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ABSTRACT

Measuring the proper motion of the emission component in radio-quiet quasars (RQQs) could help to distinguish between the
origins of the radio emission and to understand whether the jet production mechanism is the same in radio-loud quasars and
RQQs. PG 13514-640 is one of the few RQQs suitable for proper motion studies: it has two compact components on milli-arcsec
scales, a flat-spectrum core and a steep-spectrum jet; both components are 2 mJy at 5 GHz and are well suited for Very Long
Baseline Array (VLBA) observations. We compare recent VLBA observations with that made seventeen years ago and find no
significant change in the core-jet separation between 2005 and 2015 (a proper motion of 0.003 mas yr—'). However, the core-jet
separation increased significantly between 2015 and 2022, inferring a jet proper motion velocity of 0.063 mas yr~!, which
corresponds to an apparent transverse velocity of 0.37 ¢ . The result suggests that the jet of the RQQ PG 13514640 is mildly

relativistic and oriented at a relatively small viewing angle.

Key words: galaxies: active —quasars: jets —galaxies: kinematics and dynamics — galaxies: individual (PG 13514-640).

1 INTRODUCTION

Quasars are commonly classified as radio-loud quasars (RLQs)
or radio-quiet quasars (RQQs) based on their radio-to-optical flux
density ratio R (radio loudness parameter R = Ssgu./Ssy00 ) With
R > 10 for RLQs and R < 10 for RQQs (Kellermann et al. 1989,
1994). It is surprising that the optical properties of RLQs and RQQs
are similar, despite significant differences in their observed radio
properties (e.g. morphology, source size, luminosity, spectral index,
etc., Kellermann et al. 1989, 2016; Miller, Rawlings & Saunders
1993). The radio emission of RLQs is thought to come from
relativistic jets near the event horizon of the black hole (Blandford,
Meier & Readhead 2019), but the origins of radio emission in RQQs
are more controversial. RQQ radio emission appears to be caused by
a combination of star formation and active galactic nucleus (AGN)
related activities (see Panessa et al. 2019, for a recent review). Some
studies have suggested that (at least some) RQQs are scaled-down
versions of the more powerful RLQs (Falcke, Sherwood & Patnaik
1996a; Blundell & Beasley 1998; Barvainis et al. 2005; Ulvestad,
Antonucci & Barvainis 2005) with the radio luminosity of RQQs
being three orders of magnitude lower than that of RLQs.

* E-mail: antao @shao.ac.cn

Identifying relativistic jets in RQQs is crucial to understanding the
dichotomy between RLQs and RQQs and whether the two groups
have different types of jets. High-resolution radio imaging is a
powerful tool to test whether RQQs have jets: if the radio emission
of RQQs comes from relativistic jets, one would expect to observe
a compact core with ultrahigh brightness temperatures (7g) and/or a
core-jet structure in the images. Very Long Baseline Interferometry
(VLBI) observations of low-redshift RQQs with large radio flux
densities (e.g. >1 mlJy at 5 GHz) show that they do have compact
core-jet structures or naked cores with high 75 (Blundell & Beasley
1998; Ulvestad et al. 2005; Alhosani et al. 2022; Wang et al. 2023a,
¢). This is observational evidence for the presence of relativistic jets
in (some) RQQs, albeit with their relatively low radio power. Jets are
more prevalent in RQQs with higher radio flux density or higher radio
loudness. For example, relativistic jets have been detected in quasars
with moderate R (10 < R < 250, called radio-intermediate quasars,
RIQs), which are thought to be relativistically boosted RQQs (Miller
et al. 1993; Falcke, Malkan & Biermann 1995; Falcke et al. 1996a).

Apparent superluminal motion is a typical characteristic of highly
relativistic jets and is common in RLQs. Some RIQs also exhibit
blazar-like variability, often accompanied by the formation of com-
pact, short-lived jet knots (e.g. IIl Zw 2: Brunthaler et al. 2000;
Wang et al. 2023b; Mrk 231: Reynolds et al. 2020; Wang et al.
2021). However, observations of jet proper motion in RQQs are
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still scarce, limiting the understanding of RQQ jets. A relativistic
Doppler-boosted jet has only been observed in a few RQQ, such
as PG 14074263 (Blundell, Beasley & Bicknell 2003). Detecting
relativistic jets with high or moderate relativistic velocities in more
RQQs would help to investigate whether the central engine of RQQs
is similar to that of RLQs. In this Letter, we report the measurement of
jet proper motion of PG 13514640, an RQQ at z = 0.088' (Strauss &
Huchra 1988). It is one of the ten RQQs detected in our Very Long
Baseline Array (VLBA) observations (Wang et al. 2023a, c) and the
only one in the sample showing a core and a compact jet component,
giving us the rare opportunity to measure its jet motion from multi-
epoch VLBI data.

2 METHODS, OBSERVATIONS, AND DATA

Table 1 summarizes the VLBA data used in this study. In addition
to the new observations made on 2022 January 22-23 at frequencies
of 1.6, 4.7, 6.2, and 7.6 GHz (Wang et al. 2023c) and on 2022
March 5 (Chen et al. in preparation), we also include the published
4.9 GHz data observed on 2015 August 5 by Wang et al. (2023a)
and archive data observed on 2005 August 19 from the National
Radio Astronomy Observatory (NRAO) archive.” Details of the
observations and data processing for the 2015 and 2022 epochs
are presented in Wang et al. (2023a, c). For the 2005 data, we
calibrated the raw data using the pipeline® deployed at the China SKA
Regional Centre (An et al. 2022). After calibration, we imported the
visibility data into the difmap software package (Shepherd 1997) for
mapping. We used the modelfit programme in difmap to obtain the
VLBI component parameters, and fit the visibility data with two or
three circular Gaussian models. The fitted parameters of the VLBI
components are listed in Table 2.

3 PARSEC-SCALE RADIO EMISSION

Fig. 1 shows the VLBA images in increasing order of frequency.
Other images show a very similar morphology to that on 2022 January
22-23, so we do not repeat the presentation here. Fig. 1a shows an
unresolved source at 1.6 GHz. At 4.7 GHz and above [Fig. 1(b and
c)], the source is clearly resolved into two components. Column
8 of Table 2 lists the brightness temperatures estimated from the
VLBI data. The lower limit to the brightness temperature of the
SE component is 75 = (3.8 £ 0.3) x 108 K. The NW component
has a slightly lower brightness temperature of 75 = (1.8 & 0.1) x
108 K. The detection of compact, high brightness temperature radio
components in VLBI images offers strong evidence that the parsec-
scale radio emission is associated with the AGN. There are several
sources that can produce high T3, such as jets or the corona. But
the corona only cannot interpret the resolved double-component
structure.

PG 13514-640 is highly variable in the radio band, with the total
flux density at 5 and 15 GHz varying by more than a factor of 4 from
1977 to 1986 (Barvainis & Antonucci 1989). The VLBI components
are also highly variable, with the 5 GHz flux density of SE increasing
from 0.62 £ 0.03 mJy in 2005 August to 1.98 £ 0.20 mJy in 2015
August, and further to 2.43 4+ 0.12 mJy in 2022 January (Fig. 2).

I'The following cosmological parameters are used throughout the paper: Hy =
71kms™! Mpc_' , Qp =0.73, and 2, = 0.27. An angular size of 1 mas
corresponds to a projected linear size of 1.626 parsec at the redshift of 0.088.
2NRAO data archive: https://data.nrao.edu/portal/.

3The VLBI pipeline maintained by Shaoguang Guo: https://github.com/SHA
O-SKA/vlbi-pipeline.
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The rapid and large variability is incompatible with the accretion
disc wind scenario. In addition, the two VLBI components have
different spectral indices: NW has a steep spectrum between 1.6
and 7.6 GHz ¢ = —1.45 £ 0.12 on epoch 2022 January 23 and
is associated with optically thin emission, while SE shows a flat
spectrum &} = —0.04 £ 0.12 and is associated with optically thick
emission (Wang et al. 2023c). The resolved radio structure obtained
from the VLBI data and the different spectral indices of the VLBI
components support the notion that the parsec-scale radio emission
of PG 1351+640 comes from a core-jet structure, that is, SE is the
core (jet base) and NW is a jet knot. The position of the optical
nucleus (marked by a cross in Fig. 1b), derived from the Gaia data
release 3 (Gaia Collaboration 2022), is close to SE, reinforcing the
identification of it as the radio core. Fig. 1¢ shows the 7.6 GHz image,
which is very similar to the 4.7 GHz image. The minor difference
in morphology is that the steep-spectrum NW component becomes
relatively weak at 7.6 GHz. On the bridge between the SE and NW
components there is a weak and steep-spectrum component JO. It was
detected in both the 2005 and 2022 observations but did not show
any significant proper motion.

Fig. 3 shows the plot of flux density versus observation frequency
for PG 1351+640. In addition to the data listed in Table 2, we also
included the VLBA data observed in 2000 February (Ulvestad et al.
2005). The spectral index of the whole source, derived from the epoch
2000 data, is o) = —0.91 & 0.04 (Ulvestad et al. 2005), which is
consistent with the spectral index obtained from our data o] =
—0.94 £ 0.02 (epoch 2022 January). For comparison, the spectral
index from the Very Large Array (VLA) data is o5 = —0.64 (Laor,
Baldi & Behar 2019). These results consistently show that steep-
spectrum emission is the dominant contribution to the radio flux
density between 1.4 and 7.6 GHz on both kiloparsec and parsec
scales. The radio core (solid data points) exhibits a flat spectrum
with a spectral index of o:¢ = —0.04 £ 0.12 (epoch 2022), clearly
different from the steep spectrum of the whole source (open black
data points). A comparison of the 5 GHz VLBA and VLA data shows
that about 30 percent of the flux density is in the compact core-
jet structure in the nuclear region. Although the VLBA and VLA
observations are not conducted simultaneously, they suggest that a
significant fraction of the extended emission at scales >20 parsec is
resolved at mas resolutions.

4 DISCUSSION AND CONCLUSION

Whether jets are prevalent in RQQs, whether RQQs have relativistic
jets, and whether RQQ jets are produced by a mechanism similar to
that of RLQ jets remain open questions. Measuring or constraining
the proper motion of emission components in RQQs can help distin-
guish the origin of radio emission from jet, wind, or corona, and to
study the jet properties. It should be noted that weak jets or misaligned
jets with large viewing angles may not be detected, limited by the
resolution and sensitivity of a given VLBA image. In fact, in most
VLBA images of RQQs only an unresolved core is detected (e.g.
Wang et al. 2023a). PG 13514-640 is a rare case in which a compact
jet knot is observed and clearly separated from the core.

In many cases, the absolute position of the source is lost during the
processing of the VLBI data. Therefore, we estimate the jet proper
motion velocity by measuring the change of the distance of the jet
with respect to the core over time. To avoid frequency-dependent
opacity effects, we only use data from the same observed frequency
(i.e. 5 GHz). The proper motion obtained using all data points from
2005 t02022is 0.029 £ 0.013 mas yr~!, corresponding to 0.17 + 0.08
c. The large uncertainty in the proper motion results from an apparent
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Table 1. Image parameters. Column (1): observation date, Column (2): observation code, Column (3): observation frequency, Column (4):
observation bandwidth, Columns (5)—(7): major axis and minor axis of the restoring beam, and the position angle of the major axis, measured
from north to east; Column (8): peak flux density, Column (9): rms noise of the image, measured in off-source regions.

Observation date Project code  Frequency Bandwidth Binaj Bmin Bpa Speak O rms
(yyyy-mm-dd ) (GHz) (MHz) (mas) (mas) ©) (mly beam™!) (mJy beam™!)
1 (2) 3) ) (5) (©) @) ®) )
2005-08-19 BB203 5.0 32 1.72 1.01 143 3.83 0.026
2015-08-04 BA114B 5.0 256 3.75 1.95 6.21 2.51 0.029
2022-01-22 BWI138A2 1.6 512 11.16 4.89 107 13.97 0.029
2022-01-23 BW138B2 4.7 256 4.22 1.68 110 2.65 0.028
2022-01-23 BW138B2 6.2 256 3.25 1.31 111 245 0.030
2022-01-23 BW138B2 7.6 256 2.62 1.04 110 2.56 0.032
2022-03-05 BC273G 5.0 256 4.16 1.83 30.6 2.13 0.032
Table 2. Observational and model fitting results of the VLBI data.
Observation dateFrequencomponent Sint R PA OFwWHM log(Ts) Reference
(yyyy-mm-dd) (GHz) (mJy) (mas) ©) (mas) log(K)
Y] 2) 3) ) 5) (6) (7 ®) ©
2005-08-19 5.0 SE(core) 0.62+0.03 - - <0.04 >104 1
NW (jet) 4.68 £0.23 4.96 +0.02 —505+1.6 0.57 £ 0.03 8.88 £ 0.07 -
JO Get)  0.73£0.04 2.68 £+ 0.01 —476+1.6 1.05 + 0.02 7.54 +0.05 -
2015-08-04 49  SE(core) 1.98+0.20 - - 0.28 + 0.02 9.13 £0.19 2
NW (et) 3.22+0.16 4.99 £0.01 —51.8+0.9 1.19 £ 0.02 7.76 + 0.06 -
2022-01-22 1.6 SE(core) 2.57+0.13 - - 2.17 +£0.14 845 +£0.14 3
NW (jet) 13.62 +£0.68 3.89 £ 0.02 —48.8 £0.8 1.47 £ 0.03 9.51 +0.06 -
2022-01-23 47  SE(core) 243 +0.12 - - 0.25 £ 0.05 9.38 +0.43 3
NW (et) 3.02+£0.15 5.49+£0.02 —527+12 0.90 + 0.04 8.36 £0.11 -
JO (jet) 0.86 £0.04 2.85+0.07 —535+14 1.31 £ 0.15 7.48 +£0.23 -
2022-01-23 6.2  SE(core) 2.46+0.12 - - <0.64 >8.31 3
NW (jet) 2.24+0.11 5.34+0.01 —533+0.7 1.02 + 0.01 7.87 £ 0.06 -
JO (Gety 038 £0.03 2.71 £0.04 -503+14 0.90 + 0.07 7.21 £0.17 -
2022-01-23 7.6  SE(core) 2.85+0.14 - - 0.35 £ 0.03 8.73 £0.19 3
NW (et) 1.27£0.06 5.31+£0.04 —530+14 0.92 + 0.07 7.53 +0.16 -
2022-03-05 5.0 SE(core) 2.26+0.11 - - 0.60 £ 0.01 8.55 £ 0.05 4
NW (et) 258 £0.13 5.324+0.01 —527+1.6 1.36 + 0.02 7.89 +0.52 -
JO jet)  0.24 £0.03 2.85+0.06 —74.1+£1.6 <0.85 >7.89 -

Note. Column (1) observation date; (2) observing frequency; (3) component label, the JO component is located between the C and
NW components; (4) to (7) the model fitting parameters in sequence: the integrated flux density, radial separation with respect to
the core, position angle (measured from north through east), component size (full width at half maximum of the fitted Gaussian
component); (8) brightness temperature; (9) the reference of the data set: Reference 1 — NRAO archive; Reference 2 — Wang et al.
(2023a); Reference 3 — Wang et al. (2023c); Reference 4 — Chen et al. (in prep.)

difference in the proper motion before and after 2015 (Fig. 4): u; =
0.003 mas yr~! (Bypp,1 = 0.02,2005-2015, where B,y is the apparent
transverse speed of the jet in units of light speed), 1, = 0.063 mas
yr= (Bapp2 = 0.37, 2015-2022).

A natural explanation for the non-detection of the counter jet in
PG 13514640 is the Doppler deboosting effect. Assuming that the
two-sided jets are identical and they are aligned with the line of sight
at an angle of 6. Assuming that the emission is isotropic in the jet
rest frame, the brightness ratio between the jet and the counter jet can
be calculated as Ry = I;/1 = (}fg%zg)z*“, where « is the spectral
index of the jet component, 8 is the jet speed in the unit of c. We
adopt three times rms noise as an upper limit for /j and the peak
flux density (see Table 1) for I;. Depending on the images obtained
at different frequencies, Ry ranges between 22 and 161. Another
constraint on 8 and 0 comes from the measured apparent transverse
velocity, i.e. Bupp = psin6 Substituting our observed By, into

1—Bcosb "

the above calculation, we obtain 0.52 < 8 < 0.64, 12° < 6 < 21°.

MNRASL 523, L30-L34 (2023)

High-velocity blue-displaced absorption lines were observed in PG
13514640 (Stocke et al. 1994), and both the ultraviolet emission
lines and continuum were found to be highly variable (Treves et al.
1985). These observations indicate that the orientation of the broad
line region of PG 13514640 is close to the line of sight. In general,
the estimate for the viewing angle of the jet axis of PG 1351+640
is consistent with the definition of a quasar in the AGN unification
scheme (Urry & Padovani 1995).

These results show that the jet of RQQ PG 13514640 is mildly
relativistic, assuming a relatively small viewing angle as expected for
a quasar. The jet proper motion velocity of PG 13514640 is within
the range of values obtained for the jet proper motion velocity of weak
compact symmetric objects based on a larger sample (Gugliucci et al.
2005; An et al. 2012). The kinematic age of the parsec scale of jet
PG 13514640 can be calculated between 90 and 180 yr by using
its proper motion speed and distance from the core. However, it is
important to note that this estimate is subject to several uncertainties.
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Figure 1. VLBA images of PG 13514640 (Wang et al. 2023c). The image parameters are referred to Table 1 and are also labelled in each panel and the
contours begin at three times rms noise and growth in a step of 2. The black cross indicates the position of the optical nucleus derived from the Gaia data base
(RA = 1353155 8312, Dec. = 63°45'45".6828). The uncertainty of the optical position is about 0.02 mas. The radio position uncertainty mainly comes from
the position error of the phase reference calibrator J13534-6324, which is 0.23 mas in both RA and Declination directions. The annotations in the lower left
corner indicate the observing frequency, observation date, peak flux density, and rms noise of the image, respectively.
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Figure 2. Change of flux densities of VLBI components of PG 1351+640
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D 2000-02 Storar
D 2022-01 Storar
A ® 2022-01 Score |1
=
S
~10 [ ]
>, |
=
a | .
St - D,
o | @.
x
ER
™ a39= —0.91+0.04 (2000 Stotal) -
azg = —-0.94+0.02 (2022 Stotal)
| az;g = —0.04£0.12 (2022 Score) +
| | ............. - + ........ . ..... 5
o 10"

Observing frequency (GHz)

Figure 3. Flux densities of PG 13514640 versus observing frequencies. The
data points are obtained from VLBI observations, see details in Section 3.
The solid circular data point marks the flux density from the core component,
while the open point represents the flux density of the entire VLBI source.
The black data point of epoch 2022 is obtained from Wang et al. (2023c),
while the green point of epoch 2000 is taken from Ulvestad et al. (2005).
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band revealing the proper motion (left) and the change of the core-jet distance
with time (right). The jet velocity is 0.02 ¢ between 2005 and 2015, and 0.37 ¢
between 2015 and 2022. The data are related to Table 2.

One major source of uncertainty is the measurement of the jet’s
proper motion speed. In the case of PG 13514640, the proper motion
calculation is based on only two epochs of data. To obtain a more
accurate estimate of its kinematic age, additional VLBI observations
would be needed. Another source of uncertainty is the assumption of
a constant velocity for the hotspot. It is possible that the velocity of
the hotspot has varied over time, which could affect the accuracy of
the calculated kinematic age. The deprojected size of the jet is ~63
parsec. Placing PG 13514-640 in fig. 7 of An & Baan (2012), we find
that it is in an early evolutionary stage and the jet is still growing.
The mechanisms for the change in the jet proper motion are
complex and may involve both intrinsic and extrinsic causes. One
possible intrinsic mechanism is that shocks and instabilities in the
jet flow lead to changes in the Lorentz factor of the propagating
feature, which may affect the apparent motion of the jet (Agudo
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et al. 2001). This acceleration typically occurs within a projected
distance of 10-20 parsec (Homan et al. 2015). The NW component
of PG 13514640 has a projection size of ~13 parsec, which is in the
region where the instability in the propagating shock plays a role.
The other possible factors are extrinsic. If the jet axis is aligned to
the line of sight with a small angle, any minor change in the viewing
angle could cause notable changes in the jet proper motion. This
phenomenon is more commonly seen in highly relativistic jets in
blazars (Homan et al. 2015), but seems unlikely to be important for
low-power jets in RQQs. Moreover, if the observed acceleration is
due to a change in the jet direction, then a significant acceleration in
the perpendicular jet direction should be observed as well, but is not
seen in PG 1351+640. Furthermore, the interaction of the jet with
the external medium is actually responsible for the advance of the
terminal hotspot. The observed change in the hotspot velocity may
be a reflection of the change in the ambient medium. One possible
scenario is that before 2015 the jet was blocked by a dense cloud that
not only caused a deceleration of the NW hotspot but also increased
its brightness (Fig. 2); after 2015, this cloud was disrupted and the
hotspot velocity returned to its original higher value. This hypothesis
still needs to be tested with further observations.

In summary, PG 13514640 is one of the few RQQs with direct
proper motion measurements. Relativistic jets have been observed
in several RQQs including PG 13514640 (e.g. Blundell & Beasley
1998; Ulvestad & Ho 2001; Blundell et al. 2003; Barvainis et al.
2005; Ulvestad et al. 2005; Hartley et al. 2019), but with significantly
different properties from the highly relativistic jets of RLQs. Both
weak underlying jet flow and bright intermittent jet knots are detected
in quasars with moderate radio loudness parameters and higher radio
flux densities (Falcke & Biermann 1995; Falcke, Patnaik & Sherwood
1996b; Brunthaler et al. 2000; Reynolds et al. 2020; Wang et al.
2021, 2023a), whose radio properties seem to be between RQQs
and RLQs. The nature and properties of the jets in RQQs, RIQs,
and RLQs appear to be related to the radio loudness R. This means
that the jet power and the degree of the relativistic beaming effect
increase systematically from the RQQs to the RIQs to the RLQs as R
increases. Understanding the physical reasons for this evolutionary
change will be the subject of further research.
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