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Abstract. We presentinall-sky catalogughatalignsandoverlaysthe ROSAT HRI, RASS,PSPCandWGA X-ray catalogues
andthe NVSS, FIRST and SUMSSradio cataloguesnto the optical APM and USNO-A cataloguesObjectspresentedare
thoseAPM/USNO-A optical objectswhicharecalculatedvith  40%con denceto beassociateavith radio/X-raydetections,
or which areidenti ed asknovn QSOs,AGN or BL Lacs,totalling 501,7610bjectsin all, including48,285QS0Osand21,498
doubleradiolobe detectionsFor eachradio/X-rayassociate@ptical objectwe displaythe calculatedoercentag@robabilities
of its beinga QSO,galaxy star, or erroneousadio/X-rayassociationplusary identi cation from theliterature.The catalogue
includes86,0090bjectswhich werenot previously identi ed andwhich we list asbeing40%to 99%likely to be a QSO.
As a byproductof the constructionof this cataloguewe areableto list comprehense ROSAT eld shifts asdeterminedby
our whole-sky likelihoodalgorithm,andalsoplate-by-platgophotometricrecalibrationof the completeAPM andUSNO-A2.0

optical cataloguessigni cantly improving accurag for objectsof

athttp://quasars.gégqorg-data.htm

1. Introduction

In recentyearsa number of good-resolutionradio and X-
ray suneys have beencompletedandthe full datapublished.
One major goal of such suneys is that the radio/X-ray de-
tections should be associatedwith optical objects to fur-
ther their classi cation andto nd new examplesof emis-
sionphenomenaPrevious suchefforts generallytreatjust one
radio/X-ray surey per paper and use matchingcriteria par
ticular to that paper;seenotably APM Optical Counterparts
to FIRST Radio Sources(MWHB: McMahon et al. 2002)
and the Hamhurg/RASS Catalogueof Optical Identi cations
(HRC: Badeet al. 1998) which has multiple optical identi-
cations per X-ray detection.It is desirablefor thereto be
a single uni ed cataloguewhich combinesand overlays all
these good-resolutionradio/X-ray surweys onto the optical
backgroundusing a uniform optimized matchingalgorithm.
This paperpresentssuch a catalogueithe "Quasars.a@ all-
sky optical catalogueof radio/X-ray sourcespbtainablefrom
http://quasars.gyqoig-data.im. The namerefersto the web-
site usedasa repositoryduring this catalogues development.
Wereferto our catalogueas’ QORG'throughoutherestof this
paper

The task of combiningall thesedatawas a complicated
one,andour generalapproachwasto startwith no preconcep-
tionsbut to let the databe our guidein evolving the besttech-
nigues.lterationwascommonlyusedto nd stableresultsfor
datamerging and calibrationtasks.Extensve testingagainst
well-understoodcontrol dataallowed us to develop heuristic
solutionsfor ROSAT eld shifting anddoubleradiolobeiden-

15mag.Thecatalogues availablewholly andin subsets

ti cation. We developeda whole-sk/ basedmethodof calcu-
lating lik elihood-of-associatiowhich causallyties optical ob-
jectsto radio/X-raysourcesTheselik elihoodsarewritten into

our catalogueas percentageddsthat eachassociateaptical
objectis in turn a QSO,galaxy stat or erroneousadio/X-ray
associationObjectspresentedaire APM/USNO-A optical ob-
jectscalculatedwith  40% con denceto be associatedvith

radio/X-raydetectionspr whichareidenti ed asknownn QSOs,
AGN or BL Lacs;the40%thresholds anarbitrarychoice,but

ensureghat the cataloguecontainsonly interestingor poten-
tially interestingobjects . Theseoptical objectstotal 501,761in

all, including 119,8160bjectsbearingidenti cations from the
literatureand 86,0090bjectsnot hithertoidenti ed which we
list asbeing40%to 99%likely to bea QSO.

This paperis divided into sectionsas follows: (2) an ac-
countof all thesourcecataloguesisedin this compilation;(3)
a brief summaryof our primary likelihood algorithm, ROSA
eld shifts,andtechniqueusedto identify doubleradiolobes;
(4) adescriptiorof ourmaincatalogueTheelectronigpaperin-
cludesanappendixdetailing,at somelength,our methodsand
theissuesncountereduringtheconstructiorof thecatalogue.
Its sectionsare:(1) issuedn the constructiorandrecalibration
of the memgedoptical catalogueusedfor the backgroundand
its attributes;(2) descriptiorof thelik elihoodcalculationsused
to causallyassociat@ptical objectswith radio/X-raysources;
(3) issuesin overlayingthe X-ray detectionsonto the optical
backgroundnotablythe eld shiftsrequired;(4) issuesn over
laying the radio detectionsonto the optical backgroundand
identifying doubleradio lobes;(5) issuesin matchingidenti-
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cation catalogueso theopticalbackground(6) attributesand
analysisof theresultingQuasars.ay catalogue.

2. The Source Catalogues

Sourcecataloguesncludedare cateyorized as optical, radio,
X-ray, or identi cation catalogues.

2.1. Optical Surveys

Thewhole-sky opticalbackgroundepresentby farthelargest
datapool to be incorporatedalthoughonly thoseoptical ob-
jectswhich areassociatedvith radio/X-raydetectionspr are
known quasarsare includedin the nal QORG catalogue.
This projectcommencedn 1999andwe usedthe optical data
availableat thattime to compile our own in-housewhole-sky
optical catalogue.Our main sourcewas the completeset of
the CambridgeAutomatic Plate Measuringmachine (APM:
McMahonandlrwin 1992)scansof 1906 plateson the North
andSouthGalacticcaps consistingof 896 rst-epochNational
Geographic-BlomarObsenatory Sky Surwey (POSS-I)E and
O platescentredon equatorialdeclinationsO to 90, and
1010second-epocblK SchmidtTelescopesky surney (UKST)
ESO-R and SRC-J plates centredon declinations 85 to
0 ; theseyielded about270,000,000sourcesin one or more
colours.We alsoincludethe United StatesNaval Obsenatory
whole-sky catalogues(USNO-A) which used the Precision
MeasuringMachine (PMM) to readsourcesfrom the POSS-
| andUKST plates.The USNO-A cataloguesre not asdeep
asthe APM so are treatedas supplementandata, but only
USNO-A coversthe Galacticplanearea.The earlier USNO-
A1.0 (Monetetal. 1998)lists 488,006,86&0urcesn bothred
and blue, with POSS-Iplatesusedfor eld centresdown to
declination 30, and UKST platesbelow that. USNO-A2.0
(Monetetal. 1998)lists 526,280,881sourcesn bothred and
blue; the additionalsourceswvere a resultof a re-reductionof
thePMM scansandswitchingfrom POSS-Iplatesto thedeeper
UKST platesfor eld centreswith declinationsof 20 to
30.

2.2. Radio Surveys

Thelargestradiosuney istheNRAO VLA Sky Surnwey (NVSS:
Condonet al. 1998)catalogued0 (2002),which is a 1.4-GHz
all-sky surwey down to a declinationof 40 , with a source
detectionthresholdof 2.5 mJyandpositionalaccurag ranging
from 1arcsedor thestrongessourcego 7 arcse@tthefaint
limit. A secondradiosurwy is the Faint Imagesof the Radio
Sky at Twenty-cmsurnwey (FIRST: Whiteetal. 1997)which has
recently(April 2003)beencompletedthisis al.4-GHzsurey
of 9033squaralegreesof primarily thenorthGalacticcap,with
asourcedetectiorthresholdof 1 mJyandapositionalaccuray
within 1 arcsec.The FIRST surwey overlapsthe NVSSin its
suneyedareabut is deepermndhasbetterresolution.The part
of thesky notcoveredby theNVSSis currentlybeingsurneyed
at 843 MHz by the Sydneg University Molonglo Sky Surey
(SUMSS:Mauchetal. 2003,0c¢t 27 2003release}o a compa-
rabledepthandresolution;this surwey is at this time about70

per centcompleteso someof the sky belowv declination 40
is asyet without radio coverageto this resolution but thetotal
sky coverageof thesethreeradiosuneys exceed95%.

2.3. X-ray surveys

The best-resolutionX-ray suneys up to the end of the last
decadall originatefrom ROSAI' (ROentgerSATellite), which

was operationalfrom 1990 to 1999; its extragalactic and
Galactic surweys are available in 4 primary cataloguesThe
ROSAI All-Sky Suney (RASS/ revision 1RXS) is derived
from the all-sky surey performedduringthe rst half yearof

the ROSAI missionin 1990/91,andis availableastwo sepa-
ratesub-cataloguesheBright SourceCatalogu§RASS-BSC:
Vogeset al. 1999a)containing18,806sourcesandthe Faint

Source Catalogue(RASS-FSC:Vogeset al. 2000) contain-
ing 105,924sourcesThe RASS hasa sky coverageof 92%,

with a nominalpositionalaccurag of 30 arcsecSecondlythe

ROSAI' SourceCatalogueof Pointed Obsenationswith the

High Resolutionimager (HRI / 1RXH: Vogeset al. 1999b)
nal releasel.3.0(2001)has131,902sourcesrom 5393 se-
guencegepresentinga sky coverageof 1.94% with nominal
positionalaccurag of 5 arcsec.Third is the SecondROSAT

SourceCatalogueof Pointed Obsenationswith the Position
Sensitve ProportionalCounter (PSPC/ 2RXP: Vogeset al.

1999b) nal release?.1.0(2001)with 116,259sourcesfrom

5182sequencesgepresenting sky coverageof 17.3%with a

nominalpositionalaccurag of 25 arcsecWe includewith this

the supplementarf?SPCwith BoronFilter catalogugPSPCF:
sameattributions as PSPC)release2.0.0 (2001), with 2526
sourcesfrom 258 sequencesepresentinga sky coverageof

0.15%.Lastis the WGA Catalogueof ROSA Point Sources
(WGA: White, Giommi& Angelini 1994) nal releasd¢August
2000)with 115,962sourcedrom 4160sequencesyhich cov-

ersthesameobsenationaldataas2RXP but wasoriginally re-

leasecearlieranduseddifferentdatareductionalgorithms.We

usethe WGA cataloguén recognitionof therole it hasplayed
in researchit doesincludea few early sequenceabsentfrom

thePSPCcatalogue.

2.4. ldenti cation catalogues

The fullest descriptionof ary radio/X-ray emitting objectin

the QORG catalogueis given when it is possibleto iden-
tify it asa known QSO, AGN, BL Lac, galaxy or star The
following are the source cataloguesfor thesetypes of ob-

jectswhich are usedin the presenttask; web sitesdescribing
mary of thesearelisted in the online datafor the catalogue
(http://quasars.ayReadMe.txt)

The primary catalogueusedfor identi cation of QSOs,
AGN and BL Lacs is the Catalogueof Quasarsand Active
Nuclei, 11th edition (Veron: Véron-Cetty & Véron 2003)
which identi es 64,866 such objects,and usesan absolute-
magnitudehresholdo differentiatea QSOclassi cationfrom
an AGN classi cation, to which we adhere.We have added
supplementarypositional and name information from the
large recentrelease®f the SloanDigital Sky Surwey (SDSS:
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Abazajiaretal. 2003)andthe2dFQSORedshiftSurney (2QZ:
Croometal. 2003).We have alsoaddeds2 extra QSOidenti -
cationsfrom theNASA/IPAC Extragalactidatabas¢NED) as
thosewerefoundto have radio/X-rayassociationsand11 ex-
traQSOsfrom theSDSSquasarcatalog2ndedition(Schneider
et al, 2003)which madea supplementaryeleaseébasedon re-
inspectionof the SDSSspectratoo late for inclusionin the
VeroncatalogueHowever, we make useof only thoseobjects
for which we have an optical counterpart;jn total this gives
48,285QS0s,14,633AGN and841BL Lacs.

A measuredredshift is required for identi cation as a
QSO,but galaxiescanreasonablyeidenti ed by visualmor-
phology althoughspectroscopremainsdecisive. The primary
catalogueusedfor identi cation of galaxiesis the Principal
Galaxy Catalogue(PGC) which is extractedfrom the Lyon-
Meudon ExtragalacticDatabase(LEDA: Paturel, Bottinelli,
Gouguenhein1995);our copy from Septembe000(courtesy
of G. Paturel) contains1,088,795galaxies.We alsouse ve
redshiftsurveys which make galaxyidenti cationsoveralarge
sky areathe SDSS the CfA RedshiftCatalogugCFA: Huchra
et al. 1999, April 2003 edition), the IRAS PSCz Redshift
Suney (PSCz:Saundergtal. 2000),the 2dF GalaxyRedshift
Suney (2dFGRS:Collesset al. 2001) and the 6dF Galaxy
Redshift Surwey Early Data Releasg(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 3crrdyndns.og/ (3CRR: Laing, Riley & Longair
1983), the Updated Zwicky Catalog (Zwicky: Falco et al.
1999)andthe Redshift-DistanceSurwey of NearbyEarly-Type
Galaxies(ENEAR: Wegner et al. 2003). To summarize for
galaxiesnotclassi edasAGN, we utilize only thosefor which
we have anoptical objectassociatedvith a radio/X-raydetec-
tion; thesetotal 49,743galaxies Note thatsomelarge galaxies
known to be radio/X-ray emittersare missingfrom our cata-
logue becauseof astrometricmismatcheshetweenthe avail-
able isophotally-boundeabptical signaturesand the radio/X-
ray sourcelocations.

The remaining possibility is that objects are identi ed
with stars.This hasbeensomevhat problematic,in that un-
til recentlystellaridenti cations were not often compiled,as
they representethe detritusof QSOor galaxysurweys. Since
radio/X-ray emitting objectsare rarely stars,if suchan ob-
ject displayeda starlike spectrumit may have sened only
to keepit classi ed asan ‘unknovn' object.Large star cata-
loguessuchasTycho (Hog et al. 2000)areactuallyjust point
sourcecataloguesvhichdonotmake genuinestellaridenti ca-
tion, andhistoric starcataloguesretoo astrometricallympre-
cisefor unambiguousomputerisednatchingwhichwe nd to
requireastrometricprecisionof 15 arcsecor better Recently
however, cataloguef starsof speci c typessuchas white
dwarfs have beenreleasedo the requiredastrometricpreci-
sion,andlargesuneyslike SDSSand2dFGRShave published
their staridenti cations; thusin the last few yearsthe avail-
ability of suitablestellardatahasgreatlyimproved. We have
usedthe following star cataloguesfor stellar identi cation:
the Atlas of CataclysmicVariables(CV: Downeset al. 2001),
Spectroscopicallydenti ed White Dwarfs (WD: McCook &

Sion 1999), the GeneralCatalogueof Variable Stars(Vol 1)
with Improved Coordinate GCVS: Samuset al. 2002), the
revised New Luyten Two- Tenthscatalogueof high proper
motion stars(NLTT: Salim & Gould 2003), stars from the
Large Bright QuasarSuney (LBQS: Hewett et al. 1995) re-
ceived courtesyof Paul Hewett, starsfrom the Las Campanas
Redshift Surwey (Shectmaret al. 1996), and star identi ca-
tionsfrom the galaxyand QSOsunweys listed above. We have
alsoincludedthe Tycho sunwey, asits objectsare bright and
very likely to be stars,andthe Henry DraperExtensionCharts
(HDx: Nestere etal. 1995)eventhoughtheir starsarenotcon-
rmed spectroscopicallyWwe have obtainednamesof bright
starsfrom the Bright Star Catalogue 5th Revised Ed. (Yale:
Hof eit & Warren1991)andthe CommonNameCrossindex
(Smith W.B. 1996).In the endwe utilize only thosestarsfor
which we have an optical objectassociatedvith a radio/X-ray
detectionthesetotal 6314stars.

3. All-Sky Based Likelihood Calculations and
Matching Techniques

We give herea brief summaryof the methodsve usedto relate
optical objectsto radio/X-ray sourcesandto identify double
radiolobes.An appendixhatgivesfull detailsof our methods,
togetherwith supportingtabulated data, can be found in the
electronicversionof this paper

Ourprimaryalgorithmto calculatethelik elihoodof associ-
ationbetweeropticalandradio/X-raysourcess basedniden-
tifying classesf optical objectswhich tendto be astrometri-
cally co-positionedvith radio/X-raysourcesandassessinthe
signi canceof therelationshipby comparisorwith whole-sky
backgroundaveragesFor example,if a classof optical object
is found nearNVSS sourcesat twice the arealdensitythat it
hason averagein the backgroundthenwe saythatthe chance
of associatiorof thoseobjectsnearthe NVSS sourcess 50%,
aswe expecthalf of theapparentssociationso be chancesu-
perposition®f backgroundbjects We de ne theseopticalob-
ject classesusingfour parametersastrometricoffsetfrom the
radio/X-raysourcephotometric B R colour, APM psfclas-
si cation, andlocal sky objectdensity binningtheseto provide
large populationgn eachclassandso minimize small-number

uctuations.

To improve the uniformity of our optical objectclassesve
found it necessaryto recalibratethe sourcedata. The APM
plate depthswere photometricallyrecalibratedby matching
starson overlappingplate mamgins; this was done separately
for red and blue plates.USNO-A photometry which usually
shaws large zero-pointoffsets,wasrecalibratednto the APM
standardisingmatchedstars.Thesephotometriaecalibrations
improveour B R colourdata.The ROSAT sourcepositions
were recalibratedby using our likelihood algorithm to pro-
vide an optimal astrometricsolutionfor eachsequencethese
typically involved shifts of 1-10 arcsecon the sky. Theseas-
trometricrecalibrationdmprove our accurayg in gaugingpo-
sitional offset betweenindividual optical objectsand X-ray
sourcesAs our recalibrationsare potentiallyusefulfor others,
we provide themon-line: the APM/USNO-A2.0recalibration
is listedplate-by-plateat http:/quasars.@fdocs/QORG-APM-
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Table 1. Radio/X-rayAssociationgresentedn the QORGcatalogue.

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
athttp://quasars.gfdocs/HRI- elds.txtfor the HRI catalogue,

andsimilarly for theRASS,PSPCandWGA input catalogues.

As our aimwasto derive maximumvaluefrom the source
catalogueswe have alsoendeaouredto identify doubleradio
lobesfrom theradiodata.As QORGis anopticalcataloguewe
areinterestednly in thosedoublelobesfor which we have an
opticalcentroid We usedaheuristicalgorithmto identify these
lobes,consistingof rstly enumeratinghelikely lobe popula-
tion inherentwithin theradiodata,thenusinga numberof dis-
tinct rulesto estimatethe likelihood of a given radio-optical-
radio con guration being a memberof that lobe population.
The detailsaregivenin the appendix.Table1 summarizeshe
numbersof associationpresentedn QORGfrom eachsource
catalogue.

4. The Optical Catalogue of Radio/X-ray Sources

The catalogueis available from the cataloguehome pageat
http://quasars.grqomg-data.Hm, andis written asoneline per
optical object. The cataloguepresentsunique “best' associa-
tions,sooptical objectsandradio/X-raysourcesarenot dupli-
catedacrosdines;thiskeepshepresentatiosimpleandplain.
The full catalogueis in the "Mastertxt' le (21Mb zipped)
which providesparticularsof all 501,761objectancludingdata
contritutingto thelikelihoodcalculationsanddoublelobedec-
larations.A condensedversion, Free-Lunch.txt',is also pro-
vided;this displaysno morethan2 associationperobjectand
omitssupportingdata.Also availablearetwo subsets,Known-
Objects.txt',which displaysonly the 119,8160bjectsfrom our
cataloguevhich areidenti ed from theliterature,and” Quasar
Candidates.txtwhichdisplaysthe86,009%bjectsfrom our cat-
aloguenot hithertoidenti ed which we list as being 40% to
99%likely to bea QSO.

Table 2 displayssome samplelines of the QORG cata-
logue,usingthe Free-Lunchversion(which is easilytabulated
while shaving the salient points of the similarly-structured
main Mastercatalogue).”ReadMe' les are provided on-line
whichgivefull le layouts, eld de nitions andsupportingn-
formationfor all catalogueswe only give an overview here.
Column1 displaystheopticalcoordinategepochl2000)which
doublesas the IAU-recommendedame of the object, e.g.,
QORGJ040904.9-3647440lumn?2 summarizegry associ-
ationswith, andidenti cation of, the optical object: R=radio
source X=X-ray source2=doublelobe declarationQ=known

guasarA=AGN, G=galaxy S=stayB=BL Lacobject.Columns
3 and4 give theredandblue magnitudesespectiely, andcol-
umn5 statesf thosemagnitudesare POSS-I1(='p") or UKST
photometry plus agging ary nominal variability or proper
motion. Column 6 givesthe point spreadfunction (psf) clas-
si cation of the two optical obsenations,taken largely from
the APM: -'=stellar, '1'=fuzzy, '2'=extended,n'=no psfand
'x'=object not seenin this colour Column7 givesthe name
of the object,whereit is identi ed from the literature (abbre-
viated herefor spacereasons)Columns8-11 give the calcu-
lated probability that the radio/X-ray associateabjectis turn
a QSO0,galaxy star or erroneousadio/X-rayassociationthis
is discussedurther in the next paragraphColumn 12 gives
theredshift,if known. Column13 givestheradio/X-raysource
namefor a declaredassociationandcolumn14 givesthe ux
in mJyfor aradioassociationor the countratein counts/hour
for aROSAI X-ray associationA few of theseobjectsare,in
the Free-Lunchcataloguelisted also with a secondradio/X-
ray associationwhich hereis not shavn for spacereasons.
The Mastercataloguewhich we expectwill be of mostgen-
eral interest, lists up to six associationgor eachoptical ob-
ject, togetherwith particularsof arny doubleradio lobe found
for it, supportinginformationwhich enableseconstitutionof
thelikelihoodcalculationfor thatobject,andreferenceso the
sourcecataloguedor identi ed objects.Fig. 1 is a whole-sky
opticaldensitymapof all 501,761objectspresentedn thecat-
alogue.

In thecataloguave display for eachradio/X-rayassociated
optical object,the calculatedprobabilitiesthatit is a QSO (in-
cludingBL Lacs),galaxyor star We accumulatedhe datafor
thesecomputationdrom the identi ed optical objectsin our
catalogueaugmentinghe “star' pool with all unidenti ed op-
tical objectswhicharel1thmagor brighter We placedobjects
classi ed asAGN into the QSObin if they hada stellarPSF
in both colours,or whereboth colourswerefainterthan 18.5
magnitudefor USNO-A objectswithout PSF(therewereonly
38 of these) andotherwiseinto the galaxybin. Thusour start-
ing pool of known objectswith radio/X-ray associationsvas
8628 QS0s,52422galaxiesand 7078 stars.In separatesxer-
cisesfor theradioandX-ray associationsye binnedthe asso-
ciationsby four categories:radio/X-ray-to-opticalastrometric
offset(4 bins),B R colour(16 bins),stellarAPM PSFclassi-

cation (4 bins), andradio/X-ray-to-opticalux ratio (8 loga-
rithmic bins); an additionalexerciseomitting the PSFbinning
wasdoneto caterfor USNO-A sourcedbjectswhich have no
PSFdata.Thenumbersf QSOs galaxiesandstarsaretotalled
within eachcross-catgorizedbin; theirratioswill yield therel-
ative likelihoodsof eachidenti cation for thatbin. At least20
objectsarerequiredfor eachbin to be usable;if this wasnot
thecasethebinswereamalgamatedntil the 20 objectsareat-
tained.However, this processyieldeddifferentresultsdepend-
ing on which cateyorieswere amalgamatedrst; we accom-
modatethis by amalgamatindpy eight primary sequenceand
taking the averageof the results.We endedup with ratiosfor
eachbin, of the form 53% QSOs,36% galaxies,11% stars.
We thenassignedhosepercentagdik elihoodsto all radio/X-
ray associatedbjectswhichbelongedn thatbin, includingthe
identi ed onesfor comparisorby the user(objectsassociated
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Table 2. Samplelinesfrom the QORGcatalogug Free-Lunch'variant)

J2000location type R/ B(mag) ct psf name typepercentages z radio/X-raysourcel ux
@) 2 B ® G 6 O 8 (9 (10 11) (12) (13) (14)
040904.9-364744 GR 14.314.2 22 PGC632512 0 98 0 2 NVSSJ040904.8-364745 113
040905.0-053236 RX 19.120.3 11 12 74 0 14 NVSSJ040904.6-053234 4
040905.2-283859 R 19.720.6 12 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 17.2194 p 21 2 89 0 9 NVSSJ040905.4-092353 16
040905.8-123849 QR 18.0184 p --  PKS0406-127 97 1 0 2 1563 NVSSJ040905.7-123847 450
040906.2-651733 R 15.015.1 -- 63 20 3 14 SUMSJ040905.3-651729 27
040906.2-041022 A 185199 p 11 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 11 3 63 0 34 SUMSJ040906.7-760532 6
040906.6+122356 X 20.2(20.0) p 2x 0 57 3 40 2RXPJ040906.9+122353 6
040906.6+290944 SX 106 0 p nn HD281690 0 6 64 30 1RXSJ040906.6+290943 92
040906.7-504531 R 18.721.6 21 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 11.7115 -- 2 19 b1 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 nn 18 56 4 22 1RXSJ040907.9-695735 71

with bothradioandX-ray havetheirtwo resultscombined)put

bration,to Dave Monetatthe USNOfor generouslyproviding

for eachindividual objectwe alsodecrease¢hosepercentages copiesof both versionsof the USNO-A catalog,andto Ray

by the calculatecchancehatthatobjects radio/X-rayassocia-
tion is false.This percentagehanceof falseassociations also
listed,andthefour percentagetogetheiaddto 100%;we round
the percentagew the nearestvhole percent,soalisted gure
of 100%is just aroundingratherthana statemenof total con-
dence. Objectsthus given high QSO probability scoreswill
be of the mostinterestto researcherim the eld; we enumer
ate86,009suchobjectsin our cataloguenot hithertoidenti ed
whichwe list asbeing40%to 99%likely to bea QSO.
Theappendixavailablein the electronicversionof this ar-
ticle, givesfull detailsof all ourmethodsalongwith supporting
tahulateddata. The QORG catalogueand supportingdataand
ReadMeles canbeaccessettom thecatalogudhomepageat
http://quasars.grqoig-data.im.

5. Summary

This paperpresentghe QORG All-Sky Optical Catalogueof
Radio/X-rayObjectswhichis intendedo bea grandcompila-
tion of thelarge-scalesuneysof theradioandX-ray sky asthey
existedbeforethe beginningof XMM andChand@ operations.
It useshecompletedROSAT, NVSSandFIRST cataloguesind
the SUMSScatalogueat 70% completion.It providesoptical
associationgor thesetogetherwith comprehensie identi ca-
tions of known objectswith the intentionof presentinganin-
formative mapto helpformulateandsupportpointedinvestiga-
tions.
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Appendix A: Details of the catalogue
construction

A.1. The Optical Catalogue used in QORG

The APM and USNO-A cataloguediave beencombinedinto
a whole-slky 670,925,779-objecphotometricallyrecalibrated
catalogueThis wasdoneto provide an ef cient anduniform
optical backgroundagainstwhich to performall othertasks.
It was decidedat the outsetto store astrometricpositionsto
a precisionof 1 arcseconly, as early matchingacrossAPM
platesshavedtypical discrepanciesn the plate maiginsof up
to 2 arcsedrom the mean,andwe hadno desirefor precision
to exceedaccurag. The USNO-A cataloguefiave nominalas-
trometricprecisionof 0.5 arcsechut the APM astrometrywas
selectedvhereavailable becauset is photometricallydeeper
thanUSNO-A, andso shouldbe usedto ensurethe bestlocal
astrometricconsisteng of the memgeddata.Similarly, it was
decidedto store photometryto a precisionof 0.1 mag only,
asearlyanalysisacrossAPM platesshoved 20% of matching
objectsto have photometricscattergreaterthan 0.3 mag, thus
providing a senseof its accurag. Useof this modestprecision
standarcenablesour nal optical catalogudo be storedat just
7 bytesperobject,corvertedto 11 bytesperobjectin ourwork
les, which allows speedyprocessindgor whole-sky tasks.The
densityof objectson the sky in theresultingcataloguds plot-
tedin Fig. A.1.

The APM andUSNO-A presentheir datadifferentlyand,
in a sensecomplementeachother The APM classi es the
point-spreadfunction (PSF) of each object as stellar non-
stellar(i.e. galaxy),memed,or non-morphologicalandseeks
to display galaxy sizes,shapesand position anglesby using
ellipsesto modelisophotally-boundedreas.The downsideof
thisis thatclosepoint-sourcesireoften collectedby the APM
into a ‘'memed' object indistinguishablefrom a galaxy The
USNO-Ais orientedto displayingstarssohasno PSFclassi -
cationandjust describegoint- positionsand magnitudesbut
this meansno distinctionis madebetweenstarsandgalaxies.
By mermging thesetwo cataloguesogetheronegetsbothkinds
of information,andsometimes bit extra. APM “memged' ob-
jectsareoftenresohed by the USNO-A into constituenipoint
sources.Often photometryof different sectionsof a galaxy
becomesavailable. And wherean APM ellipse hasa single
USNO-A pointsourcepositionedat oneendof theellipsewith
no other USNO-A object presentthe propertiesof an object
at the otherend canbe calculated comparisorwith Digitized
Sky Surwy (DSS)imagesshow that the calculatedobjectis
correctto within a few arcsedn positionand 1-2 magphoto-
metrically Suchobjectshave beenincludedin our opticalcata-
logueandare agged as’inferredobjects’. Any APM “merged’
objectthat we have resohed into constituentpoint sourcess
droppedwhile theresohedsourcesareincludedin our optical
catalogue.

Someissuesncountereih readingthe APM datawere:

1. SomeAPM plateswere missingtheir calibrationparame-
ters, so default valueswere suppliedwhich were later ad-
justedin the subsequentvhole-sky calibrationexercise.

2. About 10 of our 1997-dated?OSSI-basedes weremiss-
ing J2000coefcients in the headersThis was remedied
by mappingindividual objectsfrom the B1950 positions
usingthetransformatiormatrix from Murray (1989)which
wasfoundto yield J2000positionsaccurateto within the
requiredarcseqrecision.

3. Overly- attened ellipseswere found to be spurioussig-
nals.A thresholdwas establishedo remove suchobjects.
Also, the APM hasa photometricclassi cationfor static-
like (non-morphologicalyignals;it wasfoundthatobjects
having only this classi cationwere usuallyfalsepositives
andsowereremoved.Wefelt thatary true objectsthuslost
would generallybe restoredwith the subsequenaddition
of theUSNO-Adata.

4. Many pointsourcesreseerin only onecolourasthecoun-

terpartof the othercolour is fainterthanthe plate depth.
Sometimeshowever, a point sourcein one colour hasits
counterparbf theothercolourconcealedavithin a ’memged’
ellipsewith an offset centroid,so appearingo be entirely
missingin that colour We felt it importantto distinguish
betweersuchconcealmenandgenuineabsencesoin such
casesve have lled outtheobjectdataby addingtheellipse
photometryfor themissingcolour.

5. About half of the POSS-I plates contain spuriousone-

colour “objects' positionedpreferentiallytoward the plate
centresthis is evidenton the optical densitychartof Fig.

A.1. They areanartefacton the glasscopiesof the POSS-I
plateswhich originatedfrom defectdn theolder103aEand
O emulsionghatweremoststronglyimagedin the central
areaduring the copying process.Theseare very faint but

weredetectedy thedeepAPM scansof thoseglasscopies
(M. lrwin, privatecommunication)ln worstcaseshesecan
doublethe nominalpopulationof a POSS-Iplate,but they

have beenfound via patternanalysisto have had no dis-

cernibleeffect on our efforts; we have probablybene tted
from our approachof matchingoptical objectsto radio/X-
ray detectionswhich alsocon rms thatthe matchedbject
is likely to bereal.SeeMWHB section3.5,wherethey sim-

ilarly nd that FIRST detectionscon rm matchingAPM

‘noise' objectsaslikely to bereal.

6. Largeisophotalellipseswithin large galaxiescanbe astro-
metricallymisalignedbetweerredandblueplates,causing
APM to displayneighbouringpairsof notionalone-colour
or mismatched-colouobjects’,oneblueandtheotherred,
both non-stellar Therewas no simple x for this which
would notintroduceerrors,sosuchdatawithin largegalax-
iesoriginatefrom this artefact.

7. To allow easyreferencefrom a lookup table,we choseto
crop eachAPM plateto the maximal simple rectangleof
sky boundedby two longitudesandtwo latitudes(J2000)-
somecarewasneededn thisto avoid lossof sky coverage,
i.e.eachcroppedplatemustatleastreachall its neighbours.
Thistaskwasmademoredelicateby thefactthattheorigi-
nal plateswerearrayedby B1950coordinatesvhich areat
asmallangleto our J2000boundaries.

8. An APM plate solution designedto correct astrometric

plate distortionis available, but we choseto usethe raw
APM astrometrydueto the complex natureof the solution.



8 E. FleschandM.J. HardcastleOptical catalogueof radio/ X-ray sources

T T T g

80 |-

60

40

Declination
)
o o

|
N
o

—40

—60

—-80

24 22

Right ascension

Fig.A.1. A whole-sly opticaldensitymapof the sourcesn theopticalcatalogueThe missingsky coverage(white strip at centre-right)is due

to corruptUSNO-A data;seethetext for details.

In this we feel justi ed by the ndings of MWHB thatthe
platesolutionactuallyincreasesffsetsof faintobjectsnear
the plate corners.In generalour raw APM astrometryis
correctto an error of 1 arcsecin RA and DEC, with oc-
casionalerrorsof 2 arcsedn RA andDEC asdetermined
by comparisorto FIRST astrometryseeMWHB for afull
discussiorof theseissues.

Someissuesencountereth usingthe USNO-A datawere:

1. At the POSS-landUKST source-platdoundariegwithin
the USNO-A data)it frequently occursthat an objectis
representedwice, being on both sidesof the boundary
Suchduplicateobjectswithin a 4-arcsecseparationwere
removed.

2. Datafor 17 northern-sk POSS-Iplateswerefoundto be
corruptedin both A1.0 and A2.0 cataloguesi.e. basically
emptyof datathere.The affectedareais boundedoughly
by RA 5h-12handDEC 3 -8 3 . Half of thisis covered
by the APM, leaving the areaboundedby RA 5.6h-8.3h
andDEC 3 -83 (about243.7sqdeg, 0.59%o0f the sky)
without coveragein our optical catalogue.

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

4. Therearesubstantiaphotometriczero-point offsetsin the
A2.0 cataloguethe listed valuesare nearly a full magni-
tudetoo bright, exceptfor redPOSS-IE data.Theproblem
was remediedvia calibrationinto APM-governedmagni-
tuderanges.The A1.0 catalogues not thus affectedand
seemaswell calibrated.

5. Southernsky POSS-Iplatesdisplayeda systematigattern
of objectsbeing 0.3 magfainterat the southend of each

platecomparedvith objectsatthe northend.This presum-
ably resultsfrom thethicker sky coveratlowerangles.

Our optical cataloguewas initially assembledne APM-
basedplate at a time by addingin correspondingdatafrom
the USNO-A2.0catalogueaswell asUSNO-A1.0asneeded.
Objectswere matchedacrossinput cataloguego a separation
of 3 arcsecin eachof RA and DEC regardlessof photome-
try, while accommodatindpest ts for objectsmultiply packed
morecloselytogether Intra-platephotometriccalibrationwas
done separatelyfor red and blue by establishingthe median
offsetbetweerthe APM andUSNO-A2.0data,thenadjusting
the USNO-A2.0magnitudesy thatamountto attainthe APM
standardthis wasdoneseparatelfor USNO-A1.0datawhere
we usedit. Our optical cataloguaetainsonly a singleredand
blue magnitudevaluefor eachobject,sothe APM photometry
wasretainedasthe rst choicein all case®xceptwhentheonly
available POSS-Iphotometrywas from USNO-A, asPOSS-I
magnitudesare preferred.This is becausda) POSS-IE (red)
andO (blue) plateswerephotographean the samenight, thus
ensuringthe colour magnitudesare comparableBy contrast,
UKST R (red) andBj (blue) platesare often obtainede.g. 10
yearsapart,so variability canspoil the colour comparison(b)
POSS-I0is centredonviolet, 40507, makingabroadercolour
baselinewith thered 6400A (for bothPOSS-IE andUKST R)
thandoesUKST Bj 4850A. We havefound,from 2227162tel-
lar objectson overlappingequatoriaPOSS-I UKST platesaf-
ter calibration thatthemedianvalueof Bj R O E was
0.65.

After assemblyof 824 two-colour APM-basedplates(i.e.
all thoseavailablein 1999, with two overlappingNorth pole
platestreatedasa single plate), next camethe task of whole-
sky photometriccalibration. The APM photometrywas re-
calibratedplate by plate by comparingmagnitudevalues of
matchedbjectson croppedblateoverlapsyolledupinto ame-
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dian offsetfor eachtwo-platecombination.The POSS-Iplates
werecalibratedtogethetin oneexercise the UKST in another
Objectsusedwerethoseof stellarPSFin bothcolourson both

platesandwith positionsthatagreedo within 2 arcseanclu-

sivein bothRA andDEC - theclosercriterionwasusedto en-
suretrue matchesCalibrationwasdoneby adjustingall plate
magnitudedy half of theindicatedamountdrom overlapping
areas,then repeatinguntil nearstability was reachedj.e. to

wherethe absolutechangeperplateaveragedessthan1/200th
of amagnitudeThistook 15iterationgto achieve for thePOSS-
| platesandl0iterationsfor theUKST plates.Thephotometric
scatteraboutthe medianoffsetsis displayedin Table1, astro-
metricscattelin Table2. The nal magnitudesvereroundedo

0.1mag,asdescribedabore.

The calibratedmagnitudesof objectsfrom APM POSS-
| plateswere found to vary from the nominal valuesmostly
within arangeof 04 mag,but discrepanciesf up to a full
magnitudewere found. The UKST plateswere more stable.
The calibratedAPM POSS-IE plateswere found to have a
zero-pointoffsetof 0.2 magcomparedvith the UKST; thatis,
the E plateswere nominally on average0.2 mag too bright.
After con rmation (Mike Irwin, private communication)all
POSS-IE magnitudesvere made0.2 mag fainter The out-
comeof thefull calibrationshowvsthatPOSS-Iplatesareoften
considerablydeepetthanthe nominalmagnituddimit. An ex-
tremeexampleis eo789which calibratesashaving a depthof
E 212andO 227, easilydeeperthanthe POSS-IIcov-
eragethere,con rmed by examiningDSSimages.Of course,
otherPOSS-Iplatescanturn out quiteshallow, e.g.eo774with
adepthof E 191 andO 202. One particularly notable
resultwasthatthe LargeMagellanicCloudplatef056 wascal-
ibratedinto being over a full magnitudebrighterthan APM
nominal. The 3823 overlappingstarswhich yieldedthis result
were carefully examined,andthe offset wasfound to be uni-
form with normal scatter The brighter LMC magnitudesare
includedin our optical catalogue.

134 additional two-colour APM plateswere obtainedin
March 2002, all but one in the southernhemisphere,and
thesewereaddedby reconstitutinghe nal cataloguen those
places using the same processingrules. These new plates
were calibratedto the QORG baselineby comparingstellar
objects on overlapping plate mamins and simply adjusting
by the offset median.Our calibrationis listed plate-by-plate
at http://quasars.@/docs/QORG-APM-USNO-calitiontxt,
which also lists the MWHB POSS-IE calibrationof 148 of
theseAPM platesusingAPS. Table3 summarizeshis calibra-
tion of all 958 APM-basedlates.

It remainedto calibrate the large Galactic plane area,
whichis coveredonly by the USNO-A. The APM-basedlates
shaved the medianadjustmentgor USNO-A2.0wereto add
+0.2to POSS-IE and+0.8to POSS-IO, and+0.9 to UKST
R and+0.7to UKST Bj; seethe aggr@atesummaryin Table
3. Theseoffsetswere appliedto all USNO-A2.0-onlyareas,
except that north of declination 63 the local APM-based
platesindicateda POSS-IO adjustmenof just +0.3; the half-
magnitudedifferenceindicatesthe limit of our ability to bulk
calibratethe USNO-A datain the absenceof co-positioned

APM data. TheseGalactic plane adjustmentcompletedthe
photometricrecalibrationof our optical catalogue.

Preparatoryo assemblingurall-sky cataloguewe needed
to integratethe APM-basedequatorwhich is coveredby both
POSS-land UKST plates.We combinedtheseby matching
objectswith positionsthat agreedto within a separatiorof 3
arcsecinclusive in eachof RA and DEC. The UKST plates
aregenerallydeepetthanPOSS-Iplatesandso have moreob-
jects; thus, we use UKST astrometrywhereavailableto pre-
senelocalastrometriconsisteng andprovidethemostrecent
position, but we use POSS-Iphotometrywhereavailable, al-
thoughtwo-colourUKST objectswerechoseroverone-colour
POSS-lobjects.Thereforethe resultof combiningtheseis an
interwoven mix of POSS-land UKST objectsand attributes,
with a ag to indicatewherethe blue magnitudeis POSS-I0.
In this way, 29 equatorialPOSS-Iplatesand 24 UKST plates
wereentirelywritten ontotheir counterpartendsonot further
used Similarly, theUSNO-A1.0hasPOSS-Ilcoveragebetween

17 and 33 whichis coveredin UKST by USNO-A2.0,
so the POSS-Idatawas overlaid onto the UKST background
andinternally calibratedby adjustingboth E andO by theme-
dian R E offsetfor eachtwo-platecombinationthismethod
keepsPOSS-I0O andUKST Bj photometricallydistinct.

Theremainingtaskwasto combineall platesinto continu-
ousdatacoveringthe sky. The recalibratedJSNO-A wasini-
tially usedasthe backgroundjo be tiled over by the APM-
basedplates.Whereplatesoverlap, it is desirableto usethe
deepesplate;wethereforeorderedhe platesfrom lowestplate
depthto highestandtiled them onto the backgroundn that
order The deeperplatesthus overwrite the shallaver ones.
Mergingwasperformedattheplateboundarieso ensurenoob-
jectwaslost, aswell asde-duplicatiorto a separatiorof 3 arc-
secin eachof RA andDEC. Post-assemblgnalysisrevealed
somesmall “holes' in the sky coveragewhich were manually
repopulatedrom whichever APM platehadthe data.As men-
tioned,the astrometricprecisionof the nal optical catalogue
is to onearcsemnly. Thisallocatesl,296,00(R.A. unitsalong
theequatorTheseunitsnaturallycompressowardthecelestial
poles.To easeprocessingwe allocateonly 432,000R.A. units
betweerdeclinations60 and75 , 259200R.A. unitsbetween
declinations75 and85 , andjust 86400R.A. units polevard
of declination85 . Theseroundingsconformto the 1 arcsec
astrometrigorecisionfor which we areaiming.

The nished optical cataloguehas 155,108,493POSS-I
sourcesand 112,827,180UKST sourcesfrom the APM, and
192,176,7868P0OSS-Isourcesand210,533,71UKST sources
from USNO-A. Thesecrisp photometrictotals maskthe fact
that mary of theseQORG optical objectsare two-epochhy-
bridshaving POSS-IphotometryandUKST astrometryThere
arein addition a total of 279,603inferred objectswhich ap-
pearonly in this catalogue133,018inferredfrom POSS-Idata
and146,585from UKST data.As thereis no PSFinformation
oninferred objectswe treatthemasnon-APM exceptfor 286
which are matchedin the other colour to an unresohed off-
centreAPM “memged' ellipseandso are treatedas APM-type
dueto their nominal PSFE All of theseaddup to 670,925,779
unique objectsin the QORG optical catalogue which maps
thesky northof 3 in POSS-l,southof 33 in UKST, the
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Galacticplanenorthof 17 in POSS-l,and the remainder
in a two-epochmix of both. A comprehensie listing of indi-
vidual cropped-platesky boundariesplate depths,and counts
of the objectscateyorizedby PSFtype canbefoundin the le
http://quasars.gfdocs/QORG-plate-surmamy.txt . Table4 dis-
playsthe objecttotalsfor our optical cataloguevhereeachof
our two-colourprocesseglatesis allocatedwholly by surey
(POSS-I/UKST/BAH) and sourcecatalogue(APM/USNO-
A). Thesenished processeglatesshareno objectswith their
neighboursand can have irregular boundariesandresiduesof
objectsfrom adjacentirease.g.,the POSS-Iplatescancontain
someUKST objectswherethey borderon UKST areasThese
aggreatetotalssummarizeéheintegratedopticalcataloguehat
we have usedthroughouthis project.

Of particulamotein Table4 arethetwo-epochobjects Our
optical dataretainsno explicit two-epoch ag (exceptwhere
the objectis agged asvariableor having propermotion), but
sincewe retainthe POSS-Iphotometryfor all suchtwo-epoch
matchesand 98% of POSS-lobjectsin this sectorhave
UKST counterpartsye can make the generalstatementhat
all objectsin this sectorannotatechs POSS-lare two- epoch
in our catalogueand UKST objectsarenot, i.e., therewasno
good POSS-Imatchfor thoseUKST objects.An exceptionis
theequatoriaplatesthatwerecoveredby APM in bothPOSS-I
andUKST; herewe nd thataboutl6%of the agged 2-epoch
objectsarein factUKST from overlappingAPM SERCplates.
Additional two-epochobjectscomefrom suchoverlapsof our
croppedAPM-basedplates,for which we evaluatedonly ob-
jectsthatwerestellarin both colourswhencalibratingour op-
tical cataloguewe retainedonly thosetwo-epochobjectsfrom
the APM overlaps APM POSS-Iplatesare6 5 onasideand
positionedat6 intervals,sotwo-epochareasaresmallto begin
with; after our croppingandobjectselectionwe retainedonly
1.2% of all objectsastwo- epoch,asshowvn in Table4. The
APM UKST platesarealso6 5 squarebut are positionedat
just5 intervals,which optimally allows 70% two-epochcov-
erage;however, the usefulnes®f two- epochUKST coverage
is temperedby the UKST red andblue imagesbeingtaken at
differentepochsso that variability and propermotion canbe
jumbled andlost; after our croppingand object selectionwe
retainedonly 8.7% of all objectsastwo-epochin total 10.7%
of our optical catalogueobjectsare sourcedrom two epochs,
comprising18 percent( 62200000347418297) of POSS-I
objectsandjust 3% (  100000003235(0r482) of UKST ob-
jects;the prevalenceof POSS-Itwo-epochobjects,again,is a
consequencef our systematiaetentionof two-colourPOSS-I
photometrywherever available.

A token effort was madeto detectvariability and proper
motion acrossepochsin our dataprior to the nal assembly
of our optical catalogueMatchedobjectswith post-calibration
variability of over 1.0mag(exclusive)in eachcolourhave been
agged as variable,althoughwhere both epochswere APM
thenthethresholdis 0.5 magbecausef the uniformity of the
calibratedAPM photometryWe ag 3,702,933uchobjectsin
our completetwo-epochzone betweendeclinations 3 and

33, comprisingabout5.7% of all objectsthere.Testingof
GCVSstars(for which thereis no publishedcompletenessh
ourtwo- epochzoneshovswe ag 283outof 851GCVSstars
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thereasvariablefor a 33%identi cation rate,whichis afair re-
sult giventhatmary of thesestarswill have beenatequivalent
pointsof theirlight curvesin bothepochspr atdifferentpoints
of their light curvesfor thediscreteepochof the UKST-R and
UKST-Bj plates,which would confusethe comparisorto the
POSS-Idata.In regardto propermotion, matchedstellar ob-
jectswith post-astrometric-calibratiopositionalshifts of 3-8
arcsechave been agged in our optical catalogueas display-
ing propermotion;thesetotal 871,705,comprisingl.2%of all
our two-epochobjects We have testedour resultsagainsthose
starsfrom the TychoandNLTT surweys which arelisted with
propermotionsof 0 08arcsec/yeawhichshouldshowv up as
a 3-arcsecshift acrossthe  30-yearspanof our two epochs.
We testagainstTycho starsin our completetwo-epochzone
(aswith GCVS) and our optical catalogueags 6753 out of
15515qualifying Tycho starsasmoving, for a 43.5%identi -
cationrate,which seemdow; however, theseare bright stars,
mary of which were astometricallyinsertedinto the USNO-
A insteadof usingstandard®MM reductionsThe NLTT lists
faint moving starsperhapsmore suitedto comparisorto our
opticalcatalogueit has36,085stars being90%completeover
44% of the sky. Testingagainstthe NLTT over the entire sky
shavsouropticalcatalogueags asmaving 3402outof 33,975
qualifying NLTT starsthatwe nd in our catalogue As our
whole-sky two-epochcompletenesis just10.7%thisindicates
a 93% (3402 33975 107) identi cation rate of NLTT
starsas moving. While at rst glancethis looks pretty good,
furtherinspectionshavs thatthe completenessf NLTT indi-
catesthatthereshouldbe only about91,000suchhigh proper
motionstarsoverthewholesky, whereasve ag 871,705such
objects,sowe have abouttentimestoo mary. By comparison,
Gould (2003) notesthatthe USNO-B catalogugMonet et al.
2003) ags onehundredtimestoo mary high propermotion
starscomparedwith NLTT, but the USNO-B authorselected
to overreportasa methodof designatincghigh propermotion
candidatesOur goal was simply to accuratelyidentify these
objects,soit seemghatwe have overreachegomavhat. Our
partial successn agging variableand propermotion objects
shaws thatthese ags shouldbe taken asindicative only, and
needingcon rmation in individual cases.

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

The distinguishingtechniqueof the QORG catalogueis the
uniformalgorithmby which likelihoodof associatiorbetween
optical and radio/X- ray sourceds calculated.The nave ap-
proachto causalinking of thesewould beto searckHor simple
astrometricco-positionality but problemswith that approach
include the natural offsetsin extendedobjectsand jets and
lobes,the astrometriamprecisionof the available data,espe-
cially the X-ray data,andthe differing signi cance of co- po-
sitionality in densestar elds comparedo sparseThe FIRST
Bright QuasaiSurwey (FBQS:White etal. 2000)alignedradio
and optical astrometryto a precisionof 0.1 arcsecandfound
thatco-positionalitywasa sufcient solecriterionfor associa-
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Table A.1. Photometricscatteraboutthe medianoffsetfor matchedbjectson overlappingAPM plates.All includedobjectshave stellarPSF

in bothcolourson bothplates.

POSS-IE POSS-IO UKSTR UKST Bj
Magnitude Numberof Cumulatve Numberof Cumulatve Numberof Cumulatve Numberof Cumulatve
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
11 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
14 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

Table A.2. Astrometricscatteraboutthe medianoffsetfor matchedstellarobjectson overlappingAPM plates All includedobjectshave stellar
PSFin both colourson bothplates.Note: selectioreffect at 3 arcsecmultiply numberof objectsbhy 3 to obtaintrue backgroundapprox.

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 outto a 1.2 arcsecseparationn sky areasaway from
the Galacticplane.The presentwork treatspositionalsepara-
tion only in incrementsof 1 arcsec,and usesthis with addi-
tional criteriato quantify likelihood of associationAs an ex-
ample,giventwo equivalentnearbyoptical candidatedor as-
sociationwith aradio/X-raysource,f oneof themhasR = B
andthe otherhasR = B - 2.5, we would considerthe former
to bethefar morelikely candidateasit hasQSO-like colours,
while the otheris likely to be a coincidentstar But to weigh
this distinction accuratelyrequiresquantitatve assessmeruf
thelikelihoodsto be assignedo differentoptical colour bins.
In totalwe usethreeobsenationalparameters assesthelik e-
lihood of associatiorbetweerradio/X-raysourcesandoptical
candidatesastrometrioffset,B - R colour,andAPM PSFclas-
si cation in eachcolour.

Likelihoodis gaugedy comparatie densityonthe sky. If,
say stellar PSFobjectsof R = B on annuli5 arcsedrom the
setof all RASS X-ray sourcesare10timesasdenseonthe sky
therecomparedwith theall-sky (backgroundpensity thenwe

saythe chanceof associatiorof thoseoptical objectsthereis
90%, i.e. of each10 of thoseoptical objects,we take oneas
typical backgroundandthe excess9 ascausal.This approach
mustincorporatelocal sky objectdensity asotherwisecalcu-
lated likelihoodsin densely-populatedreaswould be falsely
high againstthe all-sky-averagebackground A simple local
density-dependemultiplier would sufce in one senseput
this would overlook the different mix of objectsin different
partsof thesky, i.e.thelow- densityGalacticcapsareexpected
to have ahigherratio of objectswith QSO-like coloursthanthe
high-densityGalacticplane.To accommodatbothdensityand
object-mixvariations,we have dividedthe sky into twelve sky
densitybins,andaccordinglyhave brokenouropticalcatalogue
outinto rectangle®f approx1 sqdegreeandallocatedhemby
meanobjectdensityinto thosetwelve bins. Table5 shaws the
areaspbjectcounts,andaveragedensitiesfor the total objects
andthe APM-only objectsfor eachsky densitybin. Theseden-
sity bins have beendesignedo keepthe discrepang between
ary local sky densityandthe densityof the correspondingdpin
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Table A.3. Photometriccalibration of the APM and USNO-A2.0 cataloguesummarizedby plate depth adjustment.The threeright-hand
columnscomparethe calibrationof 148 POSS-IE platesby MWHB andthis paper Columnsare as follows (1) classi cation: magnitude
amountaddedto plate depthto obtainnew plate depth(2) Numberof POSS-IE plates,from APM depthto QORG depth(3) Numberof
POSS-IO plates,from APM depthto QORGdepth(4) Numberof UKST R plates 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-10
platesfrom USNO-A2.0depthto QORGdepth(8) Numberof UKST R plates,from USNO-A2.0depthto QORGdepth(9) Numberof UKST
Bj plates,from USNO-A2.0depthto QORGdepth(10) 148 POSS-IE plates.from APM depthto MWHB depth(roundedto 0.1 mag)(11)
Thesamel48platesfrom APM depthto QORGdepth(this is asubsebf column?2) (12) The samel48plates from MWHB depthto QORG

depth.

H @ 6 @ 6 6 O G (9 109 d1) @12
14 . . . 1 . . . . .
12 . 1
11 . 1 . .
10 1 1 1 2
09 1 .
08 . . . 1
07 1 2 1 4 1 . .
06 3 7 . 6 2 1
05 3 8 6 11 1 1
04 3 21 15 18 3 3
03 5 29 36 46 6 3
02 25 54 60 39 . 5 5 17
01 34 61 89 92 7 1 13 10 25
0.0 48 73 123 105 49 17 19 29
01 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
06 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 amaximumof 20%, althoughgreaterdiscrepanciearepos-
siblein inhomogeneouareaspf course A 20 percentdensity
errorwill resultin alikelihood gure of e.g.,90 percent,to
be written as 88% or 92%(seeequation2, below), which we
consideracceptable.

Thesebinnedareasand countsof objectssene as back-
grounddenominatordor our likelihood calculations.For ob-
jectswith APM PSFinformationwe usethe APM areasand
counts,for non-APM we usethe total areasand counts.One
remainingdivision in our sky is thatof POSS-IlversusUKST
objects As previously stated UKST (Bj R)is0.650f POSS-
I (O E)asamediansoanobjecttypically will have alarger
colour spreadn POSS-Ithanin UKST. Early pre-publication
versionsof our cataloguecalculateddenominatorseparately
for eachsurwy, thusdoublingthe numberof bins andso re-
ducing their population.However, it is desirableto keepour

backgroundbin populationsas large as possibleto minimize
statistical uctuations. We judgethatit is qualitatively prefer
ableto useasimplestatisticakuleto alignthe UKST coloursto
the POSS-Icolours,thuskeepingtheseobjectsuni ed within
the samebins. Thuswe choseto multiply eachUKST object's
Bj R byl1l.5( 1 065)tomapto thestatisticallyexpected
POSS-1O0 E ,forBj R Theresultisthatthe12 sky den-
sity bins of Table5 representhe startingpoolsof datafor all
likelihood calculations During eachsuchcalculation,the ap-
propriate pool was divided up by APM PSF classand O-E
colourto obtaintherequiredbackgroundienominatar
Our APM-style PSFclassi cationtakeson just 4 discrete
valuesfor eachcolour: stellar(written by usas™-' asatrunca-
tion of APM's *-1"), fuzzy ('1"), extended'2") andnoclassi -
cation('n"). Our stellarandfuzzy classesomestraightfrom
the APM, but our extendedclass™2' differs from the APM
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Table A.4. Countsof optical objectsin the QORGoptical cataloguesubdvided by POSS-I/UKSTsuneyedareag BOTH' indicates2-epoch
areas)and sourceAPM/USNO-A catalogue Note that all 2-epochobjectsfrom areassuneyed by both POSS-land UKST are POSS-l,as

POSS-Iphotometrywasalwaysretainedor these.

Source No. of R+B Area No.of optical No.of POSS-I No.of UKST No.of 2-epoch 2-epoch
Surey  Catalogue plates (sqdey) 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 densitybinsandsummation®f the sky portionallocatedto eachbin. Notethat243.71squaredegreesaremissingfrom the

optical catalogue.

Density Densityrange Total area Total no. Mean APM Area APMno. 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

meiged-object2’ in thatwe expectthat sucha sourceshould
have a visible sourceat the centroid,or be a componenbf a
large galaxy If the PSFis not classi edas’™-', "1, or 2', then
wetakeit asan 'n' for thesdikelihoodcalculationsevenif the
colouris missing,asthe questionhereis not the visibility but
justthe morphology All objectsarealsoaccumulatednto the
PSF-freen' classin eachcolour(without double-countingf it
is already'n'), andagainwith “n' for bothcolours.Thus,with
just four PSFclassi cationsavailablefor eachof two colours,
we have atotal of 16 two-colourPSFbins.

O-E colouris binnedby 0.3 to keepbin populationdarge
while blurring coloursby no morethan0.1 mag. We usethe
ranggl 09 O E 45),binnedby0.3,withO E 09
takenas-0.9andO E 45 takenas4.5.As mentionedfor
UKSTB] R wetakkO E Bj R 15, thenbinit
in the sameway. One-colourobjectshave no O E, but are
includedin a cumulationof all objectswhichis givena place-
holdervalueof O E 99.Thuswehaveatotalof 200 E
colour bins. Note thatthereis an APM photometryartefactin
densd.MC areasvhichresultsin anoverabundancefBj R
in thetwo highestdensityAPM bins; possiblythe APM con-
fusednearneighboursvhen matchingimagesacrosscolours.
The consequencis that we cannotusethe colour criterionin
the LMC. Without this tool, andin recognitionthatour meth-
ods are lesseffective in very densestar elds, to deterfalse

positveswe have chosento requireco-positional t within 1
arcsedo acceptassociatiorin the two highestdensitybins of
100000and150000.

The breakdavn of our optical catalogueinto thesecross-
catgyories of 12 sky density bins by 16 PSF bins by 20
colour bins is displayed at http://quasars.gfdocs/QORG-
background.txt ThetotalnumberandAPM numberof objects
for eachof the 3840 cross-indeed bins are listed. For each
likelihoodcalculationacross-indgedbin is selectedisingthe
opticalobjectsattributes,andthatbin providesthe background
numberausedfor the denominator

Likelihoodis calculatedin termsof the overalundanceof
optical objectsover the background As an example calcula-
tion, let usconsidera HRI sourceoffset3 arcsedrom anopti-
cal objectwhichis stellarin bothcolourshasO E 03,and
is locatedin sky of densitybin 8000.Our input HRI catalogue
has6859 X-ray sourcesn sky of densitybin 8000;therefore
for offsetannuliof 3 arcse@boutthesethetotal area(between
radii 2.5 and 3.5 arcsec)is 129,289arcseé, and within this
areaof sky our optical catalogueyields 31 objects(smoothed)
which are stellarin both coloursandO E 03. Table5
shaws that the all-sky areaof densitybin 8000is 4815.15sq
deg which corvertsto 62,404,324,852rcseé, andwithin this
sky areathe backgroundcountof objectswhich are stellarin
bothcoloursandO E 0 3is213,453asshavnin "QORG-
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background.txt' The comparatie sky densityfor theseoptical
objectsat 3 arcsemffsetfrom HRI sourcess thus

Density
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A.3. The X-ray Sources

Theimmediateconsiderationn usingROSAT X-ray catalogue

datais in decidingwhich sourcedetectionsto use at all, as

count area  backgrounctount backgroundarea their reliability variesand ags are presentto signal reduc-

31 12928%rcsel 213453 6240424852 arcsedion dif culties due to close or complex sourcesMost HRI

701

Thedensityof 70.1representanoverdensityof 69.1com-

paredto thebackgrounaf 1. Thuscon denceof associatiorr

701 1 701 986%for eachobject,andthisis our mea-
sureof causalik elihood:

density 1

density (A-2)

Con dence

Completedensitiesandsupporting gures aregivenfor all
cross-ind&ed bins for the HRI input cataloguein the den-

(A_f}nd PSPCsourcesbear someof these ags; of the 131,902

total HRI sourcespnly 13,452are entirely un agged. These
ags originatefrom the surveyors' manualinspectionof all the
individual detectionsand one of the ags signalstheir over
all assessmerihat the sourceis a falsedetection;wherethis
ag is not set,the sourcewas not determinedo be spurious.

We thereforeuseonwardsall sourceswithout this ag ascan-

didatesfor matchingto our optical catalogue Of the 131,902
HRI sources111,865arewithoutthefalse-detectiorag; how-

ever, of these 8767 areastrometricduplicateqto the 1-arcsec
resolutionof this project) within the sameROSAT observing
eld, and46,700further sourcesare agged by HRI as non-

sity chartat http://quasars.gfdocs/QORG-HRI-densities.zip,unique’ astrometricduplicatesacrosgdifferentROSAT elds —

andsimilarly for the RASS,PSPCWGA, NVSS, FIRST and
SUMSSinput cataloguesSmoothingrules usedare itemized
in the headersf those les. Note that outlying bins suchas
thatof O E 0 9 canhave very small populations so to
avoid small- numbers uctuations we have amalgamatedhe
outliersto wherethe bin population’count' in equation(1) is
expectedo beatleast ve.Thusin "QORG-HRI-densities.txt'
the rst displayedO E binisO E 0 3, which includes
smallerO E. The needto keepbin populationshigh shavs
thattheef cacy of ourlikelihoodmethodis directly dependent
on the size of the input catalogue and indeedsmall-number
uctuations in outlying bins are an occasionahazard.In the

closing sectionof this paperwe describean offset-dependent

penaltywhich we have deployedto further control this inter-
mittentproblem.

There are, however, complicationsthat we neededto re-
solve beforethese nal densitieswere written. In the caseof
the X-ray cataloguesthe ROSAT elds aremisalignedwith re-
spectto the optical backgroundtypically by 1-10 arcsecand
needto be shiftedto their correctlocations.Someshifting is
alsoneededor theradio elds, butin thiscaseit is becausé¢he
APM astrometrycanbe offsetfrom thetrue by up to 2 arcsec
in eachof RA andDEC (atthe plateedgesseeMWHB for a
full discussion)andaswe usethe APM for our referenceas-
trometrywe needto realigntheradio surwey astrometrywhere
appropriatethatis, introduceequalerrorssoasto alignit to our
APM backgroundThisis aniterative processsadensitychart
mustbe compiled rst out of the original astrometryfor each
radio/X-raycataloguethenthatdensitychartis usedo re-align
the astrometrythena new densitychartis compiledusingthe
revised astrometryas an input cataloguegtc. Our experience
is that threeiterationsare sufcient asthe fourth bringslittle
changeto the densitychart. The nal densitychartsaremuch
morefocusedhantheinitial oneswith high densitiedor near
positional ts, anddensitiedalling off rapidly outwards,much
likethe nal chartdisplayednhttp://quasars.agfdocs/QORG-
HRI-densities.zifor HRI; similar resultsare obtainedfor the
othercataloguesWe describeour methodfor achiesing these
shiftsin thefollowing sections.

this is not unexpected,as mary objectsof interestwere ob-

senedrepeatedlyThusin the endwe areleft with 56,398as-

trometrically unique HRI sourcesto attemptto matchto op-

tical objects.Similarly, 100,205individual PSPCsourcesare

availableto us from the 118,785original sourcesn the com-

bined PSPCand PSPCFcataloguesthesecataloguesiave no

‘non-unique' ag. The WGA catalogueauthorsuseda single
“quality ag' to gaugereliability, andusingtheir88,621-record
catalogueof “good' sourcesyields 88,378individual sources.
The RASScataloguehascleandatawith only a few complex-

emissionsourcesvhich we have chosento retain, so we use
theirfull complemenbf 124,730sources.

The primarytaskin associatinfROSAT sourceswith opti-
cal objectsis thatof astrometricallytting the ROSAT observ-
ing elds to theopticalbackgroundAs detailedin Appendices
B andD of the ROSAT User's Handbook therewere ongoing
boresightingandundiagnoseeérrorswhich causegointingun-
reliability of up to 20 arcsecThis "attitudesolutionerror' was
accompaniethy asystematicoll angleerrorof 6 arcseavhich
hasbeencorrectedor in the nal HRI, PSPCandRASS cat-
aloguesthat we use,but the attitude error was more random
than systematicand persistedthroughoutROSA" s operation.
HRI elds arenominallymorepreciselypointedthanPSPCor
RASS butwe nd in ouranalysigbelow) thatsomeHRI elds,
too, are offsetby asmuchas 15 arcsec;seealsoMasonet al
(2000), gure 1, which shavs PSPCsourceoffsetfrom their
optical counterpartdy up to 15 arcsecwith one sourceoffset
by 30 arcsecWGA elds often have offsets10 arcseqyreater
thantheir correspondind®SPC elds, possiblybecausef the
absencef theroll angle x combinedwith an early pointing
solution.Thequestiorof correctlyrepointinga ROSAT observ-
ing eld is presentn everyinstanceof its use.Researchelsave
oftenresistedshifting the elds lesttheir analysisbe disputed.
Our task here, however, explicitly involves causallinking of
opticalandX-ray sourcesandcorrectlyrepointingthe ROSAT

elds is essentiato optimizingthis task.We believe our lik eli-

hoodalgorithmsbasedon our whole-sky optical datagivesus
an unprecedentedpportunityto decidethe correctalignment
of theROSAI elds in bulk.
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Thegeneralprinciple of ourapproachsto nd compelling
X-ray-opticalassociationgndshift eachROSAI' eld soasto
superposéts X-ray sourcesperfectly onto the optical back-
ground.Of course thereal datanever ts perfectly mary X-
ray sourceshave optical counterpartgoo faint for our optical
catalogueandwe needio nd quanti cationswhichyield opti-
malalignmentswithoutfalling prey to chancecoincidentalts.
Our maintool is of coursethe likelihood con dence method
explainedin the previous section,andwe neededo determine
thelikelihoodscorefor eachX-ray-opticalassociatiomndsum
the scoresfor eachROSAT eld in away which incorporates
both (1) the numberof associationsnd(2) the power of pre-
cise tting associationin abalancedvay — neitherof theseis
sufcient onits own, asrandomalignmentsaneasilygiverise
to mary associationatlargeoffsets,or afew small-ofsetasso-
ciations.Monte Carlosimulationscannoteasilybe designedo
optimisethe combinatiorof thesewo measuresaswe have no
a priori notionsof whatcomparatie con gurationsof control
andtestdatashouldbeexpectedo t validly, andwhichwould
t only coincidentally Any simulation- derived rules would
needto be testedagainstreal-sky datato nd if the simula-
tion was designedn conformanceo real-sk/ behaiour; the
requiremenfor real-sky testingrendersthe simulationsuper
uous. Our generalapproactof beingguidedby the real data
itself to nd the rules and numbersappliedas strongly here
asanywhereelse.Thus,in practice,to determinethe optimal
combinationof the above two measuresye heuristicallytried
differentformulationsandtestedhemagainsivell- understood
X-ray elds to nd thebest-performingolution.

We processeatachinput catalogug(e.g.,HRI) separately
Our rst stepwasto compile an initial densitychart (asde-
ned in the precedingsection)for awholeinput catalogueus-
ing its nominal(original) ROSAI astrometryNext we test,for
eachROSAT eld, all positionalshifts from the nominalloca-
tionoutto 48arcsewmffsetin eachof RA andDEC (in inter-
vals of 3 arcsedo save processingthus 1089 shiftsin total).
Eachtested eld shift is scoredas follows: rst, we usethe
densitychartto producecon denceof associationgures for
the eld' s X-ray- optical matchesusing sourcessingly only;
theseneedto be amalgamatedhto a nal scorefor that eld
shift. This nal scoremustincorporateboth the number of
X-ray-opticalmatchesandtheir individual con dencescores;
thusa summatiorof con dencescoress indicated but in test-
ing this againstselected elds (notablythe quasairich ervi-
ronsof NGC 3628)we foundthat eld shiftswith mary low-
con dencematchegendedto outscoreeld shifts with a few
high-con dencematchesvhichwerein factcorrect,judgedby
co-positionalityof X-ray sourcedo known quasarsWe found
this problemto be remediedby usingthe squaresf the con-
dence scoresnsteadof the con dencescoredirectly; in this
way a single 100% matchis worth four 50% matchednstead
of justtwo. Thisyieldedthecorrect nal astrometryin ourtest
elds. It did not, however, work to usethe cubes(etc) of the
con dence scores,as then a single randomly-generategre-
ciseco-positionalitycould overpaver a smallnumberof valid
causamatchesThusin oursummationsve de ne the weight'
of anindividual X-ray-opticalmatchto bethesquareof its con-
dence gure. We doubleaweight gure if its opticalobjectis
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a known QSO, and decreaseét up to 33% wherethe optical
astrometryis compromiseddue to non-stellarmorphologyor
missingR or B; again,thesecorrectionsevolved heuristically
via extensie testing.Only individual weight gures of 05,
correspondingo con dencesof  70%, areretainedto limit
the contritutionsof randommatchesandat leasttwo separate
X-ray-opticalassociationmustbepresenfor a eld shiftto be
plausiblyinformative;to shifta eld basednasingleassocia-
tion prejudgegshe processThetotal weight(score)of the eld
shiftis thesumof theweightsof all its individual X-ray-optical
combinations.

Of course,the signi cance of this scoredependson the
numberof X-ray sourcesn the ROSAT eld, which we term
N. Finding two preciseX-ray- optical alignmentsn a ROSAT
eld having only two X-ray sourcesmight constitutea com-
pelling eld shift, but if the eld has100 X-ray sourcesand
we have matchedonly two, thenthat would be uncorvincing.
We needto makethis quantitatve. Onemight startby consider
ing the contribution of the eld' s angularsizeandphotometric
depthto N, but variousstudies(including Masonet al. 2000)
have foundthatthe associabilityof X-ray signatureswith vis-
ible optical sourcesdoesnot vary muchwith X-ray ux. Thus
we canquantifyN directly asthesolecounterbalance ourto-
tal weightof the eld shift; it is thesolecounterbalanckecause
ontheopticalsideour densitycalculationsalreadyincorporate
the optical object density We incorporatethis quanti cation
f N tode nethe power' P of the eld shift:

P Sweight f N

Wewill nd athresholdbowervaluebelov whichwe deem
thatthe eld shift is not proven and so not used.We nd a
suitablef N by heuristictesting.f N 1 N fails because
it modelsmatchnumbergo be increasindinearly with X-ray
sourcenumbersjgnoring high matchratesrandomlyobtained
in low-density elds, i.e. small-numbersuctuations; we nd
that twice the matchesin a eld with twice the X-ray detec-
tionsis indeedmoresigni cant asourtestingshovs such eld-
shifts point morereliably to known quasarsf N 1 Nis
foundto modeladequatelyheperformancef eld shiftsusing
elds of differentN; this is againa heuristically-gainednea-
sure.Thuswe de ne the power of the X-ray- opticalalignment
of the eld as:

P Sweight N (A.3)

whereN isthenumberof X-ray sourcesn theROSAI eld.
Note that we thus ascribethe samepower to two precisesu-
perpositionsn a eld of four X-ray sourcesasto 10 precise
superpositionsn a eld of 100 X-ray sourceswhere other
X-ray sourcesareunmatchedo optical. This conformsto our
nave expectationLarge elds with mary X-ray sourcessuch
assomeRASS elds, will have high power scoreonly if they
arewell alignedwith the opticalbackground.

However, yet anotherfactoris neededo counteracthigh
weight scoresgeneratedandomly at large eld shifts; after
all, two con gurationsof randompoint sourceswill align opti-
mally, but meaninglesslysomeavhere mostlikely atlarge eld
shiftsasthe numberof candidateeld shiftsincreasedinearly
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with shift distance Thus,we needan accompaying linearly-
dependenpenaltyto suppresshe randomoutliers. The ques-
tion basicallyis thatof quantifyingthe signi canceof theorig-
inal astrometryasspeci edin the ROSA' catalogueswWe anal-
ysethisby compilingthemeanpowerscoreof all ROSAT elds
over all 1089 candidateshifts, for eachROSAT cataloguejn
Table6. Inspectionshavs the meanpower rating is highestat
the original astrometryandfalls off with increasingeld shift
until at high shifts it stabilizesinto a backgroundevel. The
HRI meanpower atthe original astrometryis lessthanthat of
the PSPChecausédts smaller eld sizesprovide fewerassocia-
tionsper eld. Therapiddropof of the HRI meanpower with
increasingeld shift shavsthatit is thebest-pointeaf thefour
suneys,andits reachingnearstability ata shift of 21 arcsedn-
dicatesthattherearenovalid HRI eld shifts greaterthan20
arcsec.The PSPCandWGA powersdeclinesigni cantly out
to about30 arcsecThe WGA meanpower at the original as-
trometryis smallbecausef its lessempointingaccuray; in ad-
dition, about30% of thelisted WGA elds areamalgamations
of multiple PSPCelds for whichour eld shiftingtechniqueas
necessarilyproblematic The RASSpowersin Table6 areme-
diansaswe procesfRASSdifferentlyto theotherswedescribe
thisin moredetailbelow.

We usedthe power valuesin Table 6 as our measureof
the signi cance of the nominalastrometryof the four ROSAT
cataloguesto be addedto the power scoreof each eld shift,
thusfavouring lessershifts whereall elseis equal.Beforewe
addedthis in, though,we analysedhe full setof 1089 candi-
dateshiftsfor eacheld to nd local power maxima;i.e., eld
shifts having power valueshigherthanall their neighbouring
shifts have, which generallysigni es closeindividual align-
mentsacrosshe X-ray andoptical elds. We might nd, say
38 of these andwe usefrom thenon only those38, which thus
avoidsskewing positionswhenaddingthevaluesfrom Table6.
We thenaddedthe extra power scorefrom Table 6 according
tothe eld shiftin arcsedor eachcandidateshift, but alsosub-
tract the scoreobtainedfor no offsetzero(e.g.1.38for HRI)
to normalizethe scorecomparedo non-shifting elds; the -
nal effect is that of a penaltyagainstthe original astrometry
i.e. the further the candidateshift, the greaterthe penaltyde-
ductedfrom that candidates power score.After applyingthis
penalty the eld shift with the highesttotal power scoreex-
ceedingthe thresholdvalue of 0.5is the ‘winning' eld shift,
andis usedfrom thenon, providedit leadstherunnerup power
scoreby atleast0.1 or if bothshiftsareastrometricallysimilar
— we preferto useno shift if the top shift candidatesrescor
ing aboutthesameascanhapperespeciallyin densestar elds
whererandomts oftenhave equally’good' powerscoresThe
0.5( 045) powerthresholdwasfoundby trial anderrorand
physicallycorrespondso two 70% con denceassociationin
a eld of four X-ray sources;best' elds scoringlessthanthis
usually look like random ts. The 0.1 power distinction ap-
proximatelycorrespondso the presencef anadditional70%
con denceassociationAs thewinning eld shift wasselected
from candidatest intervals of 3 arcsecwe testedfurther eld
shifts offset 1 arcsedrom thewinnerto nd the oneproduc-
ing the bestscore;this is the nal eld shift used.A com-
pletelist of theHRI elds andthe eld shiftsusedis displayed
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in http://quasars.gfdocs/HRI- elds.txt,and similarly for the
RASS,PSPCandWGA input catalogues.

We have establishednaximumshift valuesof 18 arcsedor
HRI andPSPCand31 arcsedor WGA. Thesewerenot arbi-
trary decisionsut weremadeafteraninitial full build without
usingthesemaxima,andwithout usingthe astrometricsigni -
cancepenaltiedrom Table6. Seehttp://quasars.aydocs/HRI-
shifts-old.psfor the distribution of HRI eld shift distances
versuspower; each eld is representeance, by the shift of
that eld that yields the bestpower score;similar chartsare
availablefor RASS,PSPCandWGA. The graphshowvs a pop-
ulation alongthe vertical power axis consistingof high-power
( 15)Ilow-distancg 10 arcsec)khifts,andanothermpopula-
tion alongthe horizontalshift distanceaxis consistingof high-
distance( 15 arcsec)shifts of low power (1 5); theseare
therandomly-generateeld shiftswhichhaveno physicalsig-
ni cance andariseonly becausef the sheervolume of high-
distancecandidate eld shifts. We originally tried to draw a
dividing line of signi cancewherethesetwo populationaneet,
which is of coursenot a cleanboundaryasvalid andinvalid
shifts arefound on eitherside.Spotchecksof all elds in the
centralvicinity wherethedividing line lay revealedthatbeyond
a certainmaximum eld shift no shift looked compellingly
good; either fuzzy or one-colourobjectsdominatedor there
werealack of closepositional ts. For HRI we foundthemax-
imum good eld shift was 18 arcsecandfor PSPCwe found
thesamealthoughwe felt PSPCshouldhave somelargergood
eld shifts, giventhe intrinsically lower resolutionof the ob-
senations,we could nd no compellinginstancen our exten-
sive spotchecks.The valid-looking shifts all hadgood power
scoresandshifts of similar magnitudesvith low power scores
looked lesscompellingon inspection.Theselow-power shifts
aregenerallyremoved by the astrometricsigni cance penalty
from Table6. WGA hadplausiblealignmentsout to a 31 arc-
secshift, and a broadview of http://quasars.gfdocs/WGA-
shifts.psshavs thatasa wholethe WGA elds aremorefree-
rangingthanHRI or PSPC Having establishedhesemaximal
eld shift valuesfor HRI, PSPCandWGA, the nal full build
was donewhich disalloved consideratiorof ary elds shifts
beyond the maxima,and which requiredary candidate eld
shift to have a power score 0 45 above the astrometricsig-
ni cance penaltyfrom Table6, asdescribecabore. Theresult
for HRI is shawvn on http://quasars.g@/docs/HRI-shifts.pand
similarly for the PSPCandWGA input catalogues.

The RASS differs from the other ROSAT sunweys in that
its elds arelarge( 27 deg? each)andthe exposurescom-
paratively short, with concomitantlarge uncertaintiesin the
publishedsourcepositions.We have also encounteredastro-
metric inconsistenciesvithin RASS elds which are possi-
bly dueto distortionin the outer off-axis partsof the ROSA
images. Given this graininessof the RASS positions, we
have electedto optimize our optical selectionsby using the
HRI and PSPCsuneys to “anchor' the RASS elds wher
ever possiblepy correlatinghigh- ux X-ray sourcesacrosghe
threecataloguesinddesignatinghecorrespondingdRI/PSPC-
choseropticalobjectsashighly-weightedargetsfor theRASS
elds. RASS elds without HRI/PSPCoverlapsmuststill rely
on astrometricsigni cance penaltiesto avoid randomly-lage
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Table A.6. Mean power and total numberof
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70% con dence associationgor all ROSAI elds for eachcataloguefor candidateshift

incrementf 3 arcsec Objectnumbersincreaseat higher shifts becausef the greaterquantity of candidateeld shifts. RASS powversare

medians.
Field shift HRI PSPC WGA RASS

(arcsec) Pawver No.objects Power No.objects Powver No.objects Power No.objects

0 1.38 2251 161 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 031 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-basegower valuesaccord
bestwith the grainy RASS astrometryto allow valid-looking
large shifts to be selected.A “valid- looking large shift' is
one for which associatedptical objectshave similar PSFs
andcoloursasthoseassociatedh elds with smallshifts,and
which containssome close X-ray-optical positional ts. We
found that somelarge RASS eld offsetsdid ful | 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.gfdocs/RASS-shifts.psWe have checled all
elds with shiftsof 14 arcsec:elds 33023034at42 arcsec
and3301604Gt34 arcsearethetwo largestshifted elds, and
both have multiple goodoptical ts andsourcescon rmed by
PSPCAII theother elds alsolook valid exceptfor threelow-
power elds whichlookedlikerandom'best' ts: 3302501 %t
15arcse@nd0.7 power, 3301201 7at 15 arcse@and0.9 power
and33031016at 26 arcsecand 1.1 power. We have manually
resettheseto zeroshift andnonecontributesary associations
tothe nal catalogueHaving culledthesewe aresatis edwith
theperformancef thelargeRASS eld shifts.

Table7 summarizesll eld shiftsfor thefourinputROSAT
cataloguesshawing the resultantincreasein the number of

70% con dence X- ray-optical associationsFor HRI the
numberof associationgpresentedn QORG is lessthan the
numberof  70% con dence associationsisedto shift the
elds; thisis becaus®f overlapping- eldduplicatesvhichwe
remove; WGA hasfew suchduplicatesandRASSnone.The
shift=0row representelds whichwere shifted' to their origi-
nallocationsthelackof astrometrigpenaltyatzeroshift allows
a few low-quality elds to residethere.Unshiftable elds are
includedfor completenesas "unshifted’. The high numberof
WGA elds withouta preferredshift is a consequencef their

1000memed elds which causeproblemsfor our analysis,

andmary HRI elds areleft unshiftedbecaus¢hey containfew
sources3288HRI elds havefewerthanl0sourcescompared
to 2005for PSPC.

In all, for shifted elds, HRI shaows the high-con dence
( 88%) X-ray-opticalassociationgxpectedfrom their well-
pointedhigh-resolutiorobsenations,PSPCs pointinglooksas
goodbut its detectionsare not aswell resoled so positional
uctuations lower the mediancon denceof X-ray-opticalas-
sociationgo about79 percent, WGA sresolutionis thesameas
PSPCSs but haspointingproblemswvhichlowerthemediancon-
dence of X-ray-opticalassociatiorio about70%,andRASS's
pointing is similar to PSPCS but its resolutionappeargo be
quite grairny with X-ray-optical offsetsoften in excessof the
statedpositional uncertainty which keepsthe mediancon -
denceof X-ray-opticalassociationslovn to about69%. Table
8 displaysthe medianoffsetbetweerthe original publishedX-
ray positionandary optical objectwhich we nd to be asso-
ciatedwith  40%con dence(whichis thethresholdrequired
for inclusionin QORG), cateyorizedby publishedpositional
uncertaintyof the X-ray detectionROSAT duplicateentriesare
included,andwe usethe original astrometryto excludethe ef-
fectof our eld shifting. No RASSsourcesarepublishedwith
lessthan 6 arcsecpositionaluncertainty It can be seenthat
HRI hasmamginally betteraccurag than PSPC,which is in
turn mamginally betterpointedthan RASS, which shaws the
RASS positionsto have greaterscatterand thus a lower res-
olution. Thereis no WGA entryin Table8 asWGA provides
no publishedpositionaluncertaintyfor their detectionstheir
publishedcommentis thatthe uncertaintyis “closeto 10 arc-
sec'whichaccordsvell with our nding thatthemedianWGA
X-ray-opticaloffsetis 8 arcseaegardlesf source ux.

In the end, the questionof justi cation remains;that is,
do our eld shifts indeed correctly align the ROSAT elds
with the optical backgroundAs a nal checkwe were able
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Table A.7. Alignment of ROSA elds: The numberof elds shiftedasa function of shift distancewith X-ray sourcenumbers, 70 per
cent-con denceassociationsisedin shifting (bothbeforeandafterthe shift), resultantassociationappearindn our catalogueandthe median
con denceof thoseassociationdUnshifted elds areincluded;theabsencef a shiftis generallydueto alack of 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. The medianoffsets(in arcsecfrom theoriginal ROSAT coordinatesoa 40%-associatedptical object,by publishedpositional
uncertainty(in arcsec)pf the X-ray source The medianoffsetscorrespondinearly to scatterandinverselyto resolution shaving HRI to have

the bestastrometricaccurayg, followedby PSPC.

Positional HRImed HRIno. 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
over10 6 335 7 3365 8 24613
total 4 12984 5 29564 7 29842

to usetherecently-published¢ataloguegrom the First XMM-
Newton SerendipitousSourceCatalogue(XMM1, 2003) and
the ChaMP First X-ray SourceCatalog(Kim et al. 2003) to
verify our optical selectionsThesecatalogueslerive their de-
tectionsfrom the high-resolutionXMM-Newvton and Chandia
satellite obsenatories which are the next generationafter
ROSA. Their nominalpositionalerrorsaretypically 1-4 arc-
secdependingnsourceux, andwherepossiblethey eachuse
astrometricsolutionsagainstthe optical backgroundto hone
theirastrometryby afew arcsecijn thisthey shareour premise
that suchoptical matchingis an appropriateool. The XMM1
cataloguecontains41,990good-to-mediunguality detections,
representingbout36,000uniquesourcesywhichwe mappedo
12,423uniqueobjectsin ouropticalcataloguaisingamatching
radiusof 5 arcsecThe ChaMPcataloguds muchsmallerwith
just 991 detectiongepresentin@®@74 uniquesourcesvhich we
have mappedo 379 objectsin our optical cataloguaisingthe
samemethod.Ilt wasnecessarbeforethe maintest,to match
the XMM1 and ChaMP cataloguesagainsteachotherto see
how well they agree.We found 86 X-ray sourcesn common
betweenthe two cataloguespf which 80 were placedwithin
5 arcsemf eachother;this accordswell with the nominalpo-
sitional error of 4 arcsecandthe outliers(outto an11 arcsec
discrepang) hail from starpoorareaswvhereoptical astromet-
ric solutionswere not used.We searchedor optical astromet-
ric matchego thesesharedX-ray sourceswithin 2 arcsecof
the listed X-ray positional error, the 2 additional arcsecac-
commodatingooth roundingandthe 1 arcsecerror typical of
ouropticalcatalogueyve call these good' matchesUsingthis
matchingcriterion we found that 29 of thesesharedsources
map on both sidesto objectsin our optical catalogueAll but
oneof theseshareddetectionsagreedon the optical objectse-
lected,whichyieldsanopticalhit ratio of 98%(57/58),assum-
ing thejoint opticalassociationsireall true sourcesAlthough
we areherein therealmof smallnumberstheconsisteng be-
tweenthe two cataloguesncouragedis to considerXMM1
and ChaMPoptical associationso be reliabletestsof the ac-
curag of our optical selectiondor the ROSAT detectionsThe

comparisorof the XMM1 andChaMPjoint detectionss view-
ableat http://quasars.gfdocs/XMM1-vs-ChMP.txt.

We matchedthe ROSAI sourcesunambiguouslyto the
XMM1 and ChaMP sourcesby nding unique X-ray source
matcheswithin 30 arcseaadii which have similar normalized
ux es,i.e. the stronger ux is lessthantwice the other The
“good' optical matchesto theseXMM1/ChaMP sourceggave
us preciseoptical targetsagainstwhich to measurehe perfor
manceof our eld-shifted positionscomparedvith theoriginal
ROSAI astrometry This is a very precisetest, as the optical
targetsand ROSAI positions,both original andshifted,areall
speci edto arcse@recisiononouropticalbackgroundROSAT
positionaluncertaintiesareimmaterialaswe aretestingcata-
loguedpositions,not true sourcepositions.This testis view-
ableon a case-by-casbasisat http://quasars.gfdocs/QORG-
vs-Original-ROSAT.txt and is summarizedn Table 9 which
displayssimplecountsof X-ray-opticalassociationasa func-
tion of offsetin arcsedor eachof the four ROSAT catalogues.
The accumulatorcolumnsof Table 9 (labelled "Total’) shav
thatour cataloguehastwice (158/75)theaccurag of theorigi-
nal HRI cataloguen pinpointingcorrectopticalsourceswithin
offsetsof 2 arcsednclusive and maintainsa robustadvantage
out to 5 arcsec(280/228),after which the numberseven out,
as expected.Gains are modestwith PSPC,with just a 36%
(166/122)advantagewithin offsetsof 2 arcsecandjust 13%
(562/498)to 6 arcsec.Gainsare very goodwith WGA, with
twice (162/87)the capturerate within 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 catalogueswhilst alittle disappointedhatourimprove-
mentsagainstPSPCandRASSarenot equallystrong;perhaps
off-axis vignetting and blurring (documentedn pages20-23
of the ROSAI User's Handbook)in the outer partsof large-
eld ROSAI exposuresesultedn astrometriadistortionwhich

would causeproblemsfor our method.



20 E. FleschandM.J. HardcastleOptical catalogueof radio/ X-ray sources

Table A.9. Performancef QORGshiftedsourcdocationscomparedvith original ROSAT sourcdocationswhentestedagainsiopticaltargets
identi ed by XMM1/ChaMP sourcesFor eachoffsetin arcsecthe numberof X-ray/opticalpairingsfoundis listed for shiftedQORG elds
andoriginal ROSAT elds in turn. The Total' columnsarerunningtotalsof the 'No. columns All four ROSAT cataloguesrerepresented.

Opt/Xray HRI PSPC WGA RASS
offset QORG Orig QORG Orig QORG Orig QORG Orig QORG Orig QORG 0Orig QORG Orig QOF
(arcsec) No. No. Total Total No. No. Total Total No. No. Total Total No. No. Total Tof
0 19 5 19 5 16 4 16 4 12 0 12 0 7 0

1 67 30 86 35 51 41 67 45 18 17 30 17 3 2 :
2 72 40 158 75 99 77 166 122 37 16 67 33 7 5 :
3 58 65 216 140 97 94 263 216 38 23 105 56 5 9 :
4 40 53 256 193 105 109 368 325 57 31 162 87 6 4 :
5 24 35 280 228 103 92 471 417 63 58 225 145 14 4 :
6 9 44 289 272 91 81 562 498 53 49 278 194 7 14 :
7 11 18 300 290 53 71 615 569 46 55 324 249 6 10 !
8 7 9 307 299 48 58 663 627 40 48 364 297 10 11 (
9 5 13 312 312 41 50 704 677 35 43 399 340 6 9 T
10 2 3 314 315 40 41 744 718 26 35 425 375 7 8 T
11 4 3 318 318 35 37 779 755 30 34 455 409 5 6 é
12 3 3 321 321 26 34 805 789 20 17 475 426 4 4 é
13 3 2 324 323 13 23 818 812 12 21 487 447 5 4 S
14 2 1 326 324 15 15 833 827 10 20 497 467 7 2 S
15 2 4 328 328 11 14 844 841 12 16 509 483 5 4 1

We feel the outcome of this test against the recent
XMM1/ChaMP resultsvalidatesour techniquesof likelihood
calculationandROSAT eld shifting. Accordingly we present
this whole-sk/-basedoptical analysisagainstthe ROSAT cata-
loguesasa best-efort bulk astrometricsolutionof the ROSAI
eld positions.Suchan optimizedstatisticalapproachwill al-
wayscontainindividual errorsof course but we trustthat our
generallycorrectresultswill aid future researchwhich will
overtime improve our knowledgeof the details.

A.4. The Radio Sources

Unlike the X-ray cataloguesthe radio catalogues(NVSS,
FIRST and SUMSS)do not take the approachthat eachde-
tectedobjectis a discretesource,as extendedemissionand
lobesare found as commonlyas detectionsof point-like ob-
jects. Accordingly the only warning ag accompaxging the
datais that of possiblefalse detection,for examplefor such
obsenational artefactsas sidelobesof bright sourcesFIRST
and SUMSSprovide such ags, andwe do not usedatabear
ing those ags. NVSSis alreadyclean.

Theseradiosuneys areastrometricallywell-groundedand
do not require eld shifting as did the X-ray suneys. Early
pre-publicatiorversionsof this cataloguedid detectandutilize
some eld shifting of the radio cataloguesbut further exami-
nationshavedtheseshiftsto be spuriousandbasedn coinci-
denceln theendtheonly discrepanastrometryarisesrom the
APM raw astrometricoffsetsfrom POSS-land UKST plates
whichareupto 2 arcsedn RA andDEC, seeMWHB for afull
discussionThusit is ouropticalcataloguavhichdivergesfrom
thetrue,nottheradiocataloguesBut we hadalreadytakenthe
decisionto useour opticalastrometryasmaster sowe needed
toaligntheradioastrometryto the APM astrometryi.e. to shift
theradio elds upto 2 arcsedn RA andDEC whererequired,
usingthesamdik elihoodalgorithmaswasusedfor the ROSA

Table A.10. Numbersof radio detectionsand 70% con dence
radio-optical sourceassociation$or eachradiosourcecatalogue.

Source No.of No.ofradio 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 194425

elds. We have performedthis adjustmenion a eld by eld
basiswhich works well for the small FIRST elds but is less
effective for thelarge NVSS andSUMSS elds, for which the
astrometriauncertaintyfor detectionss typically 2 arcseary-
way. In practiceaveryfew elds shift asfaras3 arcsedn RA
or DEC which we take asan accumulatiorof astrometricand
positionalerrorsandrounding,correcteday the shift. With the
astrometryaligned,we appliedour likelihoodalgorithmto de-
tect core radio-opticalassociationsTotals for the threeinput
cataloguesrelistedin Table10, and eld-by- eld summaries
canbe found at http://quasars.grdocs/radio- elcs.zip. Note
thebetterweight-perassociatiomatio for the FIRSTdetections
comparedo NVSSandSUMSSwhichresultsentirelyfromthe
betterastrometrict to ouropticalbackground.

Of coursemuchof the signi canceandinterestinherentin
radio detectionss in identifying extendedradio doublelobes
andassociatinghemwith sourceoptical objects.But our all-
sky-basedlik elihood methodis effective only for core detec-
tions. The lobe detectionsasrecordedn the radio catalogues
aretypically offsettoo far away from the opticalsourcefor our
likelihoodalgorithmto confermorethanatokenprobability of
associationWe found we neededo devise a heuristicpattern
analysisalgorithmto identify lobecandidates,singin turnthe
attributesof eachof thethreeinputradio cataloguesSuchpat-
ternanalysiscannotbe donefrom rst principles.In theradio
catalogueghe detectionentrieshave beenreducedfrom raw
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dataandformattedinto ux ellipsesof speci ed axesandori-
entationangles Large lobesareoftenrepresenteésmary el-
lipses,especiallyin the FIRST catalogue Our taskis to nd
the rules which work bestto identify theseellipsesas lobes
wherethey arein factlobes;identi cations canultimately be
con rmed on a case-by-casbasisby comparisorwith images
from the surweys' respectie imageseners. Of course mary
imageslook inconclusve. If we nd the ruleswhich will re-
liably accordwith the conclusve cutoutimagesthenwe will
be contentwith the algorithm'sjudgemenfor theinconclusve
images.Theseheuristicsshouldapply to orthogonallysignif-
icantaspectf the input cataloguedata,whosecontributions
to ouroverallcon dencein eachdouble-lobédenti cation can
be quantitatvely assessed.

As oursis anoptically-basedtataloguene concernedur-
selves only with thoseradio-emittingobjectswhich are de-
tectedon our optical catalogue Many bright lobes originate
in objectstoo optically faint to appearhere.In suchcasesve
arein dangerof falselyattributing thelobesto a nearbyoptical
object.The singleclearesindicatorof sucha falsedeclaration
is for the optical objectto be offset from the naturalmidline
of thetwo lobes.This canbe describedn termsof the angle
subtendedby thetwo radiosignaturesaboutthe optical object.
“Perfect'lobesmakea 180 anglewith theopticalcentroid;an-
gleslessthanthisarenotuncommoraslobesbendin the IGM,
soaloweranglecanbevalid, but asthe anglegrows smallerit
becomesnorelikely thatwe aresimply usingthe wrong opti-
cal centroid.This angleof thelobesaboutthepresumeaptical
centroidis our rst criterionfor assessingandidatdobes,and,
aswill beseen|t is alsothe determinanby which we discern
populationexcesse®ver the backgroundwvhich yields a total
countof doublelobesfor usto locate We have choserto permit
doublelobe con gurationswith a sourcebendingangle(lobe-
identi cation-lobe)of 90 only, which we expectwill have
little impacton completeness.

We rst collectthesetof all doublelobecandidatesogether
with candidateoptical sourcesWe treat as a lobe candidate
ary radio detectionwhich doesnot lie within 2 arcsecof an
optical object. Thusif a true lobe happengo be at the same
positionasan unrelatedoptical objectwe will both declarea
false core associatiorand exclude that lobe from our search
for doublelobes!Sucherrorsareunavoidable but suchprecise
chancealignmentmustbe rare,andthe fact that we have en-
counterednly a singleinstanceof it in testingagainstknown
doublelobespersuadessthatthe problemis small. We search
thesky for opticalobjectswithin 90 arcse®f everyradiodetec-
tion notalreadyassociatewith anopticalsource Everyoptical
objectthuspickedup by two separateadiodetectionsecomes
a candidateoptical centroid provided the angle subtendedy
thetwo radio detectionsaboutit is 90 . Of coursein a eld
with mary radio detectionsand optical objectsthis can pro-
ducea greatmary permutationswith mary candidaturegor
eachobject.We needto nd the bestuniquelobe candidates
for an optical centroid,and a bestuniqueoptical centroidfor
eachlobe pair; ideally, this shouldcorrectlycorrespondo the
reallobesandtheir true opticalsourceon the sky.

To achieve thiswe identi ed, asaninitial step,distinctcri-
teria which testthe joint hypothesighat two radio detections
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arein facta lobe pair andthata certainoptical objectis their
true centroid.To know the numberof true lobesin the part of
the sky underconsideratiorwould be a greathelpaswe could
thencompareour resultaniobe countto theknown total to see
how well we aredoing;in practice we obviously do not know
the numberof true lobes.But as a substitutewe are able to
identify excessnon-randonton gurationsof sourcesoverlay-
ing therandombackgroundwvhich constitutea potentialsepa-
rateradio population,i.e., the doublelobes.The identi cation
of thisexcesgpopulationandtheapplicationof our selectedtri-
teria proceededogetherin aniterative processappliedto our
datapool of candidatdobesandopticalcentroidsasdescribed
below.

Our seven primary criteriato identify radio lobe pairsand
their optical centroidsare:

1. Angle(q): anglesubtendedby the two radio sourcesabout
theoptical object.

2. Distpct (d): Comparatie offsetsof the two radio sources
from the optical object;the smalleroffsetis expressedsa
percentagef thelargeroffset.

3. SNRpct(R): Comparatie ux strengthof the two radio
sourcesexpresse@ssignal-to-noiseatio;thesmallerSNR
is expressedisapercentagef thelargerSNR.

4. SDratio (S): SNR-to-ofset comparison,designedto ex-
clude weak radio sourcesat large radio-opticaloffsetsas
we modelthatlargelobesshouldbe brighterthanthesmall
lobesvisible atthefaintlimit of thesesurweys; proportional
to theminimum SNR/ofset.

5. CLA (y): Comparatie lobeangleof thetwo radioellipses,
expressedn degrees.This compareghe respectie offsets
of the ellipsemajor axis orientationto optical-to-radiodi-
rectionfor eachof thetwo radiosourcesso CLA=0 shawvs
a perfectmatchof the two lobe ellipses,aswhenthereis
e.g.,a20 clockwisetilt of eachellipseaxiscomparedvith
its directionto the centroid.This gaugeghe morphological
similarity wherethe two radio sourcesaredistantfrom the
optical centroid,typically whenthe only partsof the lobe
visible arethe surroundof the bright “hotspots'at theend
of the jets. It is intendedto penalizerandomisolatedde-
tectionswhich areunrelatedto the candidatecentroidand
pointin unrelateddirections.

6. EA (E): Eccentricityalignmentof theradiodetectionsThis
is for whenthe radio ellipsesrepresentvell-de ned lobes
extendingaway from thecentroid,andcombinegheeccen-
tricity e of theradioellipsewith its angleof alignment(f 4)
to the optical centroid;fa 0 meansthe ellipse's major
axis pointsbackto the optical centroid.For smalldouble-
lobe angles(see(i)) the lobesmustbe signi cantly elon-
gatedtowardsthe candidateoptical identi cation to make
the optical objecta strongcandidate EA is expressedas
e 4 fa 10%forfa 40, usingthelesserscoreof the
two lobes.If EA is high then CLA will be high too, but
thisis desirablesincewe considera high EA a stronglobe
signature.

7. Offset(D): Largeoptical-radiocoffsetsaremorelik ely to be
a consequencef randomalignment,so we needto assign
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an offset-baseghenaltyto keeptheseout, expressedsthe
meanof thetwo lobeoptical-radiooffsets,in arcsec.

We next neededo assessherelative weightto be givento
eachof thesecriteria; e.g.,how muchbetteris anangleof 180
than140, or, if all elseis the samehow muchbetteris it if
theradio-opticaloffsetis 10 arcsednsteadof 80 arcsec?This
involved an iterative analysisof the radio-opticaldatawhere
in turn theimpactof varyingweightsfor onecriterionis mea-
suredwhile the othersix criteriaareheld x ed.We foundthat
four iterationsof this procesg/ieldedadequatestability for all
the criteria, aswell asa viable gure for the excess,i.e. the
expectednumberof doublelobesto befound.Oncein posses-
sionof thisrobustexcesswere-initializedtheiterative analysis
holdingthe excessasa constantandsore ned theweightings.
As enumeratiorof the excess,.e. the lobe population,is such
ausefulprocessye next describehow this wascarriedout.

The populationof excessdouble-lobecandidatesourcess
estimatedseparatelyfor eachinput radio catalogueby nd-
ing the excessof large- angle con gurations of two radio
sourcesabouteachoptical centroid.We derive theseexcesses
by analysingall doublelobe candidatecon gurationswithin a
90 arcsecradius of optical objects,summarizedn Table 11
for all such candidatedouble lobesof angle 115, in 5
bins centredaboutthe listed values,except for the 180 bin
whichis half- width. Thetotal countof doublelobecandidates
(non-uniquein thatindividual sourcesarere-usedacrosamul-
tiple con gurations)is displayed aswell astwo kindsof back-
groundgo bededucted;static'and geometric'. Thereis alsoa
columnof “bestunique' candidatdobeswhich areselectedy
thesix otherquanti ed criteria(SNRpct,CLA, etc);thesecan-
didatelobesarematchedo a singleoptical candidatewithout
duplication.

The “static' backgroundcomesfrom consideringrandom
pairsof radiodetectionsaaroundanopticalobject.We shouldof
courseexpectto 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
containgheentirespacefor all angles 90 ; Fig. A.4ashavs
thateachangle(q) spacefollows anarcwhich passeshrough
bothlobesA andB, andFig. A.4b shaws thatthe arcis of a
notional circle of radiusR r sing wherer is half the dis-
tancebetweenthe two lobes.An individual anglespace(e.qg.
g 163) canbequanti ed by usingtheareaof the sggmentof
disk R boundedy thearcandchordconnectinghetwo lobes,
asshavnin Fig. A.4b (wheregq is expressedn radians)thean-
gle spaceareaof e.9.163 is thedifferencein areasof the disk
sgmentsde nedbyqg 1625 andg 1635 .Inthiswayit
canbeshowvn thatthenormalizedexpectatiorof nding afalse
lobecon gurationperindividualangle(e.g.163 ) rangedrom
200%of meanat 90 to 66.67%o0f meanat 180 , andhasthe
form

5 180 sin2g
sif g 5

1 gq 5 2

180

€q

E. FleschandM.J. HardcastleOptical catalogueof radio/ X-ray sources

1 g 5 180 sin2gqg 5 2
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90 g 1795 (A.4)

Thelevel of thegeometridackgroundannotbe estimated
in isolationasit dependn the presencef all true lobes,in-
cluding thosefor which the true optical identi cation is too
faintto be foundin our optical catalogue We chooseto com-
bine estimate®f the staticandgeometrichackgroundn such
away asto yield an angle-base@xcesscorrespondingo our
expectationthattherewill befew lobeswith anglesof 140,
with lobesincreasingaswe approachl80 . The decisie con-
straintis that the excesslobe populationshouldbe small and

at between110 and140, sowe nd staticand geometric
populationsvhich will matchthatexpectationIn practicethis

constrainimposesa delicatebalancebetweerthe two popula-
tions,andwe consequentlynd thatpersingle-anglebin (e.g.,
167 ) of theFIRSTlobecandidateshestatichackgroundralue
is about64750bjectsandthe geometrichackgrounchasa co-

ef cient multiplier of about500 for equation(4). Similarly,

17000and 2700 are the static and geometricperangle val-

uesfound which suit NVSS, and 1300and 215 are found for

SUMSS.Thesevalues,accumulatednto 5 anglebins, yield

theexcessabove backgroundshavn in Table11.

Table 11 shaws the static and geometricbackground g-
uresthat we subtractfrom the total numberof possiblecan-
didatelobesto yield the excessof lobe candidatesabove the
background=xpectation.The excesstotalsto about12000for
FIRST, 12000for NVSSand1500for SUMSS sotheseareap-
proximatelythenumberave'll betryingto locate. Thenext col-
umn, bestunique',givesthenumberof bestuniquelobesiden-
ti ed by thelobeselectioncriteria.Ourtaskis to nd which of
thesebestuniquecandidatesrethe genuindobesenumerated
by theexcessThenext column’excess/uniqueshavsthefrac-
tion of the bestuniquecandidateshatwe expectwill be gen-
uine lobes.The last columnis the peranglevalue of the for-
mula(shown in Table12) thatwe designto simulatethe ratio.
This formulais appliedto the angleof eachcandidatedouble
lobe asan absolutestartingpoint; thus,for example,a FIRST
candidatewith angleof 152 is assignedhe angle-base@x-
pectationof 0.0777 sincewe nominallyexpect7.77%of these
objectsto betrue lobes.Our nal scorefor eachdouble-lobe
candidatewill beonanopen-endedcalenormalizedo ascore
of 1 equatingto a 50% probability of beinga lobe,i.e. score=
odds/(1-odds)Sowe rst corvertourangle-baseéxpectation
into thatscale s00.0777become®.0777/(1-0.07773 0.0843.
For this candidatenow to attaina nal 50% scoreit will need
to gain a total multiplier of 11.9 from the other six selection
criteria all of which have had curve- tting formulaesimilarly
constructegsabove, but arenormalizedo 1 equatingo 50%.
Theseformulaefor the seven quanti ed criteria, displayedin
Table 12, areonly heuristicdata-cure tters anddo not have
ary physicalmeaningTheimportanceof tting curvesclosely
wasbroughthometo uswhenweinitially derivedcurve- ts for
only the FIRST catalogueand appliedthemto the NVSS: re-
sultsweresparseSowe have electedo preferexactitudeover
simplicity in designingtheseformulae,but we emphasis¢hat
they arejustheuristicestimators.
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Fig. A.2. Thegeometryof the double-lobebackgroundtalculation

As an example of how theseformulaewere derived, the
datawhich yieldedthe CLA formulaeare presentedn Table
13. Best' candidatesrecomparedo all candidatesA “best'
candidatds onewhich scoresabove the meanfor eachof all
the othercriteria, andsois double-lobe-like in every way. We
conjecturedhatthesewell-beharedcandidatesveretruelobes
and so usedthemasa control population(we con rmed that
morethan95% of themwerelik ely lobe detectiondy inspec-
tion of imagesfrom the surweys). We derivedtheratio of these
bestcandidate$o all thecandidate$or eachCLA valuebinned
by 5 , andnormalizedhis aboutthemean.Thelastcolumnfor
eachsuney is the formula-derved score,using that surey's
CLA formula from Table 12 which replicatesthe normalised
ratio. Thus the cumulative effect of applying thesescoresto
thedatais thatthetotal scoreis approximatelyunchanged.

Eachdouble-lobecandidatés scoredusingthe sevencrite-
ria, andtheindividual scoresaremultiplied togethetto give the
totalnormalizedscorefor thecandidatesoatotal scoreof 1 in-
dicateghatthecandidates abouts0%lik ely to bealobe.Since
thestartingscorefrom theangle-basedxcesss of theorderof
0.1,it is clearthatalobe candidatewill needto pick up good
scoredrom a numberof thesecriteriato achieve a high score,
signifying a true lobe. We alsousetwo additionalnormalized
criteria which aid in choosingan optical sourcefor a double
lobe wherethereare multiple optical candidates(1) Corera-
dio detection:An optical candidatedirectly detectedn radio
is avery strongsourcecandidateor suitablycon guredlobes.
We have quanti ed thisasa 15x multiplier via analysisagainst
“best' candidatesimilar to thatpresentedor CLA, above. (2)
Optical morphologyand colour: This quanti es which types
of optical objectsare most likely to be associatedvith ra-
dio lobes,gaugedagainby analysisof the dataaswith CLA.
Objectsabsenin onecolourareonly one-thirdaslikely to be
radioemitters,andobjectsstellarin redaretwo-thirdsthelik e-
lihood. Objectsthatarenon-stellain red,i.e. galaxiesare2.25
timesaslikely to be the core object. Blue colour morphology
is weightedasfor theredcoloursbut with half thesigni cance.

Colours(B-R) impactthe nal likelihoodin arangefrom .33x
to 3.5x; in the caseof stellarobjectsit is the blueishobjects
which arefavourableandthereddishunfavourable whilst with
galaxiest is thereverse Thesetwo centroid-basedmultipliers
areremovedafterde-duplicationsodo not contrituteto the -
nal scoreon which the lobe-nes®f the candidatds assessed.
Oneartefactwhich causedissometroublewasthatsomeside-
lobesstill remainun aggedin the sourcecataloguestheseap-
pearasregularly- spacedspikesringing bright sourcesandso
scorequitewell on someof our tests but their very regularna-
ture allows usto trap andremove themwith somesuccessas
with perfectlymatchedSNRpctson Table12 wherewe assign
alow score We alsoremovedpairswith veryfaint SNRswhere
theellipseswereperfectlyround— thistoo denotedsidelobes.

Whenall two-radio-one-opticatandidatescoringhasbeen
completedall candidatescoringlessthan33% arediscarded
and the rest are de- duplicatedby peeling off the top; that
is, acceptinghe top-scoringcombinationsandthenremaoving
ary other candidateghat were sharingthoseradio or optical
objects,and repeatingto completion.Thus we are left with
completelyuniquetwo-radio-one-opticatandidatesvith nal
probability scores.To clarify the statusof low-scoringcandi-
dateswe foundit usefulto applyour standardik elihoodalgo-
rithm treatingthelobesashighly-offsetcoredetectionstheav-
eragedensityscoreat high offsetsis 1 (= background)but for
someopticalPSFsandcoloursit is greateithanl andfor others
less,so the likelihood algorithm confersan additionaljudge-
menton whetherthat classof centroidtypically shows large-
offsetassociationgbove the backgroundi.e., lobes.Thusour
laststepto thesdobe probabilitycalculationds to addthelik e-
lihood densityto the lobe probability scoreandtreatthis nal
scoreasalik elihooddensity gure sothatadensityof 2 equates
to acon denceof 50%usingequation(2), etc.We applya cut-
off at con dence=40%and the surviving double-lobecandi-
datesareacceptedor inclusioninto our catalogueComparison
of ourresultswith imagedrom theradiosurweys shovsourre-
sultsto bein goodagreementvith theradioimagesj.e. where
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Table A.11. Double-lobeexcesseslerived for the threeradio catalogueshinnedby 5 angles(180 is half-width). Columnsarethe "double
lobe candidatesbasedon all the permutation®f double-radicand single-optical con gurationswithin disksof sky of 90 arcseaadius,the
staticrandombackgroundand geometricbackgroundderived from our t coefcients, andthe residualexcessafter backgroundsubtraction.
Bestunique'lobe numbersarereductionsy thequanti ed criteria(CLA etc),yielding uniqguecandidatecountsfor eachs bin. Thevaluesof
"Ratioused'aregeneratedby the angleformulaefrom Table12.

Doublelobe Static ~ Geometric Best Excess/ Ratio
Suney  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 0034 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 0007 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 0128 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 are few radio sourcesuneys with a high enoughidenti ca-
lobes. tion fractionto meetour needsWe consideredisingthez 1
B2/6C DistantDRAGNS' suney (Ealesetal. 1997),in which
) - : T e v =t thelobesizesaregenerallysmaller but of their 27 IR-detected
with a_radlo suney with pre—_eastln_g optical |dent| cation, centroidsonly two arebright enoughin V to appeaiin our op-
the online 3CRR catalogue(Laing, Riley & Longair1983)at ica catalogue!As it happensboth centroids(0901+35and
http://www.3crrdyndns.og/ . Becausehisis alow-frequeny 145435 haedoublelobesof LAS ~ 8arcsesothatFIRST
ux densityselectedsamplejt containsthe brightestlobes;as reportsthem as single detectionsonly and so appearin our

theseareoftenlargeandnearbywe do not expectto detectall catalogueas core-detectedbjectsQORG J090432.3+353904
of the lobesgivenour sizelimit of 90 arcsecHowever, there

To checkour resultsmore stringently we comparethem
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Table A.12. Formulaeusedto calculatequantitatve criteriato evaluatecandidatedoublelobe con gurations.

Criterion FIRSTformula NVSSformula SUMSSformula Notes

Angle(q) 249 156 11 19 249 158 10 oo 249 155 10 48

Distpct(d) 1 d 65 90 1 d 62 62 1 d 62 62

SNRpct(R) 2R45 1 2R 62 12 2R 75 12 eq0.5if S 100(sidelobe)
SDratio(S§) 2% S 6 309, S 52 4log, S 42 max35

CLA (v) 51 y35 42 y 9 35 y 15 min 0.15,max3 for FIRST
EA (E) 175 E 2 133 E133 05 E2 0.33if E 0, max25
Offset(p) 231D 6 246 D 12 25 D 6 min 0.1, max1

Table A.13. Comparatie Lobe Angle dependenattributesof theinput radio catalogues.

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+3538010f Eales' remainingdouble
lobes,one pair (0905+39)is declaredn QORG associatedt
85% con denceto a nearby(23 arcsec)alsecentroidQORG
J090818.8+39431@andtheremainderareexcludeddueto the
absencef ary suitableopticalobjects Thisresultgivesasense
of the optical faintnessof z 1 galaxieswhich are not opti-
cally selectedandis encouragingn the sensethat therewas
only oneQORGassignatiorof doublelobesto afalsecentroid
wherel4 doublelobes(and12 coredetectionshreseenin the
FIRSTdata.

Returningto the 3CRRcatalogueit lists 173 opticaliden-
ti cations, of which 13 arecoredetectionnly, for whichin-
spectiorof FIRST/NVSSreveals80core(offset 3 arcsec)a-
dio detectionaand 90 possibldobe pairswithin 90 arcsef
thecentroidsHoweveronly 132of the 173centroidsappeaitn
ouropticaldatacopositionedvithin 8 arcse®f thelisted3CRR
position,andof these 10 have no coreradiodetectiomnor more
thanoneFIRST/NVSSradiosignaturewithin 90arcsecOf the
remaining122 optical centroidswe nd our cataloguehasas-
sociated62 to core radio detections;8 additionalcore detec-
tionswererejectedby our likelihoodalgorithmasthey areas-
trometricallyoffsettoo far from the optical centroids Also for
thesel22 optical SCRRcentroidsjnspectionof FIRST/NVSS

reveals 70 possiblelobe pairswithin 90 arcsedrom which
our QORG algorithmidenti ed 58 lobe pairs and associated
43 of thesewith opticalobjectsthatwe here nd arethecorrect
3CRRcentroidgor a 74%hit rateondouble-Hobedeclarations;
about6 more were associatedwvith optical signatureswithin
20 arcseoof the 3CRR centroidswhich look possiblyrelated.
GiventhatFIRSTtendsto breakthesdarge,brightlobesdown
into multiple ellipses,we feel that our algorithmshave per
formedreasonablyere.In all, 102 out of theeligible 122 opti-
cal 3CRRcentroidsareradio-associateih our catalogueThe
completelist of the 3CRR centroidsand our resultsfor them
is viewableat http://quasars.gfdocs/3CRR-QORG.txtyhich
alsodisplayscon dencepercentagefr thosenearcoreradio-
optical superpositionsvhich wererejected.n the QORGcat-
aloguewe have retained,for consisteny, those objectsthat
this exercisehasshaown to be false centroidsfor 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 candidatest all for the
8 3CRR galaxieslisted with lobesof LAS 1000. However,
suchlargesourcearelikely to becomparatielyrare.Thelarge
bulk of QORG double-lobedeclarationsarefor smallerlobes
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for whichthe centroididenti cation is usuallystraightforward,
exceptwherethetrueidenti cation is too faint for our optical
data,which is always a hazard.Table 14 givesa summaryof
lobe countshinnedby angularsizeof thelongerlobe.

Table 14 shaws that the 5-arcsec-resolutioRIRST detec-
tionsyield increasingobe numbersat shorterangularsize as
expectedfrom the increasedn the backgroundpopulationwith
greatedistanceNVSSandSUMSShave 45-arcsecesolution
soat smallerangularsizesthereis anincreasingiendenyg for
lobesto be megedinto a single detection.Our total double
lobe countsare seento comparewell with the calculatedex-
cesse$rom Table11 (unsurprisinglysincethoseexcessegro-
videdour startinglik elihoodprobabilities) For eachindividual
doublelobecandidaten thecatalogueve list thenominalcon-

dence percentagé¢hatit is a true doublelobe with the stated
opticalcentroid.Of coursesometimesve selecthewrongcen-
troid, asseenin some3CRRexamplesabove,andsomeof our
doublelobe declarationsarein factunassociatedndnot dou-
ble. Thereis necessarilysomerelation betweenour declared
con dencesand actual performancein discerningtrue lobes
but in the absencef a large control samplewe canonly sur

misethattherelationis nottoo greatlyskewed.Our total count
of doublelobe declarationss 21,498,0f which abouthalf are
ratedwith a con denceover90%,slightly over half for FIRST
andslightly underhalf for NVSS& SUMSS.

In theend,the merit of our heuristicpatterndetectionalgo-
rithm for doubleradiolobesaboutopticalcentroidss weighed
by its performanceagainsthereal sky. For the dif cult, large
3CRRIlobeswe have achievedanaccurag of 74 centperfrom
a completenessf about85 percentagainsthe FIRST/NVSS
data.We expectbetterperformancédor thelargerpopulationof
smallerlobes.We feel that our list of doublelobe candidates
over the whole sky, while not constitutinga fully identi ed
sample,givesthe largestcurrently available sampleof prob-
ablelobeidenti cations, andassuchwill bea usefulresource
for futureresearch.

A.5. Use of the Identi cation Catalogues

The aim of our work hasbeento associateadio/X-raydetec-
tionswith opticalobjectsTheidenti cation of anopticalobject
asaknown quasargalaxyor staris importantbut secondaryin
the sensethat we do not wish to have to assesghe level of
our con dencethatwe have selectedhe correctoptical signa-
ture. Accordingly we assignthe identi cation only wherewe
are essentiallycertainof it, which usually meansastrometric
alignmentwithin 4 arcsecThe generaimethodis thatfor each
inputidenti cation catalogueve analyseoffsetannulifrom the
cataloguedbjectpositionsto determineto whatradiusan op-
tical populationis found which is over twice the background;
thisistypically 4 arcsedor astrometricallyaccuraterecentat-
alogueslIn mostcasesonly a singleoptical objectis foundin
ourinputcataloguesvithin thatradius which we take asunam-
biguousidenti cation; if noobjectis foundthenthatidenti ca-
tion is lost. Wherethereis morethanoneoptical objectwithin
the radiuswe are contentto usethemall from thenon, in the
expectationthat nal selectionof the correctobjectwill come
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via oneof thembeingfoundto beassociatewvith aradio/X-ray
sourcewherethereis noradio/X-rayassociatiortheidenti ca-
tion will notbeusedn ourcatalogueanyway. We modify these
criteriawhensuitedto a particularcataloguefor PGCgalaxies
we nd thatopticalidenti cation outto a 30 arcsemffsetfrom
the cataloguegositionis meritedif the PSFis non-stellayand
for white dwarfswe nd amaximuml5arcseoffsetif thePSF
is stellar assomeof its datacomefrom early surveys. Many
identi cations of courseappeatin mary differentcatalogues,
oftenwith differentnamessowe have electedto usethe ear
liest namesavailable;thuswe prefergalaxynamesasgivenin
the PGCasthesearehistoricalin nature Wherethe PGCdoes
not namea galaxywe usethe earliestavailablenamefrom an-
othercatalogueandgalaxiespresennly asa namelesgntry
in the PGCwe write ase.g.PGC12345,usingthe PGChum-
berwhichis usedby LEDA asanunchangingdenti er. In the
caseof redshiftswe wish to usethe latestmeasured/aluesas
thesearemostlikely to be accurateThusan identi cation in
our cataloguewill often getits namefrom one sourceandits
redshiftfrom anotherAttributionsfor the namesandredshifts
aredisplayedn our cataloguefor eachidenti cation, with the
attribution referencedisted in the readme le; we give refer
encesonly to sourcecataloguesandthosecatalogueshould
be consultedor informationon the original identi cation.

Wherean optical objectis claimedby both a galaxy cat-
alogueand a star cataloguewe have setquality standardgo
decidebetweenthese,e.g. a recentredshift con rms an ob-
jectasnon-stellayor astellarPSFcon rms astaridenti cation
overagalaxyidenti cation withoutaredshift,etc.\We havepre-
paredalist of “interesting'dual star/non-staridenti cations at
http://quasars.aydocs/StaiNonStarDuplicates.txtln this list
we also ag whenanobjectappearsn our catalogueit is only
for thoseobjectsthat our choice of the correctidenti cation
is important.In useof the QORG catalogusit is importantto
bearin mind that mary such stars' have beenmisclassi ed,
especiallythosefrom Tycho, HDx and GCVS which are not
spectroscopicallpupportedand bright Tycho starsmay con-
cealthe actualsourcesf radio/X-rayemission.Thusary stel-
lar identi cation, not alreadywell-understoodthatis reported
in our catalogudo be associatedvith a radio/X-raydetection,
shouldbe considereduspectespeciallyfor thosefew thatare
nominallyassociatedvith doubleradiolobes.

A key identi cation in this cataloguds that of catalogued
QSOsandBL Lacs;weidentify thesewith opticalobjectseven
in the absenceof a radio/X-ray associationWe do this since
QSOsaresuchsigni cant objects,andsincethey areall likely
to be X-ray and(in the caseof BL Lacsat least)radioemitters
whetherwe have detectedhemor not We are contentto rely
on the Veroncatalogueasthe arbitratorof QSOidenti cation,
sowe excludeobjectsidenti ed elsavhere(e.g.CfA) asQSOs
which areabsentfrom Veron,unlessincludedby radio/X-ray
associationOur faith in the judiciousnesof the Veron cata-
logueis partly promptedby that one of us (EF) hasassisted
in tidying up problemareasin its recentreleasesso we have
somepersonalknowledge of its strengths.We endeaour to
optically locate QSOshowever practical. Most QSOs, espe-
cially the large numberrecentlyidenti ed in SDSSand2QZ
suneys, areunambiguouslydenti ed with isolatedopticalob-
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Table A.14. Summaryof doubleradiolobe numbersn the QORGcatalogueby sourcecatalogueandbinnedby angularsizeof thelongerlobe
in arcsecNumbersof lobes,coredetectionsmedianlobe ux in mJyandmediancon denceof the QORGlobedeclarationgoundedto 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 theusuaM-arcse@strometricadius We have used
theseunambiguou€)SO-optical matchedo constructa qual-

itative QSOopticalpro le which we thenapplyto thosecases
where an identi ed QSO has multiple nearbyoptical candi-

datesihis plus magnitudecomparisonplus a subsef unam-

biguousROSAT/radio detectionlocations,allows us to select
asuperioroptical candidaten nearlyall casesAs atiebrealer

betweertwo equallygoodcandidategwhichis rare)we simply

selectthe nearerone.For a QSOlisted with a magnitudenear
or belov our platedepth,if thereis no faint optical candidate
within 4 arcseowve discardthatQSOasbeingundetected.

A specialcasein QSO identi cation is that of the older
QSOsuneys of the 1980sand1990saslistedin the VVeroncat-
alogue.Theseare oftenlisted with signi cantly discrepants-
trometry and photometrymaking computerizeddenti cation
problematic.We have found that the discrepanciesften ap-
pearto have a systematiccomponenpeculiarto eachoriginal
suney. Thuswe nd, for eachoriginal surwey, the astrometric
andphotometrimffsetsto ouropticalcatalogudor those(often
few) unambiguougdenti cations,andthenapplyingthoseoff-
setsto all that surey's QSOsandthenre-matchingo our op-
tical cataloguerepeatingn aniterative procesauntil stability
is reachedThis canresultin unambiguousecovery of mary
or mostof the optical objectsmatchingthoseQSOs,and we
alsousethe above-mentionedjualitative pro le to nd most-
likely optical candidate®ffsetup to 40 arcsecln this way we
have assistedur recovery of about200 QSO-opticalidenti -
cationsfor theold surweys,con rmed by comparisorof alarge
subseto the original nding chartswhich we accordinglyin-
cludein QORGwith anastrometricandphotometricaccurag
not found elsavhere.Suneys thus given interestingshifts are

displayedat http://quasars.grdocs/Personalduationtxt, al-
thoughwe leave off thoseQSOsthatweresubsequentlye-sur
veyed,for which updatednformationis availablein the latest
versionof the Veroncatalogue.

Table 15 summarizesthe identi cation cataloguescon-
tributingto QORG.The CfA Redshiftcatalogues itselfacom-
pendiumof mary cataloguesindpapersandincludesthemain
LBQS andLCRS dataleaving usto addin thoseresidualstar
identi cations separatelyThe CfA, NED, White Dwarf, PGC
and Veron cataloguesare collectionsof heterogeneousata
which have beenstandardizedomevhat by thosecatalogues'
authorswhilst retaininghistoricalnamesthe othercatalogues
are more internally consistentand often derived from single
suneys. Useof nameandpositionalinformationdirectly from
thelarge SDSSand2QZ cataloguesllows consistenpresen-
tation acrossdifferent objecttypes,which we preferover the
short forms usedin the Veron catalogue Wherewe usethe
nameof anobjectwe alsouseits type (quasargalaxyetc.)sup-
plied by that cataloguesxceptthatwe useary Veron-supplied
type. Many cataloguesateyorize galaxiesinto subtypedike
NELGSs, but suchdistinctionsare unclearfor mary galaxies
andheterogeneouslgppliedacrosscataloguessowe thought
it cleanerto simply deferto the Veroncateyorizationof some
galaxiesasAGN andleave therestannotategustas galaxies'.
Thuswe shaw just ve identi cation typesin QORG:49743
galaxies48285quasars]14633AGN, 6314 starsand 841 BL
Lacs.Therearealso 91 objectslistedas U' for unidenti ed,
wherea redshiftor otherinformationis displayed We include
into QORG all QSOs,AGN andBL Lacsfor which we nd
an optical object; the othersrequirea radio/X-rayassociation
for inclusion. Note that the LBQS starsdatacontainone BL
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Table A.15.1denti cation cataloguesSeethe sourcecataloguessec-
tion for full attributions.Typesof objectsidenti ed in eachcatalogue
arelisted in order of their numericalprevalence:Q=QS0O,A=AGN,
B=BL Lac, G=galaxy S=stay U=unknavn. Thetotal usedfor names
in QORGincludesall identi ed objectsplus91 unknavn 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 -
(1Y) 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 (al (lots) 52 52
NLTT S 71663 235 -
PGC(LEDA) G 1088795 38611 1250
PSCz GS 15423 301 811
SDSS GSQJ 181959 23282 20209
Tycho S 2539737 4871 -
UGC G 13390 37 267
Veron QABSGU 64942 22404 27536
White Dwarfs S 2206 97 -
Yale S 3131 204 -
Zwicky G 19372 78 2958
TOTAL SGQABU 119907 85636

Lac identi ed in the original paperwhich was inadwertently
left off their catalogug(P. Hewett, private communication);jt
is includedin our catalogue.

In all, we have tried to include all computefprocessable
identi cations extantin the literatureto provide a fully anno-
tatedpicture of the known radio/X-ray (ROSAT) sky. We use
thesddenti cationsto calculateoddsthatunidenti ed radio/X-
ray objectsarein turn quasarsgalaxiesor stars,asexplained
in themain sectionof this paper

A.6. Attributes of this Catalogue
A.6.1. De-duplication and identi cation

After constructionof the cataloguewe found it necessaryo
perform somede-duplicationbecauseof large bright objects
such as plate-saturatingstars or large galaxieswith multi-
ple componentsvhich manifestasmultiple optical signatures;
theseattractassociationfrom multiple ROSAT elds wherein
fact both X-ray sourcesand optical signaturesare just dupli-
cates.To allow this situationto go uncorrectedvould diminish
the easeof useof the catalogueandpossiblymisleadthe user
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About1500suchduplicatesacrosdlifferentROSAT elds have
beenremosedor amalgamatedia preferentiaretentionof as-
sociationgo the bright centralstaror galaxy while closelyad-
jacentassociationsvithin thesameROSAT eld arepresered.
The radio surweys have a separatassuethat resohed FIRST
doublelobesareoften presentedby the NVSSasa singlecen-
tral sourcewhichwould constitutea falsecoredetectionf left
unattendedwe have removed the NVSS associatiorin those
caseswhich numberabout 750. Thesede-duplicationshave
clari ed casef multiple associationacrossadioand X-ray
cataloguesandcondenseaur catalogueby about0.5%.

We have made an adjustmentto the likelihood-of-
associatiorprobabilitiesas one of the last actsof writing this
catalogueSmallnumbersvariationsin thedensitycalculations
have occasionallyresultedin large densitiesat up to 30 arc-
secoffset,andat large offsetsit is alsocommonto encounter
multiple optical candidatesvhich would decrease¢he oddsof
associatioffior any oneof them.We have attachedinadditional
likelihoodpenaltyto far-offsetassociationso take accountof
theincreasedgresencef multiple candidatesWe useda sim-
ple rule of thumbfor offsetsgreaterthan 6 arcsec,subtract-
ing 1/6 densitypoint for eachadditionalarcsecoffset, e.g.at
9 arcsec2.3 becomesl.8. This dampendigh-offisetdensities
to where21 arcseds the furthestoffsetfor any 70%con -
denceassociatiopresentedand26 arcsedor ary atall. To put
this in perspectie, 95% of all our presentedoreassociations
are offset within 8 arcsecand 75% arewithin 4 arcsec.This
may be a conserative measurebut we feel it is more excus-
ableto underrepresentrue far-offsetassociationshanit is to
overrepresentalseones.

A.6.2. Distribution on the sky

Becauseof the propertiesof the cataloguedrom which they
originate,theidenti ed sourcesarenotentirely uniformly dis-
tributedon the sky. Fig. 1 is a whole-sky optical densitymap
of all 501,761objectspresentedn the QORGcatalogueln the
North galacticcap (NGC) the large denseareain the centreis
theFIRSTsurwey areathedensesquatoriabtripis thepartsur
veyed by both SDSSand2dF, andthe crescent-shapeareato
the Northwassurneyedby the SDSSrst releaseln the SGC,
the straightequatorialstrip and the curved strip below it are
the FIRST south-sly surwey areathedensestraightareabelov
thatis 2dF-suneyed,andthewhite stripbelow thatis the partof
thesky notsuneyedin radio,with NVSS-sureyedareado the
northandSUMSSto the south.The densestrip in the Galactic
dustlaneto the East(left) shavs an artefact of our likelihood
methodwherelik ely Galacticsourcef radio/X-rayemission
are being presenteds likely extragalactic;we have retained
thesenominalassociationsn casesomeshouldprove useful,
but usersarecautionedhatprobablymostarespuriousin Fig.
A.3weshaw asimilardensitymapshaving only those449,309
objectsin our cataloguavhich areassociatedvith radio/X-ray
detectionsThe SDSSand2dF surwey bandsaremissingfrom
thismapasthey areidenti cation surweys, notradio/X-raysur
veys. It canbe seenthatthe densityof the radio/X-raysources
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Fig. A.3. A whole-sly opticaldensitymap(asFig. 1) shaving only those449,30%bjectsin our cataloguevhich areassociatedvith radio/X-ray

detections.
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Fig. A.4. A whole-sly opticaldensitymap(asFig. 1) of the 53,930catalogued)SOs(including BL LacsandstellarPSFAGN) foundin our

catalogue.

is quite uniform; the main effect on the density apartfrom the
Galacticplane,is theareacoveredby FIRST.

Turningto QSOs Fig. A.4 is anall-sky densitymapof the
53,930catalogued)SOs(including BL LacsandstellarPSF
AGN)foundin ourcataloguelt canbeseerthat3/4 of themare
concentratedhto the recentSDSSand2QZ surwey areasand
the remainderareinhomogeneousldistributed,shoving how
incompletethe overall QSOenumeratiorhasbeento date.By
contrastFig. A.5 is a similar densitymapshawing all 86,009
objectsin our cataloguenot currentlyidenti ed, whichwe list
asbeing40%to 99% likely to be a QSO. It canbe seen

thattheseare arrayedfairly uniformly on the sky, barringthe
Galacticplaneandthezoneof declination 45 whichis asyet
unsuneyedin radio.

A.6.3. AGN properties

We mustnecessarilybegin this sectionof the discussiorwith
a caveat. Becausethe propertiesof the newly identi ed ob-
jectsin our catalogueare determinedin a probabilisticway
from the propertiesof existing objects,it is dangerougo con-
sider the statisticsof the newly identi ed objectsandtry to
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Fig. A.5. A whole-sly optical densitymap (asFig. 1) shaving all 86,0090bjectsin our cataloguenot currentlyidenti ed, which we list as

being40%to 99%likely to beaQSO.

derive from them new resultsaboutthe populationof X-ray
and radio-identi ed optical objectsas a whole. For example,
Fig. A.6 shaws plots of R againstB magnitudefor the previ-
ouslyidenti ed andpreviously unidenti ed sourcesn thesam-
ple, divided by objectidenti cation class.It will be seenthat
the new sourcedie in somavhat differentareasof parameter
spaceg(so, for example therearefew newly identi ed galaxies
with R 15, simply becausehe vastmajority of resoled ob-
jectswith thesemagnitudesrealreadyin catalogues)But the
importantpoint is that the identi cation algorithmin general
populatesa subsebf the areadelineatedy the existing data.
It cannot,by its nature,tell us more aboutthe distribution of
sourceswith particularidenti cations in parametespacethan
theoriginalidenti cation catalogueon which it wasbased.

With thisin mind, it is worth carryingoutafew simpleanal-
ysesof the characteristic®f the objectsin the catalogueWe
begin by examiningthe relationshipbetweenX-ray ux and
opticalmagnitudgFig. A.7). Thepreviouslyidenti ed sources
fall into clearregionsof parametespaceit is of courseno sur
prisethatfor a given X-ray countratestarsaregenerallyopti-
cally brighterthangalaxiesandgalaxiesbrighterthanquasars.
The newly identi ed objectsadoptsimilar regions of param-
eter space as expected,althoughthereis a relatively greater
numberof optically andX-ray faint objects.The sharpline be-
tweengalaxiesandstarsseenin the newly 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 quasaor a galaxyaresimilar— this re ects the dif-

culty in makinga cleardistinctionbetweerthe two typesof
objectat faint magnitudesWe notethata ROSAI PSPCcount
rateof 10h ! correspondso around40 Chandia countsin
5 ks, andthusthetypesof sourceseingidenti ed hereshould

beroutinelyfoundin Chandia andXMM obsenationsas(soft)
serendipitousources.

Thecorrespondingadioplots(Fig. A.8) arealsoconsistent
with expectationldenti cations with galaxiesaremostproba-
bleatsmallmagnitudesguasargppeain largenumbersabove
R 16, asseenin othercataloguesandabove this magnitude
thenumberof galaxyandquasaidenti cationsaresimilar, as
expectedfrom uni ed models.As with the X-ray sourcesthe
plot of newly identi ed radiosourceshavs a higherdensityof
galaxiesatR 20thanis seenin theidenti ed sample.

A small numberof objects(5,325galaxiesand QSOsand
a handfulof objectsclassi ed asstars,all atthe 40%level)
areidenti ed asbothradioandX-ray sourcesWhile the QSOs
shav acleartrendin the sensdahat X-ray countrateandradio

ux densityarecorrelatedthereis little evidencefor a correla-
tion betweerthesequantitiesfor sourcesdenti ed asprobable
galaxiesThesearelikely to bemoreheterogeneousourcesin-
cludingstarturstsaswell asradiogalaxiesn avariety of ervi-
ronmentsA trendin the samesensas alsopresenfor sources
with detectedadiolobesandX-ray counterpartsthe vastma-
jority of which areidenti ed with quasars.
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Fig. A.6. B againstR magnitudefor (top) the previously identi ed sourcesand(bottom)the newly identi ed sourcesn the catalogueDensity
of red,greenandblue pointsrepresentiensityof sourceddenti ed in the catalogueasgalaxies starsand quasarsespectiely (only  40%
con denceidenti cations areused).Coloursareadditive in RGB colourspaceso,for example,amagentaegion onthe plot represents high
densityof bothquasarsandgalaxies Notethatstarsareover-representefbr visibility.
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Fig. A.7. ROSA countrate(the meanof all availablecountrates,with the HRI valuescaledup by a factor3 to bring it in line with the PSPC
values)againstR magnitudefor (top) the previously identi ed sourcesand(bottom)the newly identi ed sourcesn the catalogueColoursas
for Fig. A.6. Thetop gure containsl3,733datapoints,thebottomone60,661.
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Fig.A.8. 1.4-GHztotal ux density including lobeswheredetectedfrom FIRST and NVSS, againstR magnitudefor (top) the previously
identi ed sourcesand (bottom)the newly identi ed sourcesn the catalogue Coloursasfor Fig. A.6. Thetop gure contains52,995data
points,thebottomone274,505 Quasarsareover-representefbr visibility.



