displayedin
Table12, areonly heuristicdata-curve �tters anddo not have
any physicalmeaning.Theimportanceof �tting curvesclosely
wasbroughthometo uswhenweinitially derivedcurve-�ts for
only the FIRST catalogueandappliedthemto theNVSS: re-
sultsweresparse.Sowe have electedto preferexactitudeover
simplicity in designingtheseformulae,but we emphasisethat
they arejustheuristicestimators.
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Fig.A.2. Thegeometryof thedouble-lobebackgroundcalculation

As an exampleof how theseformulaewere derived, the
datawhich yieldedthe CLA formulaearepresentedin Table
13. `Best' candidatesarecomparedto all candidates.A `best'
candidateis onewhich scoresabove the meanfor eachof all
theothercriteria,andso is double-lobe-like in every way. We
conjecturedthatthesewell-behavedcandidatesweretruelobes
andso usedthemasa control population(we con�rmed that
morethan95%of themwerelikely lobedetectionsby inspec-
tion of imagesfrom thesurveys).We derivedtheratio of these
bestcandidatesto all thecandidatesfor eachCLA valuebinned
by 5� , andnormalizedthisaboutthemean.Thelastcolumnfor
eachsurvey is the formula-derived score,using that survey's
CLA formula from Table12 which replicatesthe normalised
ratio. Thus the cumulative effect of applying thesescoresto
thedatais thatthetotal scoreis approximatelyunchanged.

Eachdouble-lobecandidateis scoredusingthesevencrite-
ria, andtheindividualscoresaremultipliedtogetherto givethe
totalnormalizedscorefor thecandidate,soatotalscoreof 1 in-
dicatesthatthecandidateis about50%likely to bealobe.Since
thestartingscorefrom theangle-basedexcessis of theorderof
0.1, it is clearthata lobecandidatewill needto pick up good
scoresfrom a numberof thesecriteriato achieve a high score,
signifying a true lobe.We alsousetwo additionalnormalized
criteria which aid in choosingan optical sourcefor a double
lobe wheretherearemultiple optical candidates:(1) Corera-
dio detection:An optical candidatedirectly detectedin radio
is a verystrongsourcecandidatefor suitablycon�guredlobes.
We havequanti�ed thisasa15xmultiplier via analysisagainst
`best' candidatessimilar to thatpresentedfor CLA, above.(2)
Optical morphologyand colour: This quanti�es which types
of optical objectsare most likely to be associatedwith ra-
dio lobes,gaugedagainby analysisof the dataaswith CLA.
Objectsabsentin onecolourareonly one-thirdaslikely to be
radioemitters,andobjectsstellarin redaretwo-thirdsthelike-
lihood.Objectsthatarenon-stellarin red,i.e.galaxies,are2.25
timesaslikely to be thecoreobject.Blue colour morphology
is weightedasfor theredcoloursbut with half thesigni�cance.

Colours(B-R) impactthe�nal likelihoodin a rangefrom .33x
to 3.5x; in the caseof stellarobjectsit is the blueishobjects
whicharefavourableandthereddishunfavourable,whilst with
galaxiesit is thereverse.Thesetwo centroid-basedmultipliers
areremovedafterde-duplication,sodonotcontributeto the�-
nal scoreon which the lobe-nessof thecandidateis assessed.
Oneartefactwhichcausedussometroublewasthatsomeside-
lobesstill remainun�aggedin thesourcecatalogues;theseap-
pearasregularly- spacedspikesringing bright sourcesandso
scorequitewell onsomeof our tests,but their very regularna-
tureallows us to trapandremove themwith somesuccess,as
with perfectlymatchedSNRpctson Table12 wherewe assign
alow score.Wealsoremovedpairswith veryfaintSNRswhere
theellipseswereperfectlyround– this toodenotedsidelobes.

Whenall two-radio-one-opticalcandidatescoringhasbeen
completed,all candidatesscoringlessthan33%arediscarded
and the rest are de- duplicatedby peeling off the top; that
is, acceptingthe top-scoringcombinationsandthenremoving
any othercandidatesthat weresharingthoseradio or optical
objects,and repeatingto completion.Thus we are left with
completelyuniquetwo-radio-one-opticalcandidateswith �nal
probability scores.To clarify the statusof low-scoringcandi-
dateswe foundit usefulto applyour standardlikelihoodalgo-
rithm treatingthelobesashighly-offsetcoredetections;theav-
eragedensityscoreat high offsetsis 1 (= background),but for
someopticalPSFsandcoloursit is greaterthan1 andfor others
less,so the likelihoodalgorithmconfersan additionaljudge-
menton whetherthat classof centroidtypically shows large-
offsetassociationsabove thebackground,i.e., lobes.Thusour
laststepto theselobeprobabilitycalculationsis to addthelike-
lihood densityto the lobeprobabilityscoreandtreatthis �nal
scoreasalikelihooddensity�gure sothatadensityof 2 equates
to acon�denceof 50%usingequation(2), etc.Weapplyacut-
off at con�dence=40%and the surviving double-lobecandi-
datesareacceptedfor inclusioninto ourcatalogue.Comparison
of our resultswith imagesfrom theradiosurveysshowsour re-
sultsto bein goodagreementwith theradioimages,i.e.where
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Table A.11. Double-lobeexcessesderived for the threeradiocatalogues,binnedby 5. angles(180. is half-width). Columnsarethe `double
lobecandidates'basedon all thepermutationsof double-radioandsingle-optical con�gurationswithin disksof sky of 90 arcsecradius,the
staticrandombackgroundandgeometricbackgroundderived from our �t coef�cients, andthe residualexcessafterbackgroundsubtraction.
`Bestunique' lobenumbersarereductionsby thequanti�ed criteria(CLA etc),yieldinguniquecandidatecountsfor each5 . bin. Thevaluesof
`Ratioused'aregeneratedby theangleformulaefrom Table12.

Doublelobe Static Geometric Best Excess/ Ratio
Survey Angle ( . ) candidates background background Excess unique unique used
FIRST 115 35323 32375 2868 80 4985 0.016 0.008
FIRST 120 35081 32375 2638 68 5210 0.013 0.010
FIRST 125 34892 32375 2445 72 5482 0.013 0.014
FIRST 130 34581 32375 2282 -76 5710 � 0.013 0.019
FIRST 135 34784 32375 2146 263 6029 0.044 0.027
FIRST 140 34646 32375 2035 236 6333 0.037 0.036
FIRST 145 34659 32375 1940 344 6467 0.053 0.050
FIRST 150 34447 32375 1862 210 6870 0.031 0.069
FIRST 155 34984 32375 1801 808 7234 0.112 0.094
FIRST 160 35211 32375 1751 1085 7607 0.143 0.129
FIRST 165 35588 32375 1713 1500 8134 0.184 0.176
FIRST 170 36185 32375 1687 2123 8456 0.251 0.242
FIRST 175 37842 32375 1672 3795 9299 0.408 0.331
FIRST 180(hw) 19051 16188 750 2113 4773 0.443 0.453
NVSS 115 99657 85000 15492 -835 10066 � 0.083 0.003
NVSS 120 98872 85000 14242 -370 10791 � 0 � 034 0.004
NVSS 125 98290 85000 13198 92 11232 0.008 0.005
NVSS 130 97377 85000 12325 52 11914 0.004 0.007
NVSS 135 96507 85000 11594 -87 12542 � 0 � 007 0.010
NVSS 140 96060 85000 10983 77 13268 0.006 0.014
NVSS 145 95824 85000 10475 349 13764 0.025 0.020
NVSS 150 95999 85000 10057 942 14509 0.065 0.029
NVSS 155 95607 85000 9722 885 15277 0.058 0.041
NVSS 160 95804 85000 9454 1350 15923 0.085 0.057
NVSS 165 95820 85000 9254 1566 16640 0.094 0.081
NVSS 170 96127 85000 9113 2014 17486 0.115 0.115
NVSS 175 96830 85000 9031 2799 18011 0.155 0.162
NVSS 180(hw) 48587 42500 4050 2037 9382 0.217 0.230
SUMSS 115 7756 6500 1234 22 579 0.038 0.003
SUMSS 120 7550 6500 1134 -84 655 � 0 � 128 0.005
SUMSS 125 7566 6500 1050 16 737 0.022 0.007
SUMSS 130 7569 6500 981 88 811 0.109 0.010
SUMSS 135 7428 6500 923 5 850 0.006 0.014
SUMSS 140 7412 6500 875 37 887 0.042 0.020
SUMSS 145 7488 6500 834 154 1053 0.146 0.028
SUMSS 150 7339 6500 801 38 1073 0.035 0.039
SUMSS 155 7305 6500 775 30 1117 0.027 0.056
SUMSS 160 7430 6500 753 177 1186 0.149 0.079
SUMSS 165 7535 6500 736 299 1322 0.226 0.111
SUMSS 170 7375 6500 725 150 1395 0.108 0.157
SUMSS 175 7549 6500 719 330 1466 0.225 0.222
SUMSS 180(hw) 3754 3250 322 182 763 0.239 0.314

our cataloguesayswe �nd lobes,they generallydo look like
lobes.

To checkour resultsmore stringently, we comparethem
with a radio survey with pre-existing optical identi�cation,
the online 3CRRcatalogue(Laing, Riley & Longair 1983)at
http://www.3crr.dyndns.org/ . Becausethis is a low-frequency
�ux densityselectedsample,it containsthebrightestlobes;as
theseareoftenlargeandnearby, we donot expectto detectall
of the lobesgivenour sizelimit of 90 arcsec.However, there

are few radio sourcesurveys with a high enoughidenti�ca-
tion fractionto meetour needs.We consideredusingthez � 1
B2/6C`DistantDRAGNs' survey (Ealeset al. 1997),in which
thelobesizesaregenerallysmaller, but of their 27 IR-detected
centroidsonly two arebright enoughin V to appearin our op-
tical catalogue!As it happens,both centroids(0901+35and
1045+35A)havedoublelobesof LAS � 8arcsecsothatFIRST
reportsthem as single detectionsonly and so appearin our
catalogueascore-detectedobjectsQORGJ090432.3+353904
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TableA.12. Formulaeusedto calculatequantitative criteriato evaluatecandidatedoublelobecon�gurations.

Criterion FIRSTformula NVSSformula SUMSSformula Notes
Angle (q) 2/

q 0 156132 11 4 10 2/

q 0 158152 10 4 20 2/

q 0 155152 10164 18
Distpct(d) 1 798 d � 65:

4 90 1 7;8 d � 62:

4 62 1 7;8 d � 62:

4 62
SNRpct(R) 2/

R2 451<0 1 2/

R0 62132 12 2/

R0 75152 12 eq0.5 if S = 100(sidelobe)
SDratio(S) 2log2

/

S1>0 6 3log2
/

S1>0 5 ? 2 4log2
/

S1>0 4 ? 2 max35
CLA (y ) 5/

1 0 y 2 351 4 � 2 � y 4 9 3 � 5 � y 4 15 min 0.15,max3 for FIRST
EA (E) 1 � 75 7 E 4 2 1 � 33 7 E 4 1 � 33 0 � 5 7 E 4 2 0.33if E = 0, max25
Offset(D) 2/

310 D 152 6 2/

460 D 152 12 2/

540 D 152 6 min 0.1,max1

TableA.13. Comparative LobeAngledependentattributesof theinput radiocatalogues.

FIRST FIRST normal FIRST NVSS NVSS normal NVSS SUMSS SUMSS normal SUMSS
CLA best backgd ratio calc best backgd ratio calc best backgd ratio calc
0(hw) 90 17403 3.57 3.00 45 49684 4.94 4.20 5 2356 3.17 3.50
5 153 35087 3.01 3.00 74 99889 4.04 3.64 9 4665 2.88 3.17
10 137 34753 2.72 3.00 62 98794 3.42 3.09 17 4754 5.34 2.83
15 128 34921 2.53 2.51 45 98635 2.49 2.53 4 4711 1.27 2.50
20 104 34733 2.07 1.99 28 98228 1.56 1.98 5 4700 1.59 2.17
25 85 34547 1.70 1.58 33 98125 1.84 1.42 5 4683 1.59 1.83
30 54 34543 1.08 1.26 16 98174 0.89 0.87 6 4714 1.90 1.50
35 48 34397 0.96 1.00 5 98194 0.28 0.31 3 4778 0.94 1.17
40 26 34640 0.52 0.79 3 98105 0.17 0.15 1 4707 0.32 0.83
45 31 34368 0.62 0.63 5 98206 0.28 0.15 1 4722 0.32 0.50
50 17 34572 0.34 0.50 3 97806 0.17 0.15 1 4539 0.32 0.17
55 12 34624 0.24 0.40 4 98020 0.22 0.15 . 4871 . 0.15
60 14 34687 0.28 0.32 2 98461 0.11 0.15 . 4750 . 0.15
65 5 34828 0.10 0.25 . 98511 . 0.15 . 4651 . 0.15
70 . 34867 . 0.20 . 98254 . 0.15 . 4729 . 0.15
75 . 34813 . 0.16 . 99331 . 0.15 . 4817 . 0.15
80 . 34685 . 0.15 . 98455 . 0.15 . 4717 . 0.15
85 . 34616 . 0.15 . 99380 . 0.15 . 4805 . 0.15
90(hw) . 17257 . 0.15 . 49372 . 0.15 . 2456 . 0.15

and QORG J104830.4+353801. Of Eales' remainingdouble
lobes,onepair (0905+39)is declaredin QORGassociatedat
85% con�denceto a nearby(23 arcsec)falsecentroidQORG
J090818.8+394319, andtheremainderareexcludeddueto the
absenceof any suitableopticalobjects.Thisresultgivesasense
of the optical faintnessof z � 1 galaxieswhich arenot opti-
cally selected,andis encouragingin the sensethat therewas
only oneQORGassignationof doublelobesto a falsecentroid
where14 doublelobes(and12 coredetections)areseenin the
FIRSTdata.

Returningto the3CRRcatalogue,it lists 173optical iden-
ti�cations, of which 13 arecoredetectionsonly, for which in-
spectionof FIRST/NVSSreveals80core(offset � 3 arcsec)ra-
dio detectionsand � 90possiblelobepairswithin 90arcsecof
thecentroids.Howeveronly 132of the173centroidsappearin
ouropticaldatacopositionedwithin 8arcsecof thelisted3CRR
position,andof these,10havenocoreradiodetectionnormore
thanoneFIRST/NVSSradiosignaturewithin 90arcsec.Of the
remaining122optical centroidswe �nd our cataloguehasas-
sociated62 to core radio detections;8 additionalcoredetec-
tionswererejectedby our likelihoodalgorithmasthey areas-
trometricallyoffsettoo far from theopticalcentroids.Also for
these122optical3CRRcentroids,inspectionof FIRST/NVSS

reveals � 70 possiblelobe pairswithin 90 arcsecfrom which
our QORG algorithm identi�ed 58 lobe pairs and associated
43of thesewith opticalobjectsthatwehere�nd arethecorrect
3CRRcentroidsfor a74%hit rateondouble-lobedeclarations;
about6 more were associatedwith optical signatureswithin
20 arcsecof the3CRRcentroidswhich look possiblyrelated.
GiventhatFIRSTtendsto breaktheselarge,bright lobesdown
into multiple ellipses,we feel that our algorithmshave per-
formedreasonablyhere.In all, 102outof theeligible122opti-
cal 3CRRcentroidsareradio-associatedin ourcatalogue.The
completelist of the 3CRRcentroidsandour resultsfor them
is viewableat http://quasars.org/docs/3CRR-QORG.txt,which
alsodisplayscon�dencepercentagesfor thosenear-coreradio-
optical superpositionswhich wererejected.In theQORGcat-
aloguewe have retained,for consistency, thoseobjectsthat
this exercisehasshown to be falsecentroidsfor 3CRR dou-
ble lobes,but we have annotatedsomeof theseas `vicinity
of' a 3CRRcentroidto identify the lobesto the user. This is
a nod to our dif�culty with lobestoo large for our 90-arcsec
selectioncriterion; we found no lobe candidatesat all for the
8 3CRR galaxieslisted with lobesof LAS � 1000.However,
suchlargesourcesarelikely to becomparativelyrare.Thelarge
bulk of QORGdouble-lobedeclarationsarefor smallerlobes
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for which thecentroididenti�cation is usuallystraightforward,
exceptwherethe true identi�cation is too faint for our optical
data,which is alwaysa hazard.Table14 givesa summaryof
lobecountsbinnedby angularsizeof thelongerlobe.

Table14 shows that the 5-arcsec-resolutionFIRST detec-
tions yield increasinglobe numbersat shorterangularsizeas
expectedfrom the increasein thebackgroundpopulationwith
greaterdistance.NVSSandSUMSShave45-arcsecresolution
soat smallerangularsizesthereis an increasingtendency for
lobesto be merged into a single detection.Our total double
lobe countsareseento comparewell with the calculatedex-
cessesfrom Table11(unsurprisingly, sincethoseexcessespro-
videdourstartinglikelihoodprobabilities).For eachindividual
doublelobecandidatein thecataloguewelist thenominalcon-
�dence percentagethat it is a truedoublelobewith thestated
opticalcentroid.Of coursesometimesweselectthewrongcen-
troid, asseenin some3CRRexamplesabove,andsomeof our
doublelobedeclarationsarein factunassociatedandnot dou-
ble. Thereis necessarilysomerelationbetweenour declared
con�dencesand actualperformancein discerningtrue lobes
but in the absenceof a large control samplewe canonly sur-
misethattherelationis not toogreatlyskewed.Our totalcount
of doublelobedeclarationsis 21,498,of which abouthalf are
ratedwith a con�denceover90%,slightly overhalf for FIRST
andslightly underhalf for NVSS& SUMSS.

In theend,themeritof ourheuristicpatterndetectionalgo-
rithm for doubleradiolobesaboutopticalcentroidsis weighed
by its performanceagainstthe realsky. For thedif�cult, large
3CRRlobeswe haveachievedanaccuracy of 74centperfrom
a completenessof about85 percentagainsttheFIRST/NVSS
data.Weexpectbetterperformancefor thelargerpopulationof
smallerlobes.We feel that our list of doublelobe candidates
over the whole sky, while not constitutinga fully identi�ed
sample,gives the largestcurrentlyavailable sampleof prob-
able lobeidenti�cations,andassuchwill bea usefulresource
for futureresearch.

A.5. Use of the Identi�cation Catalogues

Theaim of our work hasbeento associateradio/X-raydetec-
tionswith opticalobjects.Theidenti�cation of anopticalobject
asaknown quasar, galaxyor staris importantbut secondary, in
the sensethat we do not wish to have to assessthe level of
our con�dencethatwe have selectedthecorrectopticalsigna-
ture. Accordingly we assignthe identi�cation only wherewe
areessentiallycertainof it, which usuallymeansastrometric
alignmentwithin 4 arcsec.Thegeneralmethodis thatfor each
input identi�cation catalogueweanalyseoffsetannulifrom the
cataloguedobjectpositionsto determineto whatradiusanop-
tical populationis foundwhich is over twice the background;
thisis typically4 arcsecfor astrometricallyaccurate,recentcat-
alogues.In mostcasesonly a singleopticalobjectis found in
ourinputcatalogueswithin thatradius,whichwetakeasunam-
biguousidenti�cation; if noobjectis foundthenthatidenti�ca-
tion is lost.Wherethereis morethanoneopticalobjectwithin
the radiuswe arecontentto usethemall from thenon, in the
expectationthat �nal selectionof thecorrectobjectwill come

via oneof thembeingfoundto beassociatedwith aradio/X-ray
source;wherethereis noradio/X-rayassociationtheidenti�ca-
tion will notbeusedin ourcatalogueanyway. Wemodify these
criteriawhensuitedto aparticularcatalogue:for PGCgalaxies
we �nd thatopticalidenti�cation out to a30arcsecoffsetfrom
thecataloguedpositionis meritedif thePSFis non-stellar, and
for whitedwarfswe�nd amaximum15arcsecoffsetif thePSF
is stellar, assomeof its datacomefrom early surveys. Many
identi�cations of courseappearin many differentcatalogues,
oftenwith differentnames,sowe have electedto usetheear-
liest namesavailable;thuswe prefergalaxynamesasgivenin
thePGCasthesearehistoricalin nature.WherethePGCdoes
not namea galaxywe usetheearliestavailablenamefrom an-
othercatalogue,andgalaxiespresentonly asa namelessentry
in thePGCwe write ase.g.PGC12345,usingthePGCnum-
berwhich is usedby LEDA asanunchangingidenti�er. In the
caseof redshiftswe wish to usethe latestmeasuredvaluesas
thesearemostlikely to be accurate.Thusan identi�cation in
our cataloguewill often get its namefrom onesourceandits
redshiftfrom another. Attributionsfor thenamesandredshifts
aredisplayedin our cataloguefor eachidenti�cation, with the
attribution referenceslisted in the readme�le; we give refer-
encesonly to sourcecatalogues,andthosecataloguesshould
beconsultedfor informationon theoriginal identi�cation.

Wherean optical object is claimedby both a galaxycat-
alogueand a star cataloguewe have set quality standardsto
decidebetweenthese,e.g. a recentredshift con�rms an ob-
jectasnon-stellar, or astellarPSFcon�rms astaridenti�cation
overagalaxyidenti�cation withoutaredshift,etc.Wehavepre-
pareda list of `interesting'dualstar/non-staridenti�cationsat
http://quasars.org/docs/Star-NonStar-Duplicates.txtIn this list
wealso�ag whenanobjectappearsin ourcatalogue;it is only
for thoseobjectsthat our choiceof the correct identi�cation
is important.In useof theQORGcatalogueit is importantto
bearin mind that many such`stars' have beenmisclassi�ed,
especiallythosefrom Tycho, HDx andGCVS which are not
spectroscopicallysupported,andbright Tycho starsmay con-
cealtheactualsourcesof radio/X-rayemission.Thusany stel-
lar identi�cation, not alreadywell-understood,that is reported
in our catalogueto beassociatedwith a radio/X-raydetection,
shouldbeconsideredsuspect,especiallyfor thosefew thatare
nominallyassociatedwith doubleradiolobes.

A key identi�cation in this catalogueis thatof catalogued
QSOsandBL Lacs;weidentify thesewith opticalobjectseven
in the absenceof a radio/X-rayassociation.We do this since
QSOsaresuchsigni�cant objects,andsincethey areall likely
to beX-ray and(in thecaseof BL Lacsat least)radioemitters
whetherwe have detectedthemor not We arecontentto rely
on theVeroncatalogueasthearbitratorof QSOidenti�cation,
soweexcludeobjectsidenti�ed elsewhere(e.g.CfA) asQSOs
which areabsentfrom Veron,unlessincludedby radio/X-ray
association.Our faith in the judiciousnessof the Veroncata-
logue is partly promptedby that one of us (EF) hasassisted
in tidying up problemareasin its recentreleases,so we have
somepersonalknowledgeof its strengths.We endeavour to
optically locateQSOshowever practical.Most QSOs,espe-
cially the large numberrecentlyidenti�ed in SDSSand2QZ
surveys,areunambiguouslyidenti�ed with isolatedopticalob-
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TableA.14.Summaryof doubleradiolobenumbersin theQORGcatalogue,by sourcecatalogueandbinnedby angularsizeof thelongerlobe
in arcsec.Numbersof lobes,coredetections,medianlobe�ux in mJyandmediancon�denceof theQORGlobedeclarationsroundedto 1 per
centaredisplayed.

Ang size FIRST NVSS SUMSS
longer No. No. core median median No. No. core median median No. No. core median median
lobe double det'ns �ux conf double det'ns �ux conf double det'ns �ux conf
(arcsec) lobes (mJy) (percent) lobes (mJy) (percent) lobes (mJy) (percent)
2- 5 996 . 5 90 3 . 14 64 1 . 12 63
6-10 3142 196 5 96 19 1 6 63 3 . 111 67
11-15 2278 546 5 93 30 1 5 84 6 . 158 74
16-20 1531 385 5 93 37 . 10 77 9 . 255 92
21-25 1082 255 6 90 88 4 20 89 25 . 62 95
26-30 783 213 7 88 374 32 29 94 117 . 35 94
31-35 562 110 7 84 756 55 31 97 189 . 39 90
36-40 419 66 7 81 988 59 30 95 244 . 46 91
41-45 268 53 7 77 1032 53 28 92 237 . 40 90
46-50 160 30 8 75 1018 65 28 89 196 1 44 89
51-55 117 10 10 68 915 46 29 87 203 . 41 86
56-60 70 8 7 66 781 46 29 83 137 1 40 83
61-65 42 8 11 66 628 36 29 85 113 . 48 84
66-70 27 2 14 58 484 33 33 82 80 . 55 79
71-75 11 1 8 58 383 20 34 80 42 . 62 77
76-80 13 2 31 56 325 21 42 78 29 . 77 76
81-85 4 1 21 58 252 9 45 77 24 . 65 77
86-90 7 1 10 73 210 7 41 76 8 . 63 70
TOTAL 11512 1887 6 91 8323 488 30 88 1663 2 45 87

jectswithin theusual4-arcsecastrometricradius.Wehaveused
theseunambiguousQSO-opticalmatchesto constructa qual-
itative QSOopticalpro�le which we thenapplyto thosecases
wherean identi�ed QSO hasmultiple nearbyoptical candi-
dates;this plusmagnitudecomparison,plusa subsetof unam-
biguousROSAT/radio detectionlocations,allows us to select
a superioropticalcandidatein nearlyall cases.As a tiebreaker
betweentwo equallygoodcandidates(whichis rare)wesimply
selectthenearerone.For a QSOlistedwith a magnitudenear
or below our platedepth,if thereis no faint optical candidate
within 4 arcsecwe discardthatQSOasbeingundetected.

A specialcasein QSO identi�cation is that of the older
QSOsurveysof the1980sand1990saslistedin theVeroncat-
alogue.Theseareoften listedwith signi�cantly discrepantas-
trometryandphotometrymakingcomputerizedidenti�cation
problematic.We have found that the discrepanciesoften ap-
pearto have a systematiccomponentpeculiarto eachoriginal
survey. Thuswe �nd, for eachoriginal survey, theastrometric
andphotometricoffsetsto ouropticalcataloguefor those(often
few) unambiguousidenti�cations,andthenapplyingthoseoff-
setsto all thatsurvey's QSOsandthenre-matchingto our op-
tical catalogue,repeatingin an iterative processuntil stability
is reached.This canresult in unambiguousrecovery of many
or mostof the optical objectsmatchingthoseQSOs,andwe
alsousethe above-mentionedqualitative pro�le to �nd most-
likely opticalcandidatesoffsetup to 40 arcsec.In this way we
have assistedour recovery of about200QSO-opticalidenti�-
cationsfor theold surveys,con�rmed by comparisonof a large
subsetto theoriginal �nding charts,which we accordinglyin-
cludein QORGwith anastrometricandphotometricaccuracy
not found elsewhere.Surveys thusgiven interestingshifts are

displayedat http://quasars.org/docs/Personal-Equation.txt, al-
thoughweleaveoff thoseQSOsthatweresubsequentlyre-sur-
veyed,for which updatedinformationis availablein the latest
versionof theVeroncatalogue.

Table 15 summarizesthe identi�cation cataloguescon-
tributingto QORG.TheCfA Redshiftcatalogueis itself acom-
pendiumof many cataloguesandpapers,andincludesthemain
LBQS andLCRSdataleaving us to addin thoseresidualstar
identi�cations separately. TheCfA, NED, White Dwarf, PGC
and Veron cataloguesare collectionsof heterogeneousdata
which have beenstandardizedsomewhatby thosecatalogues'
authorswhilst retaininghistoricalnames;theothercatalogues
are more internally consistentand often derived from single
surveys.Useof nameandpositionalinformationdirectly from
the largeSDSSand2QZ cataloguesallows consistentpresen-
tation acrossdifferentobject types,which we preferover the
short forms usedin the Veron catalogue.Wherewe usethe
nameof anobjectwealsouseits type(quasar, galaxyetc.)sup-
plied by thatcatalogueexceptthatwe useany Veron-supplied
type. Many cataloguescategorize galaxiesinto subtypeslike
NELGs, but suchdistinctionsare unclearfor many galaxies
andheterogeneouslyappliedacrosscatalogues,sowe thought
it cleanerto simply deferto theVeroncategorizationof some
galaxiesasAGN andleavetherestannotatedjustas`galaxies'.
Thuswe show just � ve identi�cation typesin QORG:49743
galaxies,48285quasars,14633AGN, 6314starsand841 BL
Lacs.Therearealso91 objectslisted as`U' for unidenti�ed,
wherea redshiftor otherinformationis displayed.We include
into QORGall QSOs,AGN andBL Lacs for which we �nd
an optical object; the othersrequirea radio/X-rayassociation
for inclusion.Note that the LBQS starsdatacontainoneBL
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TableA.15.Identi�cation catalogues.Seethe`sourcecatalogues'sec-
tion for full attributions.Typesof objectsidenti�ed in eachcatalogue
are listed in orderof their numericalprevalence:Q=QSO,A=AGN,
B=BL Lac, G=galaxy, S=star, U=unknown. Thetotal usedfor names
in QORGincludesall identi�ed objectsplus91unknown objectsbear-
ing names.

Object Totalno. No. used No. used
types unique for name redshift

Catalogue incl objects in QORG in QORG
2dFGRS GS 236078 3403 2916
2QZ QSABGU 40439 22077 22019
3CRR GQA 173 49 43
6dF G 15035 663 853
6QZ SQABG 1529 261 265
CfA GQABS 234703 2564 6432
CommonNames S 1127 173 –
CV S 1143 184 –
ENEAR G 1174 12 25
GCVS S 10553 146 –
HDx S 88831 200 –
LBQSstars SB 1390 1 –
LCRSstars S 886 2 –
NED (all) (lots) 52 52
NLTT S 71663 235 –
PGC(LEDA) G 1088795 38611 1250
PSCz GS 15423 301 811
SDSS GSQU 181959 23282 20209
Tycho S 2539737 4871 –
UGC G 13390 37 267
Veron QABSGU 64942 22404 27536
WhiteDwarfs S 2206 97 –
Yale S 3131 204 –
Zwicky G 19372 78 2958
TOTAL SGQABU 119907 85636

Lac identi�ed in the original paperwhich was inadvertently
left off their catalogue(P. Hewett, privatecommunication);it
is includedin our catalogue.

In all, we have tried to include all computer-processable
identi�cations extant in the literatureto provide a fully anno-
tatedpictureof the known radio/X-ray(ROSAT) sky. We use
theseidenti�cationsto calculateoddsthatunidenti�edradio/X-
ray objectsarein turn quasars,galaxiesor stars,asexplained
in themainsectionof this paper.

A.6. Attributes of this Catalogue

A.6.1. De-duplication and identi�cation

After constructionof the cataloguewe found it necessaryto
perform somede-duplicationbecauseof large bright objects
such as plate-saturatingstars or large galaxieswith multi-
ple componentswhich manifestasmultiple opticalsignatures;
theseattractassociationsfrom multiple ROSAT �elds wherein
fact both X-ray sourcesandoptical signaturesare just dupli-
cates.To allow thissituationto gouncorrectedwoulddiminish
theeaseof useof thecatalogueandpossiblymisleadtheuser.

About1500suchduplicatesacrossdifferentROSAT �elds have
beenremovedor amalgamatedvia preferentialretentionof as-
sociationsto thebright centralstaror galaxy, while closelyad-
jacentassociationswithin thesameROSAT �eld arepreserved.
The radio surveys have a separateissuethat resolved FIRST
doublelobesareoftenpresentedby theNVSSasa singlecen-
tral source,whichwouldconstitutea falsecoredetectionif left
unattended;we have removed the NVSS associationin those
cases,which numberabout750. Thesede-duplicationshave
clari�ed casesof multiple associationsacrossradioandX-ray
catalogues,andcondensedourcatalogueby about0.5%.

We have made an adjustment to the likelihood-of-
associationprobabilitiesasoneof the last actsof writing this
catalogue.Smallnumbersvariationsin thedensitycalculations
have occasionallyresultedin large densitiesat up to 30 arc-
secoffset,andat largeoffsetsit is alsocommonto encounter
multiple optical candidateswhich would decreasetheoddsof
associationfor any oneof them.Wehaveattachedanadditional
likelihoodpenaltyto far-offsetassociationsto take accountof
the increasedpresenceof multiple candidates.We useda sim-
ple rule of thumb for offsetsgreaterthan 6 arcsec,subtract-
ing 1/6 densitypoint for eachadditionalarcsecoffset,e.g.at
9 arcsec2.3 becomes1.8. This dampenshigh-offsetdensities
to where21 arcsecis the furthestoffset for any � 70%con�-
denceassociationpresented,and26arcsecfor any atall. To put
this in perspective,95%of all our presentedcoreassociations
areoffset within 8 arcsec,and75% arewithin 4 arcsec.This
may be a conservative measure,but we feel it is moreexcus-
ableto under-representtrue far-offsetassociationsthanit is to
over-representfalseones.

A.6.2. Distribution on the sky

Becauseof the propertiesof the cataloguesfrom which they
originate,theidenti�ed sourcesarenot entirelyuniformly dis-
tributedon the sky. Fig. 1 is a whole-sky optical densitymap
of all 501,761objectspresentedin theQORGcatalogue.In the
North galacticcap(NGC) the largedenseareain thecentreis
theFIRSTsurvey area,thedenseequatorialstrip is thepartsur-
veyedby bothSDSSand2dF, andthecrescent-shapedareato
theNorth wassurveyedby theSDSS�rst release.In theSGC,
the straightequatorialstrip and the curved strip below it are
theFIRSTsouth-sky survey area,thedensestraightareabelow
thatis2dF-surveyed,andthewhitestripbelow thatis thepartof
thesky notsurveyedin radio,with NVSS-surveyedareasto the
northandSUMSSto thesouth.Thedensestrip in theGalactic
dustlaneto theEast(left) shows an artefactof our likelihood
methodwherelikely Galacticsourcesof radio/X-rayemission
are being presentedas likely extragalactic;we have retained
thesenominalassociationsin casesomeshouldprove useful,
but usersarecautionedthatprobablymostarespurious.In Fig.
A.3 weshow asimilardensitymapshowingonly those449,309
objectsin our cataloguewhichareassociatedwith radio/X-ray
detections.TheSDSSand2dFsurvey bandsaremissingfrom
thismapasthey areidenti�cation surveys,not radio/X-raysur-
veys. It canbeseenthatthedensityof theradio/X-raysources
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Fig.A.3.A whole-sky opticaldensitymap(asFig.1) showing only those449,309objectsin ourcataloguewhichareassociatedwith radio/X-ray
detections.

Fig.A.4. A whole-sky opticaldensitymap(asFig. 1) of the53,930cataloguedQSOs(includingBL Lacsandstellar-PSFAGN) foundin our
catalogue.

is quiteuniform; themaineffect on thedensity, apartfrom the
Galacticplane,is theareacoveredby FIRST.

Turningto QSOs,Fig. A.4 is anall-sky densitymapof the
53,930cataloguedQSOs(including BL Lacsandstellar-PSF
AGN) foundin ourcatalogue.It canbeseenthat3/4of themare
concentratedinto therecentSDSSand2QZ survey areas,and
the remainderareinhomogeneouslydistributed,showing how
incompletetheoverall QSOenumerationhasbeento date.By
contrast,Fig. A.5 is a similar densitymapshowing all 86,009
objectsin our catalogue,not currentlyidenti�ed, whichwe list
as being 40% to � 99% likely to be a QSO. It can be seen

that thesearearrayedfairly uniformly on the sky, barringthe
Galacticplaneandthezoneof declination� 45� whichis asyet
unsurveyedin radio.

A.6.3. AGN properties

We mustnecessarilybegin this sectionof the discussionwith
a caveat. Becausethe propertiesof the newly identi�ed ob-
jects in our catalogueare determinedin a probabilisticway
from thepropertiesof existing objects,it is dangerousto con-
sider the statisticsof the newly identi�ed objectsand try to
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Fig.A.5. A whole-sky opticaldensitymap(asFig. 1) showing all 86,009objectsin our catalogue,not currentlyidenti�ed, which we list as
being40%to � 99%likely to beaQSO.

derive from them new resultsabout the populationof X-ray
and radio-identi�ed optical objectsasa whole. For example,
Fig. A.6 shows plots of R againstB magnitudefor the previ-
ouslyidenti�ed andpreviouslyunidenti�edsourcesin thesam-
ple, divided by object identi�cation class.It will be seenthat
the new sourceslie in somewhat differentareasof parameter
space(so,for example,therearefew newly identi�ed galaxies
with R � 15,simply becausethevastmajority of resolvedob-
jectswith thesemagnitudesarealreadyin catalogues).But the
importantpoint is that the identi�cation algorithm in general
populatesa subsetof theareasdelineatedby theexisting data.
It cannot,by its nature,tell us moreaboutthe distribution of
sourceswith particularidenti�cations in parameterspacethan
theoriginal identi�cation catalogueonwhich it wasbased.

With thisin mind,it is worthcarryingoutafew simpleanal-
ysesof the characteristicsof the objectsin the catalogue.We
begin by examining the relationshipbetweenX-ray �ux and
opticalmagnitude(Fig. A.7). Thepreviouslyidenti�ed sources
fall into clearregionsof parameterspace;it is of coursenosur-
prisethat for a givenX-ray countratestarsaregenerallyopti-
cally brighterthangalaxiesandgalaxiesbrighterthanquasars.
The newly identi�ed objectsadoptsimilar regionsof param-
eter space,as expected,althoughthereis a relatively greater
numberof opticallyandX-ray faintobjects.Thesharpline be-
tweengalaxiesandstarsseenin thenewly identi�ed objectsis
likely to bein partanartefactof theway thatradio/X-rayratio
is taken into accountby the classi�cation algorithm(Section
A.6). At the optically faint end,the probabilitiesthat a given
objectis a quasaror a galaxyaresimilar – this re�ects thedif-
�culty in makinga cleardistinctionbetweenthe two typesof
objectat faint magnitudes.We notethata ROSAT PSPCcount
rateof � 10 h@

1 correspondsto around40 Chandra countsin
5 ks,andthusthetypesof sourcesbeingidenti�ed hereshould

beroutinelyfoundin Chandra andXMM observationsas(soft)
serendipitoussources.

Thecorrespondingradioplots(Fig.A.8) arealsoconsistent
with expectation.Identi�cationswith galaxiesaremostproba-
bleatsmallmagnitudes;quasarsappearin largenumbersabove
R � 16,asseenin othercatalogues,andabove this magnitude
thenumbersof galaxyandquasaridenti�cationsaresimilar, as
expectedfrom uni�ed models.As with theX-ray sources,the
plot of newly identi�ed radiosourcesshowsahigherdensityof
galaxiesatR � 20 thanis seenin theidenti�ed sample.

A small numberof objects(5,325galaxiesandQSOsand
a handfulof objectsclassi�ed asstars,all at the � 40%level)
areidenti�ed asbothradioandX-ray sources.While theQSOs
show a cleartrendin thesensethatX-ray countrateandradio
�ux densityarecorrelated,thereis little evidencefor acorrela-
tion betweenthesequantitiesfor sourcesidenti�ed asprobable
galaxies.Thesearelikely to bemoreheterogeneoussources,in-
cludingstarburstsaswell asradiogalaxiesin avarietyof envi-
ronments.A trendin thesamesenseis alsopresentfor sources
with detectedradiolobesandX-ray counterparts,thevastma-
jority of whichareidenti�ed with quasars.
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Fig.A.6. B againstR magnitudefor (top) thepreviously identi�ed sourcesand(bottom)thenewly identi�ed sourcesin thecatalogue.Density
of red,greenandbluepointsrepresentdensityof sourcesidenti�ed in thecatalogueasgalaxies,starsandquasarsrespectively (only � 40%
con�denceidenti�cationsareused).Coloursareadditive in RGBcolourspace,so,for example,amagentaregion on theplot representsa high
densityof bothquasarsandgalaxies.Notethatstarsareover-representedfor visibility.
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Fig.A.7. ROSAT countrate(themeanof all availablecountrates,with theHRI valuescaledup by a factor3 to bring it in line with thePSPC
values)againstR magnitudefor (top) thepreviously identi�ed sourcesand(bottom)thenewly identi�ed sourcesin thecatalogue.Coloursas
for Fig. A.6. Thetop �gure contains13,733datapoints,thebottomone60,661.
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Fig.A.8. 1.4-GHztotal �ux density, including lobeswheredetected,from FIRST andNVSS, againstR magnitudefor (top) the previously
identi�ed sourcesand(bottom) the newly identi�ed sourcesin the catalogue.Coloursas for Fig. A.6. The top �gure contains52,995data
points,thebottomone274,505.Quasarsareover-representedfor visibility.


