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ABSTRACT

We report results on multiepoch Very Large Array (VLA) and pc-scale Very Long Baseline Array (VLBA) observations of
candidate compact symmetric objects (CSOs) from the faint sample of high-frequency peakers. New VLBA observations could
resolve the radio structure in about 42 per cent of the observed sources, showing double components that may be either mini-lobes
or core-jet structures. Almost all the sources monitored by the VLA show some variability on time-scale of a decade, and only
one source does not show any significant variation. In 17 sources, the flux density changes randomly as it is expected in blazars,
and in four sources the spectrum becomes flat in the last observing epoch, confirming that samples selected in the GHz regime
are highly contaminated by beamed objects. In 16 objects, the pc-scale and variability properties are consistent with a young
radio source in adiabatic expansion, with a steady decrease of the flux density in the optically thin part of the spectrum, and
a flux density increase in the optically thick part. For these sources, we estimate dynamical ages between a few tens to a few
hundred years. The corresponding expansion velocity is generally between 0.1¢ and 0.7¢, similar to values found in CSOs with
different approaches. The fast evolution that we observe in some CSO candidates suggests that not all the objects would become

classical Fanaroff-Riley radio sources.

Key words: radiation mechanisms: non-thermal — galaxies: active —radio continuum: general.

1 INTRODUCTION

Individual radio source evolution is a field of research where most
of the ingredients are known. However, many details are still poorly
understood, and it is necessary to investigate how such ingredients
interact and influence each other. In a scenario, where radio sources
grow in a self-similar way, the evolutionary stage of each radio
source originated by an active galactic nucleus depends on its linear
size. Compact symmetric objects (CSOs), with a linear size, LS,
< 1 kpc and a two-sided structure that is reminiscent of Fanaroff—
Riley radio galaxies (Fanaroff & Riley 1974), are likely to represent
radio sources in an early evolutionary stage (see e.g. Wilkinson et al.
1994; Readhead et al 1996). Following an evolutionary path, CSOs
would become medium-sized objects (MSOs) with 1< LS < 15—
20 kpc, which are the progenitors of classical Fanaroff-Riley radio
sources (e.g. Fanti et al. 2001). This is supported by the estimate of
kinematic and radiative ages: 10°~103 yr for CSOs (see e.g. Murgia
2003; Polatidis & Conway 2003), 10*-10° yr for MSOs (Murgia
etal. 1999) and 107 —10% yr for large radio galaxies (Orri et al. 2010;
Harwood et al. 2017).

Several evolution models (e.g. Fanti et al. 1995; Readhead et al
1996; Snellen et al. 2000a; An & Baan 2012) have been proposed to
describe how the physical parameters, such as luminosity, linear size,
and velocity, evolve as the radio emission deploys. However, various
aspects concerning the early stages of the radio evolution predicted
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by the models do not match the observations. This indicates that the
initial parameters considered in evolution models must be improved
by a better knowledge of the physical conditions when the radio
emission turns on. In particular, the interaction with the ambient
medium may play a crucial role during the early stage of radio source
evolution (e.g. Dallacasa et al. 2013; Morganti et al. 2013; Collier
et al. 2018; Keim, Callingham & Rottgering 2019; Sobolewska et al.
2019).

To test the physical conditions soon after the onset of the radio
emission, it is essential to define a fair sample of CSOs, large enough
to be statistically sound. A correct classification requires targeted
(sub-)parsec-scale observations that prove their double morphology
and identify the core position. Another indirect way to search for
CSOs is by the analysis of their radio spectrum. An empirical
anticorrelation was found between the projected linear size and the
peak frequency (e.g. O’Dea & Baum 1997): the smaller the source,
the higher the peak frequency is. In this context, the youngest CSOs
should be sought among those sources whose synchrotron spectrum
peaks above a few GHz.

High-frequency peakers (HFPs; Dallacasa et al. 2000) are a
heterogeneous class of extragalactic sources, mainly made of blazars
and CSOs, and characterized by a radio spectrum that peaks above
~5 GHz. With the aim of searching for CSOs, two samples of HFP
radio sources in the Northern hemisphere have been constructed
and are currently available: The ‘bright’ sample (sources brighter
than 300 mJy at 5 GHz) selected by Dallacasa et al. (2000) and the
‘faint” sample (sources with flux density between 50 and 300 mJy
at 5 GHz around the North Galactic Cap) presented in Stanghellini,
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Dallacasa & Orienti (2009), consisting of about 60 sources each.
These samples were built starting from the NRAO VLA Sky Survey
and 87 Green Bank (87GB) catalogues and selecting only those
sources with a radio spectrum peaking at 5 GHz or above, and
subsequently cleaned via quasi-simultaneous multifrequency obser-
vations with the Very Large Array (VLA). Further epochs of quasi-
simultaneous multifrequency spectra were obtained to distinguish
between CSO candidates from variable flat-spectrum sources that
matched the initial selection criteria owing to their variability (Tinti
et al. 2005; Torniainen et al. 2005; Hovatta et al. 2006; Sadler et al.
2006; Orienti, Dallacasa & Stanghellini 2007; Mingaliev et al. 2012).
Moreover, all the objects from the bright sample and ~30 per cent of
those from the faint sample were imaged at parsec-scale resolution in
order to determine their morphology (Orienti et al. 2006; Orienti &
Dallacasa 2012). CSOs are not significantly variable (O’Dea 1998),
possess low polarization, and have double/triple radio morphology
characterized by mini-lobes/hotspots and relativistic beaming does
not play a major role. On the other hand, blazars do possess strong
variability across the whole electromagnetic spectrum, have high
polarization, and have core-jet structures on pc-scales. However,
in the youngest radio sources, substantial variability is expected
as a consequence of the source expansion, on time-scales much
longer than in beamed objects, and with modest amplitude. In newly
born radio sources, a significant evolution of the radio emission can
occur on time-scales of the order of a few decades. Assuming a
homogeneous radio source in adiabatic expansion with the magnetic
field frozen in the plasma, the flux density variation in the optically
thick part of the spectrum is AS oc (1 4 (At/ty))®, where £, is the
source age and At is the time interval between two observations. If
At is a large fraction of 7y, AS can be significant.

In this paper, we present results on new VLA observations from 1
to 32 GHz of 35 out of 61 sources from the faint HFP sample, and Very
Long Baseline Array (VLBA) observations at 15 and 24 GHz of a
sub-sample of 12 sources. The long time-baseline of multiepoch VLA
observations (more than a decade) allows us to study the long-term
variability and investigate if some spectral changes are consistent
with a CSO in adiabatic expansion. On the other hand, dual-frequency
observations with milliarcsecond resolution provide a deep look into
the radio source structure at few parsecs in size. The combination
of VLA and VLBA information is necessary for determining the
nature of each object and removing blazars that contaminate the
sample of CSO candidates. The final goal is the construction of a
sample of genuinely young CSOs. The determination of the physical
properties in the very early phase of radio source evolution will
provide important constraints on the initial conditions assumed in
the development of evolutionary models.

This paper is organized as follows. In Section 2, we present the
observations and data analysis; results are reported in Section 3 and
discussed in Section 4. A brief summary is presented in Section 5.

Throughout this paper, we assume the following cosmology: Hy =
71 kms™! Mpc’l, Qum = 0.27, and Q4 = 0.73, in a flat Universe.
The spectral index « is defined as S(v) oc v™¢.

2 RADIO OBSERVATIONS

2.1 VLA observations

Simultaneous multifrequency VLA observations of 35 out of the
61 sources from the ‘faint” HFP sample (Stanghellini et al. 2009)
were carried out during two runs in 2012 April and May (Table 1).
Observations were performed in the L (1—-2 GHz), S (2—4 GHz),
C (45-6.5 GHz), X (8—10 GHz), Ku (13—15 GHz), and K

Variability and pc-scale structure of CSO 1341
Table 1. Log of radio observations.
Date Project Configuration Code
2012-4-25 AO281 VLA-C a
2012-6-16 AO281 VLA-CnB b
2019-1-19 BO057 VLBA c

(20.2—22.2 GHz) bands, and for a run also in the Ka (31—33 GHz)
band (project code: 12A-048). Observations had a bandwidth of
2 GHz, with the exception of the L band. In each frequency band,
the bandwidth was divided into 16 spectral windows. In both runs,
3C 286 was used as primary calibrator and bandpass calibrator, with
the exception of K and Ka band, were the calibrator J0927 + 3902
(4C39.25) was used as bandpass calibrator. Target sources were
observed for about 1.5 min per frequency. Secondary calibrators
were chosen to minimize the antenna slewing.

Calibration was performed using the CASA software (McMullin
et al. 2007) following the standard procedure for the VLA. Parts of
the L, S, and C bands were highly affected by RFI and we had to
flag some spectral windows. Errors on the amplitude calibration are
conservatively 3 percent in the L, C, and X bands, 5 per cent in Ku
band, and 10 percent in the S, K, and Ka bands. After the a priori
calibration, imaging was done with the CASA task CLEAN and the
AIPS task IMAGR. Phase-only self-calibration of the target field
was generally performed in the L band, given the presence of many
sources in the field of view, granting a substantial amount of flux
density for the model.

We produced an image for each spectral window of each band in
order to maximize the spectral coverage (Fig. 1). In Table 2, we report
the flux densities at 1.4, 1.7, 4.5, 5.0, 8.1, 8.4, 15, 22, and 32 GHz, in
order to have a direct comparison with the values from the narrow-
band receivers of historical VLA observations (Stanghellini et al.
2009; Orienti, Dallacasa & Stanghellini 2010). When RFI affects
any of those frequencies, nothing is reported.

The error on the image plane, oy, 1S usually around 50
uwJybeam™', but it may be as high as 0.2—0.5 mJy beam™' in some
spectral windows particularly affected by RFI.

2.2 VLBA observations and data reduction

VLBA observations at 15 and 24 GHz of a sub-sample of 12 faint
HFP sources were carried out on 2019 January 19 in dual polarization
and an aggregate bit rate of 2Gbps (project code BO057). The target
sources were selected on the basis of their peak frequency below
7 GHz, in order to have observations in the optically thin part of the
spectrum.

Each source was observed for about 25 min at 15 GHz and for
30 min at 24 GHz, spread into 12—15 short scans of about 2 min each,
switching between frequencies and sources in order to improve the
coverage of the (1, v) plane. Target sources are too faint for fringe
fitting, and the observations were performed in phase-referencing
mode. Phase calibrators are reported in Table 3.

Calibration and data reduction were performed following the
standard procedures described in the Astronomical Image Processing
System (AIPS) cookbook. J0927 + 3902 was used to generate the
bandpass correction. The amplitudes were calibrated using antenna
system temperatures and antenna gains and applying an atmospheric
opacity correction. The uncertainties on the amplitude calibration
were found to be approximately 7 per cent at both frequencies.

Images were produced in ATPS with the task IMAGR. Phase-only
self-calibration was performed for those sources stronger than 10
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Table 2. Multifrequency VLA flux density of faint HFP sources.

Source ID z Si4 Si7 S45 S50 Ss.1 Sg.4 Sias $215 S32 ap o
Y] @ 3 4 ) (6) @] 8 ) (10) (1) (12) (13) (14
JO754 4 3033 Q 0.769 66 +2 75 +2 142 £ 4 1454+ 4 143 +4 141 +4 108 £5 96 + 10 - —0.6 04
JO819 + 3823 Q — 19 £1 25 £ 1 115+ 3 118 =+ 4 — — 41 £ 2 25 £ 3 — —1.5 1.1
JO821 + 3107 Q 2625 9 +5 106 £ 5 71 +2 68 £2 52 +2 50 + 2 34 + 4 33+ 5 - - 0.5
J0951 + 3451 G 0.358 27 £1 36 £1 63 +2 64 £2 57 £2 56 £ 2 35+£2 27 £ 3 21 £ 2 —1.0 0.6
J0955 4+ 3355 Q 2491 46 +£2 61 +£3 68 +2 66 +2 47 £ 1 45 + 1 26 + 2 20 + 3 - —-09 0.8
J1008 4 2533 Q 196 54 £3 69 £ 3 102 3 105+3 10343 104 £3 1156 130 + 13 — —1.1 0.0
J1020 + 4320 Q 1964 117 £ 4 158 £ 5 3069 303 +£9 243 +7 239+7 161 £8 124 £ 12 - —1.0 0.5
J1025 4 2541 G 0457 26 £ 1 31 £ 1 42+ 1 38 +1 23 £ 1 21 £ 1 11 £1 5+1 - —-12 1.2
J1035 + 4230 Q 244 23 + 1 28 + 1 77 +2 88 +£3 84 + 3 83 +£3 590 +£3 40 + 4 29+3 —11 07
J1044 + 2959 Q 2983 52 £2 66 £ 2 132 +4 134 +£4 124 +£4 123 £ 4 95 £ 5 75 £ 8 — —0.8 0.5
J1046 + 2600 - - 16 £ 1 20 + 1 3541 33+1 23 + 1 22 + 1 11 £ 1 6+ 1 - -1.1 1.1
J1052 4 3355 Q 1.407 - 23 £ 5 24 +£1 22 +£1 13 £ 1 11 £ 1 7+ 1 6+ 1 - - 0.9
J1054 4 5058 Q - 12 + 1 13+ 1 21+ 1 21 £1 28 + 1 30+ 1 36 + 2 - - —-05 -

J1058 4 3353 G 0.265 - 21 £ 3 — - 78 £ 2 80 £2 116 £6 118 + 12 - -0.7 -

J1107 4 3421 - - 20 + 1 42 +2 64 +2 60 +2 37 £ 1 35+ 1 18 £ 1 9+ 1 - -14 1.1
J1137 4 3441 Q 0.835 13£2 30+£3 59+2 62+££2 63 £ 2 63 £ 2 61 £ 3 59 £ 6 - —-09 0.1
J1218 + 2828 G 0.18p - - 5+2 56 + 2 41 £ 1 39 £ 1 29 + 2 42 + 4 - —0.5 0.6
J1240 4 2323 G 038p 18 £ 5 24 £ 3 — — 50 £ 2 50 £ 2 45 + 1 42 + 1 - —-06 0.2
J1240 + 2425 Q 0.831 63 + 3 54 +£ 3 30+£1 28 +1 18 £ 1 17 £ 1 10 £ 1 71 - - 0.9
J1258 4+ 2820 Q — - - 45 £ 2 49 £2 51 +£2 51 +£2 45 £ 2 34 £ 3 - —-03 0.5
J1309 + 4047 Q 291 - 62 + 2 1284 127 +4 103 +£3 101 +£3 64 + 3 37 + 4 - —-09 0.7
J1420 4 2704 Q - - 19 £ 1 69 +£3 70 £2 65 £ 2 64 £+ 2 45 £ 2 29 £ 3 2 4+£2 —-10 0.7
J1421 + 4645 Q 1.668 - 126 + 4 237 £7 244 £ 7 244 +£7 244 £ 4 204 £ 10 184 £ 18 136 = 14 —0.7 04
J1459 4 3337 Q 0.645 50 +£ 5 71 £ 5 216 £ 7 223 £ 7 18 6 183 £6 108 £ 6 68 £ 7 43 +4 —-10 1.0
J1512 4+ 2219 G 040p 14 + 2 24 + 3 24 +1 21 +£1 10 £ 1 9+ 1 3+1 2+1 - —17 13
J1528 4+ 3816 Q 0.749 27 £ 1 32 £ 1 5242 53 &2 56 £ 2 57 £ 2 58+ 6 57+ 6 59+6 —-06 0.0
J1530 + 2705 G 0.033 24 + 3 20 + 3 50+2 50+£2 41 £ 1 40 + 1 28 +2 26 + 3 - —0.8 04
J1530 4+ 5137 G 0.632p 53 £2 60 £ 2 98 +£3 1003 111 £3 1124+3 111 +£6 11512 127 13 —-0.5 0.0
J1547 + 3518 Q - - 23 £ 2 41 +£1 44 +1 51 £ 1 53+ 2 53+ 3 57 £ 6 - -05 -

J1602 + 2646 G 0372 - 4 + 2 162 £5 189 6 297 +£9 3109 345 £ 17 303 £ 30 2066 £27 —1.0 0.3
J1613 + 4223 Q - 43 £ 1 70 &+ 2 197 £ 6 18 +£6 107 £3 102 + 3 3343 15+2 - —-19 1.6
J1616 + 4632 Q 0950 82 +4 83 +4 772 79 £2 78 + 2 78 £ 2 62 +3 58 + 6 - - 0.2
J1617 + 3801 Q 1.607 26 + 1 34 + 1 72 +£2 T7+£2 115+£3 121 +£4 1287 107 £11 83 £38 —1.0 04
J1624 + 2748 G 0.541p 19 + 1 21 + 1 97 +3 1053 15545 162+5 1759 172+ 17 153 £15 —-12 -

J1719 + 4804 Q 1.084 70 + 2 83 £ 3 833 772 47 £ 1 4 + 1 18 £ 2 11 £ 1 - —-0.8 0.7

Notes. Column 1: source name; column 2: optical counterpart; column 3: redshift: a p indicates a photometric redshift; columns 4—12: flux density (in mJy) at
14,1.7,45,5.0,8.1, 8.4, 14.5, 21.5, and 32 GHz, respectively; columns 13 and 14: spectral index below and above the peak frequency, respectively.

Table 3. Pc-scale radio morphology and accurate source position of faint
HFP sources with VLBA observations.

Source M. RA Dec. Cal.
(J2000) (J2000) (B1950)

J0754 + 3033 CD  07:54:48.8514 30:33:55.020 0738 4+ 313
JO819 + 3823 CD  08:19:00.9562 38:23:59.810 0821 + 394
J1002 + 5701 Un  10:02:41.6661 57:01:11.484 1014 + 615
J1025 4+ 2541 CD  10:25:23.7918 25:41:58.362 1012 4232
J1035 + 4230 MR  10:35:32.5776 42:30:18.959 1020 + 400
J1044 + 2959 Un  10:44:06.3428 29:59:01.004 1059 + 282
J1046 + 2600 MR  10:46:57.2508 26:00:45.104 1040 + 244
J1107 + 3421 CD  11:07:34.3382 34:21:18.596 1101 + 384
J1420 + 2704 Un  14:20:51.4879 27:04:27.045 1417 4 273
J1459 + 3337 CD  14:59:58.4359 33:37:01.776 1504 + 377
J1613 + 4223 Un  16:13:04.8033 42:23:18.893 1638 + 398
J1719 + 4804 Un  17:19:38.2496 48:04:12.248 1726 + 455

Notes. Column 1: source name; column 2: morphology — CD = compact
double, MR = marginally resolved, and Un = unresolved. Columns 3 and
4: right ascension and declination of the main component; column 5: VLBA
calibrator observed for phase referencing. The uncertainty on the position is
about 0.16 mas.

MNRAS 499, 1340-1355 (2020)

mly. The rms noise level on the image plane is between 0.07 and 0.3
mlJy beam™!. Flux densities are reported in Table 4. When the source
is resolved we define E and W the eastern and western components,
respectively (in Fig. 2 north is up and east is left).

The uncertainty on the source position was estimated by compar-
ing the positions at 15 and 24 GHz, and it is about 0.16 mas.

3 RESULTS

The large bandwidth of the VLA observations allowed us to deter-
mine the spectral shape roughly continuously from 1 to 22 GHz, with
only a few gaps among the X, Ku, and K bands. All the 35 sources are
unresolved in the VLA images and we measured the flux densities
using the task IMFIT in AIPS which performs a Gaussian fit on the
image plane. In Fig. 1, we plot the flux densities for each spectral
window, together with the measurements from earlier epochs as it is
described in the caption.

VLBA observations could detect all the target sources at 15
and 24 GHz. Among the 12 sources observed with the VLBA,
7 sources (~58 percent) are resolved or marginally resolved on
pc-scale. As in the case of VLA, for the unresolved sources, or
unresolved components, we measured the flux density using the task
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Figure 1. Radio spectra of the 35 HFPs from the ‘faint” HFP sample observed with the VLA during the observing runs presented in this paper. Black diamonds
and black solid line refer to the first epoch observations (1998-2000, Stanghellini et al. 2009); blue triangles and a blue dotted line refer to observations in
2003; green asterisks and a green dashed line refer to observations in 2004; orange + signs and orange dashed—dotted line refer to observations in 2006/2007;
red crosses and red dashed—dotted line refer to the last epoch (2012). Flux densities and precise observing dates for the epoch 2003, 2004, and 20062007
can be found in Orienti & Dallacasa (2010). The designations V, SV, and NV mean that the source is classified as variable, slightly variable, and non-variable,
respectively, while F indicates a flat radio spectrum during at least one epoch (see Section 3.2).

JMFIT, whereas for sources with complex structure we estimated
the total flux density using TVSTAT, which extracts the flux density
on a selected polygonal area on the image plane. Errors on the
VLA and VLBA flux densities are estimated by o = /02, + 02,
where o, is the uncertainty on the amplitude calibration (see
Section 2), and o,y is the 1o noise level measured on the image
plane. The former contribution is generally much larger than the
latter.

Errors on the spectral index are computed assuming the error
propagation theory:

2 2
o — (@) +(@) _
P S S, ) In(vy) — In(vy)’

where S; and og; are the flux density and the flux density error,
respectively, at the frequency 7 (v;).

MNRAS 499, 1340-1355 (2020)



1344 M. Orienti and D. Dallacasa
1000 — T T 1000 T 1000 — T |
J1044+2959 v [ J1046+2600 sV J1052+3355 v
o
- o
100 f e =\ - 100 4 100 4
> 3 \‘\ > . - »
A\ i g N RN
2 ol 2 XW%% 2 /%k N
X/ N\ o
/ Ry \ Q{ & )%%; \\
/ 4 /
10 E! 10 %; i\ E 101 3 3& £\
F ></ \ §
/ i / \
/ \\\ // \\
/ \
1L L L | P 1L il L .| 1L 1 il il
0.1 1.0 10.0 1000 0.1 1.0 10.0 1000 0.4 1.0 10.0 100.0
GHz GHz GHz
1000 ] 10001 T 1000 T ]
J1054+5058 sV | J1058+3353 v J1107+3421 v o
100 - < 100 * = % -4 100 J
L ® N
T : R ) N
- > > g s > 4 \
z o 2 i & X : 3 b
e Rk w
W / / % \
/ ' Wk
10 7 1 10 i / 4 10- ‘ 4
A\
1 1 I 10 1 1 1 | |
0.1 1.0 10.0 1000 041 1.0 10.0 1000 0.4 1.0 10.0 100.0
GHz GHz GHz
1000 7 1000f 1000 1
J1137+3441 VF | [ J1218+2828 v J1240+2323 SV/F |
&b
A
100 3 - 100 s 4 100 B
i : 2
; = R
ﬁ& 3 W g, 3 P
> . 2 ) X/\:& )& \% 3 %@( \%
S =) =) \
2 g &/ x [ 255/ \
/ # xf/ \
7X / \
10 1 10 , N4 10} / B
/ A\ //
1 Ly il | 11 il I i 1 | il L |
0.1 1.0 10.0 1000 041 1.0 10.0 1000 04 1.0 10.0 100.0
GHz GHz GHz

Sloan Digital Sky Survey (SDSS) information from the data
release 12 (DR12; Alam et al. 2015) has been used to identify the host
and its redshift (either spectroscopic or photometric) of the sources
still lacking an optical counterpart in previous studies. The updated

information is reported in Table 2.

3.1 Radio spectrum

One of the main characteristics of young radio sources is the convex

Figure 1 — continued

lower and lower frequencies. The anticorrelation found between the
peak frequency and the linear size (O’Dea & Baum 1997) implies
that the smaller and younger sources should have the spectral peak
above a few GHz.

Following Orienti & Dallacasa (2010) and with the goal of
estimating the peak frequency and how it changes with time, we fitted
the simultaneous multifrequency radio spectrum for each epoch with
the pure analytic function:

radio spectrum that turns over at a frequency related to the source

size/age. In general, as the source deploys in the interstellar medium
(ISM) of the host galaxy, the peak frequency progressively moves to

MNRAS 499, 1340-1355 (2020)

Log(S) = a + Log(v) x (b 4 ¢ Log(v)),

ey

where S is the flux density, v is the frequency, and a, b, and ¢ are
numeric parameters. Fits to the radio spectra are presented in Fig. 1.
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Figure 1 — continued

For two sources, J1052 + 3355 and J1512 + 2219 the fit did
not converge. In particular, the spectrum of J1512 + 2219 is
highly convex, whereas in J1052 + 3355 the lack of data points
at low frequencies prevents the fit in the optically thick part of the
spectrum.

Following Orienti & Dallacasa (2010), we compute the spectral
index below (ap) and above («,) the peak frequency. For some
sources, we could not estimate either «y, or «,, due to the lack of
data points above or below the peak frequency.

In 6 sources, J1008 + 2535, J1137 + 3441, J1240 + 2323,
J1528 + 3816, J1530 + 5137, and J1616 + 4632, the spectral shape
changes from convex in the first epoch to flat in 2012, with o, < 0.4.

In addition, the source J1054 + 5058 shows an inverted spectrum up
to 24/32 GHz in all epochs. The remaining sources keep a convex
spectrum, but with some amount of flux density variation.

In 19 out of the 35 observed sources (54 percent: 14 quasars,
4 galaxies, and 1 object still missing the optical counterpart), we
observe a decrease of the flux density in the optically thin part of
the spectrum, and a flux density increase below the actual peak
frequency, which may be consistent with a source in adiabatic
expansion. Although the variability probed by the VLA monitoring
for JO955 + 3335 is consistent with a source in adiabatic expansion,
the flux density measured by VLBA images in an intermediate epoch
(in 2010) revealed a temporary increase of the flux density at 15 and
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Figure 1 — continued

22 GHz, which is hard to reconcile with an expanding source. For
this reason, Orienti & Dallacasa (2012) labelled this source a blazar
candidate, and we do not consider this source as a CSO candidate
anymore. The same reasoning applies to the source J1052 + 3355
(see Section 3.5).

The remaining 16 sources (46 per cent: 9 quasars, 6 galaxies, and 1
object still missing an optical counterpart) show random flux density
increase or decrease, as it is expected in blazars.

In Table 5, we provide the peak frequency for each observing
epoch. In 13 sources, the peak frequency remains roughly constant,
within the errors, while in 11 sources it moves to lower frequencies
with time. Among the latter group, the source J1218 + 2828

MNRAS 499, 1340-1355 (2020)

represents an outlier: between 1.4 and 15 GHz the spectral shape
is convex with the peak frequency shifted towards lower frequencies
with respect to that estimated in earlier epochs. However, above
15 GHz the flux density increases again, suggesting the presence of
an additional compact component with a highly inverted spectrum.
The radio spectrum becomes clearly inverted within the 2-GHz
bandwidth sampled by the present observations in the K band.
In four sources, the peak moves to higher frequencies with time,
while in five sources it moves up and down without any trend.
Remarkably, in all the 18 sources with spectral variability consistent
with adiabatic expansion, the peak frequency is constant or decreases
with time.



Table 4. VLBA flux density of HFP sources.

Variability and pc-scale structure of CSO 1347

Source Comp 515 524 Olfg OVLA F15 F24
mly mly % %
J0754 + 3033 E 50.7 £ 3.5 38.0 &+ 2.7 0.6 £ 0.2 - - -
w 26.0 &+ 1.8 142 £ 1.0 1.3 £ 02 - - -
Tot 794 £ 55 547 £ 3.8 0.8 £0.2 03 +03 0.73 0.57
JO819 + 3823 E 47 £ 0.3
w 217 £ 1.5 - - - - -
Tot 264 + 1.8 10.4 £+ 0.7 20 £ 02 1.0 £ 03 0.64 0.42
11002 + 5701 Tot 8.0 £ 0.6 3.1 +02 2.0+ 02 1.0 £ 03 0.40 0.24
J1025 + 2541 E 7.8 £ 0.5 - - - - -
w 2.0 £ 0.1 - - - - -
Tot 9.8 £ 0.7 6.9 £ 0.5 0.7 £ 0.2 1.6 £ 0.5 0.89 1.4
J1035 + 4230 E - 13.0 £ 09 - - - -
w - 52 £ 04 - - - -
Tot 285 £ 2.0 182 £ 1.3 1.0 £ 02 0.8 £ 03 0.48 0.45
J1044 + 2959 Tot 73.8 £ 5.2 45.1 £ 3.1 1.0 £ 0.2 0.5 £ 03 0.78 0.60
11046 + 2600 E 53+ 04
w - 4.1+ 03 - - - -
Tot 112 £ 0.8 9.4 + 0.7 04 £0.2 12 +£03 1.00 0.64
J1107 + 3421 E 42 £ 0.5 32 £ 02 0.6 £ 0.3 - - -
w 3.1 +£05 40 £ 05 -0.5 £ 04 - - -
Tot 7.3 £ 0.7 72 £ 0.7 0.0 £ 0.3 14 £ 03 0.40 0.80
11420 + 2704 Tot 28.0 £ 2.0 184 £ 13 09 £ 0.2 09 +03 0.62 0.63
11459 + 3337 E 53 £ 04 33 £03 1.0 £ 03
w 20.1 £ 14 11.5 £ 0.8 1.2 £ 02 - - -
Tot 254 + 1.8 148 £ 1.0 1.1 £0.2 09 £ 03 0.23 0.22
J1613 + 4223 Tot 289 £ 2.0 58 £ 04 34 +£02 1.6 = 04 0.87 0.39
J1719 + 4804 Tot 42 £ 03 35 £03 04 £+ 0.2 1.0 £ 03 0.23 0.32

Notes. Column 1: source name; column 2: source component; columns 3 and 4: flux density (in mJy) at 15 and 24 GHz,
respectively; column 5: VLBA spectral index between 15 and 24 GHz; column 6: VLA spectral index between 15 and
22 GHz; columns 7 and 8: fractional flux density between VLBA and VLA, Sypga/SvLa at 15 and 24 GHz, respectively.
For the source, J1002 4 5701 the VLA spectral index and flux density refers to data from Stanghellini et al. (2009).

3.2 Variability

Samples selected at high radio frequencies (> 5 GHz) have proved
to be highly contaminated by blazars (Tinti et al. 2005; Torniainen
et al. 2005; Hovatta et al. 2006; Sadler et al. 2006, 2008; Orienti
et al. 2007; Mingaliev et al. 2012). Flux density and spectral
variability are common properties of blazars, whereas CSOs are
among the least variable sources with variability of about 10 per cent
at most over one year (O’Dea 1998), while some ‘secular’ variations
are known for a few objects (e.g. OQ208, Stanghellini et al.
1997).

In order to identify and remove highly variable sources,
we performed multiepoch VLA observations covering quasi-
simultaneously the frequencies between ~1 and 22 GHz. Following
Tinti et al. (2005), we estimate the variability by means of the
parameter V defined as

m _ 2
_1 Z (SA(l) SB(l)) @
m i=1

where Sa(i) and Sp(7) are the flux density at the ith frequency of
two consecutive epochs, o; is the error on Sx(i) — Sg(i), and m
is the number of sampled frequencies. We compute the variability
index on consecutive epochs V, in order to detect a flaring state
followed by a period of quiescence. In addition, we compute Vi
between the first epoch from Stanghellini et al. (2009) and last epoch
(data presented in this paper) in order to determine the long-term
variability spanning a decade of observations (between 1998-1999
and 2012). Results are reported in Table 5. In Fig. 3, we plot the
distribution of V,, for galaxies, quasars, and all sources. Values

range between about 3 and 255. Only 1 source optically associated
with a galaxy (J1624 + 2748) has Vi, <4, and is marked as non
variable, NV, in Table 5 and in Fig. 1. The threshold V = 4 indicates
variability of 10 percent between two epochs. The majority of the
objects, ~47 percent (16 sources: 13 quasars, 2 galaxies, and 1
object with no optical counterpart) have V < 25, indicating that some
variability, up to about 30 per cent, is common on long time-scales.
These sources are marked as slightly variable SV in Table 5 and in
Fig. 1. Sources with a variability index above 25 are marked V. If
the spectrum turns out to be flat, the source is also labelled F (see
Section 3.1).

In Fig. 4, we plot for each source the variability indices computed
for consecutive epochs V., as a function of the variability index
computed over the whole period V,o. Usually, the variation between
two consecutive epochs is smaller than that estimated over the whole
period. This is consistent with changes produced by a source in
adiabatic expansion. In total, 10 sources (5 quasars, 4 galaxies,
and 1 object with an unidentified optical counterpart) have V., >
Viot, indicating that the variation observed between two consecutive
epochs is larger than the variability derived between 1998—1999
and 2012. This behaviour is typical of blazars, which randomly
interchange low-activity and high-activity states.

3.3 Dynamical ages

The radio spectrum of a homogeneous synchrotron source with the
magnetic field frozen in the plasma that is in adiabatic expansion
shows a flux density increase with time in the optically thick part of
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1348

M. Orienti and D. Dallacasa

J0754+3033 15 GHz

30 33 55.024— T T T T — 30 33 55.024— | T T T
Peak br.= 35.0 mJy; f.c. = 0.2 mJy/b Peak br. = 22.2 mJy; f.c. = 0.9 mJy/b
55.023 — 55.023 0
0
55.0221— 7 55.022— ‘
g 2 g
g 55.0 g 55.021— @
i [ : O : @
2 N S
= L A~ _| =
.E 55.020 . _E 55.020 — O
5 -/ S
o o
a a
55.019 — — 55.019 — 0
55018~ n Q‘ 55.018— 5
!, \‘l °
55.017 | ! — 55.017
I | | | | | | | | | |
07 5448.8516  48.8515  48.8514  48.8513  48.8512  48.8511 07 5448.8516  48.8515  48.8514  48.8513  48.8512  48.8511
Right Ascension (J2000) Right Ascension (J2000)
J0819+3238 15 GHz J0819+3823 24 GHz
3823 59.813 | T T T T T T = 3823 59.8131 T T T T I I
Peak br. = 14.3 mJy; f.c. = 0.2 mJy/b Peak br. = 5.2 mJy; f.c. = 0.3 mJy/b
59.812— n 59.812—
g 59.811— 7 g 59.811
=3 =3
oN o
2 2
c c
] 2
g 59.810 — T 2 59.810 —
© ©
ﬂ) @
a a
59.809 — = 59.809 —
59.808 [ = 59.808
I I | m 1 | | | | | | | | | | | |
08 19 00.95645 00.95635 00.95625 00.95615 00.95605 08 19 00.95645 00.95635 00.95625 00.95615 00.95605
Right Ascension (J2000) Right Ascension (J2000)
J1025+2541 15 GHz J1025+2541 24 GHz
T T I T T I T T T T I T
Peak br. = 3.3 mJy; f.c. = 0.2 mJy/b Peak br. = 3.2 mJy; f.c. = 0.3 mJy/b
2541 58.365— — 25 41 58.365—
58.364 — — 58.364 —
=3 S
=3 =3
<3 =3
N N
2 S 2
§ 58.363 — ! \“ - 5 58.363 —
£ N £
© ©
a a
58.362— ] 58.362 —
58.361 N - 58.361
N
58360 ! | \ ! | \ [N 58.360 ! | \ ! ! !
10 25 23.79200 23.79190 23.79180 23.79170 23.79160 10 25 23.79200 23.79190 23.79180 23.79170 23.79160

Right Ascension (J2000)

J0754+3033 24 GHz

Right Ascension (J2000)

Figure 2. VLBA images at 15 GHz (left-hand panel) and at 24 GHz (right-hand panel). On each image, we provide the source name, the observing frequency,
the peak brightness (peak br.) and the first contour (f.c.), which is three times the off-source noise level on the image plane. Contours increase by a factor of 2.
The beam is plotted in the bottom left-hand corner of each image.
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Figure 2 — continued

the spectrum:

fo+ A1\ °
S1 = So <L) , 3)

fo
where Sy and S; are the flux densities at the time 7 and ty + At, i.e.

the source lifetime at the time of the last observing epoch. Moreover,
the peak frequency moves towards low frequencies:

4
To
Vp,1 =Vp0 (m) , “)

where v, o and v, | are the flux density at the time #y and 1) + At.
Among the 35 sources observed in 2012, 18 sources (14 quasars, 3
galaxies, and 1 object with no optical counterpart) show a variability
that is consistent with the expectation of adiabatic expansion. We
estimate the dynamic age of the radio source, fy + Af, using
equation (3) and comparing the flux density at 1.4/1.7 GHz during
the first and last observing epoch. The dynamical age estimated by
equation (4) is highly uncertain due to the large uncertainty on the
peak frequency. The estimated dynamical age for the 11 sources with
significant variability consistent with adiabatic expansion is reported
in Table 6. Dynamical ages range between 40 and 270 yr, supporting
the idea that these sources are in a very early phase of their evolution.
For the remaining seven sources, the variation in the optically thick

part of the spectrum is consistent within the errors, preventing us to
set any constraints on their age.

3.4 Parsec-scale structure

A sub-sample of 12 sources from the faint HFP sample were observed
with the VLBA in 2019 January. These sources were selected on
the basis of their peak frequency below 7 GHz in order to have
VLBA observations at 15 and 24 GHz in the optically thin part of
the spectrum. In total, five sources (about 42 per cent) are resolved
into two components, while two sources are marginally resolved at
24 GHz only (Table 3). Among the 12 newly observed sources,
6 were target of earlier VLBA observations at 8.4 and 15 GHz
(Orienti & Dallacasa 2008a, 2012). The source J1107 + 3421 is
resolved in VLBA images at both epochs, whereas J1002 + 5701
(not observed by VLA in 2012) that turned to be slightly resolved in
Orienti & Dallacasa (2012) is now unresolved. Remarkable cases are
JO819 + 3823 and J1459 + 3337, which show a double structure in
the last epoch of observations, while they were unresolved in earlier
observations. J1420 4 2704 and J1613 + 4223 are unresolved in both
observing epochs. In general, the flux density at 15 GHz in our VLBA
observations in 2019 is significantly smaller than the flux density
measured at the same frequency in earlier VLBA observations, in
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Figure 3. Distribution of the variability index computed over the whole
period Vi, for galaxies (red dashed line), quasars (blue dotted line), and all
sources (black solid line).
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Figure 4. Variability index computed for two consecutive epochs Ve, as a
function of the variability index computed over the whole period Vi for
each source. Crosses, diamonds, and triangles refer to galaxies, quasars, and
sources with unidentified optical counterpart, respectively. The line indicates
Vep = Viot-

agreement with the trend of decreasing flux density observed in
the VLA monitoring campaign. Usually Syiga/Svia at 15 GHz is
comparable or higher than at 24 GHz. In three sources, Svipa/Svia
is higher at 24 GHz. Although the central frequencies of VLA and
VLBA observations are slightly different (14.5 and 21.5 GHz at the
VLA and 15 and 24 GHz at VLBA), the flux densities can still be
compared. In fact, even in the case of the source with the steepest
spectral index (J1613 + 4223, aya ~1.6), the difference between
the flux density at 14.5 (21.5) GHz and the one extrapolated at 15 (24)
GHz is within the error. The spectral index of the sources has been

Variability and pc-scale structure of CSO 1351

Table 6. Estimated dynamical ages for faint HFP sources whose variability
is consistent with relativistic plasma in adiabatic expansion.

Source name At fage r v
(d) (yr) (pe) c

JO754 4 3033 4713 130 12 0.5

JO819 + 3823 4932 240 -

JO955 + 3335 4709 240 -

J1044 4 2959 4576 75 <4 <0.7

J1052 + 3355 4709 100 -

J1107 + 3421 4709 270 -

J1309 + 4047 4688 255 6.8 0.4

J1420 + 2704 4596 130 -

J1459 + 3337 4699 40 7 0.9

J1613 + 4223 4720 225 -

J1719 + 4804 4720 160 <25 <0.1

Notes. Column 1: source name; column 2: the time (in days) elapsed between
the first and last VLA observations; column 3: source dynamical age (in yr)
at the epoch of last VLA observations in 2012; Column 4: linear size (pc);
column 5: estimated source expansion velocity in units of the speed of light.

computed considering the full-resolution images at both frequencies,
since they allow the lowest rms noise levels in the images. This may
cause an artificial steepening of the spectral index if some extended
emission is present. In general, the spectral index ranges between
—0.5 and 2.0 (Table 4), indicating the presence of compact and
flat components, like core and mini-hotspots, and steep-spectrum
emission from jets or mini-lobes.

3.5 Notes on individual sources

Here, we provide a brief description of the sources deserving
some discussion. Sources which are considered CSO candidates are
marked in boldface. An asterisk indicates that the VLBA observations
of the source are presented in this paper.

J0754 + 3033*: The VLA radio spectrum shows moderate vari-
ability on long time-scales (Vo ~ 57), but shows low variability when
consecutive epochs separated by few years or less (Ve, < 2 between
2003 and 2004, and between 2004 and 2006; Table 5) are considered.
The turnover frequency slightly moves to lower frequency, from
8.9 £ 0.6 GHz in 1999 to 6.5 & 1.0 GHz in 2012. The flux density in
the optically thin part of the spectrum decreases with time, whereas
it increases in the optically thick part. The dynamical age inferred
from its variability is about 130 yr (Table 6). On pc-scale the source
shows a double structure (Fig. 2) with the components separated
by about 1.6 mas (i.e. about 12 pc at the redshift of the source).
The spectral index of the eastern component is 0.6, indicating the
presence of freshly injected/accelerated relativistic particles, as one
would expect if the component hosts the core and/or a mini-hotspot,
whereas it is steeper (o ~1.3) in the western component (Table 4).
These characteristics suggest that this source is a CSO candidate.

J0819 + 3823*: The VLA radio spectrum is marginally variable,
with 2.7 < Vi, < 14, and Vi, ~ 7. The peak frequency is roughly
constant within the errors (v, ~ 6 GHz), while the flux density
increases in the optically thick part of the spectrum and decreases
in the optically thin part. The dynamical age computed from its
variability is about 240 yr (Table 6). In the VLBA image at 15 GHz,
there is diffuse emission on the East of the compact component
that dominates the flux density, and the source size is about 1 mas.
At 24 GHz the compact component is slightly resolved into two
components separated by about 0.4 mas (i.e. the distance between
the peak of the two components). The spectral index integrated over
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the whole VLBA structure is about 2.0, while the VLA spectral index
between 15 and 22 GHz is about 1.0, suggesting the presence of
extended steep-spectrum emission (Table 4). The larger Sy pa/Svia
at 15 GHz than at 24 GHz supports this interpretation. The source
was unresolved in earlier VLBA observations presented in Orienti &
Dallacasa (2012). Although the complicated pc-scale radio structure
prevents us from unambiguously classify this source as a CSO, the
VLA variability is in agreement with what expected for a source in
adiabatic expansion. For this reason, we still consider this object as
a CSO candidate.

J0951 + 3451: The VLA radio spectrum is convex in all the
three observing epochs and the peak frequency is roughly constant
within the errors (v, = 5.6 & 1.0). The source shows low variability
(Vep and Vi ~12) and the flux density increases in the optically
thick part of the spectrum, while it slightly decreases in the optically
thin part. The source is resolved into three components by VLBA
observations, with the central region showing a flat spectral index
(Orienti & Dallacasa 2012). These characteristics confirm the source
as a CSO.

J1008 + 2533: The VLA radio spectrum had a convex shape only
during the first epoch. In the subsequent epochs, the spectrum shows
a complex shape, with an inverted part below 5 GHz and a flattening
at higher frequencies. However, the variability index has relatively
small values 1 < Ve, < 18, and Vi, ~20. At pc-scale, it shows a core-
jet structure with a compact component with an inverted spectrum
dominating the radio emission (Orienti & Dallacasa 2012). These
characteristics confirm the blazar nature of this source.

J1025 + 2541*: The VLA radio spectrum has a convex shape in all
the three observing epochs. The source has some moderate variable
Vep ~ 15—20, and Vo ~37. The peak frequency determined for each
epoch is consistent within the errors, with a hint of decrease from
~4.2 to ~3.3 GHz. At 15 GHz the pc-scale structure is resolved into
two amorphous components whose peaks are separated by about
1.1 mas (i.e. about 6.5 pc), whereas at 24 GHz it shows a single
component roughly coincident with the brightest part of the source
visible at 15 GHz. The VLBA flux density at 24 GHz is higher
than the flux density observed by the VLA in 2012, suggesting a
blazar-like variability.

J1107 + 3421*: The VLA radio spectrum shows moderate
variability with 2 < V,, < 23 and Vi, ~ 50. The turnover frequency
is roughly constant within the errors, whereas the flux density in
the optically thick part of the spectrum increases with time. The
dynamical age computed from its variability is about 270 yr (Table 6).
The pc-scale radio source is characterized by two components (Fig. 2)
separated by 1 mas. The source position angle slightly changes from
—75° to —=80° at 15 and 24 GHz. Although the double structure was
already pointed out by Orienti & Dallacasa (2012), the flux density
ratio at 15 GHz between the components changed from Sg/Sw ~2
to 1.3 in 2010 and in 2019, respectively. The spectral index of the
eastern component is about 0.6, while in the western component
o =—0.5 £+ 0.4, indicating an inverted spectrum. This component
may be either the core or a very compact self-absorbed hotspot, like
in the case of the HFP sources J1335 4 5844 and J1735 4 5049
(Orienti & Dallacasa 2014). The fractional flux density Sviga/Svia
is higher at 24 GHz than at 15 GHz (about 80 and 40 per cent at
24 and 15 GHz, respectively). On the basis of the VLA variability
and the pc-scale properties, we still consider this source as a CSO
candidate.

J1309 + 4047: The VLA radio spectrum is roughly constant with
1 < Vgp < 7and Vi, ~ 2. The peak frequency is constant within the
errors (~4.5 GHz). The dynamical age computed from the variability
is about 255 yr (Table 6). On pc-scale, the source shows a double
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structure whose components are separated by about 0.8 mas, i.e.
6.8 pc at the redshift of the source (Orienti & Dallacasa 2012). The
steep spectral index derived from VLBA data makes us consider this
object a CSO candidate.

J1459 + 3337*: This radio source was first identified as an HFP
object by Edge et al. (1996) with a turnover frequency of about
30 GHz. In the two decades thereafter, the peak progressively moved
to lower and lower frequencies, at about 21 and 15 GHz in 1999
and 2003, respectively, and our new observations in 2012 set the
turnover at about 3 GHz. The flux density in the optically thin part of
the spectrum progressively decreases with time, while in the optically
thick part of the spectrum it steadily increases (the flux density at
1.4 GHz progressively increases from ~8 mly in 1993 to ~50 mJy
in 2012). The source displays one of the highest variability index
Viot ~250. The dynamical age computed from its variability is about
40 yr (Table 6). We observed a change in the radio morphology of this
source: it was unresolved in VLBA observations in 2005 (Orienti &
Dallacasa 2008a), while in our new observations it shows a double
structure (Fig. 2) with the two components separated by about 1.1 and
0.9 mas at 15 and 24 GHz, respectively (i.e. about 7 pc at the distance
of the source). The flux density ratio is Sw/Sg ~ 3.8 and 3.4 at 15 and
24 GHz, respectively. The spectral index is relatively steep, with «
~1.0 and ~1.2 in the eastern and western component, respectively.
This source shows one of the largest discrepancies between VLA and
VLBA flux density, Syipa/Svia ~ 20 percent at both frequencies,
indicating a huge flux density decrement between 2012 and 2019
with no significant variation of the spectral shape between these
frequencies (Table 4). Spectral and morphological changes may
be explained in terms of either a CSO or a knot that is moving
downstream along the approaching jet. In the first scenario, the two
components may be two asymmetric mini-lobes that are moving
away from each other. However, if we consider that the source grows
from <0.3 mas (<2 pc) in 2005 to 1 mas (about 7 pc) in 2019, we
infer a source expansion of about ¢, favouring the interpretation of the
propagation of a knot along the approaching jet that was produced by
a huge flare a few decades ago in a moderately beamed radio source.
Although the variability associated with a single event hardly lasts
longer than a few years (Hovatta et al. 2008), there are some cases
in which the ejected component can be followed for longer time. An
example is 3C 84, which underwent a huge increase of flux density
in the 1960s, followed by the ejection and expansion of the southern
jet (Walker, Romney & Benson 1994: Asada et al. 2006), whereas
not much can be said for the northern counterpart due to severe
free—free absorption that prevents its detection below 22 GHz. A
similar situation may have happened in the case of J1459 + 3337,
where the component emerging from the main compact region may
be the approaching jet. This interpretation may be supported by the
slightly different position of the eastern component in our images at
15 and 24 GHz with respect to the brightest one. For these reasons,
we consider J1459 + 3337 a blazar-like candidate.

J1530 + 2705: The VLA radio spectrum shows moderate vari-
ability 4 < V., < 60 and Vo ~ 23. Changes of the peak frequency
and of flux density in the optically thick and in the optically thin
part of the spectrum do not follow any trend with time. This radio
source is hosted in a nearby galaxy, which is part of a group
(Orienti & Dallacasa 2010). No information on the pc-scale structure
is available, but the erratic variability suggests that this source is a
blazar.

J1613 + 4223*: The VLA radio spectrum is highly convex with
ap, = —1.9 and a, = 1.6, and shows a modest variability 0.8 < V,,
< 16 and V,,y ~ 13. The dynamical age estimated by the variability
is about 225 yr (Table 6). The peak frequency is constant within



the errors (~4.5 GHz). On pc-scale the source is unresolved at both
15 and 24 GHz, with an upper limit on its angular size of 0.4 mas.
The spectral index of the whole source is very steep, suggesting
the presence of steep-spectrum low-surface brightness emission that
may have been missed at 24 GHz as supported by the much larger
Svisa/Svia observed at 15 GHz than at 24 GHz (Table 4). On
the basis of the VLA variability that is consistent with a source in
adiabatic expansion, we still consider this source as a CSO candidate.

J1624 + 2748: The VLA radio spectrum is convex and displays
one of the lowest variability estimated for this sample with V, ~ 4
and Vi ~ 3. The peak frequency is roughly constant within the errors.
No information on pc-scale structure is available, but the variability
properties make this object a very promising CSO candidate.

J1719 + 4804*: The radio spectrum is convex and displays high
variability with Vi, ~ 254. The peak frequency shifts from 10.8 to
2.8 GHz from 1999 to 2012. The dynamical age computed from
the variability is about 160 yr (Table 6). The pc-scale structure is
unresolved in our VLBA images, giving an upper limit on the angular
size of 0.3 mas, which corresponds to a linear size of 2.5 pc at the
redshift of the source. The VLBA flux density at 15 and 24 GHz is
about 4 and 3.5 mlJy, respectively, indicating a further decrease with
respect to that observed in 2012. The VLBA spectral index is rather
flat « = 0.4 & 0.2, suggesting that the radio emission is dominated
by the core or a very compact self-absorbed hotspot, like in the case
of the HFP sources J1335 + 5844 and J1735 + 5049 (Orienti &
Dallacasa 2014). This source shows one of the largest discrepancies
between VLBA and VLA flux densities with Sy;ga/Svia ~ 20 and
30 percent at 15 and 24 GHz, respectively, indicating a huge flux
density decrement between 2012 and 2019 with a slight variation of
the spectral shape between these frequencies (Table 4). The VLA
variability consistent with what is expected in case of adiabatic
expansion, and the lack of unambiguous blazar characteristics, make
us still consider this source as a CSO candidate.

4 DISCUSSION

Ideally, unbeamed young radio sources are characterized by a low
level of flux density variability, low fractional polarization, and a
double/triple structure dominated by lobe/hotspot components when
studied with sub-arcsecond resolution. The location of the source
core at the centre of a two-sided radio structure would be the hallmark
of a CSO. In contrast, blazars show significant variability, have pc-
scale core-jet structures, and high and variable fractional polariza-
tion. It is therefore clear that the study of variability, morphology,
and polarization is the key to disentangle the nature of a radio source.

HFP sources are all unresolved by arcsecond scale VLA ob-
servations and higher resolution observations are necessary for
investigating their structure. With the aim of determining the source
structures, the optically thin emission of 23 sources from the faint
HFP sample has been observed with the VLBA, in 2010 and 2019,
and results are reported in Orienti & Dallacasa (2012) and in this
paper. Despite the pc-scale resolution, 14 out of the 23 observed
sources with VLBA observations are unresolved or marginally
resolved. The optically thin spectral index derived from VLA data
(Table 2 and Orienti & Dallacasa 2010) points out that 3 of these
sources (J1002 + 5701, J1436 + 4820, and J1613 + 4223) have «,
> 1.0, suggesting that the emission is dominated by steep-spectrum
emission, likely from mini-lobes. Among the sources with resolved
structure, five sources (JO754 + 3033, J0943 4+ 5113,J0951 + 3451,
J1107 + 3421, and J1135 + 3624) have a double/triple structure
that is consistent with those of CSOs, whereas for the other sources
the double morphology may be interpreted in terms of either mini-

Variability and pc-scale structure of CSO 1353

lobes/hotspots or core-jet structure. In general, the detection of only
two components makes the classification of these sources rather
tentative (e.g. Snellen, Schilizzi & van Langevelde 2000b; Deller &
Middelberg 2014). J0951 + 3451 shows slight variability between
the first and last epoch, whereas J0754 + 3033 and J1107 + 3421
are highly variable. The other two sources were found non-variable
by Orienti & Dallacasa (2010), and the lack of VLA observations in
2012 prevents us from the study of their long-term variability.

Monitoring campaigns of HFPs objects show that moderate vari-
ability is a common characteristics of these objects. Earlier studies
of the sources from the faint HFP samples pointed out that about
40 per cent of the target sources are non-variable (Orienti & Dallacasa
2010). This percentage drastically decreases to 1 object out of 35
(3 percent) when we consider a longer time separation between
the observing epochs. Contrary to what is found for other samples
of high-frequency peakers, among the sources showing a random
variability typical of beamed objects, there is a predominance of
radio sources associated with galaxies (~60 percent) rather than
quasars (~43 per cent).

4.1 Variability in young radio sources

Flux density and spectral variability are not common features of
the class of CSOs, but they are the characteristics of blazars.
Samples selected at high frequencies (in the GHz regime) are more
contaminated by beamed objects than samples selected at lower
frequencies or with different criteria (e.g. Coppejans et al. 2016).
Variability studies are thus used to discriminate between CSOs and
blazars. However, significant variability may be observed also among
the youngest CSOs in which freshly produced bubbles of magnetized
plasma are expanding in a rather inhomogeneous ambient medium,
implying an irregular expansion rate. Moreover, in CSOs the time
elapsed between the first and last epoch of the monitoring campaign
corresponds to a significant fraction of the lifetime of the radio
source. It is then quite likely to observe spectral and flux density
changes. Dynamical ages estimated on the basis of the variation of the
optically thick flux density range between 40 and 270 yr, supporting
the idea that these sources are in a very early phase of their evolution.
The values derived in this way should be representative of the order of
magnitude of the dynamical ages, owing to the strong assumption of
a single homogeneous component that is expanding with no effects
from the ambient medium. Moreover, the core activity might not
be continuous, and its likely erratic on-off cycle could perturb the
predicted flux density variability.

If these sources are actually in a very early stage of their evolution,
their large-scale counterpart should be sought among low-power
radio sources observed in the MHz regime. In fact, at least for those
sources for which itis possible to ‘see’ the epoch-by-epoch evolution,
from equation (4) we expect that the peak frequency would lower by
a factor of about 16 as At approaches fo, falling in the MHz regime.
In parallel, the optically thin flux density decreases as

o+ A\ ¥
S1 = So (%) , s)
0

where Sy and S are the flux densities at the time #; and 7, + At, i.e.
the source lifetime at the time of the last observing epoch, and § is the
spectral index of the electron energy distribution of the relativistic
particles [N(E) o< E7%, § = 2 + 1]. If in equation (5), we consider
typical values for § between 2 and 3, we find that the flux density
would decrease by a factor of about 16—60, becoming of (sub-)mlJy
level. Only the flux density below the peak frequency becomes more
prominent with time. Part of these sources may be progenitors of
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the population of low-power radio sources (see Baldi, Capetti &
Giovannini 2015, 2019; e.g. Tingay & Edwards 2015; Mingo et al.
2019) and/or MHz-peaked spectrum radio sources (Coppejans et al.
2015), or they may represent short-lived episode of radio emission
from an active galactic nucleus (Czerny et al. 2009). The Square
Kilometre Array, with its huge improvement in sensitivity in the
MHz regime would enable systematic studies of population of faint
radio sources, providing a fundamental step in our understanding of
their evolution.

For the sources with information on their parsec-scale structure
and redshift, we estimate the expansion speed v by

GDL 1+Z
V=
A+ 27 g

where 0 is the angular size measured from VLBA images, Dy is the
luminosity distance of the source, z is the redshift, and t,, is the
estimated dynamical age.

The expansion speed ranges between 0.1¢ and 0.7¢, in agreement
with values estimated for the population of CSOs (see e.g. Polatidis &
Conway 2003; An & Baan 2012), with the only exception of the
quasar J1459 + 3337, which turned out to be likely a blazar on the
basis of the pc-scale structure. Owing to the uncertainty on the source
age, the expansion speed should be considered as an upper limit. For
all the sources our VLBA observations could not identify the core
region preventing us from investigating if both jets are expanding
at the same velocity or if the ambient medium plays a role in their
growth. Jet—cloud interaction seems to be common during the first
evolutionary phase when the jet is piercing its way through the dense
and inhomogeneous gas of the narrow-line region (Dallacasa et al.
2013). The presence of an inhomogeneous ambient medium has
been found in some CSOs from the bright HFP sample (Dallacasa
et al. 2000), where free—free absorption is observed towards only one
of the two jets/mini-lobes (e.g. J0428 + 3259 and J1511 + 0518,
Orienti & Dallacasa 2008b) and highly asymmetric structures mark
the presence of clouds slowing down the expansion on one side,
preventing its adiabatic expansion and enhancing synchrotron losses
(e.g.J1335 + 5844, Orienti & Dallacasa 2014). However, the sources
studied so far are relatively powerful (L;cn, > 10% W/Hz), and
there are only a few studies on the effects the ambient medium has on
the expansion of low power (L; 4gu, < 10% W/Hz) jets (e.g. Kunert-
Bajraszewska et al. 2012). Deep and systematic VLBI observations
are necessary for investigating the role of the ambient medium during
the first phase of the source expansion in faint objects.

. (6)

4.2 Steep spectral shape

About 20 per cent (7 out of 35) of the sources discussed here have
a rather steep optically thin VLA spectrum (o, > 1.0), which is
quite uncommon in radio galaxies with active regions. These small
and compact radio sources have somehow different characteristics
with respect to common extended radio galaxies. The equipartition
magnetic fields increases as we consider smaller and smaller sources:
from a few uG in the lobes of the classical FR-I/II sources (Croston
et al. 2005) to a few mG in compact steep-spectrum sources (Fanti
etal. 1995), and up to a few tens/hundreds mG in young HFP objects
(Orienti & Dallacasa 2008b). This implies that for a given observing
frequency, the Lorentz factor of the radiating particle is smaller than
in larger sources with weaker fields. Moreover, the radiative losses are
higher, shortening the radiative lifetime of the relativistic electrons
and shifting the frequency break at lower and lower frequency. In
the small sources, the outer components are usually dominated by
bright and compact regions, like mini-hotspots, while no significant
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emission from the lobes is observed (Tingay & de Kool 2003;
Gugliucci et al. 2005; Orienti & Dallacasa 2008b, 2014), supporting
the severe losses hypothesis.

Alternatively, the steep spectra might be caused by an injection
spectral index that is steeper than what is usually found (Harwood
et al. 2016, 2017). Deep VLBI observations are necessary to unveil
the presence of low-luminosity extended structures and disentangle
between the two scenarios.

5 SUMMARY

In this paper, we presented results on a multiepoch multifrequency
VLA monitoring campaign, and pc-scale VLBA observations of CSO
candidates from the faint HFP sample. The conclusions that we can
draw from this investigation are as follows:

(1) In total, 5 out of the 12 sources (42 percent) observed with
milliarcsecond resolution turned out to be compact doubles. Taking
into account earlier observations of additional 11 objects, we end up
with a total of 11 sources showing a morphology consistent with what
is expected for young radio sources. However, the radio structure and
the spectral index information are not conclusive and deeper pc-scale
observations are necessary to probe the nature of the sources and
identify the locations of the centre of activity.

(i) In total, 34 out of the 35 sources (97 per cent) observed with
VLA have moderate to strong long-term variability. Only one source,
J1624 + 2748, has neither spectral nor flux density variability.

(iii) In total, 18 radio sources possess spectral and flux density
variability that is consistent with a cloud of homogeneous magnetized
relativistic plasma in adiabatic expansion. For the sources with
known redshift, we estimate the dynamical ages which range between
a few tens to a few hundred years. The corresponding expansion
velocity is mainly between 0.1¢ and 0.7¢, similar to values found
in young radio sources. However, among these sources, one object
shows pc-scale properties and an estimated velocity of about c,
suggesting a blazar nature.

@iv) In 17 sources, the flux density changes randomly as it is
expected in blazars, and in six sources the spectrum becomes flat
in the last observing epoch, confirming that samples selected in the
GHz regime are highly contaminated by beamed objects.

(v) Nosignificantdichotomy is found in the flux density variability
between galaxies and quasars, with a slightly larger fraction of
galaxies showing erratic variability typical of beamed sources.

The fast evolution that we observe in some CSO candidates
suggests that they hardly represent the progenitors of classical
Fanaroff—Riley radio galaxies. Thanks to the huge improvement in
sensitivity and the wide frequency coverage up to 100 GHz, the Next
Generation Very Large Array' will be the optimal instrument for
shedding a light on the nature and fate of these objects.
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