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A B S T R A C T 

We observed 20 Palomar–Green quasars at low redshift ( z < 0.5) with total flux density > 1 mJy, including four radio-loud 

quasars (RLQs) and 16 radio-quiet quasars (RQQs), using the Very Long Baseline Array (VLBA) at 5 GHz. 10 RQQs are 
clearly detected in the VLBA images, and a compact radio core is identified in eight of them, indicating the pre v alence of active 
galactic nucleus (AGN)-related radio emission in this flux-density-limited RQQ sample. The RQQs and RLQs in our sample 
have a division at ∼30 mJy. The radio emission from RQQs appears to be the result of a combination of star formation and 

AGN-associated activities. All RQQs in our sample have a 5 GHz flux density ratio of Very Large Array (VLA) A-array to 

D-array f c = S 

VLA 

A 

/S 

VLA 

D 

abo v e 0.2. The RQQs with f a (VLBA and VLA flux density ratio S 

VLBA /S 

VLA 

A 

) > 0 . 2 versus f a < 0.2 

show significant differences in morphology, compactness, and total flux density. f a of RQQs is systematically lower than that of 
RLQs, probably due to the extended jets or relic jets of RQQs on tens to hundreds parsecs that are resolved out in VLBA images. 
Future larger samples, especially with the addition of milliarcsec resolution radio images of RQQs with total flux densities below 

1 mJy, can test the conclusions of this paper and contribute to the understanding of the radio emission mechanism of RQQs, and 

the dichotomy and physical connection between RQQs and RLQs. 

Key words: instrumentation: high angular resolution – methods: observational – galaxies: jets – galaxies: nuclei. 
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 I N T RO D U C T I O N  

sually, quasars are divided into two populations according to the 
adio-to-optical flux density ratio (Kellermann et al. 1989 , 2016 ), the
o-called radio-loudness parameter R = S 5 GHz /S 4000 Å: radio-loud 
uasars (RLQs) and radio-quiet quasars (RQQs). It is now recognized 
hat the radio emission from RLQs is dominated by relativistic jets
e.g. P ado vani et al. 2015 ; Blandford, Meier & Readhead 2019 ).
n contrast to RLQs, the nature of radio emission from RQQs has
emained an open question for decades. In this paper, we adopt the
ame nomenclature as Panessa et al. ( 2019 ), defining collimated 
utflows as jets and extended large-aperture outflows as winds. It has 
een suggested that RQQs may just be scaled-down versions of RLQs 
ith lower jet powers (e.g. Ulvestad, Antonucci & Barvainis 2005 ; 
hite et al. 2015 ; Macfarlane et al. 2021 ), or that the radio emission
 E-mail: wal@shao.ac.cn (AW); antao@shao.ac.cn (TA) 

d  

P
e
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
rom RQQs may come from star formation (e.g. Baum et al. 1993 ;
 ado vani et al. 2011 ; Condon et al. 2013 ; Kellermann et al. 2016 ),
r a mixture of both (Macfarlane et al. 2021 ). Due to the complex
haracteristics and feedback of the active galactic nucleus (AGN), 
s well as the diverse galactic environment, the radio emission of
QQs may come from star formation, accretion disc winds, coronal 
isc emission, lo w-po wer jets, or a combination of some of these
omponents (re vie wed by Panessa et al. 2019 ). 

In RQQs with clear signs of AGN activity observed in optical
nd X-rays, large-scale extended jets or lobes are rarely observed 
nd have only been observed on a few hundred parsecs in a few
ases (Pedlar et al. 1993 ; Carilli, Wrobel & Ulvestad 1998 ; Silpa
t al. 2021 ). A challenging issue in low-resolution (e.g. arcsec scale)
bservations of RQQs is that the total radio flux density obtained is a
ixture of multiple emission sources discussed abo v e and cannot be

irectly linked to the optical and hard X-ray emission from the AGN.
arsec-scale radio emission is closely associated with the central 
ngine, and is therefore crucial for studying AGN physics (accretion 
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nd outflowing) and the interactions between radio sources and host
alaxies (co-evolution of AGN and host galaxies, jet-mode AGN
eedback). 

Very long baseline interferometry (VLBI), with pc or even sub-pc
esolution imaging capacity, enables a clear separation of AGN and
on-AGN radio emission, thus establishing a broad-band co v erage
f AGN emission from radio to hard X-rays, which helps to constrain
he AGN spectral energy distribution (SED) more accurately. In
articular, the VLBI data may help to decompose the SEDs into
GN, torus and host components. Thus, the true AGN luminosity
 L bol ) and accretion rate can be estimated. So far, only a few
QQs have been observed by VLBI (Blundell & Beasley 1998 ;
iddelberg et al. 2004 ; Ulvestad et al. 2005 ; Giroletti & Panessa

009 ; Kl ̈ockner et al. 2009 ; Panessa & Giroletti 2013 ; Herrera Ruiz
t al. 2016 ). Inconsistencies in the observational samples, source
election methods, and observation conditions in these studies render
 systematic VLBI imaging surv e y of RQQs lacking to date, and the
adio emission from RQQs closely related to the central AGN on the
arsec scales is not yet fully understood. 
In this study, we select a sample of RQQs and observe them

ith the Very Long Baseline Array (VLBA) at 5 GHz to obtain
adio images with parsec resolution. 1 The radio morphology
nd brightness temperature derived from VLBI data can directly
istinguish whether the radio emission is from star formation
ctivity or from AGN, and determine what percentage of the radio
mission comes from the AGN contribution. 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

.1 Sample selection 

he proper selection of a representative sample of the RQQ pop-
lation is crucial to reveal the physical nature of the RQQs. Such
 sample needs to have multiple indicators of the AGN emission
haracteristics. Another important factor to consider is that both
he optical and X-ray emission of an AGN contains the emission
rom the host galaxy, and with a fixed angular resolution, the
ecoupling between the AGN and its host galaxy is only possible
n nearby galaxies. Based on these two considerations, low-redshift
 z < 0.5) Palomar–Green (PG) quasars (Schmidt & Green 1983 ;
oroson & Green 1992 ) are the most suitable sample for studying

he multiband astrophysical properties of RQQs. The PG sample has
ich observational data ranging from radio to hard X-rays and is the
est studied bright low- z quasar sample. Moreo v er, PG quasars hav e
 wealth of astrophysical information, including accurate BH masses
ither directly from reverberation mapping or from H β viral masses
e.g. Kaspi et al. 2000 ; Vestergaard & Peterson 2006 ), bolometric
uminosity measurements and multi-band SEDs (e.g. Shang et al.
011 ), morphology and structure of the host galaxies obtained
rom the high-resolution Hubble Space Telescope images (e.g. Kim
t al. 2017 ; Zhao et al. 2021 ), properties of the host galaxy’s gas
nvironment (e.g. Evans et al. 2006 ; Petric et al. 2015 ; Shangguan,
o & Xie 2018 ; Shangguan et al. 2020 ), and star formation rate
easurements (e.g. Shi et al. 2014 ; Xie et al. 2021 ). Therefore,

orrelations of the AGN radio luminosity with the black hole mass
nd accretion rate can be established. 

Among the 87 PG quasars at z < 0.5, there are 16 RLQs and
1 RQQs. Since most of these samples have no previous VLBI
NRAS 518, 39–53 (2023) 

 Throughout, we adopt the following cosmological parameters: H 0 = 71 km 

 

−1 Mpc −1 , �� 

= 0 . 73, and �m 

= 0.27. At a redshift of 0.1, an angular size 
f 1 mas corresponds to a projected linear size of 1.8 pc. 

B  

w  

2

bservations, in our first experiment, we selected 16 RQQs with
LA core flux densities greater than 1 mJy at 5 GHz. Future
bservational studies can be extended to the weaker radio sources
n the optically selected quasar sample. We included four RLQs
or which no VLBI data were available, and also collected archive
LBI data for the remaining 12 RL PG quasars, so that we have
 complete sample of RL PG quasars at z < 0.5 as a control
ample for a comparative study of the radio emission properties
f RLQs and RQQs. Details of the present sample are given in
able 1 . 

.2 VLBA obser v ations 

he observations were carried out in 2015 August using the VLBA
f the National Radio Astronomy Observatory of the US using all 10
elescopes. To facilitate scheduling and to obtain an optimized ( u,v )
o v erage, we divided the 20 sources into three groups according
o their right ascension (RA) distribution. The observations were
ade at 5 GHz in a dual-circular polarization mode with a data

ecording rate of 2 gigabits per second. The data were recorded in
ight intermediate frequency (IF) channels, each 32 MHz wide. Due
o the weakness of radio-quiet PG quasars, we used phase-referencing
ith ‘calibrator (1.5 min) - target (3.5 min)’ cycles. The four radio-

oud PG quasars themselves are bright enough for fringe searching
nd self-calibration. 14 snapshot scans were performed for each
QQ, with an ef fecti ve time of ∼50 min for each source. The typical
aseline sensitivity is 1.7 mJy for a 30-s integration time allowing
or a signal-to-noise ratio greater than 50 in the fringe search of the
alibrators. The thermal noise of an image for 50 min on-source time
s expected to be ∼0.025 mJy beam 

−1 . 2 The actual image noise is a
actor of 0.8–1.4 of this theoretical noise estimate (see Table 1 ) due
o various factors, such as coherence loss in the phase-referenced
bserv ations, insuf ficient (u,v) co v erage in snapshot mode de grading
he image quality, and a part of the source emission being resolved
nd contributing to the apparent noise. The observational data were
orrelated using the DIFX software correlator (Deller et al. 2011 ) at
ocorro with an averaging time of 2 s, 128 frequency channels per
F, and uniform weighting. 

.3 Data reduction 

he correlated data were downloaded to the China Square Kilometre
rray Regional Centre (An, Wu & Hong 2019 ) via the internet for

urther calibration and imaging. The data calibration was done using
 pipeline that we developed using PYTHON and P ARSEL TONGUE (An
t al. 2022 ), which calls programs integrated in the Astronomical
mage Processing System ( AIPS; Greisen 2003 ) and e x ecuted in a
cripted manner. 

We first applied ionospheric corrections to the visibility data
sing the VLBATECR task, which applied the Global Positioning
ystem (GPS) models of the electron content in the ionosphere to
orrect for the dispersive delays. Then, we corrected the sampler
oltage offsets with the autocorrelation data using the task ACCOR.
mplitude calibration was conducted using the information extracted

rom the gain curve (GC), system temperature (TY), and weather
WX) tables for all antennas to correct the atmospheric opacity.
 phase correction for parallactic angle effects was carried out
efore any other phase corrections were made using task VL-
APANG. The instrumental single-band delay and phase offsets
ere corrected using 2-min observational data of the calibrators
 ht tps://science.nrao.edu/facilit ies/vlba/docs/manuals/oss 

https://science.nrao.edu/facilities/vlba/docs/manuals/oss
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Figure 1. Images of calibrators in our VLBA observations. 
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C 84, 4C 39.25, and 3C 345. Throughout the calibration procedure,
e used the Pie Town (PT) telescope as the reference antenna.
lobal frequency- and time-dependent phase error solutions were
erived from the phase-referencing calibrators using the global
ringe fitting with a 2-min solution interval and a point source
odel (Cotton 1995 ) by av eraging o v er all the IFs. We then applied

hese solutions derived from the calibrators and interpolated them
nto their corresponding target sources. Next, we calibrated the
andpass shape of each telescope. Finally, we applied all calibra-
ion solutions to the data and exported the single source files by
veraging all the channels in each IF and averaging the data o v er
 min. 
The visibility data of calibrators were imported into DIFMAP

oftware package (Shepherd 1997 ) for self-calibration and imaging.
n DIFMAP , we followed the hybrid mapping method (Pearson &
eadhead 1984 ) by running a loop of Fourier transform imaging
nd deconvolution (so-called CLEAN), phase and amplitude self-
alibration on the phase calibrators. The time interval of the ampli-
ude self-calibration was gradually reduced from 90 to 1 min. The
nal CLEAN images of phase-reference calibrators were obtained
s shown in Fig. 1 . 
NRAS 518, 39–53 (2023) 
The well-calibrated FITS files of the phase calibrators were then
oaded back to AIPS and were applied again in a global fringe fitting
rocess. This step may solve the extra phase errors introduced by
he core-jet structure of phase calibrators themselves (see Fig. 1 ).
xcept for J1353 + 6324 and J1609 + 2641, the rest of the sources
ll show either an unresolved core or a ‘core + one-sided’ jet
orphology. Their radio structures are consistent with the radio

ontinuum properties of the general flat-spectrum radio-loud quasars
r blazars. J1353 + 6324 displays a complex core and two-sided jet
orphology. The southernmost and northernmost jet knots are more

han 100 mas apart. The southern jet is much longer and brighter. The
outhernmost clumps are aligned along a direction perpendicular to
he southern jet. The 2.3-GHz VLBI archive image in the astrogeo
ata base 3 reveals a jet extending continuously from the core to the
outhernmost tip, with a sharp bend of more than 90 ◦ at the end
f the jet. J1609 + 2641 shows two compact components with an
ngular separation of about 50 mas between them. In the 5-GHz
LBI image, both components show an edge-brightening brightness

art/stac3091_f1.eps
http://astrogeo.org
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istribution and compact morphology, consistent with the definition 
f Compact Symmetric Object (CSO) source (Phillips & Mutel 1982 ; 
earson & Readhead 1988 ; Gugliucci et al. 2005 ; An et al. 2012 ). Due

o the complex radio structures of J1353 + 6324 and J1609 + 2641, we
arefully mapped them and used their CLEAN models as the input 
odel for fringe fitting, which eventually calibrated the phase error 
ell and successfully resulted in the detection of the corresponding 

arget sources (i.e. PG 1351 + 640 and PG 1612 + 261). Moreo v er,
he calibration factors for the visibility magnitude were obtained 
rom the calibrator data and applied to the target source data. These
mplitude calibration factors are in the range of 0.9–1.1, indicating 
hat the typical uncertainty in the visibility magnitude calibration is 
bout 10 per cent. 

 PARSEC-SC A LE  M O R P H O L O G Y  

.1 Radio-quiet quasars 

f the 20 target sources, all four RLQs are detected, and 10 of the 16
QQs are successfully detected. Images of the 10 RQQs are shown 

n Fig. 2 , and image parameters are tabulated in Table 1 . According
o the 5-GHz VLBA images and the position of the optical nucleus
n the radio structure, the morphology of these RQQs in our sample
an be divided into four classes: single core, one-sided jet, two-sided 
et, and complex structure. 

Six RQQs (PG 0921 + 525, PG 1149-110, PG 1216 + 069, PG
612 + 261, PG 1700 + 518, and PG 2304 + 042) show a single
ompact component at or close to the optical nucleus. The minimum 

rightness temperature of these components range from 3.23 × 10 7 

o 1.79 × 10 8 K, typical of non-thermal origin. The compact structure
n the nuclear region (0.5–1.1 pc) and high brightness temperature 
llow them to be identified as the radio cores. 

PG 0003 + 199 (Mrk 335) displays a stripe structure which is
esolv ed into sev eral clumps along the northeast–southwest direction 
ith an extent of about 32 mas (17 pc). The optical nucleus is asso-

iated with the central component, which is the most compact and 
rightest component in the VLBA image. It is classified as ‘a core +
wo-sided jet’ morphology. Our image is consistent with the 1.5-GHz 
LBA image obtained by Yao et al. ( 2021 ). The difference is that
ur image has a higher resolution and focuses more on the compact
et knots; Yao et al.’s image reveals a more extended structure. 

PG 1351 + 640 shows two compact components separated by ∼6 
as ( ∼10 pc), resembling a CSO (Phillips & Mutel 1982 ; Peck &
aylor 2000 ; Gugliucci et al. 2005 ; An & Baan 2012 ). Ho we ver, the
roximity of the optical nucleus to the southeast component leads us
o identify it as a ‘core + one-sided jet’ structure. 

The two remaining sources (PG 0050 + 124 and PG 0157 + 001)
how a complex radio emission structure with multiple discrete weak 
omponents lacking a direct connection between them in the present 
mages. Three components are on the same side of the Gaia position
f PG 0050 + 124 (I Zw 1), one of which is close to the optical
ucleus. Alhosani et al. ( 2022 ) have recently published 1.4 and
 GHz VLBA images of eight RQQs, among which the 5-GHz 
mage of PG 0050 + 124 is very similar to our results, and their
.4-GHz VLBA image shows a more extended emission structure 
longated along the east-west direction. The brightest component in 
G 0157 + 001 is clearly away from the optical peak and obviously
annot be associated with the radio core. Deeper VLBA images of
G 0157 + 001 at lower frequencies are required to reveal its radio
tructure. Possible explanations for these knotty morphologies of PG 

050 + 124 and PG 0157 + 001 are a resolved jet (e.g. 3C 216: An
t al. 2013 ), disrupted jet (e.g. 3C 48 in An et al. 2010 ), or hotspots
ue to jet collisions with the interstellar medium (e.g. NGC 3079 in
iddelberg et al. 2007 ). 
Of the 10 RQQs detected in our observations, nine RQQs have

reviously reported VLBI observations (see details also in the notes 
f individual sources in Section 5 ): PG 0003 + 199 (Mrk 335, Yao
t al. 2021 at 1.5 GHz), PG 0050 + 124 (Alhosani et al. 2022 at 1.4
nd 5 GHz), PG 0921 + 525 (Mrk 110, Doi et al. 2013 at 1.7 GHz,
anessa et al. 2022 at 5 GHz), PG 1149 −110 (Alhosani et al. 2022
t 1.4 and 5 GHz), PG 1216 + 069 (Blundell & Beasley 1998 at
.4 GHz, Ulvestad et al. 2005 at 1.4 and 5 GHz), PG 1351 + 640
Ulvestad et al. 2005 at 1.4 and 5 GHz), PG 1612 + 261 (Alhosani
t al. 2022 at 1.4 GHz), PG 1700 + 518 (Yang et al. 2012 at 1.7 GHz),
nd PG 2304 + 042 (Alhosani et al. 2022 at 1.4 and 5 GHz). The
LBI image of PG 0157 + 001 was obtained for the first time. 
High-resolution VLBI imaging is an ef fecti ve way to determine

he physical nature of compact radio components. Using the VLBA 

bservables (flux density and source size), we calculated the bright- 
ess temperatures ( T b ) of the radio core, all � 10 7 K (Table 2 ). Since
he measured component size of RQQ from the VLBA image is an
pper limit, the resulting brightness temperature represents a lower 
imit. The high values of T b rule out a thermal origin of the radio
omponents (Condon 1992 ; Blundell & Beasley 1998 ). As a com-
arison, we also calculated the radio core brightness temperatures of 
6 RL PG quasars with z < 0.5. All RLQs have T b > 10 9 K, and
ome ev en e xceed the Compton catastrophe brightness temperature 
imit (Kellermann & P aulin y-Toth 1969 ; Readhead 1994 ), indicating
 very strong relativistic beaming effect of these jets. 

Of the six undetected RQQs, only PG 0923 + 129 has reported 1.7-
Hz VLBI observations (Doi et al. 2013 ), but that detection remains
oubtful (see discussion in Section 6 ). 
The 5 GHz VLA-A flux density ( S VLA 

A ) of these six VLBA-
ndetected sources is below 2 mJy (Table 1 ). Our VLBA observations
ere made in snapshot mode, and the average noise level of the

mages is ∼0.026 mJy beam 

−1 . A firm VLBA detection would
equire a compact component with at least 0.125 mJy ( ≥5 σ ). The
on-detection suggests that the percentage of compact radio core/jet 
n these RQQs is less than 6–10 per cent. Future VLBA observations
ith higher sensitivity are needed to explore their weak pc-scale jets.
imilarly, the ratio of the VLA flux densities obtained in different ar-
ay configurations ( f c = S VLA 

A /S VLA 
D ; Kellermann et al. 1989 , 1994 )

t the same frequency of 5 GHz does not show a systematic low f c for
our undetected sources by our VLBA observations (PG 1116 + 215,
G 1448 + 273, PG 1534 + 580, and PG 2130 + 099; Fig. 6 ). Except
or a very few sources (accounting for 12.5 per cent) with f c smaller
han 0.5, the vast majority of RQQs in our sample have f c larger
han 0.5, indicating that, in these brightest RQQs selected by flux
ensity limit of > 1 mJy, the radio flux is mainly from within about
 kpc (corresponding to the VLA A-array resolution). Therefore, it 
s possible that intrinsic differences in the radio emission structure 
n parsec scales and sub-kpc scales lead to differences in the VLBA
mages of RLQs and RQQs. One possibility is that extended jets or
elic jets of RQQs on tens to hundreds of pc scales are resolved out in
he VLBA images. Another possible source of the resolved emission 
n RQQs is the accretion disc wind that could e xtend o v er sev eral
arsec distances. The farthest outer boundary that the wind can reach
s still an interesting topic worth exploring. 

.2 Radio-loud quasars 

he VLBA images of four RLQs from our sample are presented
n Fig. 3 . Fig. 4 shows the VLBA images of 12 RLQs collected
rom the VLBI data archive. We chose the archi v al data closest
MNRAS 518, 39–53 (2023) 
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Figure 2. VLBA images of RQQs at 5 GHz. Images of undetected sources are not shown here. The observation date, peak intensity, and root mean square noise 
level for each source are shown at the bottom left corner of each map. The image parameters are referred to Table 1 . The cross in each panel centre marks the 
position of the Gaia DR3 optical nucleus (Gaia Collaboration 2022 ). The grey ellipse in the bottom right corner represents the shape of the restoring beam. 
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o the time of our VLBA observations and compared the selected
mage with those from other epochs of this source to ensure
mage fidelity. Nevertheless, we can obtain fairly high-quality
mages by using self-calibration and hybrid-mapping technique
Pearson & Readhead 1984 ) due to the high brightness and strong
ignal-to-noise ratio of these RLQs. 

All four RLQs in Fig. 3 show a morphology consisting of a
ompact core and a one-sided jet. The radio core contributes the
NRAS 518, 39–53 (2023) 
ajority of the total flux density. The position of the optical nucleus
btained from the Gaia surv e y (Gaia Collaboration 2022 ) is very
lose to that of the radio core. 

 R A D I O  EMI SSI ON  F RO M  R Q Q S  

here are two main sources of radio emission from RQQs: (1) star
ormation activity, and (2) AGN-associated activity, including jets,

art/stac3091_f2.eps
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Table 2. Radio properties of the PG quasar sample in this paper. Column (1) source name, (2) total flux density observed 
with VLBA at 5 GHz, (3) the flux density ratio f a = S VLBA / S VLA 

A , S VLA 
A measured by VLA A-array from Kellermann et al. 

( 1989 ), (4) the flux density of the core component, (5) component size (full width at half-maximum of the fitted Gaussian 
component), (6) brightness temperature of the core component, (7) monochromatic radio luminosity of VLBA at 5 GHz. 

Name S VLBA f a S VLBA 
core θVLBA 

core log( T b ) log(P VLBA ) 
(mJy) (mJy) (mas) log(K) log(W Hz −1 ) 

(1) (2) (3) (4) (5) (6) (7) 

VLBI-detected RQQs 
PG 0003 + 199 1 .06 0 .35 0.23 ± 0.02 1 .11 ± 0.33 6 .97 ± 0.60 21.20 
PG 0050 + 124 ∗ 0 .55 0 .31 ... ... ... 21.67 
PG 0157 + 001 ∗ 0 .99 0 .18 ... ... ... 22.82 
PG 0921 + 525 1 .05 0 .56 1.04 ± 0.10 0 .93 ± 0.06 7 .78 ± 0.16 21.45 
PG 1149 −110 0 .33 0 .33 0.32 ± 0.03 < 0.47 > 7.87 21.25 
PG 1216 + 069 1 .25 0 .25 1.20 ± 0.12 0 .77 ± 0.05 8 .12 ± 0.16 23.59 
PG 1351 + 640 5 .32 0 .27 1.98 ± 0.20 0 .28 ± 0.02 9 .13 ± 0.19 22.98 
PG 1612 + 261 0 .19 0 .11 0.19 ± 0.02 < 0.56 > 7.51 21.90 
PG 1700 + 518 1 .35 0 .66 1.17 ± 0.12 0 .64 ± 0.04 8 .25 ± 0.15 23.50 
PG 2304 + 042 0 .58 0 .53 0.54 ± 0.05 0 .58 ± 0.07 7 .91 ± 0.27 21.36 

VBI-non-detected RQQs 
PG 0923 + 129 < 0 .081 < 0 .01 ... ... ... ... 
PG 1116 + 215 < 0 .078 < 0 .04 ... ... ... ... 
PG 1211 + 143 < 0 .075 < 0 .09 ... ... ... ... 
PG 1448 + 273 < 0 .081 < 0 .06 ... ... ... ... 
PG 1534 + 580 < 0 .075 < 0 .04 ... ... ... ... 
PG 2130 + 099 < 0 .084 < 0 .06 ... ... ... ... 

RLQs from this paper 
PG 1004 + 130 29 .46 1 .09 27.80 ± 2.78 0 .12 ± 0.01 11 .08 ± 0.11 24.66 
PG 1048 −090 52 .30 0 .99 29.54 ± 2.95 0 .22 ± 0.03 10 .62 ± 0.29 25.25 
PG 1425 + 267 33 .75 0 .82 23.01 ± 2.30 0 .69 ± 0.02 9 .51 ± 0.11 25.11 
PG 1704 + 608 7 .21 0 .90 7.11 ± 0.71 1 .58 ± 0.06 8 .28 ± 0.13 24.46 

RLQs from archive 
PG 0003 + 158 x 152 .31 1 .17 116.06 ± 11.61 0 .27 ± 0.02 10 .58 ± 0.17 25.97 
PG 0007 + 107 144 .43 0 .96 144.43 ± 14.44 0 .13 ± 0.01 11 .76 ± 0.20 24.43 
PG 1100 + 772 x 64 .82 0 .85 72.66 ± 7.27 0 .24 ± 0.02 10 .42 ± 0.19 25.25 
PG 1103 −006 125 .36 1 .66 106.58 ± 10.66 1 .04 ± 0.12 9 .97 ± 0.25 25.83 
PG 1226 + 023 23701 .53 0 .90 4694.79 ± 469.48 < 0.08 > 13.75 27.16 
PG 1302 −102 446 .98 0 .57 445.98 ± 44.60 < 0.04 > 13.32 26.00 
PG 1309 + 355 x 47 .47 0 .93 46.32 ± 4.63 0 .14 ± 0.02 10 .64 ± 0.27 24.61 
PG 1512 + 370 x 54 .14 0 .88 47.91 ± 4.79 0 .51 ± 0.09 9 .62 ± 0.36 25.33 
PG 1545 + 210 36 .96 1 .16 26.78 ± 2.68 0 .14 ± 0.02 11 .03 ± 0.33 24.85 
PG 2209 + 184 x 175 .01 0 .63 189.29 ± 18.93 0 .19 ± 0.02 10 .96 ± 0.23 24.29 
PG 2251 + 113 x 45 .27 22 .64 40.94 ± 4.09 0 .38 ± 0.06 9 .79 ± 0.34 25.11 
PG 2308 + 099 x 84 .76 0 .97 87.33 ± 8.73 0 .26 ± 0.02 10 .49 ± 0.20 25.68 

Note. The core is identified as the VLBI component close to the optical nucleus position. For those without 5 GHz VLBA 

data, we use 8.7-GHz VLBA images instead to obtain their radio structure; they are marked with x . Their total flux densities 
at 5 GHz (Column 2) were estimated from the total flux densities in S and X bands, and the values in Columns 4–6 come from 

model fitting of the X -band VLBA data. The two RQQs (PG 0050 + 124 and PG 0157 + 001) marked with an asterisk lack an 
identifiable core, so their parameters are not showed here. For the PG quasars (PG 1149 −110, PG 1612 + 261, PG 1226 + 023, 
and PG 1302 −102), their fitted Guassian size were consistent with to a point source, so upper limit of the component sizes 
were used in place of them (Lobanov 2005 ). Considering our limited resolution capability, the core size of RQQs in column 
5 is actually an upper limit, and the real value is smaller than the one obtained by the model fitting; therefore, the brightness 
temperature in column 6 can be regarded as a lower limit. 
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ccretion disc winds, or magnetized coronas. The main morpholog- 
cal difference between the two is the degree of compactness: star
ormation can occur o v er galactic scales; in contrast, AGN-related 
adio emission is usually concentrated to much smaller scales located 
n the inner galactic region. The resolution of VLA D-array at 5 GHz
s ∼18 arcsec, generally co v ering the whole galaxy. The VLA-A
esolution at 5 GHz is 0.5 arcsec, corresponding to physical sizes of
bout 0.9 kpc at z = 0.1 and 3 kpc at z = 0.5, respectively. So the ratio
f S VLA 

A to S VLA 
D can be used as a rough indicator of how compact a

adio source is on the kpc scale. Here, we use f c = S VLA /S VLA , the
A D 
atio of the 5 GHz flux densities obtained from the VLA A-array to
LA D-array, the same definition as that adopted in Kellermann et al.

 1989 , 1994 ). The VLA data are also obtained from these papers. 
Fig. 5 shows the histogram of the core brightness temperature 

f RQQs and RLQs. It clearly displays a bimodal distribution. The
eak of T b of RQQs is located around 10 8 K, which far exceeds
he brightness temperature for star formation (Condon 1992 ), ruling 
ut the possibility of a thermal origin of their radio emission. The
eak of RLQs is close to 10 11 K, and the brightness temperatures of
he few brightest RLQs exceed the energy-equipartition brightness 
MNRAS 518, 39–53 (2023) 
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Figure 3. 5 GHz VLBA images of RLQs in our sample. The image parameters are referred to Table 1 . The cross in each image centre indicates the position of 
the Gaia optical nucleus. The grey ellipse in the bottom right corner represents the shape of the restoring beam. 

Figure 4. VLBI images of 12 z < 0.5 radio-loud PG quasars not included in our sample. The images are obtained from astrogeo VLBI archive. Image parameters 
are labelled in each panel and also referred to Table 1 . 
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emperature limit (Kellermann & P aulin y-Toth 1969 ; Readhead
994 ), exhibiting highly relativistic beaming effects. Although both
 b and R show a bimodal distribution, the R parameter is susceptible

o contamination by the host galaxy emission in optical (more
evere in nearby low-luminosity AGN; e.g. Ho & Peng 2001 ),
eading to ambiguous and contro v ersial physical interpretation of the
onventional R parameter. T b is strongly correlated with the presence
r absence of an AGN core, therefore the bimodal distribution of T b 

learly distinguishes between RQQs and RLQs. 
Fig. 6 shows f c versus S VLA 

D 

. Two of our 16 RQQs (PG 0923 + 129
nd PG 1211 + 143) were not detected in the VLA A-array observa-
ions. Thus we only include data points from 14 RQQs. Data points
f 16 RLQs with z < 0.5 are also included for comparison. 
As can be seen in the left-hand panel of Fig. 6 , the total flux

ensities of RQQs and RLQs in this sample have a clear dividing
ine at about 30 mJy. This dividing flux density corresponds to a
NRAS 518, 39–53 (2023) 
adio luminosity of L 5GHz = 1.4 × 10 42 erg s −1 (or a radio power of
.8 × 10 25 W Hz −1 ) at z = 0.5, which could be an upper limit
f radio luminosity for RQQs. This division line can vary due
o differences in observing frequency, observation configurations,
edshift, and sample selection; for example, the division line here
s slightly different from other studies in the literature. However,
hey all manifest that RLQs and RQQs have different radio emission
roperties. A source that exceeds this radio luminosity threshold
ust hav e dev eloped a powerful jet. This radio power boundary

lso coincides with the division between FRII and FRI galaxies (see
g. 1 of An & Baan 2012 ). In the luminosity–size diagram of radio
alaxies, RQQs occupy considerable parameter space and represent
 radio source population that has not yet been studied in depth
Hardcastle & Croston 2020 ). 

The f c of RQQs is distributed in the range of 0.28–1.50, indicating
hat a significant fraction or even most of the radio emission comes

art/stac3091_f3.eps
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Figure 5. The distribution of brightness temperatures of core components 
(Column 6 in Table 2 ) for 24 PG quasars, including 8 RQQs and 16 RLQs. 
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rom the inner 1 kpc region. The resolution of 5 GHz VLA-A is not
ufficient to distinguish whether RQQs are nascent and/or short-lived 
ets (e.g. Nyland et al. 2020 ) or nuclear starbursts (e.g. Condon 1992 ).
hree RQQs (PG 1216 + 069, PG 1351 + 640, and PG 2304 + 042)
av e f c abo v e 1.0 due to their variability (see also discussion in
ection 5 ), and their radio structures must be very compact ( < pc
cales). 

The f c of RLQs is distributed o v er a wide range of 0.004–1, which
s related to the various types of jet structures. Eight RLQs have
 c < 0.2, they are: PG 1004 + 130, PG 1048 −090, PG 1100 + 772,
G 1103 −006, PG 1512 + 370, PG 1545 + 210, PG 1704 + 608, and
G 2251 + 113. The kpc-scale morphology of all these galaxies is
lassified as F anaroff–Rile y type II (FRII, Fanaroff & Riley 1974 )
adio galaxies, which have a weak radio core but prominent lobes. 
LQs with f c > 0.2 show a clear core dominance in the VLBA

mages, and most of them are classified as flat-spectrum radio 
uasars. The high f c of these RLQs indicate that the y hav e an intrinsic
ature of compact emission. As the PG sample is optically selected 
uasars, all belong to Type 1 objects, which according to the AGN
nified model have jets with a viewing angle of no more than 40 ◦

o the line of sight, while blazars with highly relativistic beamed 
ets have a viewing angle of no more than 10 ◦. This implies that
he probability of observing a blazar in a quasar sample is about
.4 per cent. In our sample of 16 RLQs, there is only one obvious
lazar, the brightest quasar in this sample, PG 1226 + 023 (3C 273),
orresponding to a fraction of 6.3 per cent which is very close to the
robability analysed abo v e. 3C 273 is located in the top right corner of
ig. 6 , a region occupied by highly relativistic jetted quasars. Adding
ore blazar samples helps to determine the distribution range of this

lazar region. 
The right-hand panel of Fig. 6 shows a sketch of the inferences ob-

ained from the f c –S VLA 
D 

relationship. It shows four zones representing 
QQs with compact kpc-scale radio structure (yellow coloured), 
LQs with relativistic jets (blue), RLQs with extended kpc-scale 

ets/lobes (green), and RQQs without well-defined sub-kpc-scale jets 
grey) are shown separately. We should note that the data points in
his paper do not yet co v er all the parameter space. For example, the
egion of f c < 0.2 and S VLA 

D 

< 30 mJy may be occupied by RQQs with
isrupted jets or outflows on sub-kpc scales or extended starbursts; 
he further to the lower left, the weaker the AGN activity. Sources in
his region lack bright compact radio sources and thus require high- 
ensitivity (tens of μJy beam 

−1 ) mapping on sub-arcsec scales, e.g. 
-MERLIN (Baldi et al. 2018 , 2021 ). On the other hand, the zone to
he right of the green-coloured region, i.e. f c < 0.2 and S VLA 

D > 1 Jy,
hould be dominated by giant extended radio galaxies. Since the radio 
mission is dominated by the optically thin synchrotron emission 
rising from radio lobes, it is more likely that these sources will be
etected in low-frequency radio surveys. For example, a sample of 
 1 Jy radio galaxies detected (White et al. 2020 ; White 2020 ) in

he GaLactic and Extragalactic All-sky Murchison Widefield Array 
GLEAM) surv e y (Hurle y-Walker et al. 2017 ) are e xpected to be
ocated in this regime. 

Fig. 7 shows the correlation between f a ( = S VLBA /S VLA 
A ) and S VLA 

A .
here are two RQQs (PG 0923 + 129 and PG1211 + 143) without
 

VLA 
A , so we used S VLA 

D instead. As we know from Fig. 6 , the radio
ux density ratio f c = S VLA 

A /S VLA 
D 

of RQQs has a median value
f f c ∼ 0.7, so substituting S VLA 

A with S VLA 
D in these two sources

hould not change our interpretation significantly. The ‘tongue’ that 
xtends downward from RLQs with highly relativistic jets in Fig. 6
isappears in Fig. 7 because the extended lobes of FRIIs are resolved
n the VLA A-array images, leaving only the central radio cores, that
esults in the data points shifting upward along the f a axis. RLQs
ave typically a compact core or a core + one-sided jet on parsec
cales (Figs 3 and 4 ). Fig. 7 shows a dividing line around f a =
.2 between VLBA-detected and VLBA-non-detected RQQs, which 
isplay different radio properties. At f a > 0.2, RQQs preferentially 
ave compact radio cores (see Fig. 2 ). In the RQQs with f a < 0.2, the
adio core is either not prominent (e.g. PG 1612 + 261), or the radio
mission primarily comes from extended disc winds but not from 

ets (e.g. PG 0157 + 001), which are heavily resolved in the VLBA
mages. The radio morphology of the less compact (lower f a ) RQQs
acks clear indications of collimated jets and usually shows disrupted 
ets or knotty structures probably resulting from the collision of 
xtended jets/outflows with the interstellar medium (an example of 
uch a disrupted jet is seen in PG 0050 + 124 (Mrk 1502) in Fig. 2 )
r AGN winds (e.g. PDS 456 in Yang et al. 2021 ). Therefore, f a =
.2 can be considered as a dividing line for the presence of compact
uclear radio structure in RQQs. This dividing line might depend 
n S VLA 

A , i.e. it is not necessarily a horizontal line but possibly an
nclined line; it is also related to the observing frequency and redshift
f the selected sample. The compact nuclear radio source may be
ssociated with the jet or the corona. Radio emission from RQQs
ith f a < 0.2 is either in the form of accretion disc wind with a

arge opening angle, or starbursts in the central region of the host
alaxy. 

Another dividing line appears around f a = 0.55, which distin- 
uishes the compact RQQs from RLQs. At f a > 0.55, all the quasars
n our sample have high brightness temperatures (2–4 orders of 
agnitude higher than those of RQQs) and bright radio cores (with

adio monochromatic luminosities � 10 24 W Hz −1 ). More than half
f RLQs in the sample show compact and collimated jets, and the
emaining unresolved radio cores would hopefully be resolved in 
igher resolution images. While for RQQs with f a < 0.55, they lack
owerful jets, which are somewhat similar to the weak and frustrated
SOs (An & Baan 2012 ); these sources are difficult to develop large-

cale ( > a few kpc) jets, and the choked jets impose strong radio
eedback to the host galaxies. Similar to the f a = 0.2 division, the
 a = 0.55 dividing line may also be affected by selection effect (e.g.
he flux density limit S VLA 

A , redshift, observing frequency). More data
re required to further verify the shape of the dividing line, especially
hether RLQs extend into the f a < 0.55 regime. 
Although the data points used in this paper are not numerous

nough to co v er all parameter space, it does reveal three distinctly
ifferent zones in the f a − S VLA 

A diagram. 
Subsequent work, including more data, will provide more stringent 

onstraints on the scopes of these zones. 
MNRAS 518, 39–53 (2023) 
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Figure 6. Flux density ratio f c = S VLA 
A /S VLA 

D versus S VLA 
D , where S VLA 

A and S VLA 
D are flux densities measured by the VLA at A-rray and D-array configurations, 

respectively, which are obtained from Kellermann et al. ( 1989 , 1994 ). The four undetected RQQs marked with solid pink circles have been detected by VLA 

but not by VLBA. Error bars are not shown because the error of f c is tiny. 

Figure 7. Flux density ratio f a = S VLBA /S VLA 
A versus S VLA 

A , where S VLA 
A and S VLBA are flux densities measured by the VLA A-rray and the VLBA. The VLA 

data are obtained from Kellermann et al. ( 1989 , 1994 ). The VLBA data are from this paper and astro g eo VLBI archiv e. F or those without 5 GHz VLBI data in 
the archive, we use their 2.3 and 8.4 GHz VLBI data to interpolate to estimate 5 GHz flux densities. PG 2251 + 113 is not presented in the image because its f a 
value of 22.64 is too large. The triangle symbols mark the six RQQs which are not detected by VLBA. 
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In the region of f a < 0.2, S VLA 
A < 30 mJy, it should be occupied

y starburst galaxies and RQQs with disrupted jets and disc winds
n parsec scales. When S VLA 

A < 0 . 1 mJy, we believe that both jets
nd starbursts are no longer dominant, and that normal galaxies
ith relati vely lo wer star formation rates, spiral galaxies, and dwarf
alaxies are expected to be found in this regime. 

The bottom right corner of Fig. 6 is occupied by large-sized
xtended radio sources (FRIIs). Ho we ver, the extended lobes of these
alaxies are resolved in VLA A-array images, with only the FRII
ores remaining. So f a of these large-scale RLQs are shifted upward
nto the blue-coloured region in Fig. 7 , leaving a void in this region
f Fig. 7 . It is possible that sources in this region are dominated by
xtremely diffuse radio emission and lack AGN activity and jets.
 or e xample, we hav e mark ed in Fig. 7 the positions of tw o nuclei
f the well-known ultraluminuous infrared galaxy Arp220, where
he VLBA flux densities are the sum of the observ ed superno v e and
upernova remnants in two nuclear regions (Baan & Irwin 1995 ;
onsdale et al. 2006 ; Parra et al. 2007 ). There has been rich evidence
howing that its radio emission originates from starburst activity,
nd no clear evidence of AGN in the two merging galaxies has been
ound so far. On the other hand, few (if any) RQQs have been found
n the region where f a < 0.2, S VLA 

A > 30 mJy. 
The position of a radio source in Fig. 7 can be changed with the

mission state. When radio flares occur, RLQs located in the blue-
oloured region will move upward to the right. Similarly, some RQQs
ocated in the transition zone between the compact RQQs (yellow
one) and RLQs (blue region) also mo v e upward to the right in flare
tages, when the y behav e like a blazar, such as III Zw 2 (F alcke et al.
001 ; Brunthaler et al. 2005 ) and Mrk 231 (Reynolds et al. 2013 ;
ang et al. 2021 ). RQQs without powerful jets located in the grey-
NRAS 518, 39–53 (2023) 
oloured region, under peculiar conditions such as tidal disruption
vents (TDEs), may have a dramatic increase in f a and flux density
nd enter into the jetted RQQ region (yellow region) or even the RLQ
egion (blue region). 

 I N D I V I D UA L  DETECTED  S O U R C E  

ROPERTIES  

.1 PG 0003 + 199 (Mrk 335) 

G 0003 + 199 (Mrk 335) is a lo w-luminosity narro w-line Seyfert
 galaxy at z = 0.025785 (Huchra, Vogeley & Geller 1999 ). The
lack hole mass of Mrk 335 is ∼10 7 M � (Peterson et al. 2004 ; Du
t al. 2014 ), putting this AGN in a super-Eddington accretion state
Wang et al. 2013 ). The X-ray flux of Mrk 335 hav e e xhibited strong
ariability (Grupe et al. 2008 , 2012 ; Gallo et al. 2018 ; Komossa
t al. 2020 ; Tripathi et al. 2020 ). Observations at radio wavelengths,
specially high-resolution imaging before and after large X-ray
ares, can help to reveal the jet structure in the heart of the galaxy
nd the correlation between the jet and the X-ray variability. 

The recent 43-GHz VLA image of Mrk 335 (Baldi et al. 2022 )
hows a compact component on a scale of < 50 pc with a total
ux density of ∼0.6 mJy. The spectral index is ν8 . 5GHz 

5GHz = −0 . 86
Laor, Baldi & Behar 2019 ) and ν45GHz 

1 . 4GHz = −0 . 77 (Baldi et al. 2022 ),
uggesting that the radio emission is dominated by optically thin
ynchrotron radiation and is concentrated in the nuclear region of
his galaxy. 4 The 1.5-GHz VLBA image obtained by Yao et al.
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 2021 ) reveals an elongated radio structure of ∼40 mas ( ∼20 pc in
rojection) along the north–south direction. Our 5-GHz VLBA image 
Fig. 2 ) reveals a two-sided jet, with the main structure distributed
ontinuously along the northeast–southwest direction and a largest 
xtent of about 30 mas ( ∼16 pc). The jet in the 5 GHz image
orresponds to the central part of the 1.5-GHz jet between N1 and S2
omponents in fig. 1(c) of Yao et al. ( 2021 ). The compact component
orresponding to the Gaia optical nucleus has a size smaller than 2.1
as (1.07 pc) and a brightness temperature of ∼10 7 K. 
Comparison of the 5-GHz flux density between the pc scale and 

he kpc scale shows that 47 per cent of the emission comes from the
ompact jet components. This percentage can be regarded as a lower 
imit since VLBI resolves part of the extended jet. Therefore, we 
onclude that the radio emission from Mrk 335 is dominated by the
et. Future studies may focus on the variation of the radio jet and its
orrelation with the change of the accretion state - whether, similar
o XRB, the jet is suppressed in the super-Eddington accretion state, 
nd is enhanced in the X-ray low state. 

.2 PG 0050 + 124 (Mrk 1502) 

G 0050 + 124 (I Zwicky 001, Mrk 1502, UGC 00545) is one of the
losest ( z = 0.06, Huchra et al. 1999 ; Ho & Kim 2009 ) narrow-line
eyfert 1 galaxy. Its host galaxy is an almost face-on spiral with a
ainter companion to the west and two arm-like tidal tails formed by
he galaxy merger (Zheng et al. 1999 ). PG 0050 + 124 is intriguing
or its extreme variability: its X-ray flux has varied by more than an
rder of magnitude o v er the past decade (Grupe et al. 2012 ; Gallo
t al. 2018 ); it is one of the most variable RQQ from optical-to-UV
ands with change of brightness by a factor of ∼2 (Peterson et al.
998 ; Grupe et al. 2012 ), but no significant variability found in radio
ands. 
In the 5 and 8 GHz VLA images, PG 0050 + 124 shows an

nresolved morphology (Kellermann et al. 1994 ; Kukula et al. 1995 ).
he latest VLA 45-GHz image (Baldi et al. 2022 ) displays a marginal
longation from the radio core to the north, ho we ver, this needs to
e further confirmed with higher quality images. The radio SED 

hows a fairly steep spectrum: α45GHz 
1 . 4GHz = −0 . 83 (Baldi et al. 2022 )

nd α5GHz 
8 . 5GHz = −1 . 45 (Laor et al. 2019 ). In Alhosani et al. ( 2022 ), PG

050 + 124 shows a resolved structure along the east-west direction 
n the 1.4-GHz VLBA image, but only marginal detection of a few
iscrete faint clumps in the 5-GHz VLBA image. In our 5-GHz 
LBA image, PG 0050 + 124 shows three discrete clumps within 15
as east of the optical Gaia nucleus position, and their peak flux

ensities are about 5–6 times the image noise. The brightness of
he clump closest to the optical nucleus is only 4 σ . Neither of these
lumps could be identified as the AGN core from the current data. 

.3 PG 0157 + 001 (Mrk 1014) 

G 0157 + 001 (Mrk 1014, z = 0.163) is one of the brightest quasars in
 class of ‘warm’ ultraluminous infrared galaxies (ULIRG; Sanders 
t al. 1988a ; Yun, Reddy & Condon 2001 ), and is in the evolutionary
hase from ULIRG to ultraviolet-excess quasars (Sanders, Scoville & 

oifer 1988b ). The host galaxy of PG 0157 + 001 has a prominent
piral-like tidal tail extending to the north-east, indicating a recent 
erger (MacKenty & Stockton 1984 ). The dense star formation is

estricted within the central 2 kpc region (Canalizo & Stockton 2000 ).
The 8.4-GHz VLA image, with a resolution of 0.36 arcsec, shows

 triple structure along the east-west direction, where two lobes are 
ocated about 1.1 arcsec on either side of the central core (Leipski
t al. 2006 ). In the 43-GHz VLA image (Baldi et al. 2022 ), there is
 faint component at the optical nucleus position. The spectral index
f the unresolved component is −1.11 ± 0.02 between 5 and 45 GHz
Baldi et al. 2022 ). No VLBI component is detected near the position
f the optical nucleus in our 5-GHz VLBA image. The only VLBI
lump deviates from the optical nucleus by about 24 mas ( ∼60 pc).
ore data are needed to identify the nature of this feature. 

.4 PG 0921 + 525 (Mrk 110) 

G 0921 + 525 (Mrk 110) is an X-ray bright NLS1 at low redshift
f z = 0.03529 (Vrtilek & Carleton 1985 ). Dasgupta & Rao ( 2006 )
ound significant X-ray variability in Mrk 110 which showed energy- 
ependent time lag. The time-scale of the variability constrained the 
ize of X-ray emitting region to a few Schwarzschild radii. Panessa
t al. ( 2022 ) also found significant radio variability on mas scales at
 GHz from days to weeks time-scales in PG 0921 + 525. 
The VLA-A images of PG 0921 + 525 show a complex structure

P ado v ani 1993 ; K ellermann et al. 1994 ; J ̈arvel ̈a et al. 2022 ), with
ost of the emission coming from the southernmost flat-spectrum 

omponent, and some diffuse emission in the north. The o v erall
tructure looks like a highly curved jet or ring-like structure. The
xtended emission is consistent with circumnuclear star formation, 
imilar to ULIRGs (Baan et al. 2017 ). PG 0921 + 525 presents an
nresolved feature in our 5-GHz VLBA image with a flux density
f 0.92 mJy. The VLBI morphology and flux density are consistent
ith the results obtained from a monitoring campaign using VLBA 

rom 2015 August 14 to 2016 May 19 (Panessa et al. 2022 ). During
he monitoring observations, the peak flux density varied from a 

inimum value of 0.46 to a maximum value of 1.43 mJy. 

.5 PG 1149 −110 

G 1149 −110 (LEDA 37161) was imaged by the VLA in A-array
resolution of 0.5 arcsec) and exhibited double components along the 
ast-west direction (Miller, Rawlings & Saunders 1993 ; Kellermann 
t al. 1994 ). At higher resolution (0.44 arcsec × 0.33 arcsec) and
ensitivity at 5 GHz, the source showed a triple structure extending
.5 arcsec in the east-west direction (Leipski et al. 2006 ). Ho we ver,
t higher frequencies of 85 and 45 GHz, the VLA A-array only
etected an unresolved component close to the optical nucleus, with 
 spectral index of −0.65 (Kukula et al. 1998 ; Baldi et al. 2022 ).
n our VLBA image and the image obtained by Alhosani et al.
 2022 ), PG 1149 −110 shows an unresolved component close to the
ptical nucleus with a flux density of 0.32 mJy. It has a brightness
emperature of > 10 7.87 K and is identified as the core. 

.6 PG 1216 + 069 

G 1216 + 069 shows a compact structure in the VLA images (Miller
t al. 1993 ; Kellermann et al. 1994 ). It showed a flat or inverted
pectral shape with a spectral index of −0.08 from the VLA D-array
bservations at 4.89 −14.9 GHz (Barvainis, Lonsdale & Antonucci 
996 ). PG 1216 + 069 (J1219 + 0638) shows an unresolved core with
 peak flux density of 1.04 mJy in our 5-GHz VLBA image observed
n 2015 August 7. A similar structure but with a much higher flux
ensity of 6.4 ± 0.3 mJy was revealed in the VLBA image at 5 GHz
bserved on 2000 January 21 (Ulvestad et al. 2005 ), confirming the
ariability of this source previously found from VLA observations 
Barvainis et al. 1996 ). The 8.4-GHz VLBA image obtained by
lundell & Beasley ( 1998 ) showed a possible jet extension to the

outh that, ho we ver, is not seen in our 5-GHz image. The radio
pectrum of the VLBI component is flat ( α5GHz 

1 . 4GHz = 0 . 07 ± 0 . 16 or
MNRAS 518, 39–53 (2023) 
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ith an inverted spectral shape (Ulvestad et al. 2005 ). The core
rightness temperature measured in all these VLBA observations is
arger than 10 8 K, ruling out the star formation origin. 

.7 PG 1351 + 640 

G 1351 + 640 shows a bright component and a faint component
ocated 1.5 arcsec to the west in the VLA D-array image at 5 GHz
Kellermann et al. 1994 ). This western component was clearly
etected in the 1.4 GHz NVSS image, but not detected in the FIRST
nd VLASS images, indicating that it has a steep spectrum and diffuse
tructure. The bright VLA component shows an inverted spectrum
or peaked spectrum) and it is highly variable with a variation factor
f 4 within 3 yr at 5 and 15 GHz (Barvainis & Antonucci 1989 ). A
ingle compact component was detected by VLBA on 2000 February
 with a flux density of 6.8 mJy (Ulvestad et al. 2005 ). The total flux
ensity obtained from our 5-GHz VLBA observation is slighly lower
han that of Ulvestad et al. ( 2005 ). The morphology of PG 1351 + 640
n our 5-GHz VLBA image is very similar to a CSO showing double
ompact components separated by about 10 pc. Ho we ver, the optical
ucleus is close to the south-east component, making it more likely
he core. PG 1351 + 640 has a ‘core-jet’ like morphology extending
long the north–south direction in a higher resolution VLBA image
t 8.4 GHz on 1996 June 9 (Blundell & Beasley 1998 ), very similar
o our result. 

.8 PG 1612 + 261 

G 1612 + 261 (Ton 256) was identified as an ‘extended’ source with
 one-sided jet towards the east-west in VLA images (Kellermann
t al. 1989 ; Miller et al. 1993 ; Leipski et al. 2006 ). The brighter
omponent (the VLA core) was resolved into double sources within
.5 arcsec along with some more diffuse emission toward the west
Kukula et al. 1998 ). Overall, PG 1612 + 261 has a steep spectrum
f α = −1.57 between 5 and 8.5 GHz for the unresolved VLA core.
G 1612 + 261 is clearly detected in the 1.4-GHz VLBA image of
lhosani et al. ( 2022 ), showing an elongated structure in the east-
est direction, but is not detected in their 5-GHz VLBA image. In
ur 5-GHz VLBA image, a 6 σ component is detected at the location
f the optical nucleus of PG 1612 + 261. 

.9 PG 1700 + 518 

G 1700 + 518 is a broad absorption line (BAL) quasar at a redshift of
.292 (Wampler 1985 ) and the first radio-quiet BAL QSO to disco v er
adio jets. The broad Balmer line system has not only radial but
lso rotational motion, suggesting that the outflow originates from
he rotating accretion disc wind (Young et al. 2007 ). Radio images
an give independent constraints on the wind geometry. European
LBI Network (EVN) 1.6-GHz image reveals a triple structure,
ith the central component corresponding to the optical and X-ray
ucleus (Yang et al. 2012 ). The other two components are separated
y < 1 kpc, along the north–south direction, and they are identified as
erminal hotspots. Our 5-GHz VLBA, with a higher resolution than
he 1.6-GHz EVN image, reveals a compact radio component, and
 faint extension towards the south-east to be confirmed in future
bservations. The two hotspots observed in the EVN image are
ot detected in our VLBA image, due to their reduced flux density
assuming a steep spectrum) at 5 GHz and the lack of a sufficiently
ompact structure. Based on our VLBA data and EVN data from the
iterature, we estimate the spectral index of the VLBA component to
e α5GHz 

1 . 6GHz = −0 . 36 and the brightness temperature to be 1.8 × 10 8 
NRAS 518, 39–53 (2023) 
. The flat spectrum and high brightness temperature of the compact
LBA component are consistent with it being the radio core of the
GN. 

.10 PG 2304 + 042 

n kpc scales, PG 2304 + 042 was detected with a single compact
omponent in the VLA D-array images and an unresolved compo-
ent. This component coincides with a second elongated component
n the VLA A-array images at 5 GHz (Kellermann et al. 1994 ).
arvainis et al. ( 2005 ) indicated extreme radio variability in PG
304 + 042. PG 2304 + 042 shows a compact core component with
 flux density of 0.54 mJy in our VLBA image at 5 GHz. Alhosani
t al. ( 2022 ) also successfully detected a flat VLBI component in PG
304 + 042 ( α5 GHz 

1 . 4 GHz = −0 . 09). 

 UNDETECTED  R Q Q S  

.1 PG 0923 + 129 (Mrk 705) 

G 0923 + 129 (Mrk 705) is a RQ NLS1 whose host galaxy is an
A-type spiral galaxy with an outer and an inner rings (Buta 2017 ).
G 0923 + 129 shows a two-component structure in VLA-D images
t 5 GHz (Kellermann et al. 1994 ). The southern part corresponds
o the core. In the new 5 GHz VLA A-array image, J ̈arvel ̈a et al.
 2022 ) detected a central compact component surrounded by several
atches with a steep spectral index of −0.75. 
The VLBI image of PG 0923 + 129 in Doi et al. ( 2013 ) shows a

ompact core as well as a possible eastward jet extending to ∼45
as. The brightness temperature of the core is larger than 10 7.9 K,
hich indicates the non-thermal nature of the emission. The core
f PG 0923 + 129 has a flux density of 1.8 mJy at 1.7 GHz, but is
ot detected in our 5 GHz VLBA image (5 σ upper limit is 0.135
Jy). If the compact core is indeed present, but bleow our VLBA

etection capability, a spectral index of −2.4 is inferred for the
ore using the 5 σ upper limit. Ho we ver, this steep spectral index is
learly impractical, which is much steeper than that of a conventional
ptically thin jet. We notice that in Doi et al. ( 2013 ) the radio core
as not detect in the initial CLEAN image, yet was detected after
sing self-calibration as they claimed. The use of self-calibration for
ery faint sources with insufficient signal-to-noise ratio may cause
alse detections as well as e xcessiv e flux es. 

.2 PG 1116 + 215 

he VLA-D image of PG 1116 + 215 showed a triple structure with
 faint central component and two bright components distributed
n each side extending along north–south; the VLA-A image only
etected the brightest southern component (Kellermann et al. 1994 ).
he o v erall structure looks like a core-jet structure, with the core

ying at the southernmost end of the jet. PG 1116 + 215 (Ton 1388)
as detected with an upper limit flux density less than 0.3 mJy at
.4-GHz by VLBA (Blundell & Beasley 1998 ). It is not detected in
ur 5-GHz VLBA image either. 

.3 PG 1211 + 143 

G 1211 + 143 is one of the AGNs with potentially mildly relativistic
ltrafast outflow (Pounds et al. 2003 ; Pounds & Page 2006 ). The
adio structure is unresolved in the VLA-A image (Kellermann et al.
994 ). PG 1211 + 143 is not detected in our 5-GHz VLBA images,
uggesting the lack of compact component on pc scales. The radio



VLBI observations of PG quasars 51 

e  

d

6

P  

v  

e  

P  

s
r  

e  

t
s

6

P  

5  

h  

V

6

P  

V  

s  

1  

h  

e  

V

7

W  

u
a  

0  

c
 

i  

R
a
j  

w  

s
p
s  

o  

o
d
r  

c  

f
F
t
w

 

3  

r  

b
B  

0  

o  

R
s  

T  

t  

+
j  

m
 

d  

c
s
Q  

+
c
m  

s
c
c  

f  

c  

c  

r  

t

R
t  

c  

t  

d  

d  

o  

b  

e
 

n  

a  

n  

c
m
a
t
A  

s
e  

d  

fl  

t  

w
t

A

T
g
n
p
R
i
w
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/39/6779705 by C
halm

ers U
niversity of Technology user on 05 D

ecem
ber 2022
mission may be in the form of extended outflows or diffuse winds
istributed on the scales of tens to hundreds of parsecs. 

.4 PG 1448 + 273 

G 1448 + 273 is a NLS1 galaxy (Alam et al. 2015 ) showing high
ariability in X-rays (Ponti et al. 2012 ) and ultrafast outflows (Kosec
t al. 2020 ). The black hole mass is 9 ± 2 × 10 6 M � (Vestergaard &
eterson 2006 ), and the bolometric luminosity is ∼10 45.5 erg s −1 ,
uggesting a super-Eddington accretion AGN with an Eddington 
atio of L / L Edd ∼ 3. In VLA images, it is unresolved (Kellermann
t al. 1994 ). There is no reported VLBI detection so far including
he non-detection in our observation, probably due to the intrinsic 
uppression of jet activity in the high accretion state. 

.5 PG 1534 + 580 (Mrk 290) 

G 1534 + 580 (Mrk 290) was unresolved in the VLA-A image at
 GHz (Kellermann et al. 1994 ). No VLBI detection of PG 1534 + 580
as been reported in literature. The source is not detected in our
LBA image. 

.6 PG 2130 + 099 

G 2130 + 099 (Mrk 1513) showed a triple FRI-type structure in the
LA-A images, with a bright core straddled by tw o weak er steep-

pectrum lobes and with an o v erall e xtent of 2.5 arcsec (Miller et al.
993 ; Kellermann et al. 1994 ; Kukula et al. 1998 ). The o v erall source
as a steep spectral index of −2.32 between 1.4 and 8.4 GHz (Kukula
t al. 1998 ; Leipski et al. 2006 ). The VLA core is not detected in our
LBA image and in Alhosani et al. ( 2022 ). 

 C O N C L U S I O N  

e have observed 20 low-redshift ( z < 0.5) PG quasars at 5 GHz
sing the VLBA and obtained their parsec-scale radio images. We 
lso collected archive VLBA and VLA data for 12 RLQs with z <
.5 for a comparative study with RQQs. By doing so, we have a
omplete sample of 32 PG quasars with z < 0.5 and S VLA 

D > 1 mJy. 
A single core or a ‘core + one-sided jet’ structure was found

n all radio-loud PG quasars. Ho we ver, the radio morphology of
QQs is more complicated because the radio emission comes from 

 combination of star formation and supermassive black hole-driven 
ets. Compact radio components are detected in 10 of the 16 RQQs,
ith a detection rate of 62.5 per cent. The high detection rate on pc

cales suggests that compact radio emission associated with AGN is 
re v alent among the flux density-limited (the brightest) RQQs. The 
ix sources not detected in 5-GHz VLBA images could be due to their
ptically thin jets becoming too weak at 5 GHz or their intrinsic lack
f compact emission components. A compact VLBA component is 
etected near the Gaia optical nucleus in eight RQQs, probably the 
adio core or jet knot close to the central engine. For the compact
omponents disco v ered in the VLBA images, the available single-
requency images are insufficient to discern their physical nature. 
urther multifrequency VLBA observations are needed to obtain 

he radio spectral indices of the compact components to determine 
hether the parsec-scale radio emission is from jet or corona. 
The RQQs and RLQs in our sample have a division around S VLA 

D =
0 mJy. At z = 0.5 this flux density approximately corresponds to a
adio luminosity of ∼10 42 erg s −1 . This seems to imply that quasars
elow this radio power have not developed powerful relativistic jets. 
y comparing f c = S VLA 

A /S VLA 
D , we found that all RQQs have f c >
.2, implying that more than 20 per cent of the 5-GHz flux density
f RQQs comes from within the central kpc scale. On the kpc scale,
QQs generally show compact and unresolved core, or FRI-like 

tructures (the core is dominated). Very few RQQs are of FRII type.
he radio emission from RLQs is clearly dominated by the jet. When

he jet inclination angle is small, RLQs show compact cores or ‘core
 one-sided jet’ structures with relativistic beaming effect in the 

et; when the jet inclination angle is large, RLQs display FRII-type
orphology and have small f c . 
In the f a –S VLA 

A plot, where f a = S VLBA /S VLA 
A , there seems a

ivision line at f a = 0.2 that separates the RQQ sample into two
lasses: compact and non-compact RQQs. These two classes differ 
ignificantly in morphology, compactness, and total flux densities. 
uasars with f a > 0.2 all have compact radio cores, or core
 well-defined jets in the VLBI images. A comparison between 

ompact RQQs and RLQs reveals significant differences in the radio 
orphology and compactness of the two classes as well. On pc

cales, RLQs show a one-sided core-jet structure or unresolved 
ore, while compact RQQs show div erse morphologies: unresolv ed 
ore, compact core-jet, two-sided jet, and knotted jet. Moreo v er, the
raction of pc-scale jets in the total flux density of RLQs (i.e. the
ompactness factor f a > 0.55) is systematically higher than that of
ompact RQQs ( f a = 0.2 −0.55), indicating that the extended jets or
elic jets in RQQs on scales of tens to hundreds of parsecs contribute
o the VLA-A flux density but are resolved out in VLBA images. 

The brightness temperatures of the VLBA components of the 
QQs and RLQs show a bimodal distribution. The core brightness 

emperatures of the RLQs are in the range of 10 9 –10 13 K, while the
ore brightness temperatures of the RQQs are less than 10 9.13 K. In
he f a < 0.2 regime, quasars, on the other hand, tend to lack well-
efined jets, and their radio emission on VLBI scales is either from
isrupted jets, or accretion disc winds, or a clumps of supernovae
r supernova remnants. These weak jets are not powerful enough to
reak through the confinement from the host galaxy and grow into
xtended radio sources of tens of kpc. 

In conclusion, the study in this paper is based on a sample of
earby ( z < 0.5) PG quasars with total flux densities abo v e 1 mJy,
nd does not have other selection bias. Although this sample does
ot co v er all the parameter space, we still obtain some interesting
onclusions, which are very helpful for studying the radio emission 
echanism of RQQs, and the intrinsic connection between RQQs 

nd RLQs. The brightest RQQs on arcsec scales exhibit properties 
hat are intermediate between jet-dominated and starburst-dominated 
GNs. The radio emission consists of a combination of galactic scale

tar formation and AGN-related activity in the nuclear region. Future 
xpansion of the RQQ sample to lower flux densities is needed to
etermine whether radio AGN is present in weak RQQs with total
ux densities below 1 mJy. This will also help to determine whether

here is a clear dichotomy between radio loud and quiet quasars, and
hether the central engines (black hole – accretion disc systems) of 

hese two classes are intrinsically different. 
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