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ABSTRACT

Does a broad-line region (BLR) wind in radio-quiet (RQ) active galactic nuclei (AGN) extend to pc

scales and produce radio emission? We explore the correlations between a pc-scale radio wind and the

BLR wind in a sample of 19 RQ Palomar-Green (PG) quasars. The radio wind is defined based on

the spectral slope and the compactness of the emission at 1.5–5 GHz, and the BLR wind is defined

by the excess blue wing in the C IV emission line profile. The five objects with both radio and BLR

wind indicators are found at high Eddington ratios L/LEdd (≥ 0.66), and eight of the nine objects

with neither radio nor BLR winds reside at low L/LEdd (≤ 0.28). This suggests that the BLR wind

and the radio wind in RQ AGN are related to a radiation pressure driven wind. Evidence for free-

free absorption by AGN photoionized gas, which flattens the spectral slope, is found in two objects.

Radio outflows in three low L/LEdd (0.05–0.12) objects are likely from a low-power jet, as suggested

by additional evidence. The presence of a mild equatorial BLR wind in four intermediate L/LEdd

(0.2–0.4) objects can be tested with future spectropolarimetry.

Keywords: Active galactic nuclei, Radio quiet quasars, Radio continuum emission

1. INTRODUCTION

Active galactic nuclei (AGN) can be divided into Ra-

dio Loud (RL) and Radio Quiet (RQ) based on the
radio 5 GHz to optical 4400 Å flux ratio R > 10 or

R < 10 (Kellermann et al. 1989). The radio emission

in RL AGN is produced by a powerful relativistic jet,

with a characterized radio to X-ray luminosity ratio of

logLR/LX ≃ −2. The origin of the radio emission in

RQ AGN, characterized by logLR/LX ≃ −5, is still un-

der debate (Laor & Behar 2008). A variety of emission

mechanisms are proposed, such as a low-power jet, an

AGN-driven wind, the accretion disk corona, star forma-

tion (SF), and free-free emission (see Panessa et al. 2019,

for a review). How can we distinguish among the various

possible radio emission mechanisms in RQ AGN?

Corresponding author: Sina Chen

sina.chen@campus.technion.ac.il

A low-power jet and an AGN-driven wind could be

similar in terms of the radio morphology and the spec-

tral slope α using Sν ∝ να. They both produce extended

optically thin emission, which has a steep slope α < −0.5
and may extend from mas to arcsec scales. In principle,

the jet is expected to be more collimated and propagate

at a higher velocity than the wind. However, it is gener-

ally difficult to tell them apart based on radio observa-

tions. Detailed studies of individual sources may allow

to separate a jet from a wind. For example, a proper

motion study can reveal the bulk outflow velocity, and

distinguish a relativistic jet from a non-relativistic wind.

In addition, a bulk relativistic speed would result in a

significant Doppler effect, which strongly enhances the

emission and leads to a high surface brightness temper-

ature TB.

The accretion disk corona can produce compact opti-

cally thick emission, which is characterized by a flat or

inverted slope α > −0.5 (Laor & Behar 2008). Since

it originates on sub-pc scales, it remains unresolved in
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the Very Long Baseline Interferometry (VLBI) observa-

tions, such as the Very Long Baseline Array (VLBA)

and the European VLBI Network (EVN). The corona

can also produce extended optically thin emission, due

to Coronal Mass Ejections (CME) in a form of outflow-

ing plasma, as observed in the Sun and coronally active

stars. The accretion disk corona is also suggested to

be a base for the formation of jet emission (Merloni &

Fabian 2002; King et al. 2017).

SF produces diffuse optically thin emission, which has

a steep slope α < −0.5 and extends on the host galaxy

scales (Kimball et al. 2011; Condon et al. 2013; Zakam-

ska et al. 2016). Free-free emission from AGN photoion-

ized gas is characterized by a specific flat slope α = −0.1,

and it becomes self-absorbed with α = 2 below a fre-

quency set by the distance from the AGN (Baskin &

Laor 2021). Both mechanisms produce emission with a

low surface brightness temperature, typically well below

TB ∼ 104 − 105 K, which is resolved out in mas-scale

VLBI observations.

In this paper we focus on looking for the pc-scale radio

emission associated with an AGN-driven Broad-Line Re-

gion (BLR) wind, and how it can be distinguished from

a low-power jet or the coronal emission. We use the

term “core” to refer to the unresolved radio emission,

and the general term “outflow” to refer to both a wind

and a jet when they are not specified.

An AGN-driven wind in RQ Quasars (RQQ), for ex-

ample a radiation pressure driven wind (Murray et al.

2005), is expected to produce radio synchrotron emis-

sion through shocks and particle acceleration, which are

generated by an interaction with the ambient medium

(Faucher-Giguère & Quataert 2012). Outflows on kpc

scales are indeed observed in radio imaging (Gallimore

et al. 2006; Smith et al. 2020) and in optical spectroscopy

(Zakamska & Greene 2014; Rupke et al. 2017) in some

RQQ, which may be evidence for such an interaction

and a plausible feedback mechanism in regulating the

growth of the supermassive black holes (BH) and their

host galaxy (Fabian 2012).

An earlier study based on archival Very Large Ar-

ray (VLA) observations of 25 RQ Palomar-Green (PG)

quasars (Boroson & Green 1992) found a correlation be-

tween the 5–8.5 GHz spectral slope of the core emis-

sion (< 0.3 arcsec) and the Eddington ratio (Laor et al.

2019). All L/LEdd > 0.3 objects have steep spectra

(α5−8.5 < −0.5), and nearly all objects with L/LEdd <

0.3 have flat spectra (α5−8.5 > −0.5). This trend is fur-

ther confirmed by a VLA study of RQ PG quasars at

45 GHz (Baldi et al. 2022). Since a steep spectral slope

implies optically thin emission from an extended source,

and high L/LEdd is likely associated with a radiatively

driven wind (e.g. Baskin & Laor 2005), the steep ra-

dio emission of high L/LEdd RQQ may originate from

shocks generated by an AGN wind.

Follow-up VLBA studies of 18 RQ PG quasars found

an interesting correlation where the 1.5–5 GHz spec-

tral slopes increase with the increasing core to total

flux ratios, that is the source becomes more compact

as the spectral slope becomes flatter (Alhosani et al.

2022; Chen et al. 2023). This indicates that the radio

emission in the steep-spectrum objects is more extended

than that in the flat-spectrum objects, and the extended

emission is likely produced by an AGN-driven wind, or

possibly a low-power jet. Thus the spectral slope and

the emission compactness provide important hints on

the origin of the radio emission.

The winds can be observed through absorption lines,

when they are directly along our line of sight. Ultra-

violet (UV) and X-ray absorbing winds are commonly

observed in AGN through UV and X-ray spectroscopy,

and show an increasing maximal wind velocity with UV

luminosity (Laor & Brandt 2002; Ganguly & Brother-

ton 2008; Gibson et al. 2009), from ∼ 1,000 km s−1 in

Seyfert galaxies to ∼ 10,000 km s−1 in broad absorp-

tion line quasars (BALQ; Reichard et al. 2003). The

UV and X-ray absorption in BALQ are usually corre-

lated, which suggests that high-velocity winds are often

present in objects with strong UV absorption and weak

X-ray emission (Brandt et al. 2000; Laor & Brandt 2002;

Gibson et al. 2009). Sometimes, UV and X-ray absorp-

tion variability matches are found (Kaastra et al. 2014;

Kriss et al. 2019; Mehdipour et al. 2022), which indicates

that they are caused by the same outflowing material.

High ionization UV emission lines, specifically the

C IV line profile, which often shows blueshift and excess

blue wing emission, are also an indicator of the winds

from the BLR (Richards et al. 2002, 2011). The advan-

tage of emission lines is that the wind does not need

to be directed along the line of sight (as in absorption

lines), and the wind emission can be viewed from a wider

angles. In the PG quasar sample of 87 z < 0.5 bright

AGN, of which 71 are RQ (Boroson & Green 1992), a

fair fraction (about one fifth) of the objects indeed show

excess blue wing emission in the C IV emission line in the

Hubble Space Telescope (HST) or International Ultra-

violet Explorer (IUE) UV spectroscopy (Baskin & Laor

2005), which allows to study the winds in a larger AGN

population. Such low-z RQ objects are more suitable

for follow-up mas-scale radio observations in order to

resolve the nuclear winds than high-z objects.

The winds indicated by the UV emission or absorption

lines, are likely produced on the BLR scales (Hamann

et al. 1993), which has a typical size increasing from
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0.01 pc at Seyfert luminosity to 0.1 pc at quasar lu-

minosity (Kaspi et al. 2000). They may extend to the

host galaxy ∼ kpc scales and lead to the AGN feed-

back (Tombesi et al. 2015). Do these nuclear winds ex-

tend significantly outside the BLR, or do they form a

failed wind (Czerny & Hryniewicz 2011)? High resolu-

tion VLBI imaging of the radio emission would help to

resolve the spatial scales of these nuclear winds.

Radio VLBI observations indeed provide evidence that

the pc-scale radio emission is possibly associated with

the BLR winds. A specific example is PG1700+518

which is a RQ BALQ (Blundell & Beasley 1998). An

EVN observation of this object reveals a compact core

and two small close to symmetric lobes about 1 kpc

from the core (Yang et al. 2012). Another example is

PG0003+199 (Mrk 335), a RQQ (logLR/LX = −5.44)

characterized by a steep radio slope (α5−8.5 = −0.86;

Laor et al. 2019) and high Eddington ratio (L/LEdd ≃
1). It shows C IV excess blue wing emission (Baskin &

Laor 2005) suggestive of a BLR wind, and its VLBA im-

age shows an elongated structure extending ∼ 10 pc to

the south of the optical position, and a somewhat fainter

and more diffuse structure extending to the north (Yao

et al. 2021).

Is the pc-scale radio emission produced by a wide-

angle wind, as indicated by the broad emission or ab-

sorption line, or by a collimated jet, with the luminosity

of about a factor of ∼ 103 weaker than the one in RL

Quasars (RLQ)? Is such pc-scale structure representa-

tive of an AGN BLR wind? Do AGN without a BLR

wind lack this emission pattern? These open questions

are the motivation of our study.

In this work, we use a sample of 19 PG RQQ to study

the correlation between the radio pc-scale emission in

the L (1.5 GHz) and C (5 GHz) bands combining EVN

and VLBA observations, and the BLR wind indicated by

the excess blue wing in the C IV emission line. Out of

the 19 objects, six are from our new EVN observations

(10 observed) analyzed here, and 13 are from our earlier

VLBA studies (18 observed; Alhosani et al. 2022; Chen

et al. 2023). We aim to address the following questions.

(a) Is the pc-scale radio emission in RQQ related to the

C IV excess blue wing or the BLR wind? (b) Do objects

with the BLR wind show extended radio emission on pc

scales? (c) Do objects without the BLR wind show only

unresolved radio emission? If the pc-scale radio emission

is produced by an AGN-driven nuclear wind, we expect

a relation between the pc-scale radio emission and the

other AGN-driven nuclear wind indicators. The search

for such a relation is the purpose of this study.

The paper is organized as follows. In Section 2 we

describe the sample selection, in Section 3 we present

the EVN observation and data reduction, in Section 4

we describe the EVN data analysis methods, and in Sec-

tion 5 we present the classification of the radio emission

in the EVN observations. In section 6 we describe the

correlations between the radio and the BLR winds in a

combined EVN and VLBA sample, and discuss them in

section 7. Section 8 provides a summary of the main

results.

2. SAMPLE SELECTION

The PG quasar sample (Boroson & Green 1992) com-

prises ∼ 100 of the brightest AGN, which are selected

based on a point-like morphology, blue colors, and the

presence of broad emission lines (Schmidt & Green

1983). These criteria produce a homogeneous and rep-

resentative sample of Type 1 AGN, which are mostly

at high L/LEdd (0.1–1) and not significantly reddened.

This is likely the most extensively studied samples of

Type 1 AGN, including: the overall Spectral Energy Dis-

tribution (SED) (Neugebauer et al. 1987; Sanders et al.

1989), radio cm-band continuum and imaging (Keller-

mann et al. 1989, 1994; Miller et al. 1993), infrared pho-

tometry (Haas et al. 2003; Shi et al. 2014; Petric et al.

2015), optical spectroscopy (Boroson & Green 1992),

optical polarization (Berriman et al. 1990), UV spec-

troscopy (Baskin & Laor 2005), soft X-ray spectroscopy

(Brandt et al. 2000), and many other studies. A critical

property of the PG quasar sample is that it is optically

selected, and therefore not subject to a selection bias in

terms of its radio properties.

The sample is selected from the 71 RQQ among the

87 z < 0.5 PG quasars. We only considered 38 ob-

jects which were detected at 5 GHz with the VLA

A-configuration (Kellermann et al. 1989), and further

excluded 18 objects that had been observed with the

VLBA in the L and C bands in our previous studies (Al-

hosani et al. 2022; Chen et al. 2023). Of the remaining

20 objects, we selected five objects which show the most

evident excess blue wing or blueshift in the C IV emis-

sion line, and another five objects which have the most

symmetric C IV emission line as a control sample, based

on an eye inspection of the C IV profile compared to

the Hβ profile in the UV spectra (Baskin & Laor 2005).

Both line profiles are of the BLR emission only, as any

possible contribution from the narrow-line region (NLR)

is subtracted using the observed [O III]λ5007 line profile.

To improve the statistics, we later include in the analysis

13 of the 18 RQ PG quasars, which were detected with

the VLBA in the L and C bands in our previous studies

(Alhosani et al. 2022; Chen et al. 2023), and also have

C IV emission line in the UV spectra (Baskin & Laor

2005).
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The C IV profiles compared to the Hβ profiles of the 10

objects observed with the EVN are plotted in Figure 1,

including five objects with the C IV emission line show-

ing strong excess blue wing or blueshift, and five objects

with the C IV emission line close to symmetric. The

C IV profiles of the additional 13 objects detected with

the VLBA are presented in Figure 2, including three ob-

jects with a significant C IV blue excess and ten objects

without. In the combined EVN and VLBA sample, the

ratio of the C IV velocity shift to the full width at half

maximum (FWHM) is between −0.538 and −0.040 in

the objects with a C IV blue excess, and between −0.058

and 0.180 in the objects without a C IV blue excess.

The BH mass and the Eddington ratio in the sam-

ple cover a wide range, with logMBH/M⊙ from 6.2 to

9.1 and logL/LEdd from −1.5 to 0.6. Figure 3 shows

the distribution of logMBH/M⊙ and logL/LEdd of the

combined EVN and VLBA sample, which is consistent

with that of the parent sample of 71 z < 0.5 PG RQQ,

and is likely representative of the general properties of

the parent sample.

3. OBSERVATIONS AND DATA REDUCTION

The EVN observations (Program ID: EC088), includ-

ing enhanced Multi Element Remotely Linked Interfer-

ometer Network (e-MERLIN), were carried out between

2022 October and 2023 March in the L and C bands,

centered at 1.7 and 4.9 GHz respectively. The data was

recorded at a rate of 2048 Mbps in the C band and 1024

Mbps in the L band at the EVN stations (Jb, Wb, Ef,

Mc, Nt, O8, Tr, Ys, Hh, Ir, T6, Ur, Km), and 512 Mbps

at the e-MERLIN stations (Cm, Da, De, Kn, Pi) in

both bands. The data correlation was done by the EVN

software correlator (SFXC; Keimpema et al. 2015) at

the Joint Institute for VLBI ERIC (JIVE) using stan-

dard correlation parameters of continuum experiments

(32 MHz dual-polarization subbands with 64 channels

each). The objects 3C454.3 and 4C39.25 were used as

a fringe finder and bandpass calibrator. All the obser-

vations were carried out in the phase-referencing mode

with a switching cycle of 5 minutes. The total observa-

tion time is two hours for each object in each band, and

about 60% of the total time is on target.

The visibility data was calibrated with the NRAO

Astronomical Image Processing System (AIPS; Greisen

2003) following the EVN data reduction guide 1. The

standard steps include:

(i) Initial amplitude calibration using system temper-

atures and gain curves from each antenna, or nominal

1 https://www.evlbi.org/evn-data-reduction-guide

system equivalent flux densities in case of missing these

data.

(ii) The ionospheric dispersive delays were corrected ac-

cording to maps of total electron content provided by

Global Positioning System satellite observations.

(iii) The phase errors due to instrumental delays at each

antenna were removed using the fringe finder.

(iv) The bandpass calibration was performed using the

fringe finder.

(v) The frequency and time-dependent phase calibration

was performed for the whole observation using a nearby

phase calibrator.

The phase calibrator imaging and self-calibration pro-

cedures were performed in DIFMAP (Shepherd et al.

1994) through a number of iterations of model fitting

with a point source function. We then re-ran the fringe

fitting and the amplitude and phase self-calibration on

the phase calibrator in AIPS with the input source

model made in DIFMAP. The final solutions on the

phase calibrator were transferred to the targets via lin-

ear interpolation.

The images of the targets were also produced in

DIFMAP. Inspection on all baselines (pairs of antennas)

and spectral windows for radio frequency interference

(RFI) was performed on the phase calibrator. Data suf-

fered from RFI were flagged on both the phase calibrator

and the target. We chose natural weighting which max-

imizes sensitivity at the expense of angular resolution.

A self-calibration was not applied on the targets since

the signal-to-noise (S/N) ratio is not high enough. In

order to measure the spectral slope, which is less biased

by the resolution in the different bands, we tapered the

images with the same uv-range in both L and C bands.

The final images were inspected using the AIPS task

IMEAN to obtain the background noise in a source-free

region. The AIPS task JMFIT was used to model the

source with a 2D Gaussian profile, to obtain the peak

intensity, the integrated flux density, the source position,

and the source sizes before and after deconvolution. We

leave the centroid location, peak intensity, major and

minor axes, and position angle, as free parameters in the

Gaussian model. In a few observations, the Effelsberg

station, which is the most sensitive antenna in the array

and usually used as a reference, was out of observations

due to heavy snow, which resulted in a higher noise level

than at the other epochs.

4. DATA ANALYSIS

We consider a 5σ detection as the detected criterion,

where σ is the background noise. Figure 4 presents the

radio maps of the 6 RQ PG quasars detected in the

EVN observations at 1.7 and 4.9 GHz centered at the

https://www.evlbi.org/evn-data-reduction-guide
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Figure 1. The C IV emission line profile compared to the Hβ line profile of the objects observed with the EVN, adapted from
Fig. 1 in Baskin & Laor (2005). Both line profiles are of the net BLR emission. The objects in the 1st column are selected to
show C IV blue excess, and the objects in the 2nd column do not show C IV blue excess. The 6 objects in the 1st, 2nd, and 3rd

rows are detected in the EVN observations, and the 4 objects in the 4th and 5th rows are not detected in the EVN observations.
The name of the object is indicated in the top-left corner of each panel. The thick line is the C IV profile and the thin line is
the Hβ profile. Both profiles are normalized by their peak flux density. The peak flux density of C IV/Hβ lines is listed in the
top-right corner of each panel in units of 10−14 erg cm−2 s−1 Å−1. The filled circles are data points used in the fitting procedure,
and the empty circles are data points excluded due to possible intrinsic or Galactic absorption.

Gaia position (Gaia Collaboration et al. 2016, 2023).

PG0049+171, PG1244+026, and PG1416−129 are de-

tected at both frequencies. PG1116+215 is detected

only after tapering to the same uv-range at both fre-

quencies, and PG1404+226 and PG1426+015 are de-

tected only at 4.9 GHz. The full-array and tapered im-

ages of PG1426+015 at 4.9 GHz are both presented.

It has two components, and it is the only source with

this radio morphology in our EVN sample, but there are

others in our VLBA sample. The core component (C1)

is detected at a 5σ level in the full-array map, but at

< 5σ in the tapered map due to a higher noise level. In

contrast, the extended component (C2) is detected only

at 3σ in the full-array map, but at 7σ in the tapered

map.

Table 1 lists the EVN positions and their distances

from the Gaia positions (Gaia Collaboration et al. 2016,

2023). The offsets between the Gaia and the VLBI po-

sitions are found to be in a range of ∼ 0.1–10 mas in

about 90% of the AGN population with a median value

of ∼ 2 mas (Petrov & Kovalev 2017). Both the L and C

band coordinates are consistent with the Gaia positions

to better than 6 mas, except for the extended component

C2 in PG1426+015, which is about 40 mas away from

the Gaia position. We note that in PG0049+171 and

PG1416−129, the L band position offsets, about 5.2–

5.6 mas, are relatively large compared to the C band

position offsets, about 0.3–0.4 mas. In RL AGN, a rel-

ativistic jet may cause a “core-shift” effect, that is the

centroid of the radio emission is shifted to the jet di-
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Figure 2. The C IV emission line profile compared to the Hβ line profile of the objects detected with the VLBA, adapted from
Fig. 1 in Baskin & Laor (2005). The 1st column shows the 3 objects with C IV blue excess, and the 2nd and 3rd columns show
the 10 objects without C IV blue excess. The labels are the same as Figure 1.

Figure 3. The distribution of the BH mass and the Ed-
dington ratio of the combined EVN and VLBA sample. The
black crosses represent the 71 z < 0.5 RQ PG quasars. The
red squares and the blue circles mark the objects observed
with the EVN and the VLBA respectively. The undetected
objects are in fainter colors.

rection with frequency, due to Synchrotron opacity (e.g.

Kovalev et al. 2017). However, these offsets are within

the astrometric uncertainty, and we can not conclude

whether they are caused by the core-shift effect.

The synthesized beam sizes and the deconvolved

source sizes are also listed in Table 1. The sizes are mea-

sured in the full array maps, except for PG1116+215

in which the tapered map is used. We note that in

PG1244+026, the beam size in C band is larger than

that in L band, which may be because the data in the
C-band long baseline is mostly noise and is excluded in

the fitting with DIFMAP. If the deconvolved source size

is smaller than half of the beam size, we consider the

source as unresolved.

Table 2 reports the total flux density Stotal, the core

flux density Score, the background noise RMS, and the

uv-range of the full-array and the tapered maps in the

L and C bands. For sources with only one component,

we use the peak intensity, which is the unresolved flux

density in a single beam, as the Score, and the Stotal is

the integrated flux density. For sources with more than

one component, we use the peak intensity of the core

component as the Score, and the Stotal is the sum of the

integrated flux density of all components. If the object

is not detected, we use a 5σ upper limit on Score. In
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PG0049+171 PG0049+1714.9 GHz 1.7 GHz

10 pc 10 pc

(a) PG0049+171: The contours are at (−3, 3, 5, 7, 10) × 0.0204 mJy/beam at 4.9 GHz (left) and (3, 5, 7, 10) ×
0.0150 mJy/beam at 1.7 GHz (right).

PG1116+215 PG1116+2154.9 GHz 1.7 GHz

20 pc 50 pc

(b) PG1116+215: The tapered maps with the same uv-range at both frequencies are shown. The contours are at (3, 5) ×
0.0268 mJy/beam at 4.9 GHz (left) and (3, 5) × 0.116 mJy/beam at 1.7 GHz (right).

Figure 4. Radio maps of the 6 objects detected in the EVN observations at 1.7 and 4.9 GHz. The synthesized beam is shown
in the lower-left corner, and the size and orientation are reported in Table 1. The uv-range and the background noise RMS are
reported in Table 2. The images are centered at the Gaia position, which is marked as a red plus. The name of the object and
the central frequency are indicated in the top-left and top-right corners of each panel respectively.
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PG1244+026 PG1244+0264.9 GHz 1.7 GHz

10 pc 10 pc

(c) PG1244+026: The contours are at (3, 6) × 0.0267 mJy/beam at 4.9 GHz (left) and (3, 5, 8) × 0.0236 mJy/beam at
1.7 GHz (right).

PG1404+226 4.9 GHz

10 pc

(d) PG1404+226: The contours are at (−3, 3, 5, 8) × 0.0207 mJy/beam at 4.9 GHz. The object is not detected at 1.7 GHz.

Figure 4. Continued.
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PG1416-129 PG1416-1294.9 GHz 1.7 GHz

10 pc 10 pc

(e) PG1416−129: The contours are at (3, 5, 8, 11) × 0.0318 mJy/beam at 4.9 GHz (left) and (3, 5, 8, 11) ×
0.0440 mJy/beam at 1.7 GHz (right).

PG1426+015   Full-array PG1426+015   Tapered4.9 GHz 4.9 GHz

C1 C1

C2 C220 pc 20 pc

(f) PG1426+015: The contours are at (−3, 3, 5) × 0.0331 mJy/beam in the full-array map (left) and (−3, 3, 5, 7) ×
0.0380 mJy/beam in the tapered map (right). Both images are at 4.9 GHz, the source is not detected at 1.7 GHz.

Figure 4. Continued.
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case of Stotal < Score, the source is unresolved, and we

use Score as an upper limit on Stotal.

The brightness temperature at 4.9 GHz is measured

following

TB = 1.8× 109(1 + z)
Sν

ν2θmaxθmin
(1)

(e.g. Ulvestad et al. 2005), where Sν is the total flux

density in mJy, ν is the observing frequency in GHz,

and θmax and θmin are the major and minor axes of the

source size in mas. If the emission is unresolved, we

used the core flux density as Sν , and half of the beam

size as θmax and/or θmin, and thus the measured TB is

a lower limit. The TB of PG1116+215 is computed in

the tapered map, and that of the two components in

PG1426+015 is also given. The values of TB are also

reported in Table 2.

The radio to X-ray luminosity ratio, LR/LX, is cal-

culated using the EVN core flux density at 5 GHz and

the X-ray flux at 0.2–12.0 keV from the XMM-Newton

DR12 catalog (Webb et al. 2020). If the object is not

detected in our EVN observations, we set an upper limit

on the ratio. PG1012+008 is not detected in either ra-

dio or X-ray bands, so its ratio is unknown. The radio to

X-ray luminosity ratio is listed in Table 3, which also in-

cludes the redshift, the physical scale, the BH mass from

Davis & Laor (2011), the VLA A-configuration 5 GHz

flux density from literature, and the X-ray 0.2–12 keV

flux from the XMM-Newton DR12 catalog (Webb et al.

2020). The values of the additional 13 RQQ detected

with the VLBA can be found in Chen et al. (2023) and

are also listed here.

The EVN spectral slope αEVN is measured based on

the Stotal in the tapered maps, which have comparable

resolutions and cover emission on similar scales at both

1.7 and 4.9 GHz. If the object is detected in only one

band, the Score is used to derive a limit on the slope.

We further measured the EVN core to total flux ratio

Score/Stotal, and the ratio of the EVN total flux to the

VLA A-configuration core flux (Kellermann et al. 1989)

SEVN/SVLA both at 5 GHz. For PG1426+015 which

has two components, the αEVN is estimated using the

Score at 4.9 GHz and the 1.7 GHz upper limit of the two

components, and the Score/Stotal is the ratio of the core

flux of the C1 component to the total flux of the C1+C2

components. The αEVN and the Score/Stotal of the indi-

vidual components are also calculated. The SEVN/SVLA

is the ratio of the EVN total flux of the two components

to the VLA A-configuration core flux. We note that

the limits on the slopes need to be taken with caution

because the non-detection images may have a higher

noise level than our measurements. The values of the

additional 13 RQQ detected with the VLBA are calcu-

lated in the same way and can be found in Chen et al.

(2023). Table 4 reports the EVN/VLBA spectral slope

αEVN/VLBA, the EVN/VLBA core to total flux ratio

Score/Stotal, and the ratio of the EVN/VLBA total flux

to the VLA A-configuration core flux SEVN/VLBA/SVLA

of the six RQQ detected in the EVN observations and

the 13 RQQ detected in the VLBA observations.

We classified the objects with or without a BLR wind

based on whether the C IV emission line profile shows

strong excess blue wing emission compared to the Hβ

profile by an eye inspection (see Figures 1 and 2). The

origin of the radio emission is discussed in Section 5, and

the classification is reported in Table 4, which also in-

cludes the VLA spectral slope αVLA from literature, the

Eddington ratio logL/LEdd from Davis & Laor (2011),

and the C IV velocity shift in units of its FWHM from

Baskin & Laor (2005).

5. THE ORIGIN OF THE RADIO EMISSION

The possible origin of the radio emission can be con-

strained based on the spectral slope and the compact-

ness. The compact flat-spectrum source is optically

thick and possibly associated with the accretion disk

corona. The extended steep-spectrum emission is opti-

cally thin and likely produced by an AGN-driven wind

or a low-power jet. The brightness temperature in the

EVN sample is about log TB = 5.7−6.8 or higher, which

is about one or two orders of magnitude higher than

that is expected for SF and free-free emission (≪ 106 K;

Njeri et al. 2024). This suggests that the pc-scale radio

emission is probably AGN-driven. We therefore focus

on the origins of a wind, a jet, and the coronal emission

as possible emission mechanisms.

The radio emission is associated with an outflow (in-

cluding a wind and a jet) if the source shows extended

radio morphology (i.e., more than one component), or

meets two of the three below criteria:

– steep αEVN/VLBA (i.e., < −0.5),

– steep αVLA (i.e., < −0.5),

– low Score/Stotal (i.e., < 0.5).

In contrast, the radio source is considered to be com-

pact, and therefore likely to have a coronal origin, if it

meets two of the three below criteria:

– flat αEVN/VLBA (i.e., > −0.5),

– flat αVLA (i.e., > −0.5),

– high Score/Stotal (i.e., > 0.5).

In three of the six objects detected with the EVN,

PG1116+215, PG1244+026, and PG1404+226, the ra-

dio emission may be associated with an AGN wind.

In the other three objects, the radio emission may be
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of coronal origin in PG0049+171 and PG1416−129,

and a jet or a collimated outflow may be present in

PG1426+015. A detailed discussion of individual ob-

jects can be seen in Subsections 5.1–5.6.

The above criteria are used to separate the corona

from the outflow, and can not tell a wind and a jet

apart given their similarity in terms of morphology and

spectral slope. Additional information is needed to dis-

tinguish between a wind and a jet, for instance, the jet

may have a higher TB than the wind due to the Doppler

effect. An earlier VLBA study (Chen et al. 2023) sug-

gests that the TB of the extended wind emission is gen-

erally lower, about 106 − 107 K, than that of the corona

and the jet emission, which spreads around 106−109 K.

However, we note that the TB based on the EVN mea-

surements is systematically lower than that based on the

VLBA measurements, which is probably due to the dif-

ferent resolutions. We thus can not compare the values

measured in different arrays, but we can compare them

measured in the same array. Indeed, the TB of the ra-

dio wind objects (105.7 − 106.4 K) is on average lower

than that of the corona or jet sources (106.5 − 106.8 K).

The value of SEVN/VLBA/SVLA has to be taken with

caution, because the object may vary among the non-

simultaneous observations, especially for the compact

sources, and thus it is not considered in the outflow and

corona criteria.

5.1. PG1116+215: Wind

PG1116+215 was detected only after tapering, thus

the radio emission in this object is mostly extended

(≳ 10 pc), with Score/Stotal = 0.4 − 0.5 at both 5 and

1.7 GHz. Significant extended emission is dominated

on larger scales, since SEVN/SVLA = 0.2 at 5 GHz.

The EVN and the VLA slopes are both steep with

αEVN = −1.18 at 1.7–4.9 GHz and αVLA = −0.59 at

5–8.5 GHz (Laor et al. 2019). The object meets all three

of the outflow criteria, suggesting optically thin emission

likely from a wind.

5.2. PG1244+026: Wind

PG1244+026 is unresolved at 5 GHz (< 3.5 pc), with

Score/Stotal = 1, but extended emission is present at

1.7 GHz, where Score/Stotal = 0.6, although this fre-

quency happens to have a higher resolution (∼ 2.5 pc).

Significant 5 GHz extended emission is present on larger

scales (∼ 300 pc), as SEVN/SVLA = 0.4. The EVN

slope, αEVN = −0.52, is close to the flat versus steep

dividing line, which may suggest comparable contribu-

tions at 1.7–5 GHz from a compact flat source which

dominates above 5 GHz and a steep extended source

which dominates below 1.7 GHz. The VLA slope of

larger scale emission is indeed steep with αVLA = −0.87

at 1.4–5 GHz (Järvelä et al. 2022). The object meets

two of the three outflow criteria, indicating the presence

of a wind.

5.3. PG1404+226: Wind

PG1404+226 is dominated by extended emission at

5 GHz (> 3.5 pc), with Score/Stotal = 0.4, and remains

extended at 5 GHz up to the VLA scale (∼ 600 pc),

where SEVN/SVLA = 0.5. The VLA slope is steep with

αVLA = −0.63 at 5–8.5 GHz (Laor et al. 2019). The

object meets two of the three outflow criteria, suggesting

extended radio emission from a wind. Though the source

is extended, the non-detection at 1.7 GHz gives a flat

EVN slope, αEVN > 0.09, which may be due to free-free

absorption (see Section 7.1).

5.4. PG0049+171: Corona

PG0049+171 is mostly unresolved (< 2.6 pc) at

both 5 and 1.7 GHz, with Score/Stotal = 0.8 in both

bands. The EVN and the VLA slopes are both flat,

αEVN = 0.13 at 1.7–4.9 GHz and αVLA = −0.3 at 5–

8.5 GHz (Laor et al. 2019), suggesting highly compact

(< 0.1 pc) optically thick emission. The object meets

all three of the corona criteria, which indicates that the

radio emission is likely originated from the corona. The

low EVN/VLA flux ratio, SEVN/SVLA = 0.4, may re-

sult from a factor of ∼ 2 flux variability, or extended

emission on larger scales.

5.5. PG1416−129: Corona

PG1416−129 shows mostly compact (< 6.2 pc) emis-

sion, as Score/Stotal = 1 at 5 GHz and Score/Stotal = 0.8

at 1.7 GHz. The EVN slope αEVN = −0.59 at 1.7–

4.9 GHz is close to the flat versus steep dividing line,

which may again result from a transition from steep

extended emission at lower frequencies to flat compact

emission at higher frequencies, as indicated by the VLA

slope αVLA = 0.11 at 5–8.5 GHz (Barvainis et al. 1996).

The object meets two of the three corona criteria, which

suggests that the compact emission at 5 GHz is likely

dominated by the coronal emission. The SEVN/SVLA =

0.5 may suggest the presence of extended emission on

larger scales, or a factor of ∼ 2 flux variability.

5.6. PG1426+015: Jet

PG1426+015 has two components in the EVN obser-

vations at 4.9 GHz, which suggests the object launches

an outflow (a wind or a jet). The C1 component is

unresolved with Score/Stotal = 1 and the C2 compo-

nent is extended with Score/Stotal = 0.5. Significant

extended emission is likely present on larger scales, as
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SEVN/SVLA = 0.5. The non-detection in the L band

results in flat EVN slopes in both components. The to-

tal EVN slope of both components are flat with αEVN >

−0.07 at 1.7–4.9 GHz, which is consistent with the VLA

slope of αVLA = −0.18 at 5–8.5 GHz (Laor et al. 2019)

within the uncertainty. The TB of C2 is comparable to

that of C1, and is relatively high compared to the other

three wind sources. This may favor that the radio emis-

sion is associated with a jet or a compact outflow, with

a projected size of about 68.3 pc away from the AGN

center, on the NLR scale. The C1 component is prob-

ably associated with the corona or the jet base with a

flat slope (αEVN > −0.40). The flat slope of the C2

component (αEVN > 0.17) may be also due to free-free

absorption in the outflow gas (see Section 7.1). However,

the wind interpretation can not be completely ruled out.

Further study, such as proper motion, will help to clarify

its radio origin.

5.7. EVN non-detections

Four of the ten objects in our sample were not de-

tected in the EVN observations. The 5σ upper lim-

its on their 5 GHz flux are 0.10–0.14 mJy (Table 2),

which are lower than the range of detected fluxes of

0.18–0.39 mJy. Are these four objects unusually radio

weak, or are they typical RQQ which just happen to be

more distant or less luminous? Their redshift distribu-

tion 0.081 ≤ z ≤ 0.459 is clearly higher than that of the

detected objects 0.048 ≤ z ≤ 0.176. Their logLR/LX

upper limits also fall within the range spanned by the

detected objects (Table 3). Thus the undetected objects

are not necessarily radio weak and may have a typical

radio to X-ray flux ratio for RQQ.

6. THE RADIO AND THE BLR WINDS

We present our search for the correlations between

the radio evidence for the pc-scale winds and the C IV

evidence for the BLR winds on ∼ 0.01–0.1 pc scales.

To improve the statistics, we further include additional

13 RQ PG quasars, which are detected with the VLBA

at 1.6–4.9 GHz (Alhosani et al. 2022; Chen et al. 2023)

and have an observed C IV emission line profile (Baskin

& Laor 2005). The classification of the radio emission

origin of these 13 objects is discussed in Alhosani et al.

(2022) and Chen et al. (2023). Combining the EVN

and VLBA observations, we have a sample of 19 objects

totally.

The objects are divided into four groups based on

whether the object has radio and/or BLR winds:

– Radio + BLR winds (five objects): the radio emission

is associated with a wind, and the object also has a BLR

wind;

– Radio wind only (four objects): the radio emission is

associated with a wind, but the object does not have a

BLR wind;

– BLR wind only (one object): the object has a BLR

wind, but the radio emission is associated with the

corona or a jet;

– No wind (nine objects): the object does not have a

BLR wind, and the radio emission is associated with

the corona or a jet.

A detailed grouping is listed in Table 4.

Figure 5. The radio 5 GHz to X-ray 0.2–12 keV luminosity
ratio as a function of the BH mass. The objects are divided
into 4 groups based on showing both radio and BLR winds
(black), either BLR wind (blue) or radio wind (red) only, or
neither BLR nor radio winds (green, including corona and
jet in radio). The classification can be seen in Table 4. The
squares and circles represent the objects observed with EVN
and VLBA respectively.

Figure 5 presents the ratio of the EVN or VLBA core
luminosity at 5 GHz to the X-ray luminosity at 0.2–

12 keV. Most of the objects cluster around logLR/LX ∼
−6, which is typical for RQ AGN without a power-

ful relativistic jet (Fischer et al. 2021; Chen et al.

2023). The radio + BLR wind objects are spread over

logMBH/M⊙ = 6.2 − 8.4, while the no wind objects

reside only at logMBH/M⊙ > 7.7. This may be an

L/LEdd effect, where high L/LEdd objects which can

launch a radiation pressure driven wind, are found at

all BH masses, while low L/LEdd objects which do not

drive a wind, are more common at high BH masses.

Figure 6 shows the L/LEdd versus αEVN/VLBA distri-

bution. In the five radio + BLR wind objects, 4/5 have

high Eddington ratios (logL/LEdd > −0.5) and steep

spectral slopes (αEVN/VLBA < −0.5). In the nine ob-

jects with neither radio nor BLR winds, 8/9 (within the

uncertainty) have low Eddington ratios (logL/LEdd <
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PG1404+226

PG1426+015

PG1612+261

PG0026+129

PG0921+525PG0923+129

PG1534+580

PG1149-110

Figure 6. The Eddington ratio as a function of the radio
slope at 1.7–4.9 GHz. The symbols are the same as Figure 5.
The name of the objects discussed in Section 7 is labeled.
PG1404+226 is likely affected by free-free absorption, and
its intrinsic slope could be steep (see Section 7.1). The five
objects with both radio and BLR winds (black) reside at
logL/LEdd > −0.5, while eight of the nine objects without
a wind (green) reside at logL/LEdd < −0.5.

PG1404+226

PG1426+015

PG1612+261

PG0026+129

PG0921+525

PG0923+129

PG1534+580

PG1149-110

Figure 7. The radio slope at 1.7–4.9 GHz as a function of
the C IV velocity shift divided by its FWHM. The symbols
are the same as Figure 5. The name of the objects discussed
in Section 7 is labeled. PG1404+226 is likely affected by
free-free absorption, and its intrinsic slope could be steep
(see Section 7.1). The five objects with both radio and BLR
winds (black) show a strong C IV blue excess, while the nine
objects without a wind (green) do not show.

−0.5) and flat spectral slopes (αEVN/VLBA > −0.5).

Thus about 86% of the objects are consistent with a

general interpretation that the winds are characterized

by a high L/LEdd, a steep αEVN/VLBA, and strong C IV

excess blue wing, and vice versa.

The Spearman correlation suggests a weak trend be-

tween L/LEdd and αEVN/VLBA with r = −0.57 and

PG1404+226

PG1426+015

PG0026+129

PG0921+525

PG0923+129
PG1612+261

PG1534+580

PG1149-110

Figure 8. The Eddington ratio as a function of the C IV
velocity shift divided by its FWHM. The symbols are the
same as Figure 5. The name of the objects discussed in
Section 7 is labeled.

p = 0.05 when excluding objects with a slope limit.

The Kolmogorov–Smirnov (KS) tests suggest that the

L/LEdd in the objects with or without BLR wind, and in

the objects with or without radio wind, are both drawn

from different populations at a confidence level of 98.9%

(p = 0.011) for BLR wind and of 99.7% (p = 0.003) for

radio wind. The KS tests suggest that the αEVN/VLBA

can distinguish the objects with or without pc-scale ra-

dio wind at a confidence level of 98% (p = 0.020), but

it can not tell the objects with or without BLR wind

apart.

Figures 7 and 8 show the distributions of αEVN/VLBA

and L/LEdd, respectively, against C IV velocity shift to

its FWHM which indicates the strength of the BLR

wind. The C IV emission line tends to have a rela-

tively large blueshift in the five radio + BLR wind ob-

jects, where all have high L/LEdd and 4/5 have steep

αEVN/VLBA. The nine no wind objects tend to have

no blueshift or even show a redshift, where 8/9 have

low L/LEdd and all (within the uncertainty) have flat

αEVN/VLBA.

The Spearman correlation suggests the trend between

αEVN/VLBA and C IV shift is even weaker with r = 0.50

and p = 0.09 when excluding the slope limits, and no

trend between L/LEdd and C IV shift. The KS tests sug-

gest that the C IV shift can distinguish the objects with

or without BLR wind at a confidence level of 99.8% (p

= 0.002), but it can not tell the objects with or without

radio wind apart.

In total, about 74% (14/19) of the objects show either

both radio and BLR winds or neither, in which, about

86% (12/14 within the uncertainty) of the sources agree

with the interpretation that the wind objects are char-
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acterized by high L/LEdd and steep αEVN/VLBA, and

the no wind objects are characterized by low L/LEdd

and flat αEVN/VLBA. The Eddington ratio could be a

good indicator for the presence of an AGN wind, which

is driven by the radiation pressure, as it can distinguish

the groups with or without radio and BLR winds better

than the other parameters based on the KS tests. High

L/LEdd objects are likely to launch a strong wind, which

produces a blueshifted component in the C IV emission

line from the BLR, as well as the optically thin radio

emission by an interaction with the ambient medium on

the NLR scales. In contrast, it appears that neither a

BLR nor a NLR wind is launched in low L/LEdd objects,

and thus no blueshifted component is seen in the C IV

emission line, and the optically thick radio emission is

likely originated from the corona.

7. DISCUSSION

The relation of the wind phenomenon with the L/LEdd

suggests that the wind is likely radiation pressure driven.

High L/LEdd objects are capable of producing the

winds, both in the BLR as indicated by the excess blue

wing in the C IV emission line, and in the NLR as in-

dicated by the pc-scale extended steep-spectrum radio

emission. The winds are not detected in low L/LEdd

objects in either the BLR or the NLR, as demonstrated

by the symmetric C IV profile and the compact flat-

spectrum radio emission.

However, there are exceptions. We here discuss var-

ious physical effects which can affect the relations be-

tween the radio and the BLR wind indicators presented

earlier.

7.1. Free-free absorption

The radio emission can be absorbed by the AGN pho-

toionized gas via free-free absorption, which is set by

the AGN ionizing luminosity and by the distance of the

absorber from the AGN (Baskin & Laor 2021). In this

case, the spectral slope will become flatter, and possibly

inverted, at lower frequencies where the free-free absorp-

tion dominates.

PG1404+226 has a high L/LEdd and the signature

of both radio and BLR winds. However, the non-

detection in our EVN observations at 1.7 GHz implies

a flat αEVN (> 0.09 ± 0.08), in contrast with most of

the other high L/LEdd objects where α < −0.5 (Fig-

ure 6). If the flat αEVN is produced by an optically

thick Synchrotron source, the emission must be compact

(< 0.1 pc; Laor & Behar 2008) and mostly unresolved.

However, a large fraction of the 5 GHz emission is re-

solved (Score/Stotal = 0.4), i.e., on a scale of larger than

1.87× 5.97 mas2 or 3.5× 11.3 pc2. This extended emis-

sion is inevitably steep, and should have been detected

at 1.7 GHz at about 10σ or higher, which is in contrast

with the observation. We suggest that the observed flat

spectrum may be caused by free-free absorption.

PG1404+226 shows a narrow C IV absorption line of

intermediate-strength (an absorption equivalent width

of 1.5 Å; Laor & Brandt 2002), which indicates a low-

velocity wind (∼ 2000 km s−1) along our line of sight.

The radio emission can be free-free absorbed by the out-

flowing gas when passing through it. Does the free-free

absorption from such a wind produce significant spectral

flattening below 5 GHz?

The free-free absorption frequency of photoionized gas

allows to estimate the distance of the absorber. If

the observed radio emission is indeed optically thick at

1.7 GHz and optically thin at 4.9 GHz, then the optical

depth τff > 1 at 1.7 GHz and likely τff < 1 at 4.9 GHz.

For simplicity, let us assume τff = 1 at 3 GHz. The

location of the absorber, r, can be estimated from the

following relation (eq.21 in Baskin & Laor 2021)

νthick = 6.03× 1011(
r

rdust
)−0.95 Hz (2)

for dusty gas. Here νthick is the frequency at which

τff = 1 and assumed to be 3 GHz. The dust sublimation

radius, rdust, is defined as (eq.11 in Baskin & Laor 2021)

rdust = 0.2L0.5
46 pc (3)

where L46 is the bolometric luminosity in units of

1046 erg s−1, and logLbol = 45.21 for this object (Davis

& Laor 2011). The derived distance of the absorbing

medium from the central source is then 15.7 pc, which

is comparable to the projected source size of 11.4 ×
4.9 pc2. Thus the UV wind, if its lateral dimensions

are comparable to its distance from the source, could be

large enough to cover the radio source, and its free-free

absorption can produce the observed inverted αEVN.

Free-free absorption may be also affecting

PG1426+015, which shows two emission components.

The component C1 is unresolved and shows flat-

spectrum emission, which coincides well with the Gaia

position. It is therefore most likely the core emission,

probably the corona or the jet base. The component

C2 resides 68 pc away in projection from the core. Its

slope is flat, but its emission is significantly spatially

resolved (Score/Stotal = 0.5), in contrast to an optically

thick Synchrotron source which is compact and remains

unresolved. C2 is similar to PG1404+226, by also be-

ing very flat (αEVN > 0.17 ± 0.14), yet significantly

extended (free-free emission is excluded by the high TB

of both sources). The likely interpretation in this case is

therefore also a free-free absorption screen which resides

in front of C2.
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Is a photoionized absorbing screen in PG1426+015

expected to be optically thick to free-free absorption at

the range of 1.5–5 GHz? The bolometric luminosity is

logLbol = 45.84 for this object (Davis & Laor 2011),

and the absorber distance is ≥ 68 pc (the projected sep-

aration between C1 and C2). Following the derivation

earlier, it indeed gives νthick = 2.0 GHz, as required.

Specifically, since τff ∝ ν−2 in the radio regime (e.g. Ry-

bicki & Lightman 1986), we get τff(1.5GHz) = 1.78 and

τff(5GHz) = 0.16, and the absorption corrected slope

indeed becomes steep with α = −1.18.

In contrast with PG1404+226 which shows associated

C IV absorption, in PG1426+015 no C IV absorption

is detected (Laor & Brandt 2002). This is because in

PG1404+226 the free-free absorption screen appears to

cover the core, while in PG1426+015 the core, where

the C IV line is emitted, is not absorbed in the radio.

The free-free absorption screen in PG1426+015 resides

≥ 68 pc from the nucleus, and is likely associated with

photoionized gas in the NLR.

7.2. The origin of the extended radio emission

The extended radio emission may originate in a jet

lobe or a wind, which both produce extended steep-

spectrum radio emission. In principle, a jet is expected

to be highly collimated compared to a wide-angle wind.

However, in practice, it is generally difficult to separate

a jet from a wind when the emission is not well resolved

in the radio observations.

Only PG1426+015 shows a separated extended com-

ponent (C2) in addition to the core component (C1).

The projected distance of 68.3 pc between C1 and C2

suggests that C2 resides on the NLR scale. The angu-

lar scale of C2 is 4.66 mas at the distance of 40.4 mas

from C1, which corresponds to a half opening angle of

only 3.3◦. Since the NLR gas likely extends over a large

solid angle, the small opening angle of C2 suggests a

well-collimated outflow, i.e., a jet rather than a wind.

In addition, the TB of C2 is comparable to that of C1,

and is relatively high compared to the other three wind

sources in the EVN observations, which may also sup-

port the jet interpretation.

We note in passing that the HST image of

PG1426+015 shows an additional source in the inner

part of the host galaxy with a separation of ∼ 2 arc-

sec from the central nucleus in the same direction of

C2 (Bentz et al. 2009). The C2 component may thus

be related to the interaction between the two objects.

However, the corresponding distance between the two

objects is about 50 times larger than the C1 and C2

separation (∼ 40 mas), which cannot be resolved with

the HST.

7.3. The association of the radio and BLR winds

The five objects with both radio and BLR

winds (PG0050+124, PG0157+001, PG1116+215,

PG1244+026, and PG1404+226) have a very high

L/LEdd (≥ 0.66), which suggests that the winds

are radiation pressure driven. There are four ob-

jects, PG0921+525, PG0923+129, PG1534+580, and

PG1612+261, with a radio outflow but without a BLR

wind, and one object, PG1149−110, with a BLR wind

but without a radio outflow. They have a lower L/LEdd

than the objects with both radio and BLR winds.

PG0921+525 shows one-sided radio extended emis-

sion both on the VLBA scale (Chen et al. 2023) and

on the VLA A-configuration scale (Kukula et al. 1998).

Extended components are seen in PG0923+129 (two-

sided) and PG1534+580 (one-sided) on the VLBA scale

(Chen et al. 2023), but are not detected on the VLA A-

configuration scale (Leipski et al. 2006; Berton et al.

2018). PG1149−110 and PG1612+261 show two-sided

radio extended emission on the VLA A-configuration

scale (Leipski et al. 2006), but an extended component

is not detected on the VLBA scale (Alhosani et al. 2022;

Wang et al. 2023).

Interestingly, four of the five objects with either a

radio or a BLR wind (PG0921+525, PG0923+129,

PG1149−110, and PG1612+261) are situated at a nar-

row range of L/LEdd (0.20–0.40), just below the L/LEdd

in the radio + BLR wind objects. The intermediate

L/LEdd may be sufficient to drive a mild wind. In

PG1534+580, the L/LEdd (0.05) is significantly low,

and likely not sufficient for a radiation pressure driven

wind. The extended radio emission may be associated

with a weak jet.

7.4. Inclination effects

Of the nine objects without a wind indicator in either

the radio or the BLR, eight reside at L/LEdd ≤ 0.28,

which supports the scenario that the radiation pressure

driven wind occurs only in the highest L/LEdd objects.

The significant outlier in this group is PG0026+129,

which shows neither a radio nor a BLR wind, despite

of its very high L/LEdd (2.0). Can the apparently high

L/LEdd be a spurious inclination effect? A pole-on ori-

entation of a disk-like BLR will underestimate the Hβ

line width, and thus the BH mass, which results in an

overestimate of L/LEdd.

PG0026+129 has an inverted αVLBA (> 0.89± 0.14),

compact emission (Score/Stotal = 0.7), a flat slope also

on a lower resolution (αVLA = −0.31), and shows vari-

ability (SVLBA/SVLA = 1.6), which are indicative of

the highly compact radio emission. Similarly, no C IV

blueshifted absorption or emission lines suggests the ab-
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sence of a BLR wind. This object has a narrow Hβ line

with FWHM = 1860 km s−1 and a relatively low-mass

BH with logMBH/M⊙ = 7.7 (Davis & Laor 2011). The

HST image indeed shows that it is close to a face-on view

(Bentz et al. 2009). Thus the L/LEdd may potentially

be overestimated due to a close to face-on view effect.

In addition, inclination can also affect the observed

C IV line wind indicator. The BLR wind is likely driven

up out of the accretion disk by radiation pressure, and

it may be close to the plane of the disk with an open-

ing angle of a few degrees from the disk plane (Murray

et al. 1995; Proga et al. 2000). This wind will produce

blueshifted absorption lines when viewed through the

wind, and also blueshifted emission lines which will be

enhanced in a close to edge-on view. Thus a face-on

view may be less likely to see the C IV line absorption

and emission wind indicators, and vice versa. In con-

trast, the slope and the compactness of the radio emis-

sion are less likely to be inclination-dependent, as there

is no evidence for highly relativistic outflow in RQQ.

A close to face-on view of a disk wind is therefore

another possible explanation for the presence of a ra-

dio outflow but the absence of a BLR wind in the

four intermediate objects (PG0921+525, PG0923+129,

PG1534+580, and PG1612+261). The HST images of

PG0921+525, PG0923+129, and PG1534+580 show a

close to face-on host galaxy, suggesting that they are

indeed viewed at a small inclination (Bentz et al. 2009,

2013). In contrast, the host galaxy of PG1149−110 is

highly inclined (Zhao et al. 2021). A close to edge-on

view of the disk wind may facilitate the detection of a

BLR wind.

If the inclination interpretation is correct, then spec-

tropolarimetry of the likely close to face-on objects

should reveal low continuum polarization percentages

%P , while the BLR line profiles in polarized light,

which reflects a close to edge-on view, may reveal the

blueshifted wind component (Capetti et al. 2021). In-

deed, the white light polarimetry survey (Berriman

et al. 1990) find a low %P polarization in PG0026+129

(0.27±0.17), which is an outlier with a very high L/LEdd

(2.0) but without a wind, supporting the face-on view

bias. A low %P also characterizes the three intermediate

L/LEdd (0.3–0.4) objects, PG0921+525 (0.17 ± 0.08),

PG0923+129 (0.12 ± 0.17), and PG1612+261 (0.07 ±
0.13), which again supports the close to face-on bias.

A relatively high %P polarization is found in

PG1534+580 (0.79 ± 0.14), which argues against the

inclination bias, and the BLR wind is likely absent

as suggested by its very low L/LEdd (0.05). The five

very high L/LEdd (≥ 0.66) objects with both radio and

BLR winds, PG0050+124 (0.61 ± 0.08), PG0157+001

(1.37± 0.40), PG1116+215 (0.23± 0.11), PG1244+026

(0.48 ± 0.25), and PG1404+226 (0.37 ± 0.35), and the

one intermediate L/LEdd (0.2) object, PG1149−110

(0.23 ± 0.11), tend to have a relatively high %P and

may be not biased by inclination, though the S/N is too

low for a definite conclusion.

7.5. Variability

Throughout this study, we make use of public data

from literature spanning a few decades, including the

UV and optical spectroscopy, optical spectropolarime-

try, past radio observations with the VLA A configu-

ration, and the XMM-Newton catalog. We note that

variability may affect the results at a certain level, due

to the variations of emission line profiles and the non-

simultaneous radio observations. However, variability,

in general, will cause the data points to move randomly,

which tends to weaken or destroy the trends. Therefore,

if the correlations still hold despite of variability, the

correlations would be even stronger without variability.

Future new observations would be beneficial to confirm

or disprove these results.

8. SUMMARY

In this work, we look for the pc-scale radio emission

associated with a wind, and explore its relation with

the BLR wind indicated by the excess blue wing in the

C IV emission line in 19 RQ PG quasars. In the sam-

ple, six objects are from our new EVN observations (10

observed) at 1.7 and 4.9 GHz, and 13 objects are from

our earlier VLBA studies (18 observed) at the same fre-

quencies (Alhosani et al. 2022; Chen et al. 2023). The

main results are summarized below.

(1) Out of the six objects detected with the EVN,

the radio emission in three objects is likely associated

with an AGN driven wind, in two objects it is likely

the coronal emission, and one object shows both a com-

pact core component and a spatially separate extended

component which are likely from a low-power jet.

(2) In the combined sample including our EVN and

VLBA observations, 74% (14/19) of the objects show

either both radio and BLR winds or neither. Of these

objects, 86% (12/14) are consistent with the interpreta-

tion that all of the wind objects are characterized by a

high L/LEdd (≥ 0.66), while nearly all of the no wind ob-

jects are characterized by a low L/LEdd (≤ 0.28). This

suggests that the AGN winds are probably driven by the

radiation pressure.

(3) The wind indicators can be complicated by var-

ious aspects. First, free-free absorption by AGN pho-

toionized gas, if present, would flatten the radio spec-

tral slope. Second, a close to face-on view of a disk-like
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BLR could overestimate the L/LEdd. The inclination

may further affect a mild equatorial BLR wind, which

may be weakened in a face-on view or enhanced in an

edge-on view, in the intermediate L/LEdd (0.2–0.4) ob-

jects. Last, the radio outflow in the low L/LEdd objects

is possibly from a low-power jet, instead of a radiation

pressure driven wind, as suggested by additional evi-

dence.

Future studies on the connection between the radio

outflow and the [O III] excess blue wing emission will

help to clarify whether the pc-scale radio wind is con-

nected to the NLR wind, if they occur on a compara-

ble scale, as suggested in lower resolution radio observa-

tions (Zakamska & Greene 2014; Zakamska et al. 2016).

The combination of integral field spectrograph and ra-

dio imaging on kpc scales could be beneficial to explore

the interaction between the radio outflow (a wind or a

jet) and the ambient medium. New high S/N spectropo-

larimetry can further examine the inclination bias. Fi-

nally, these results have to be taken with caution given

the small sample. A large sample is necessary to con-

firm these findings and draw a more reliable picture of

the outflow multi-wavelength properties in RQ AGN.
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Table 1. The EVN coordinates and their separations from the Gaia positions, and the beam and deconvolved source sizes in
the EVN observations.

Name Frequency Coordinates Separation Beam size Deconvolved source size

ν R.A. Dec. ∆ θmaj θmin PA θmaj θmin PA

(GHz) (hh:mm:ss) (dd:mm:ss) (mas) (mas) (mas) (degree) (mas) (mas) (degree)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

PG0049+171
4.9 00:51:54.7634 +17:25:58.5085 0.4 6.08 2.07 9.3 3.08 1.09 5.1

1.7 00:51:54.7633 +17:25:58.5032 5.6 9.97 3.12 14.4 < 4.99 1.79

PG1116+215
4.9 11:19:08.6783 +21:19:17.9865 4.2 8.56 5.54 99.9 9.64 6.13 90.8

1.7 11:19:08.6790 +21:19:17.9872 5.1 27.6 9.59 6.4 19.64 14.06 13.7

PG1244+026
4.9 12:46:35.2530 +02:22:08.7785 1.9 9.37 3.50 178.1 < 4.69 < 1.75

1.7 12:46:35.2529 +02:22:08.7795 1.3 4.82 2.54 86.3 3.27 < 1.27

PG1404+226
4.9 14:06:21.8901 +22:23:46.5142 0.6 5.97 1.87 7.0 6.03 2.58 13.8

1.7

PG1416−129
4.9 14:19:03.8172 −13:10:44.7860 0.3 8.34 2.61 4.4 < 4.17 < 1.31

1.7 14:19:03.8172 −13:10:44.7910 5.2 5.55 3.99 57.2 2.88 2.37 85.6

PG1426+015

4.9 C1 14:29:06.5721 +01:17:06.1521 2.3 7.84 2.63 4.9 < 3.92 < 1.32

4.9 C2 14:29:06.5728 +01:17:06.1158 40.4 7.84 2.63 4.9 4.66 < 1.32

1.7

Note—Columns: (1) the name, (2) the frequency, (3) the right ascension of the centroid of EVN emission determined using
JMFIT, (4) the declination of the centroid of EVN emission determined using JMFIT, (5) the separation between the EVN
and the Gaia positions, (6) the major axis of the beam in unit of mas, (7) the minor axis of the beam in unit of mas, (8) the
position angle of the beam in unit of degree, (9) the deconvolved major axis of the source in unit of mas, (10) the deconvolved
minor axis of the source in unit of mas, (11) the deconvolved position angle of the source in unit of degree.
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Table 3. The BH mass, the VLA 5 GHz flux, the XMM-Newton 0.2–12 keV flux, and the luminosity ratio of the EVN/VLBA
at 5 GHz to the XMM-Newton at 0.2–12 keV of the objects.

Name Array z Scale logMBH/M⊙ SVLA fXMM−Newton logLR/LX

(pcmas−1) (mJy) (10−12 erg s−1 cm−2)

(1) (2) (3) (4) (5) (6) (7) (8)

PG0049+171

EVN

0.065 1.26 7.73 0.66a 39.10 ± 0.29 −6.54± 0.04

PG1116+215 0.176 3.08 8.35 1.94a 11.10 ± 0.05 −6.15± 0.08

PG1244+026 0.048 1.00 6.15 0.47a 12.50 ± 0.03 −6.13± 0.07

PG1404+226 0.098 1.89 6.52 0.89a 0.88 ± 0.01 −5.00± 0.05

PG1416−129 0.129 2.39 8.74 0.80a 5.31 ± 0.04 −5.44± 0.03

PG1426+015 0.087 1.69 8.67 0.93a 18.50 ± 0.08 −6.30± 0.09

PG1012+008 0.187 3.24 8.01 0.74a

PG1211+143 0.081 1.59 7.64 1.17a 11.00 ± 0.03 < −6.24

PG1626+554 0.134 2.45 8.13 0.32a 7.78 ± 0.06 < −6.16

PG2112+059 0.459 5.99 8.85 0.76a 0.22 ± 0.01 < −4.65

PG0026+129

VLBA

0.142 3.26 7.74 0.20a 9.25 ± 0.10 −5.88± 0.04

PG0050+124 0.060 1.17 6.99 2.41b 14.90 ± 0.04 −6.10± 0.09

PG0052+251 0.155 2.71 8.64 0.68b 13.70 ± 0.06 −6.06± 0.03

PG0157+001 0.164 3.81 8.00 5.58a 2.82 ± 0.05 −5.34± 0.06

PG0921+525 0.035 0.75 6.87 1.87a 55.80 ± 0.10 −6.05± 0.01

PG0923+129 0.029 0.62 6.82 2.82c 34.10 ± 0.13 −6.61± 0.06

PG1149−110 0.050 0.98 7.34 2.27b 9.12 ± 0.08 −5.64± 0.02

PG1216+069 0.334 8.52 9.06 4.95a 3.65 ± 0.03 −4.04± 0.01

PG1351+640 0.087 1.92 8.49 20.0a 0.95 ± 0.02 −3.93± 0.01

PG1501+106 0.036 0.77 8.11 0.50a 32.90 ± 0.13 −6.31± 0.04

PG1534+580 0.030 0.64 7.71 1.80a 17.10 ± 0.10 −6.41± 0.08

PG1612+261 0.131 2.35 7.69 5.58b 8.07 ± 0.09 < −6.31

PG2304+042 0.042 0.83 7.91 0.77b 30.00 ± 0.13 −6.35± 0.03

PG1351+236 0.055 1.19 8.10 < 0.25a

PG1440+356 0.077 1.55 7.09 1.24b 10.90± 0.05 < −6.44

PG1613+658 0.139 2.25 8.89 3.03b 10.70± 0.19 < −6.44

PG2130+099 0.062 1.24 7.49 2.18b 10.00± 0.06 < −6.46

Note—Columns: (1) the name, (2) the observing array, (3) the redshift, (4) the physical scale, (5) the BH mass in logarithm
scale from Davis & Laor (2011), (6) the VLA flux density at 5 GHz with the A configuration from literature, (7) the X-ray
flux at 0.2–12.0 keV in units of 10−12 erg s−1 cm−2 from the XMM-Newton DR12 catalogue (Webb et al. 2020), (8) the ratio of
the EVN/VLBA core luminosity at 5 GHz to the XMM-Newton luminosity at 0.2–12 keV in logarithm scale. References: a -
Kellermann et al. (1989), b - Alhosani et al. (2022), c - Berton et al. (2018).



23

T
a
b
le

4
.
T
h
e
sp

ec
tr
a
l
sl
o
p
e,

th
e
co
m
p
a
ct
n
es
s,

th
e
d
o
m
in
a
n
t
ra
d
io

o
ri
g
in
,
th
e
C
IV

sh
if
t,

w
h
et
h
er

th
e
B
L
R

w
in
d
is

p
re
se
n
t,

th
e
E
d
d
in
g
to
n
ra
ti
o
,
a
n
d
th
e
g
ro
u
p
in
g

b
a
se
d
o
n
w
h
et
h
er

th
e
ra
d
io

a
n
d
/
o
r
B
L
R

w
in
d
s
a
re

p
re
se
n
t
in

th
e
co
m
b
in
ed

sa
m
p
le

w
it
h
E
V
N

a
n
d
V
L
B
A

o
b
se
rv
a
ti
o
n
s.

N
a
m
e

A
rr
a
y

α
E
V
N
/
V
L
B
A

α
V
L
A

S
c
o
r
e

S
t
o
t
a
l

S
E
V
N
/
V
L
B
A

S
V
L
A

R
a
d
io

o
ri
g
in

C
IV

v
s
h
if
t

F
W

H
M

B
L
R

w
in
d

lo
g
L
/
L
E
d
d

G
ro
u
p

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

P
G

0
0
4
9
+
1
7
1

E
V
N

0
.1
3
±

0
.2
3

−
0
.3
0
a

0
.8

0
.4

C
o
ro
n
a

0
.0
2
1

N
o

−
1
.1
5

N
o
w
in
d

P
G

1
1
1
6
+
2
1
5

−
1
.1
8
±

0
.3
6

−
0
.5
9
a

0
.4

0
.2

W
in
d

−
0
.1
0
8

Y
es

−
0
.1
8

R
a
d
io

+
B
L
R

w
in
d
s

P
G

1
2
4
4
+
0
2
6

−
0
.5
2
±

0
.3
3

−
0
.8
7
b

1
.0

0
.4

W
in
d

−
0
.1
7
5

Y
es

0
.4
9

R
a
d
io

+
B
L
R

w
in
d
s

P
G

1
4
0
4
+
2
2
6

>
0
.0
9
±

0
.0
8

−
0
.6
3
a

0
.4

0
.5

W
in
d

−
0
.5
3
8

Y
es

0
.5
9

R
a
d
io

+
B
L
R

w
in
d
s

P
G

1
4
1
6
−
1
2
9

−
0
.5
9
±

0
.1
3

0
.1
1
c

1
.0

0
.5

C
o
ro
n
a

0
.0
0
1

N
o

−
1
.0
2

N
o
w
in
d

P
G

1
4
2
6
+
0
1
5

>
−
0
.0
7
±

0
.1
3

−
0
.1
8
a

0
.4

0
.5

J
et
?

−
0
.0
2
1

N
o

−
0
.9
3

N
o
w
in
d

C
1

>
−
0
.4
0
±

0
.2
6

1
.0

C
2

>
0
.1
7
±

0
.1
4

0
.5

P
G

0
0
2
6
+
1
2
9

V
L
B
A

>
0
.8
9
±

0
.1
4

−
0
.3
1
d

0
.7

1
.6

C
o
ro
n
a

0
.0
7
5

N
o

0
.3
0

N
o
w
in
d

P
G

0
0
5
0
+
1
2
4

−
0
.9
0
±

0
.1
5

−
1
.4
5
a

0
.4

0
.2

W
in
d

−
0
.0
4
0

Y
es

0
.0
3

R
a
d
io

+
B
L
R

w
in
d
s

P
G

0
0
5
2
+
2
5
1

−
0
.1
3
±

0
.1
6

0
.9
3
a

0
.8

0
.4

C
o
ro
n
a

−
0
.0
1
9

N
o

−
0
.6
8

N
o
w
in
d

P
G

0
1
5
7
+
0
0
1

−
0
.9
0
±

0
.1
6

−
0
.6
0
a

0
.1

0
.3

W
in
d

−
0
.3
4
4

Y
es

−
0
.1
8

R
a
d
io

+
B
L
R

w
in
d
s

P
G

0
9
2
1
+
5
2
5

<
−
0
.1
2
±

0
.0
7

−
0
.1
7
a

0
.7

0
.9

W
in
d

0
.1
6
6

N
o

−
0
.5
1

R
a
d
io

w
in
d
o
n
ly

P
G

0
9
2
3
+
1
2
9

<
−
1
.4
0
±

0
.0
9

−
0
.9
4
e

0
.3

0
.1

W
in
d

0
.1
1
2

N
o

−
0
.4
0

R
a
d
io

w
in
d
o
n
ly

P
G

1
1
4
9
−
1
1
0

−
0
.3
1
±

0
.1
2

0
.4
8
a

0
.7

0
.3

C
o
ro
n
a

−
0
.1
2
3

Y
es

−
0
.7
0

B
L
R

w
in
d
o
n
ly

P
G

1
2
1
6
+
0
6
9

2
.1
8
±

0
.1
0

0
.5
2
a

1
.0

1
.4

C
o
ro
n
a

0
.1
8
0

N
o

−
0
.5
6

N
o
w
in
d

P
G

1
3
5
1
+
6
4
0

−
0
.4
3
±

0
.0
1

−
0
.6
4
a

0
.4

0
.3

J
et

0
.0
5
2

N
o

−
1
.2
9

N
o
w
in
d

P
G

1
5
0
1
+
1
0
6

0
.0
8
±

0
.2
1

0
.1
7
a

0
.3

1
.3

C
o
ro
n
a

−
0
.0
5
8

N
o

−
1
.3
2

N
o
w
in
d

P
G

1
5
3
4
+
5
8
0

<
−
0
.7
0
±

0
.1
7

−
0
.7
3
f

0
.6

0
.1

W
in
d
?

0
.0
1
5

N
o

−
1
.3
3

R
a
d
io

w
in
d
o
n
ly

P
G

1
6
1
2
+
2
6
1

<
−
1
.6
1
±

0
.1
1

−
1
.5
7
a

<
0
.0
1

W
in
d

0
.1
1
4

N
o

−
0
.4
1

R
a
d
io

w
in
d
o
n
ly

P
G

2
3
0
4
+
0
4
2

−
0
.0
9
±

0
.1
2

0
.6
7
a

0
.6

0
.6

C
o
ro
n
a

−
0
.0
4
4

N
o

−
1
.5
2

N
o
w
in
d

N
o
t
e
—

C
o
lu
m
n
s:

(1
)
th
e
n
a
m
e,

(2
)
th
e
o
b
se
rv
in
g
a
rr
ay
,
(3
)
th
e
E
V
N
/
V
L
B
A

sp
ec
tr
a
l
sl
o
p
e
o
f
th
e
to
ta
l
fl
u
x
d
en

si
ty

a
t
1
.7
–
4
.9

G
H
z,

(4
)
th
e
V
L
A

sp
ec
tr
a
l
sl
o
p
e

fr
o
m

li
te
ra
tu
re
,
(5
)
th
e
E
V
N
/
V
L
B
A

co
re

to
to
ta
l
fl
u
x
ra
ti
o
a
t
5
G
H
z,

(6
)
th
e
ra
ti
o
o
f
E
V
N
/
V
L
B
A

to
ta
l
fl
u
x
to

V
L
A

A
-c
o
n
fi
g
u
ra
ti
o
n
co
re

fl
u
x
a
t
5
G
H
z,

(7
)
th
e

o
ri
g
in

o
f
th
e
ra
d
io

em
is
si
o
n
,
(8
)
th
e
C
IV

li
n
e
v
el
o
ci
ty

sh
if
t
co
m
p
a
re
d
to

H
β
li
n
e
in

u
n
it
s
o
f
C
IV

F
W

H
M

fr
o
m

B
a
sk
in

&
L
a
o
r
(2
0
0
5
),

(9
)
w
h
et
h
er

th
e
B
L
R

w
in
d
is

p
re
se
n
t,

(1
0
)
th
e
E
d
d
in
g
to
n
ra
ti
o
in

lo
g
a
ri
th
m

sc
a
le

fr
o
m

D
av

is
&

L
a
o
r
(2
0
1
1
),

(1
1
)
th
e
g
ro
u
p
in
g
b
a
se
d
o
n
w
h
et
h
er

th
e
ra
d
io

a
n
d
/
o
r
B
L
R

w
in
d
s
a
re

p
re
se
n
t.

R
ef
er
en

ce
s:

a
-
L
a
o
r
et

a
l.
(2
0
1
9
)
a
t
5
–
8
.5

G
H
z,

b
-
B
er
to
n
et

a
l.
(2
0
1
8
)
a
t
1
.5
–
5
G
H
z,

c
-
B
a
rv
a
in
is

et
a
l.
(1
9
9
6
)
a
t
5
–
8
.5

G
H
z,

d
-
B
a
ld
i
et

a
l.
(2
0
2
2
)
a
t

5
–
8
.5

G
H
z,

e
-
S
ch
m
it
t
et

a
l.
(2
0
0
1
);

B
er
to
n
et

a
l.
(2
0
1
8
)
a
t
5
–
8
.5

G
H
z,

f
-
th
e
F
IR

S
T

(H
el
fa
n
d
et

a
l.
2
0
1
5
)
a
n
d
L
ei
p
sk
i
et

a
l.
(2
0
0
6
)
a
t
1
.5
–
5
G
H
z.


	Introduction
	Sample selection
	Observations and data reduction
	Data analysis
	The origin of the radio emission
	PG1116+215: Wind
	PG1244+026: Wind
	PG1404+226: Wind
	PG0049+171: Corona
	PG1416-129: Corona
	PG1426+015: Jet
	EVN non-detections

	The radio and the BLR winds
	Discussion
	Free-free absorption
	The origin of the extended radio emission
	The association of the radio and BLR winds
	Inclination effects
	Variability

	Summary

