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ABSTRACT

Context. 1t will soon become possible to directly link the most actenadio reference frame with tii&aia optical reference frame
using many common extragalactic objects. It is importamintow the level of coincidence between the radio and optioaitjpns of
compact active galactic nuclei (AGNs).

Aims. Using the best catalogues available at present, we inegstippw many AGNs with significantly large optical-radio itiosal
offsets exist as well as the possible causes of thisets.

Methods. We performed a case study by finding optical counterparthddriternational Celestial Reference Frame (ICRF2) radio
sources in the Sloan Digital Sky Survey (SDSS) Data Relead@R®). The ICRF2 catalogue was used as a reference because
the radio positions determined by Very Long Baseline Imtenfnetry (VLBI) observations are about two orders of magtétmore
accurate than the optical positions.

Results. We find 1297 objects in common for ICRF2 and SDSS DR9. Stedilstinalysis of the optical-radioftérences verifies that
the SDSS DR9 positions are accurate-& milliarcseconds (mas) in both right ascension and daiitin, with no systematicftset
with respect to ICRF2. We find 51 sourcesifo of the sample) for which the positiondfeet exceeds 170 mas3o). Astrophysical
explanations must exist for the majority of these outliitsere are three known strong gravitational lenses among.tBeial AGNs

or recoiling supermassive black holes may also be possible.

Conclusions. The most accuratGaia—VLBI reference frame link will require a careful selectioha common set of objects by
eliminating the outliers. On the other hand, the signifiapttcal-radio positional hon-coincidences makeoa new tool for finding
e.g. gravitational lenses or dual AGN candidates. Detddédw-up radio interferometric and optical spectrosapbservations are
encouraged to investigate the outlier sources found irsthigy.
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1. Introduction larly observed with Very Long Baseline Interferometry (VILB

over a long period of time.
An ideal quasi-inertial reference system would be defined by ap

point-like sources radiating in all wavebands of the etmo@g- Links between the ICRF2 and optical reference frames can
netic spectrum, providing a simple relationship betweengt+ be either direct or indirect. A direct connection would mean
sitions determined at fferent frequencies (Walter & Soverghat the positions of the radio AGNs are directly measured in
2000). This would facilitate the cross-identification olese the optical band. At present, however, the most accurateadpt
tial objects in the radio, infrared, optical, ultraviolend high- astrometric catalogues cannot be linked directly to theAZR
energy bands. However, in practice, reference framediatrdi because their limiting magnitude significantly exceedsdae
ent frequencies are defined byffdrent objects, since suitabletection limit of AGNSs in the optical. For example, in the Stoa
sources usually radiate intensely only in particular wawvets Digital Sky Survey (SDSS) Quasar Catalogue (Paris et aRR01
(e.g. quasars can be bright in the radio but are relativéty fa  m,>17 mag. On the other hand, the primary astrometric refer-
the optical, while stellar objects in the Galaxy are usubiight ence used in the optical domain, the Hipparcos cataloguey/Pe
in the optical but weak radio emitters at best). This makesnitan et al. 1997) has a limiting magnitude of oMy12.4 mag.
necessary to link the reference frames used ffedint wave- It is defined by bright stellar sources and could only be con-
bands. The link between the optical and radio domains isgparinected to the ICRF indirectly (Kovalevsky et al. 1997; Stone
ularly important, since a dominant fraction of astronorh@a 1998). Since no extragalactic radio source could be refidbt
servations is made in the optical, but the most accuratesnete tected with Hipparcos, a variety of secondary methods hae to
frame is currently realized in the radio. used, e.g. relative astrometric measurements of radis wién
The latest realization of the International Celestial Retiee respect to nearby reference quasars with VLBI and connected
System (ICRS) at radio frequencies was adopted by the kteralement radio interferometers, sensitive optical obsema of
tional Astronomical Union (IAU) in 2009. The second versioguasars relative to Hipparcos stars, and a comparison of VLB
of the International Celestial Reference Frame (ICRF2, éteydetermined and optically determined Earth orientatiorapea-
al. 2009) is defined by the precise positions of selected esinpters. The problem with these solutions is that since thaéoti
extragalactic radio sources (active galactic nuclei, Afsfdgu- links use stellar sources for the connection between thie rad
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and the optical reference frames, the quality of the linkkddgs Croom et al. 2004), or other quasar catalogues compiledjusin
with time due to the uncertainties in the measured stellapg@r the above-mentioned radio and optical surveys, e.g. thge.ar
motions. Quasar Astrometric Catalogue (LQAC-2, Souchay et al. 2012)
However, with the sensitive next-generation space astronoe the Véron-Cetty & Véron (2010) catalogue. Finally, these
try mission, the European Space Agendgaia spacecraft (e.g. studies not only provide an independent assessment oftifoe as
Mignard 2002; McCaughrean 2012) to be launched in the sémetric accuracy of the optical surveys (e.g. Souchay e0&I8P,
ond half of 2013, a quasi-inertial reference frame can tliyde  but the comparison of the optical and radio positions coeld r
established by around 2020, based on measurements of a |sigg some new information about the physical propertiesese
number of extragalactic sources (probably tens of thousahd AGNSs.
primary objects) in the optical as wellGaia will detect a total In this paper, we present a case study of a direct astrometic
of ~500 000 quasars brighter than the limiting magnitude of 2link between the radio and the optical bands by comparing the
with a precision similar to ICRF2<0.1 milliarcseconds, mas, VLBI positions of AGNs in the ICRF2 with those in thé'®ata
Charlot & Bourda 2012). It will become possible to directfd  Release (DR9) of the SDSS (Ahn et al. 2012). The astromet-
the radio and optical reference frames using a large nuntberrio properties of the two catalogues are reviewed and oupkam
common objects for the first time. For consistency, it is imposelection process is explained in Sect. 2. Section 3 gives th
tant to make the alignment with the highest possible acgurastatistical characterization of the optical-radio cooadé difer-
which requires common objects with excellent optical and rances. We find a large number of sources that are significantly
dio astrometric properties (e.g. Fey et al. 2001). As dedidily (>30") offset between the radio and the optical. These sources
Bourda et al. (2008, 2010, 2011), additional observatidmew are presented in Sect. 4. Possible reasons behind theetsitli
radio sources and the construction of the ICRF3 are neededdte discussed in Sect. 5, including astrometric errors aridws
the best possible link, since the potentially most suitdkdéa potential astrophysical explanations. Conclusions aagvdrin
sources for the alignment will not necessarily be the beRAZ Sect. 6.
sources. Thefeect of secular aberration drift, i.e. the apparent
proper motion of extragalactic sources caused by the ovtaf ) )
the solar system around the Galactic centre (Kovalevskp20@. Selecting common sources in ICRF2 and SDSS
Titov et al. 2011), also has to be taken into account when con-DR9
structing the next ICRF (Liu et al. 2012).
The direct connection between tkBaia celestial reference

frame and the ICRF is essential not only for astrometry, but fThe SDSS DR9 cataloghi¢Ahn et al. 2012) is the newest re-
astrophysical reasons as well. It will become possible twac lease of the SDSS-IIl campaign (Eisenstein et al. 2011);nisi
rately study the coincidence between the radio and optioa-e an extension of the previous SDSS-I and SDSS-I projectsk(Yo
sion peaks of AGNs on a sub-mas scale (e.g. core shift, Labar® al. 2000). It covers 14 500 square degrees of the sky in the
1998; Kovalev et al. 2008), and the observations of the AGNtical, mainly in the northern galactic hemisphere betweght
at different wavelengths will only be interpreted correctly if thascension @ <18" and declination-5°< § <+70. It also cov-
measurements are expressed in a consistent system (&ig. I\&rs a smaller region in the southern galactic hemispheveseet
et al. 2002; Kimball et al. 2010). 21"< @ <4" and-15°< 6 <+35°. The large sky coverage and the
While waiting for theGaia extragalactic reference frame tofaint (V~22 mag) limiting magnitude make it possible to identify
be constructed, we can perform case studies for the direct e counterparts of many radio-loud AGNs that have accusate
erence frame link using currently available large optida} s dio positions available in the ICRF2. The astrometric calilon
surveys. The SDSS (York et al. 2000) is currently the largest SDSS is described in detail by Pier et al. (2003). The ssurc
sky survey available, and although not an astrometricegta, positions derived from the photometric CCDs4,=6165A) are
the faint limiting magnitude \(~22 mag for 95% completion) calibrated using the"® release of the USNO CCD Astrograph
makes it possible to identify the counterparts of many radigatalogue (UCAC2, Zacharias et al. 2004) and the UCAC r14
loud AGNSs that have accurate radio positions. There have begtalogue (a supplemental set of UCAC at declinations above
several studies cross-referencing the SDSS optical positli- 41°). Proper motions are derived from the SBSENO-B cat-
rectly with the radio positions in the ICRF (Frey et al. 2006&|ogue (Munn et al. 2004). There ar&@—3 magnitudes of over-
Lambert et al. 2006; Souchay et al. 2008; Damljanovic et #p between UCAC and unsaturated stars onrtpaotometric
2012), or comparing other radio and optical properties #aseCDs. The UCAC observations are based on the Tycho-2 refer-
on a common optical-radio sample (Ivezt al. 2002; Kim- ence stars (Hag et al. 2000), which are directly connectéfukto
ball et al. 2010) using e.g. the Very Large Array (VLA) FainHipparcos Reference Frame (HRF). Pier et al. (2003) deslare
Images of the Radio Sky at Twenty-centimeters (FIRST) survghat the global astrometric precision of SDSS relative toFHR
catalogue (Becker et al. 1995). Since the astrometric t&heC js 45 mas rms per coordinate &t20 mag and approximately
of SDSS can be traced back to the Hipparcos catalogue, it q@b mas rms at~22 mag, with additional systematic errors of
also be used to locally connect the radio and optical refereness than 20 mas resulting from the reference catalogues.
frames directly by finding common sources in the SDSS and ra- since DR9 is currently the newest, the most accurate, and
dio catalogues. The ICRF positions of these optical-raditsp has the largest coverage among the SDSS data releases,dve use
are then determined precisely through relative VLBI as&tin it for cross-referencing with the VLBI-measured referepoe
using nearby ICRF sources as phase-reference calibr&@rs sitions in ICRF2. It also includes the first-year data of tiea/n
Frey et al. 2008). In addition, there are other optical caaés Baryon Oscillation Spectroscopic Survey (BOSS) specuiiga
that are sensitive enough to make direct connection of qpasa (Dawson et al. 2013), which focus on obtaining new spectra
sitions possible between the radio and the optical (e.catiksst of galaxies in the redshift range 045<0.8 and quasars with

al. 2005; Souchay et al. 2008), such as the US Naval Obseryars.z<3.5, and have a much denser and larger coverage than
tory (USNO) CCD Astrograph Catalogue (UCAC3, Zacharias

et al. 2010), the 2-degree Field Quasar Redshift Survey (2QZhttp://www.sdss3.org/dr9/

2.1. Astrometric properties of the SDSS Data Releases
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search radius [mas] Fig. 2.  Sky plot (equatorial coordinates in Aiftoprojection) of the

1297 AGNs found in the SDSS DR9 based on a 500-mas radiushsearc

i using the ICRF2 radio source catalogue as reference. Tthie Eample
Fig. 1. Graph of the number of counterparts to ICRF2 sources fouded in our case study of the direct link between the radiocpiid

in SDSS DR as a function of the search radius. The contindO® 5 reference frames. The objects are distributed unifpimthe area
represents the total number of hitd)( whereas the dot-dashed curvg,gyered by SDSS DRO.

shows the results corrected with the false match ratio ddrivom

Monte Carlo simulation—p¢N) detailed in Sect. 2.3. The growing

deviation of the two curves is caused by the increase of fdisdifica- )
tions at larger search radii. The curves nearly coincideoupo0 mas 2.3. Source selection

search radius, the value used in this case study, theréferaumber of . L .
false optical-radio identifications is negligible. Since the astrometric precision of ICRF2 is more than two or-

ders of magnitude better than that of the SDSS, we considered
the radio coordinates as the accurate positions of the AGNs
) ) when selecting their optical counterparts from the SDS&-cat
the previous spectroscopic surveys of SDSS-I and SDSS-Il ¢igyues. This selection was accomplished by defining a search
scribed by Abazajian et al. (2009). radius around the supposedly “error-free” radio positians
identifying the optical sources inside these circles. Hakec-
tion method has been used several times in the past withugario
2.2. Astrometry of ICRF2 cut-of radii, between 3091000 mas, when comparing ICRF—
) SDSS positions (e.g. Frey et al. 2006a,b; Lambert et al. 2006
The fundamental celestial reference system adopted byAthe ISouchay et al. 2008) and’3-3” when using the FIRST ra-
has been based on the radio coordinates of AGNs since 1998 catalogue (e.g. Iveziet al. 2002). The value chosen for
(Feissel & Mignard 1998). It was first realized by ICRF1 (Mghe search radius matters because a smaller-than-idéas ead
et al. 1998) based on the radio positions of 212 extragalagjudes sources that would otherwise have optical countistpa
sources distributed over the entire sky. Due to the accumni{arger-than-ideal radius would contaminate the samplé wi
lating observational data and significant developmentsi@id chance identifications, i.e. sources that are in close prioxio

provements in astrometric VLBI sensitivity and quality,RE  the AGNs on the celestial sphere, but have no physical oelati
was redefined by the International Earth Rotation and Reéere tg them.

Systems Service (IERS) and the International VLBI Servage f
Geodesy and Astrometry (IVS) in 2009. The resulting ICF?F?aS
is currently the realization of the celestial referenceeysat

the radio frequencies and is described in detail by Fey et
(2009). It contains the precise positions of 3414 compatibra

s?ur?ei,ome_asured with t(;]e VLBIéechnique, v¥)|t|h a ?oise ﬂof?ﬁcations) as a function of the radius used. We constructed
of only 40 microarcsecondg4s) and an axis stability of J&s. oiany false radio source lists by simply shiftingands for all
The coordinate system is maintained using a set of 295 dgfmiE:RFZ sources by large arbitrary amourtgl, 2, 3, 4. We

s?urcz[es s_ele9t<taq on the basis tOf ptosmorgfl ts;abtlll"[[ylaedlad:mi: then tried to find SDSS optical counterparts for these fake “o
ot extensive INtrINSIC source structure. € tota’ NUMIE acts» (over 27000 in total) using various search radii ingg

sources, 2197 were observed only in the Very Long Baselire A% 11 200-3000 mas. with 100 mas increments. The simula-
ray (VLBA) Ca_llbrator Survey (V.CS’ Petrov etal. 2008, ants M€tion showed that the probability of chance coincidengg¥if
erences therein), most of them in only one VCS session. Thegeq is”_0.01% for 200 mas. remains0.1% up to 600 mas

sources are located&t —30° and their coordinates in most Casegq reaches 3% at 3000 mas. The simulations for SDSS DR7
are as accurate as those of the non-VCS sources, which beve {:d DR8 produced similar results and generally agree wél wi

whole sky uniformly. The precision of the source coordisate i

ICRF2 is better than 1 mas in both right ascension and decli Ivezlf ci:tgllééﬁg(S)Z)Tgnf?ng?ﬁg ngéjts(ztg Ou8s)e %T(?[hci‘s) rggsaered
tion, ranging betweer0.1-0.5 mas d_ependmg on thefftirent study, we also searched for optical counterparts arouncetie
surveys and the number of observations (Fey etal. 2009). |crr> positions, and determined thenumber of matches as a
function of the radius. Using the previously obtaingdproba-
bilities, we subtracted froldl the number of false matchgsN.

2 http://hpiers.obspm. fr/icrs-pc/ This provided a count corrected for the contaminating felea-
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As a starting point, the size of the cuftshould be at least
big as the~-2-3r astrometric precision of the less accu-
rate catalogue, in our cas€200 mas. To determine the ideal
arch radius, we performed a Monte Carlo simulation to cal-
culate the probability of chance coincidences (i.e. fathkni
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Quantiles of RA differences
Quantiles of DEC differences
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Normal theoretical quantiles Normal theoretical quantiles

Fig. 3. Normal probability plots of the right ascension (left) arettination (right) optical-radio coordinatefidirences. The data are normally
distributed because the graphs approximately coincidetivé 45 reference line. There are considerably more objects atdmath of the ordered
sample data, however, which indicates a heavy tail in thigilbligion. The curves surrounding the quantile points¢atk the 95% confidence
interval. The quantiles of the sample data are normalizeéhasame length reference distributionN(0, 1).

tifications. Figure 1 shows the number of total hit§ @nd the A§ =61 - 82, (2)
corrected hit countN—prN) as a function of the search radius.

This indicates that the ideal cuffaadius is around 500 mas, _ _ : :

since the sample of the optical-radio matches is the latgest COSA = COS1 — @2) COSH1 COSS, + SING1 SINGZ (3)

without many chance coincidences. whereAa andAé are the diferences in right ascension and decli-

Among the all-sky set of 3414 ICRF2 sources, optical coup- .. : :
terparts of 1297+38%) were found in the SDSS DR9 Within?aetlggii:;slg?]c;‘jtl\r/:é)ilbaprgisﬂ:)hnestotal angular dierence between

the search radius of 500 mas (Fig. 2). This is consistent with
the ~35% sky coverage of the optical catalogue and indicates
that practically all of the ICRF2 radio AGNs do have an ogtic&. 1. Testing of normality
counterpart with the SDSS limiting magnitude. The iderdifie
objects are evenly dispersed within the region covered b9 DR0 characterize statistically the optical-radio posiibrlif-
(see Sect. 2.1). In the sample data set, the probabilityarfich ferences, we tested the normality of the calculated random
coincidences is only0.06%, i.e. less than 1 false optical identivariables. This was accomplished by constructing a normal
fication is expected. This provides us with a clean opticalie quantile—quantile (Q-Q) plot for bothe andAs (Fig. 3). Nor-
AGN sample since these optical counterparts are real fitmti mal Q—Q plots are probability plots that compare a sampla dat
tions. Among the 1297 sources, 233 are classified as extengednknown distribution with the standard normal distribat
(i.e. galaxies) and 1064 as point-like (i.e. quasars) ifBSS N(0, 1). A Q-Q plot is commonly used for comparing a data set
DR9. All are primary objects, i.e. their position is from thest to a theoretical model and is a robust graphical method t¢rfidis
run in case of multiple observations. The optical coordiratbution analysis (e.g. Fisher 1983; Evans et al. 2000; Raseik
are derived from the photometric CCDs, their average appar2000; Das & Resnick 2008). It is also used in astronomical dat
ent magnitude ig~18.9mag. Using this sample of commorinterpretation (e.g. Kénig & Timmer 1997, Pestana & Cabrera
sources in the ICRF2 and SDSS DR9 catalogues, we detern#f@4; HUt & Stahler 2008). In our study, the general trend of the
and analyse theffsets between the optical and radio positiorigoints is somewhat flatter in both cases than tifelié®, which
in Sect. 3. indicates that the middle part of the data is slightly lespédised
than anN(0, 1) distribution. Moreover, as seen from the arcs at
. o . . both ends on the probability plots (Fig. 3), the distribnsmf
3. Statistical characterization of optical-radio our data have heavier tails than a normal distribution. Hame
positional differences since the quantile pairs on both normal Q—Q plots approxéipat
lie along the lingy = x, both the right ascension and declination
differences can be considered to have a normal distribution with
fat tail. The correlation cdicient between the two quantities
very low, 0.017. This means tha& andA¢ can, for all things
cc?nsidered, be treated as independent normal random leariab
Because the involved angular distances are very smallpthe t
positional dfset can be approximated with planar trigonometry

asA~ VAa? + A6? , so we can assume a Rayleigh distribution
Aa = (a1 — a2) COSO2 , (1) forits statistical characterization.

Using the sample data set of the 1297 optical—-radjo) coor-
dinate pairs, we calculated the anguldifeliences between the
SDSS DR9 and ICRF2 positions. As mentioned in Sect. 2%
the radio positions can be taken as the reference for the AG
thus the optical [1] minus radio [2] coordinatdfdrences can be
calculated using spherical trigonometry formulae as
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data with 806 matching quasars (Orosz & Frey 2012) led to sim-

180 . . . .
] ilar results, with outlier ratios also around 4%.

160
140

1 4. Sample of positional outlier objects

120

Comparing the radio positions of ICRF2 sources to their-opti
80= 170 mas cal counterparts in SDSS DR9, we found a total of 51 AGNs
: where the optical-radioffset exceeds theo3level determined
i in Sect. 3. These sources apparently show an even distribu-
tion in the sky within the coverage of SDSS DR9. Except for
J1506-3730, none of them is a defining object of ICRF2. The
complete list of positional outliers is presented in Tahlg=br
each AGN, Col. 1 gives a short IAU designation constructed
T T T T e 460"‘"* — ., from the J2000.0 equatorial coordinates as JHHMNDMM.
distance [mas] Note that the format of the complete ICRF2 designations that
can be derived from the right ascension and declinationiHC
Fig. 4. Histogram of optical-VLBI total positional fierences for JHHMMSS.&DDMMSS (Fey et al. 2009). Based on informa-
1297 ICRF2 sources identified in the SDSS DR9 within a seardius tion from the literature, in Sect. 5.5 we comment on the prop-
of 500 mas. The distribution is consistent wit67 mas (&), assuming €rties of seven objects marked here with asterisks. TheQJ200
Rayleigh distribution. The vertical dashed line indicaties 3~ value equatorial coordinates are taken from the ICRF2 cataloge (
of 170 mas. A total of 51 sources have optical-radigets larger than et al. 2009) and listed in Cols. 2 and 3. The total opticalierad
3o angular dfsets (), and the dsets broken down to coordinate
components4a andAé) are given in Cols. 4, 5, and 6, respec-
o o tively. The apparent magnitudesrty) taken from SDSS DR9
3.2. Data weighting and statistical parameters can be found in Col. 7. Redshifts (where available) and algimp
optical classification from SDSS DR9 (Q: quasar, G: galaxg) a

possible to refine the calculations by introducing weightsrac- ?;\ées?“if?scms' 8 and 9. Column 10 provides the references for
terizing the reliability of the optical positions. SDSS ssdgo- '

rithms (described in Petrosian 1976; Blanton et al. 200$u¥a We found spectroscopic redshift measurements in the liter-
et al. 2001) to automatically distinguish extended soufces ature for 27 out of 51 sources. These redshifts range between

galaxies) from point-like objects (i.e. stars or quasafswever, 0.04sz53; half>of them are b_elow 0.6, and about_a quarter of _the
as detailed in Ahn et al. (2012), some inconsistencies ssifla sources havez2. We examined whether there is a connection

cation have been found in earlier SDSS Data Releases. T0 afi-/een t_he angular separation ofthe opt|pal—rad|o mm.‘d
any possible problem, we did not rely on the gafaxasar clas- the redshlfts, and fognd no ewdence_for it. About one third o
sification of SDSS when calculating the statistical chamastics thg outliers are cla§5|f|ed as quasars in SDSS DR9, \.N'th the re
of the dfsets between the radio and optical positions. Inste ing galaxies, which generally have lower redshifts 'm
we took the Petrosian radius (Blanton et al. 2001; Yasuda et e. Re_marka_bly, there are three known cases of gravitition
2001), a measure of the optical size of a given source, artl ulLfEnses in our list (J0134)931, 104140534, and J1.60&43.16)'

it as a reciprocal weight for the individual source coortisa or these sources, the redshifts of both the lensing obgets

. : C the lensed background sources are given in Table 1. Two other
This way we could take into account that point-like sourcagsh
more reliable position measurements. At the same time, de GGNs (J10086-3454 and J13084634) may show double-peaked

: . . ; O lll] emission lines among the total of ten sourdex t
not exclude extended optical sources as in an earlier stittly arrow [ ; . .
ICRF2 and SDSS DR7 (Orosz & Frey 2012). V\ﬂave optical spectra available in the SDSS DR9. There ace als

. . a couple of objects with large extended radio structuregtwro

| CR-II-:hZe Adcl-‘slilgbigtlgr?oevfnt?ne?hgorﬁgltgg?;r?wﬁgfr?:?gei Olft iSSDgSe?];ipteresting properties, which may well be related to theigig
ally consistent with a 57-mas positional uncertéir{ty velnge Ecant optlc_al—radlo_posmonal ﬂ‘e_rences. In what foIIc_)ws, we

he declared alobal SDSS ast i L Piof et briefly review possible explanatlons of the [arge pqslt!qrfﬂ
to the declared global S astrometric precision (Piel.et gy " discuss the properties of the most interestirgdil
2003). The weighted optical minus radio right ascensidfedi sources in our samol

2 S ple.

ences Aa) haveo,,=55 mas standard deviation and a negligible
Uae=—3 mas mean value. The weighted declinatioffiedlences
(As) have similar standard deviation ofs=54 mas and also a5 piscussion
negligibleuas = 4 mas mean value. As found in the normality
test, the distribution has a fat tail, which means that theeesig- When comparing directly the radio and optical positions of
nificantly more sources with3o- positional dfset than expected AGNs, we naturally assume that the optical and radio emissio
statistically. The theoretical distribution would onlywgi~four peaks physically and spatially coincide. Because theiact
sources (0.27%) above the-3evel, as opposed to the detectethese distant extragalactic sources is driven by matteetion
51 outliers, i.e. AGNs with optical-radio separations @dieg onto their central supermassive black holes and is confioed t
170 mas. They representt% of the sample. Furthermorel% their close vicinity, this seems a plausible first approxiora
of the sources are even beyond the fark, which should be Theoretically, the apparent origin of the inner radio jetyally
practically impossible in a population with standard nordis-  called the VLBI core, depends on the observing frequencyaue
tribution. Earlier studies using SDSS DR4 data with 524 imatcopacity dfects (see e.g. Lobanov 1998). Actual VLBI measure-
ing quasars and galaxies (Frey et al. 2006a), SDSS DR5 da@nts of this core shift indicate that it can be as high Asnas
with 735 matching objects (Frey et al. 2006b), and SDSS DRt certain sources (e.g. Kovalev et al. 2008; Sokolovskalet

100
80;
60
40;

20

When determining the Gaussian parameterA®ofandAd, it is

Article number, page 5 of 10



2011). Kovalev et al. (2008) estimate the average shift eetw 5.2. Errors in identifications
the cm-wavelength radio core and the optical core@4 mas.

This is more than two orders of magnitude lower than the SDAS we have shown in Sect. 2.3, our source selection methdd wit
positional accuracy. The core shift is therefore negligishd 3 500 mas search radius around the positions of ICRF2 objects
cannot be the cause of large optical-radio outliers in ompéa.  guarantees that the matched optical-radio AGN sample & pra
However, this &ect should be considered for the alignment qfcally free from false identifications, i.e. physically nefated
the futureGaia Optical reference frame with the ICRF. Similarradio and Optica| sources. This is because the average](ﬁsta
arguments are valid for possible optical photocentricaldlity ~petween quasars in the SDSS is much larger, in the order of ar-
of quasars (Popogiet al. 2012): while theféect can be as large cminutes (cf. Palanque-Delabrouille et al. 2013). Howgités
as several mas for low-redshift AGNS, it is certainly neitlig in principle not excluded that the radio position of a partic
in our case. In the next subsections, we look into some cauggfect does not refer to the AGN core (which is in fact the base
that could possibly be behind the positional outliers wenfhu  of the inner jet, close to the central engine) but to a brigate
compact component in one of the outward moving relativistic

) » radio jets. This is certainly not the case for the ICRF2 sesirc
5.1. Errors in positions in general, since these are among the most prominent compact
radio AGNSs, often with sensitive multi-frequency radio igra
, ; . e ; ing observations. But for at least one of our outlier sourees
tigate whether systematic astrometric calibration ernorthe culiar quasar with a complex extended two-sided jet &irac
SDSS database can cause the occasionally large Opt'ml_r%ﬁlSZ&lSSl),the ICRF2 catalogue indeed contains the position

positional dfsets. In the course of our work, we performed simss 5 et component is actually brighter than the quasar e (
ilar analyses to find optical counterparts to ICRF2 radiases! gqqt 5 5 for the detalls).

by cross-referencing their positions with the SDSS DR7 (#sba
jian et al. 2009) and DR8 (Aihara et al. 2011a), and calcdlate
the optical-radio coordinateftiérences. The SDSS DR7 cata o .
logue covers~12 000 square degrees in the sky, mainly in th%‘g' Gravitational lensing

northern Galactic hemisphere and around the equator. ths-as . ) L

metric calibration is similar and the accuracy is basicalgn- There could be astrophysical explanations for opticalierafi-

tical with DR9 (Pier et al. 2003), apart from some proper m§€ts 0~100 mas as well. Strong lensing caused by the interven-
tion errors for stars at low Galactic latitudes later coredan INg gravitational potential of a foreground galaxy can preel
DR9. Among the 51 positional outlier sources we found in DR®Ultiple and distorted images of a background object. Thase
(Table 1), 37 are located and identified as photometric tbjetations of gravitationally lensed AGN images are typicallthe
in DR7 as well, reflecting its smaller sky coverage. We us@jder of 1" or less. Thus the optical images are blended, possi-
this overlapping subsample to examine the consistency uf oy together with the lensing galaxy, and this complex strce
liers between the two databases, and found that 27 of the'§fains unresolved in the SDSS. The optical position refers
sources are outliers in both DR7 and DR9. None of them tie photocentre. On the other hand, the radio coordinates de
associated with the reportedly miscalibrated runs in DRAn(A fived from VLBI data with much higher angular resolution usu
et al. 2012). This 73% overlap between the two lists suggedly refer to a particular (the brightest and most compangde
that although the majority of our outliers listed in Table r& a Of the gravitationally lensed source. A special scenariensh
robust detections, there might be cases where small (lasal) the lensed quasar is radio-loud but optically faint while kns-
trometric calibration issues in SDSS contribute to the timsal N9 galaxy is optically bright cannot be excluded. This cbul
offsets. Worth noting is that the optical counterparts of ICRPSO lead to sub-arcsec apparent separation between tisalopt
radio sources are typically faint£18.88:1.83 mag), close to and radio positions.

the SDSS limiting magnitude, therefore their optical foss Successful systematic searches for gravitational lense®i
are less precisely determined. These problems will beiatle¥  gpss gatabase were performed using spectroscopic data (e.g
when the more accuratBaia catalogue becomes available oo et al. 2008) or morphological and colour-selectidtee
such an optical-radio study. ria (e.g. Inada et al. 2012). The candidates were then fellbw
We repeated our analysis with DR8, which has the same sky by higher-resolution imaging and spectroscopic obsiens
coverage as DR9. However, when calculating tlfiseis be- for verification. Recent simulations show th@aia will detect
tween the optical and radio coordinates, we found an anomak.6% of the quasars that are multiply imaged due to gravi-
in the declination dierences. Almost all sources abae4(® tational lensing (Finet et al. 2012). Here we deal with radio
consistently showed arffset of~260 mas relative to the ICRF2selected AGNs taken from the ICRF2 catalogue. To estimate
coordinates. This indicated a systematic error in the asdto the probability of finding lensed objects in our case, wedher
ric calibration of SDSS DR8. Our independent result is censifore applied the result from the largest sample of stronghgéd
tent with what is reported and detailed by Aihara et al. (2111 flat-spectrum radio sources in the Cosmic Lens All-Sky Syrve
This astrometric calibration problem has been fixed in th&SD (CLASS, Browne et al. 2003), wheré).14% was found for the
and also prompted more rigorous astrometric quality-asm@ point-source lensing rate. In sharp contrast with the stteil
measures in DRY using a set of reference catalogues (Ahn eea&pectation, 3 of our 51 outlier sources5do) are known grav-
2012). This justifies the use of DR9 for our study. Accordinigational lens systems (see Sect. 5.5 for details). Thikatds
to our normal probability plots in Fig. 3, there are no dominathat the method of finding AGNs with significant optical-m@adi
systematic components in the optical-radffsets using DR9. positional dfsets may be anfigcient tool for identifying gravi-
(The same is valid for DR7.) This means that there are no glolational lens candidates. Note that for many of the objectai
errors in the astrometric reductions of these data releddes ble 1, optical spectroscopic data are unavailable at pteard
even distribution of the outlier AGNs in the DR9 sky coveragsub-arcsecond separation gravitational lensing cannatobe
(Fig. 2) also supports this notion. vincingly excluded.

Before discussing possible astrophysical explanatioasnwes-
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5.4. Interacting active galactic nuclei (2=0.765), are unresolved in SDSS. Itis therefore not surggisi
that we found an fiset of 175 mas between the radio position of
component A and the SDSS optical position, which shouldrefe
. ; Pre%¥5 the peak of the blended emission of the lensing galaxy pair
ence of dual accreting supermassive black hole systemsat a ., the gravitationally lensed components.

ural consequence of hierarchical structure formation énlihi- J0414+0534. This radio source at=2.639 (Lawrence et
verse through mergers of galaxies (e.g. Begelman et al.)198Q 1995y 450 known as 4€05.19, is gravitationally lensed
Hydrodynamical simulations (Van Wassenhove et al. 2014) syt et al. 1992) by an elliptical galaxy (Schechter & Meo
gest that simultaneous AGN activity is mostly expecteo_l att 993) az=0.958 (Tonry & Kochanek 1999). The system of four
late stages of mergers, at or belovi-10 kpc separations. srong lensed radio components separated by ne4tiag been
Assuming a cosmological model witHo=70 km S* MpC™, o subject of several VLBI studies (e.g. Patnaik & Porce#5]9
Qm=0.3, and2,=0.7, 1 kpc linear size correspondsiB00 Mas  ryqer et al. 2000; Ros et al. 2000; Volino et al. 2010). A-par
angular size at any plausible redshift abav®.2, or smaller if 5| Einstein ring connecting the three brightest imageseisn
the dual system is |ncl|ne_d to the plane of the sky. T_hus thea deep high-resolutioHubble Space Telescope (HST) image
expected angular separations are typically below the uésol 504 et al. 1997). The ICRF2 coordinates refer to compbnen
limit of SDSS, but comparable to the optical-radio posmbnA%' while the optical position isféected by the complex struc-

offsets found in this paper. For example, a dual AGN system@fe of the diferent quasar images and the lens, only partially
which one component is presently in its short-lived radioel | o551ved in SDSS.
activity phase but the other one is not, would easily result i J1006+3454. Also known as 3C 236, this prominent radio
detectable positionalffset. _ source ar=0.1 is among the largest radio galaxies observed (e.g.
The SDSS spectroscopic database was used to find candiggigs et al. 1974; Barthel et al. 1985; Schilizzi et al. 20Q.&bi-
dual AGNs via searching for double-peaked narrow [O Ill] 0fng et al. 2013, and references therein). The overall radio-s
other emission line profiles (e.g. Smith et al. 2010). Theag Myre of this extensively studied object has a narrow moripl
indicate gravitationally bound dual AGNs with distinct @m- ¢ 4y angular size, extending in about SW—NE position an-
line regions (NRL)'. In this model, t_he two components ha\_fe dIgle. Radio interferometric observations reveal a doulebte
ferent radial velocities due to their orbital motion, regg in morphology, with a 2-kpc scale compact steep-spectrum YCSS
the doubling of the line profiles. However, peculiar gas kinggyrce inside. The accurate VLBI position refers to the acomp
matics and jet—cloud interaction in a single NLR can alsd leqent B2 identified with the radio core by Schilizzi et al. (200
to similar spectral signatures. Indeed, confirmed kpcgsdahl The SDSS optical position isfiset by 217 mas, roughly along
AGNs seem to add up only a few percent of the candidates Witfy, nosition angle of the radio structure. The optical-oafiiset
double-peaked [O I1l] emission lines (Shen etal. 2011).dkde is consistent with Fig. 8 of O’'Dea et al. (2001) that displaps
ing to the gzsnmates of Rosario et al. (2011) and Fu et al. X201y er|ay of VLBI and HST images. The apparently renewed radio
only ~0.3% or less of the low-redshifz£0.6) SDSS quasars activity in 3C 236, the presence of young star-forming regin
host dual accreting black holes separated on kpc scales Rk qust lane (O’Dea et al. 2001), and the disturbed kpe sa
ratio decreases Wlth increasing redshnfts (Yu ej[ al. 2(_)11). tical morphology suggest a galaxy merger that might havéded
A sample of objects with large optical-radio positionéit o the reignition of the radio AGN (see e.g. Labiano et al. 2013,
setsand double-peaked [O I11] optical emission lines may progng references therein). Notably, the SDSS DR9 spectrum of

vide better candidates for actual dual AGNs. In our casey oYy 50g3454 (3C 236) hints at a double-peaked narrow 5007 A
10 out of 51 sources have optical spectra available in theSSD I11] emission line.

DR9. By visual inspection, two of them show indication of do J1301+4634. A low-redshift ¢=0.2) galaxy, which is the

blg peaks in_ their [O ”.I] emission I.ines (see Sect. 5.5)gdlb central, brightest member of a small cluster selected frO8S
with a low signal-to-noise ratio. With more complete Spactr ,p,,iometric data (Koester et al. 2007). Visual inspectibthe
data, more precis@aia astrometry in the future, and addltlonaEDSS DR9 spectrum suggests broadened or double-peaked nar-
observational verifications (e.g. with adaptive opticsgmg or ., [O 111] emission lines.
optical slit spectroscopy, Shen et al. 2011; Rosario etGll1y J1506+3730. Although the radio-loud AGNs are typically
this possﬂ_)lllty is worth investigating in more detail. found in ellipticals, the host of J1588730 is an inclined disk

_ After final coalescence, a supermassive black hole may bgayy with an optically obscured nucleus. Significanttreu
kicked out of the centre of its host galaxy. Numerical simulgyqrogen and molecular absorption is detected towardsathe r
tions of recoiling black holes predict up to kpc-scale sapans  4io AGN, arising from a fast gas outflow, a possible result of
(for a recent review, see Komossa 2012). Observationbg€ jaot_cloud interaction (e.g. Carilli et al. 1997; Kanekar &ed-
objects could also appear as radio AGNEset from their host ga1yr 2008, and references therein). The optical-raditipoal

galaxies. difference we found can be reconciled with the fact that the nu-
cleus of this red quasar is heavily obscured in the opticake T
5.5. Comments on individual sources SDSS DR9 optical po_sitio_n isfizet from the VLBI pqsition by
316 mas in the-SW direction, broadly coinciding with the po-
Properties that may be relevant for this study are colletted  sition angle of the radio jet (e.g. Polatidis et al. 1995).
the literature for the following individual objects in Tabl. J1526-1351. This is a high-luminosity CSS quasar, with a
J0134-0931. This object is the quintuple quasar, a gravitacomplex radio structure spannird.’. Based on polarization-
tionally lensed compact radio sourcezgt2.216 consisting of sensitive and dual-frequency VLBI imaging observationanM
five components with a maximum separation~®’7 (Winn et tovani et al. (2002a,b) found a peculiar non-collinear sided
al. 2002; Gregg et al. 2002; Hall et al. 2002; Winn et al. 2008t in this source. The flat-spectrum core~i$00 mas south of
Keeton & Winn 2003). The VLBI coordinates refer to one of théhe radio peak, whose position is listed in the ICRF2 catatog
lensed images, component A. On the other hand, all five imadé®s peak in fact coincides with a bright and compact compbnen
of the background quasar, as well as the lensing pair of galaxat the end of the northern jet. It is therefore reasonablesorae

Another possible astrophysical cause for the measuredabpti
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that the optical AGN position is closer to the radio coregioly for identification by follow-up spectrosopic observatiamsen-
explaining the e'set we found. sitive high-resolution imaging.

J1601+4316. This source is the third case of known strong Positional non-coincidences between the optical and the ra
gravitational lenses in our sample, discovered by Jacksah e dio can also be caused by interacting AGNs containig dual
(1995). The lens is a spiral galaxy z£0.414, the background AGNs. Observationally, known dual AGNs with1-10-kpc
source is a doubly imaged quasarat1.589 (Fassnacht & Co- scale separations are rare, partly because the periodiosthe
hen 1998). The ICRF2 radio catalogue lists the coordindtesmultaneous activity within the lifetime of the AGNs is prdiha
both the brighter component A and the weaker component &ort. Moreover, it is diicult to confirm their existence due to
separated by’ (e.g. Koopmans et al. 2000; Patnaik & Kemthe high-resolution and sensitive imaging and spectrdscip
ball 2001). Our selection algorithm found an optical coupéet servations required. At present, there is rificeent selection
to component B in SDSS DR9, the one seen very close to thethod to apply for finding firm dual AGN candidates. It re-
lens (Jaunsen & Hjorth 1997). The position angle of our @btic mains to be seen if the significant optical-radio positiatidiér-
radio positional ffset (322 mas towardsNW) is consistent with ence in the case of some radio-loud AGNs found in this paper
the direction of the lensing galaxy and component A. is a good indication of AGN duality. A much larger sample will
be dfered for such a study by th@&aia astrometric catalogue of
extragalactic sources. Once this becomes available, agrnro
(2012) suggests, a future extensive radio interferomstnicey

We performed a case study for directly linking the radio aptiro conducted with the e-MERLIN array in the United Kingdom,
cal reference frames using common objects in the ICRF2 (Fey@'geting elliptical galaxies that host radio-loud AGNsuld re-
al. 2009) and SDSS DR9 (Ahn et al. 2012) catalogues. We fouyRp! displacements. These may arise either from dual AGNs or
optical counterparts for 1297 radio-loud AGNs, practigalll recoiling supermassive black holes that are expelled frioen t
that are located in the SDSS DR footprint in the sky, within @laxy after the coalescence of a binary system (Komossz)201
search radius of’'® around the accurate VLBI-determined po©n a short term, sensitive e-MERLIN imaging of our sample in
sitions. Our overlapping ICRF2-SDSS DR9 sample is free frohable 1, probing the-100-mas scale radio stucture, should be
false identifications. The optical-radio coordinatatiences in able to provide clues for tracking down the causes of sicamitic
right ascension and declination follow normal distribngavith ~ Positional disets between SDSS DR9 and ICRF2. Looking for
fat tails. This allows us to characterize the overall asetinac- Signatures of gravitational lensing or double-peakedavaapti-
curacy of SDSS DR9: both equatorial coordinates of the matdt! emission lines would also require high-quality spesttopic
ing extragalactic objects are in general consistent witbffset Observations of these optically faint sources.
with respect to the ICRF2, with55 mas standard deviation.  acknowledgements. This work is supported by the Hungarian Scientific Re-
We identified 51 AGNs{4% of the sample) for which the search Fund (OTKA K104539) and the grant TAMOP-4.2.2. BE22010-0009.
optical-radio positionalffiset is significant, exceeding 170 maghis research has made use of the NABAC Extragalactic Database (NED)

(~30_)_ We argued that there is an astrophysical cause behind‘jish is operated by the Jet Propulsion Laboratory, Caliéomstitute of Tech-
nology, under contract with the National Aeronautics andcg@pAdministration.

majprlty of thege outlle(s. The presence of Slgmflcamml Funding for the SDSS-Il and SDSS-III has been provided byAlfred P. Sloan
OUt|Ier_S underlines the_ Importance of a careful referems_cse Foundation, the Participating Institutions, the NatioBalence Foundation, the
selection for the precise alignment of the most accurat®ratl.S. Department of Energy fice of Science, the National Aeronautics and
reference frame with the future optical frame to be congtaic Space Administration, the Japanese Monbukagakusho, thePlack Society,
: - and the Higher Education Funding Council for England. Th&SDveb site is
from the mea.surement.s of tmal.a astr_o_metrlc_space telescopehttp://www. sdss.org/, the SDSS-IIl web site iBttp: //www.sdss3.org/,
] Th_e question of optical-radio p0$|t|or)aﬂid!repces was also where the list of the other participating and collaboratingtitutions can be
investigated by Camargo et al. (2011) usingféedent approach, found.
with a smaller sample. They performed accurate relative op-
tical astrometric measurements in the fields around 22 ICRF2
sources. Four of their sources showdtbets relative to their
ICRF2 positions larger than theirZXonfidence levek-80 mas.
Camargo et al. (2011) concluded that these separationstagn Abazajian, K. N., Adelman-McCarthy, J. K., Agiieros, M. At ak 2009, ApJS,
i Lot ; ; 182,543

.exprl]amed. mtlarelfy by Sta]E'St'Cal fluztur?tlons. orr] S%’Ste' I'e'"?;s Ahn, C. P., AlexandrB, R., Allende Prieto, C., et al. 2012, ApJS, 203, 21
In the optical reference frame, and they might be relateeo tajhara H.. Allende Prieto, C., An, D., et al. 2011a, ApJS3,129
relatively more complex VLBI structure of the given quasars Aihara, H., Allende Prieto, C., An, D., et al. 2011b, ApJS5,186 (erratum)

We dfered some viable explanations for the positional outssafin, M., Monken Gomes, P. T., da Silva Neto, D. N., et a0®20AJ, 129,
liers listed in Table 1. As shown for the peculiar quasay b /"o b scniizzi R. T. Miley, G. K., Jigers, W.& Strom, R. G. 1985,
J1526-1351 as an example, the ICRF2 position may refer 10 pg ' 145 243
a bright component farther along the radio jet, and not to tBede, N., Beckmann, V., Douglas, N. G., et al. 1998, A&A, 3889
true VLBI core, which is supposed to be close to the location gecktler, R. |_|\|/| \é/hiétle, Fi- Ld, 8;( Hglfe‘gw% D. JM193951,9A8%J, I\leO%‘;;SBo?

H H H e egeiman, M. C., blantora, R. D., ees, M. J. , Natu&],

the. central supermqsswe blfiCk ho.le' Althoth this sitmais Blanton, M. R., Dalcanton, J., Eisenstein, D., et al. 2001,, 21, 2358
believed to be rare if not unique, firm proof should come froghiton, A. s., Burles, S., Koopmans, L. V. E.. et al. 2008, /482, 964
sensitive, high-resolution multi-frequency VLBI obsetieas of Bourda, G., Charlot, P., & Le Campion, J. F. 2008, A&A, 490340
individual radio reference frame objects, not just typisaap- Boszlaé G., Charlot, P., Porcas, R. W., & Garrington, S. TLBOA&A, 520,
shot Imaging. L. Bourda, G., Collioud, A., Charlot, P., Porcas, R. W., & Gagion, S. T. 2011,
There are three known cases of strong gravitational lensingaga 526, A102
in our sample, nearly 50 times more than expected on statistiBrowne, 1. 2012, Mem. Soc. Astron. Italiana, 83, 925
grounds. For these objects, th#00-mas scaleftsets between Bfol\';ne' . W. A., Wilkinson, P. N., Jackson, N. J. F., et al020MNRAS, 341,
the rad_lo position (Whlch refers to One of th? Iense(_:i Imagad) Camargo, J. I. B., Andrei, A. H., Assafin, M., Vieira-MartjnR., & da Silva
the optical photocentre is not surprising. It is possibkg there Neto, D. N. 2011, A&A, 532, A115

are more gravitationally lensed objects in our sample, imagit Carilli, C. L., Menten, K. M., Reid, M. J., & Rupen, M. P. 199%pJ, 474, L89

6. Conclusions and outlook
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Table 1. List of the 51 optical-radio positional outlier objects.

Short designation Position in radio fi®et in optical my z Type Ref.

RA (J2000.0) Dec (J2000.0) Total RA Dec (lens, source) z

h m s e mas mas mas mag

J0038-2120 00 3829.9547 -212004.023 225 117 192 18.59 0.338 G 1
J00411339 004117.2110 133927.527 348 179298 22.53 G
J0106-3402 010600.2934 340202988 431  428-52 24.05 0.579 G 2
J0106-2539 010610.9690 253930.496 353-119 -333 17.41 0.199 G 2
J0106-0315 01 06 43.2287 -031536.296 207 44 -202 17.65 Q
J0134-0931x 0134 35.6666 —-093102.879 175 36 -172 21.35 (0.765,2.216) G,Q 3,4
J0146+2110 014658.7839 211024.381 277 122248 23.03 Q
J0216-0118 0216 05.6638 —-01 18 03.397 193 -162 -106 18.73 Q
J0216-0105 021612.2119 -010518.826 179 -141 -111 17.68 1.492 G 5
J0334+-0800 033453.3167 080014.419 272-179 -205 22.49 1.982 G 2
J0335-0709 033557.0552 -070955.854 347 329 109 21.86 G
J0414+-0534« 0414 37.7678 053442335 189-189 -1 2272 (0.958,2.639) G,Q 6,7
J043%2037 043103.7614 203734.265 203 168 114 18.04 0.219 G 8
J0435+2532 0435345829 253259.697 249-238 75 20.25 Q
J0523-6007 052311.0082 600745.720 194-43 189 23.02 Q
J0552-0313 055250.1015 031327.243 281220 175 23.14 G
J0644+2911 0644448158 291104.018 264176 197 21.84 G
J0729-1320 072917.8177 -132002.272 448 360 -266 16.68 G
JO736-2954 07 3613.6611 295422186 192 168 94 22.49 Q
JO81#3227 0817 28.5423 322702926 226-85 -210 21.08 G
J08434537 084307.0942 453742897 177 163-71 17.57 0.192 G 5
J0854+6218 085450.5763 621850.191 176-115 -134 18.26 0.267 G 5
J0902-4310 090230.9200 431014.166  228-201 108 20.57 2.41 Q 9
J1006+3454« 1006 01.7503  345410.401 217-180 120 15.09 0.099 G 5
J1022-4239 102213.1323 423925.612 260 259-23 22.59 0.991 G 2
J1033+3935 103322.0610 393551.083 259-259 14 21.45 1.095 G 10
J11506r4332 115016.6027 433205.906 202 183-86 20.94 3.037 Q 11
J1254+0859 1254 58.9577 085947.549 239-230 -65 23.00 G
J13014634« 1301 32.6063  463402.940 202 130-154 16.33 0.206 G 5
J1312-2531 131214.2889 253113.175 336 180 284 23.32 G
J1312-4828 131243.3537 482830.941 411 395112 20.95 0.501 G 2
J13136735 1313279863 673550.382 439 -1 -439 21.92 G
J1414+4554 1414 14.8526 4554 48.720 171164 47 20.16 0.186 G 11
J14406-0127 144033.6470 012705.210 262 262 1 21.06 G
J14511343 145131.4910 134324.001 420 234 349 21.86 G
J1456+5048 1456 08.1197 504836.300 228 212-85 22.87 0.480 Q 12
J1503-0917 150300.8995 091758.983 291290 24 21.98 G
J1506+3730:¢ 1506 09.5300 373051.133 316-237 -209 21.23 0.672 G 13
J1526-1351« 1526 59.4407 -135100.164 192 -78 -176 19.44 1.687 Q 14
J1543-0452 1543 33.9258 045219.320 413  409-58 13.60 0.040 G 5
J16014316:x 16 01 40.5154 431646.477 322-139 291 20.84 (0.414,1.589) G,Q 15
J1603+1554 16 0338.0619 1554 02.355 205 87 185 15.22 0.110 G 5
J1604+1926 16 04 49.9938 192620.942 194 109160 22.36 G
J1625-4134 16 2557.6697  413440.629 259 109 235 22.35 2.55 G 14
J1648-2224 1648 01.5356 2224 33.148 179-23 178 21.70 0.823 G 5
J2052-1619 205243.6199 161948.828 231 229 31 21.82 Q
J2150-1449 215023.6071 144947895 189-38 185 21.84 Q
J22106-0857 221006.0503 085729.564 193-86 173 18.84 G
J2259-0811 225900.6888 -08 11 03.043 235 -231 -41 20.32 1.380 Q 5
J2346+3011 2346 46.2508 301159.249 285 122 258 22.88 Q
J2347-1856 2347 08.6267 —18 56 18.858 244 -205 -134 22.68 G

References. (1) McCarthy et al. (1996); (2) Healey et al. (2008); (3) Hatlhal. (2002); (4) Gregg et al. (2002); (5) Ahn et al. (2018); Tonry &
Kochanek (1999); (7) Lawrence et al. (1995); (8) Wright & @tcek (1990); (9) Hook et al. (1996); (10) Vermeulen & Tayib®95); (11) Falco
et al. (1998); (12) Bade et al. (1998); (13) Carilli et al. 989, (14) Hewitt & Burbidge (1993); (15) Fassnacht & Cohef9q8).
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