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Abstract

We present the results from the 43 GHz Very Long Baseline Array (VLBA) observations of 124 compact radio-
loud active galactic nuclei (AGNs) that were conducted between 2014 November and 2016 May. The typical
dimensions of the restoring beam in each image are about 0.5mas×0.2mas. The highest resolution of 0.2 mas
corresponds to a physical size of 0.02 pc for the lowest redshift source in the sample. The 43 GHz very long
baseline interferometry (VLBI) images of 97 AGNs are presented for the first time. We study the source
compactness on milliarcsecond and submilliarcsecond scales, and suggest that 95 sources in our sample are
suitable for future space VLBI observations. By analyzing our data supplemented with other VLBA AGN surveys
from the literature, we find that the core brightness temperature increases with increasing frequency below a break
frequency ∼7GHz, and decreases between ∼7 and 240GHz but increases again above240 GHz in the rest frame
of the sources. This indicates that the synchrotron opacity changes from optically thick to thin. We also find a
strong statistical correlation between radio and γ-ray flux densities. Our correlation is tighter than those in the
literature derived from lower-frequency VLBI data, suggesting that the γ-ray emission is produced more
cospatially with the 43 GHz VLBA core emission. This correlation can also be extrapolated to the unbeamed AGN
population, implying that a universal γ-ray production mechanism might be at work for all types of AGNs.

Unified Astronomy Thesaurus concepts: Very long baseline interferometry (1769); Active galaxies (17); Surveys
(1671); Radio loud quasars (1349); Jets (870)

Supporting material: machine-readable tables

1. Introduction

Active galactic nuclei (AGNs) host the most powerful natural
particle accelerators, producing also high-energy cosmic rays and
neutrino emission. Compact jets emanating from around the
central supermassive black holes in radio-active AGNs are
prominent sources in the widest range of electromagnetic
wavebands, from radio wavelengths to γ-rays. AGN jets are in
the forefront of modern multimessenger astrophysical research
(see Blandford et al. 2019 for a recent review). Surveys of AGNs
supply a wealth of information for advancing our understanding
of jet physics. Of particular importance are high-resolution radio
interferometric surveys that zoom directly into the parsec and
subparsec-scale regions of AGN jets that are closely related to the
extreme astrophysical phenomena.

Recently, the source of high-energy cosmic neutrinos
(∼300 TeV) detected by IceCube on 2017 September 22 was
identified as a distant γ-ray blazar, TXS0506+056, which is
an intermediate synchrotron-peaked BL Lac object at a redshift
of z=0.34 (IceCube Collaboration et al. 2018a, 2018b;
Halzen et al. 2019). This first confirmed that blazars are sources
of high-energy astrophysical-origin neutrinos, opening a new

window of studying the universe using the unobstructed
messenger neutrino (IceCube Collaboration et al. 2018b). It
is widely speculated that high-energy cosmic rays are
accelerated in the magnetic fields in the innermost jets of
blazars. The generated cosmic rays interact with nearby gas,
photons, or other cosmic rays producing charged mesons that
decay into high-energy neutrinos, γ-rays, and other particles
(Reines 1960).
Very long baseline interferometry (VLBI) is an elegant

observing technique that provides the highest angular resolution.
Blazars are among the most powerful objects in the universe.
Images from high-frequency high-resolution VLBI surveys of
blazars are essential to test jet models (e.g., Marscher 1995), and
to investigate the innermost region of compact jets where the
acceleration and collimation of the relativistic plasma flow takes
place (Kellermann & Pauliny-Toth 1969; Gallimore et al. 2004;
Lister et al. 2016) and where the high-energy neutrinos and γ-rays
are produced (Ros et al. 2020).
The Large Area Telescope on board the Fermi Gamma-ray

Space Telescope (Fermi-LAT) has already detected 2683
AGNs, listed in the fourth Fermi-LAT catalog (Fermi-LAT
collaboration 2019). Most of the sources are classified as
blazars (comprising BL Lac objects and optically violently
variable quasars), which show prominent emission over a broad
range of electromagnetic radiation, from radio to γ-ray
energies. The spatial localization of the region where the
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Table 1
General Source Properties

IAU Alias Sess. R.A. Decl. z Opt. Comm. SFermi

Name (J2000) (J2000) Class (10−10 ph cm−2 s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

0048−071 OB −082 C 00 51 08.20982 −06 50 02.2291 1.975 QSO Y 12
0106+013 4C +01.02 B 01 08 38.77110 +01 35 00.3713 2.099 QSO Y 64
0113−118 C 01 16 12.52203 −11 36 15.4348 0.671 QSO Y 15
0119+041 OC +033 C 01 21 56.86170 +04 22 24.7342 0.637 QSO Y ...
0122−003 UM 321 C 01 25 28.84383 −00 05 55.9322 1.077 QSO Y ...
0130−171 OC −150 B 01 32 43.48746 −16 54 48.5218 1.020 QSO Y 21
0149+218 C 01 52 18.05904 +22 07 07.6997 1.320 QSO Y ...
0202−172 C 02 04 57.67434 −17 01 19.8405 1.739 QSO Y 7
0208+106 C 02 11 13.77363 +10 51 34.7986 0.200 BL Lac Y 26
0221+067 4C +06.11 B 02 24 28.42819 +06 59 23.3415 0.511 QSO Y ...
0224+671 4C +67.05 C 02 28 50.05149 +67 21 03.0293 0.523 QSO Y ...
0229+131 4C +13.14 C 02 31 45.89406 +13 22 54.7162 2.059 QSO Y ...
0239+108 OD +166 C 02 42 29.17085 +11 01 00.7280 2.680 QSO Y ...
0241+622 C 02 44 57.69671 +62 28 06.5157 0.045 QSO Y ...
0306+102 OE +110 C 03 09 03.62350 +10 29 16.3410 0.862 QSO Y 15
0309+411 NRAO 128 B 03 13 01.96212 +41 20 01.1835 0.136 G Y ...
0322+222 C 03 25 36.81436 +22 24 00.3655 2.066 QSO N 11
0354+559 B 03 58 30.18819 +56 06 44.4602 ... U Y ...
0400+258 CTD 026 C 04 03 05.58608 +26 00 01.5027 2.109 QSO Y ...
0403−132 C 04 05 34.00339 −13 08 13.6908 0.571 QSO Y ...
0405−123 B 04 07 48.43097 −12 11 36.6593 0.573 QSO N ...
0420+417 4C +41.11 C 04 23 56.00979 +41 50 02.7129 ... BL Lac N 29
0451−282 OF −285 B 04 53 14.64679 −28 07 37.3265 2.559 QSO N 19
0507+179 C 05 10 02.36913 +18 00 41.5816 0.416 QSO Y 12
0529+075 OG 050 C 05 32 38.99846 +07 32 43.3449 1.254 QSO Y 41
0605−085 OC −010 B 06 07 59.69923 −08 34 49.9781 0.870 QSO Y 18
0627−199 B 06 29 23.76185 −19 59 19.7235 1.724 BL Lac N 25
0633+734 C 06 39 21.96122 +73 24 58.0403 1.850 QSO N 6
0648−165 C 06 50 24.58186 −16 37 39.7255 ... U Y 14
0657+172 B 07 00 01.52553 +17 09 21.7014 ... U Y ...
0708+506 B 07 12 43.68355 +50 33 22.7069 0.502 BL Lac N 17
0723−008 B 07 25 50.63996 −00 54 56.5441 0.128 BL Lac Y 11
0730+504 C 07 33 52.52059 +50 22 09.0621 0.720 QSO N 7
0736+017 OI 061 C 07 39 18.03390 +01 37 04.6177 0.189 QSO Y 25
0738+313 OI 363 C 07 41 10.70331 +31 12 00.2292 0.631 QSO Y ...
0742+103 C 07 45 33.05952 +10 11 12.6922 2.624 QSO Y ...
0743−006 OI −072 C 07 45 54.08232 −00 44 17.5399 0.996 QSO Y ...
0754+100 OI +090.4 C 07 57 06.64295 +09 56 34.8522 0.266 BL Lac N 20
0805+410 C 08 08 56.65204 +40 52 44.8888 1.418 QSO N ...
0805−077 B 08 08 15.53603 −07 51 09.8862 1.837 QSO N 150
0808+019 OJ 014 C 08 11 26.70732 +01 46 52.2201 1.148 BL Lac N 13
0821+394 4C +39.23 C 08 24 55.48386 +39 16 41.9040 1.216 QSO N 4
0838+133 3C 207 C 08 40 47.58843 +13 12 23.5637 0.681 QSO Y 8
0847−120 C 08 50 09.63563 −12 13 35.3762 0.566 QSO N 31
0859−140 OJ −199 C 09 02 16.83092 −14 15 30.8753 1.333 QSO Y ...
0906+015 4C +01.24 C 09 09 10.09160 +01 21 35.6177 1.024 QSO Y 32
0917+624 OK 630 C 09 21 36.23107 +62 15 52.1803 1.447 QSO N 8
0925−203 B 09 27 51.82431 −20 34 51.2324 0.348 QSO N 6
0945+408 4C +40.24 B 09 48 55.33815 +40 39 44.5869 1.249 QSO Y 4
1032−199 B 10 35 02.15530 −20 11 34.3595 2.198 QSO N ...
1036+054 C 10 38 46.77988 +05 12 29.0865 0.473 QSO Y ...
1038+064 4C +06.41 C 10 41 17.16250 +06 10 16.9235 1.265 QSO N 11
1045−188 C 10 48 06.62060 −19 09 35.7268 0.595 QSO Y ...
1049+215 4C +21.28 C 10 51 48.78907 +21 19 52.3137 1.300 QSO N ...
1124−186 OM −148 C 11 27 04.39245 −18 57 17.4418 1.048 QSO Y 34
1149−084 B 11 52 17.20951 −08 41 03.3138 2.367 QSO N 12
1150+497 4C +49.22 B 11 53 24.46663 +49 31 08.8301 0.334 QSO Y 8
1213−172 C 12 15 46.75176 −17 31 45.4032 ... U N ...
1219+044 4C +04.42 B 12 22 22.54962 +04 13 15.7761 0.966 QSO Y 13
1228+126 3C 274 B 12 30 49.42338 +12 23 28.0438 0.004 G Y 14
1243−072 C 12 46 04.23210 −07 30 46.5748 1.286 QSO N ...
1257+519 B 12 59 31.17401 +51 40 56.2607 0.405 G N ...
1306+360 B 13 08 23.70914 +35 46 37.1639 1.055 QSO N 11
1324+224 C 13 27 00.86131 +22 10 50.1628 1.398 QSO Y 19
1329−049 OP −050 B 13 32 04.46467 −05 09 43.3056 2.150 QSO N 50
1354+195 4C +19.44 C 13 57 04.43666 +19 19 07.3723 0.720 QSO N ...
1417+385 C 14 19 46.61376 +38 21 48.4750 1.831 QSO N 5
1435+638 VIPS 0792 C 14 36 45.80216 +63 36 37.8663 2.068 QSO Y ...
1502+106 OR 103 C 15 04 24.97978 +10 29 39.1984 1.838 QSO N 401
1504−166 C 15 07 04.78696 −16 52 30.2671 0.876 QSO Y ...
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γ-rays are emitted, γ-ray radiation mechanism in blazars, and
correlation between radio and γ-rays are key questions to
understand the blazar activity at multiple bands. Synchrotron
radiation is responsible for the bump at radio to X-ray
frequencies in the n nFlog versus nlog spectral energy
distribution. Another dominant mechanism responsible for the
bump from X-ray to TeV γ-ray regions is inverse Compton

(IC) radiation. Two possible scenarios are attributed to this:
(1) synchrotron self-Compton (SSC) radiation, which results
from IC scattering of synchrotron radiation by the same
relativistic electrons that produced the synchrotron radiation,
and (2) external inverse Compton (EC) radiation where
the photons available for IC scattering in the inner jet are
seeded from external sources such as the broad-line region

Table 1
(Continued)

IAU Alias Sess. R.A. Decl. z Opt. Comm. SFermi

Name (J2000) (J2000) Class (10−10 ph cm−2 s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

1514+004 C 15 16 40.21905 +00 15 01.9087 0.052 G Y ...
1514+197 C 15 16 56.79616 +19 32 12.9919 1.070 BL Lac N 5
1532+016 C 15 34 52.45368 +01 31 04.2064 1.425 QSO N ...
1546+027 C 15 49 29.43685 +02 37 01.1631 0.414 QSO N 18
1548+056 4C +05.64 B 15 50 35.26924 +05 27 10.4484 1.417 QSO Y 10
1606+106 4C +10.45 C 16 08 46.20319 +10 29 07.7756 1.232 QSO N 16
1636+473 4C +47.44 C 16 37 45.13056 +47 17 33.8310 0.735 QSO N 18
1637+826 NGC 6251 C 16 32 31.96989 +82 32 16.3999 0.024 G Y 11
1639−062 C 16 42 02.17772 −06 21 23.6952 1.514 BL Lac N 11
1642+690 4C +69.21 B 16 42 07.84850 +68 56 39.7564 0.751 QSO N ...
1655+077 C 16 58 09.01147 +07 41 27.5403 0.621 QSO N ...
1656+477 C 16 58 02.77959 +47 37 49.2307 1.615 QSO N ...
1657−261 B 17 00 53.15406 −26 10 51.7253 ... U N ...
1659+399 B 17 01 24.63481 +39 54 37.0915 0.507 BL Lac N ...
1716+686 B 17 16 13.93800 +68 36 38.7446 0.777 QSO Y 12
1725+044 C 17 28 24.95272 +04 27 04.9137 0.293 QSO N 13
1726+455 C 17 27 27.65080 +45 30 39.7312 0.717 QSO N 15
1800+440 C 18 01 32.31482 +44 04 21.9002 0.663 QSO N 4
1806+456 B 18 08 21.88588 +45 42 20.8663 0.830 QSO N ...
1807+698 3C 371 B 18 06 50.68064 +69 49 28.1085 0.051 BL Lac N 38
1842+681 C 18 42 33.64169 +68 09 25.2277 0.472 QSO N ...
1849+670 C 18 49 16.07228 +67 05 41.6802 0.657 QSO N 74
1920−211 OV −235 B 19 23 32.18981 −21 04 33.3330 0.874 QSO N 83
1926+611 B 19 27 30.44262 +61 17 32.8792 ... BL Lac Y 9
1957−135 C 20 00 42.14510 −13 25 33.5338 0.222 QSO N ...
1958−179 C 20 00 57.09045 −17 48 57.6727 0.652 QSO N 25
2007+777 B 20 05 30.99853 +77 52 43.2475 0.342 BL Lac Y 11
2021+317 4C +31.56 C 20 23 19.01734 +31 53 02.3060 0.356 BL Lac Y ...
2021+614 OW +637 B 20 22 06.68174 +61 36 58.8047 0.227 G Y ...
2022−077 NRAO 0629 C 20 25 40.66041 −07 35 52.6892 1.388 QSO N 101
2023+335 C 20 25 10.84211 +33 43 00.2144 0.219 QSO N 41
2029+121 OW +149 B 20 31 54.99427 +12 19 41.3403 1.215 QSO Y 12
2126−158 OX −146 C 21 29 12.17590 −15 38 41.0416 3.268 QSO Y ...
2134+004 B 21 36 38.58630 +00 41 54.2129 1.941 QSO Y ...
2135+508 C 21 37 00.98621 +51 01 36.1290 ... U N ...
2141+175 OX 169 B 21 43 35.54457 +17 43 48.7874 0.213 QSO Y 45
2142+110 B 21 45 18.77507 +11 15 27.3123 0.548 QSO N ...
2144+092 C 21 47 10.16297 +09 29 46.6723 1.113 QSO N 35
2155−152 B 21 58 06.28190 −15 01 09.3278 0.672 QSO Y 11
2201+171 C 22 03 26.89368 +17 25 48.2476 1.076 QSO N 65
2209+236 C 22 12 05.96631 +23 55 40.5437 1.125 QSO Y 10
2216−038 4C −03.79 C 22 18 52.03773 −03 35 36.8796 0.901 QSO N ...
2223+210 DA 580 B 22 25 38.04713 +21 18 06.4150 1.959 QSO Y ...
2227−088 PHL 5225 C 22 29 40.08434 −08 32 54.4356 1.560 QSO Y 43
2234+282 CTD 135 C 22 36 22.47085 +28 28 57.4132 0.790 BL Lac Y 51
2243−123 C 22 46 18.23198 −12 06 51.2775 0.632 QSO Y ...
2308+341 C 23 11 05.32880 +34 25 10.9056 1.817 QSO N 43
2318+049 C 23 20 44.85660 +05 13 49.9524 0.623 QSO Y ...
2320−035 C 23 23 31.95375 −03 17 05.0239 1.411 QSO N 21
2325+093 OZ 042 C 23 27 33.58058 +09 40 09.4626 1.841 QSO N 20
2342−161 C 23 45 12.46232 −15 55 07.8345 0.621 QSO N 42
2344+092 C 23 46 36.83855 +09 30 45.5147 0.677 QSO N ...
2345−167 OZ −176 C 23 48 02.60853 −16 31 12.0222 0.576 QSO N 16
2351−154 OZ −187 C 23 54 30.19518 −15 13 11.2129 2.675 QSO N ...

Note. (1) Source name (B1950.0); (2) other commonly used source name; (3) observation session; (4) R.A. (J2000); (5) Decl. (J2000); (6) redshift; (7) optical classification, where
QSO=quasar, BL Lac=BL Lac object, G=active galaxy, and U=unidentified; (8) source comments available in Section 3.3; (9) γ-ray flux from Acero et al. (2015).

(This table is available in machine-readable form.)
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(Sikora et al. 1994) and the accretion disk (Dermer &
Schlickeiser 1993). One method to verify the process of SSC
radiation is using the correlation between the millimeter-
wavelength radio luminosity of the core and its γ-ray luminosity.

Some VLBI observations of blazars at high frequencies (e.g.,
Lee et al. 2008; Agudo et al. 2010; Piner et al. 2010) have
revealed complex inner jet morphology and kinematics at
submilliarcsecond scales. New statistical studies show that the
jets are accelerated in the subparsec regions from the central
engine (Lee et al. 2016). However, nonballistic motion of the
jet is found within a few parsecs, e.g., NRAO150 (Agudo et al.
2007) from observations with the Global mm-VLBI Array
(GMVA) and the Very Long Baseline Array (VLBA) at 86 and
43 GHz, respectively. Thus, high-resolution VLBI observations
and large complete surveys at high frequencies are important to
study the jet structures and kinematics at subparsec scales.

Ground-based VLBI observations show typical apparent
core brightness temperature (Tb) in the range of 1011–1012 K
(e.g., Moellenbrock et al. 1996). However, the Japanese VLBI
Space Observatory Programme (VSOP; Hirabayashi et al.
1998) detected some AGNs with core brightness temperature
higher than 1012K (Tingay et al. 2001; Dodson et al. 2008).
The highest brightness temperature that has been measured
with VSOP is 5.8×1013 K for AO 0235+164 at 5GHz (Frey
et al. 2000). The maximum brightness temperature is
determined by the longest baseline length, regardless of the
observing frequency (Kovalev et al. 2005). The Russia-led
RadioAstron mission (Kardashev et al. 2013) detected core
brightness temperatures even higher than 1013K (e.g., Kovalev
et al. 2016; Kutkin et al. 2018; Pilipenko et al. 2018), about two
orders of magnitude above the equipartition (Readhead 1994)
and inverse Compton limits (Kellermann & Pauliny-
Toth 1969). The interpretation of extremely high brightness
temperatures is a challenge to AGN physics. Moreover, Lee
et al. (2008) showed that the core brightness temperature will
be small at lower frequencies due to the opacity effect between
2 and 15GHz. However, their 86 GHz core brightness
temperatures are significantly lower than those measured at
15GHz. Therefore 43 GHz VLBI observations, straddling 15
and 86 GHz, are crucial to explore the maximum core
brightness temperature and its corresponding frequency and
to study core brightness temperature distribution along the jet,
which can be used to test models of the inner jet
(Marscher 1995).

Despite more than 30 yr of research of radio-loud AGNs at
high frequencies with VLBI, only 163 sources were observed
and imaged at 43GHz (Lister 2001; Charlot et al. 2010; Jorstad
et al. 2017; Cheng et al. 2018) and 263 AGNs have been
successfully imaged at 86GHz (Lee et al. 2008; Cheng et al.
2018; Nair et al. 2019). Most of these observations were carried
out in snapshot mode, and high-quality images are scarce. Even
fewer sources have multi-epoch imaging observations. In
addition, the resolution is still not enough to explore the
innermost jet emission region where the jet is formed and
accelerated. Future space VLBI missions would leap forward in
the direction of improving both the resolution and the imaging
capability. A systematic survey of a large AGN sample is
necessary to make progress in future space VLBI proposals.

In this paper, we present the results of 43 GHz VLBA
imaging of 124 AGNs and a statistical study of their
compactness, core brightness temperatures, and the correlation

between the radio and γ-ray emissions. The observations and
the data reduction process are described in Section 2. We
present the main results and comment on selected individual
sources in Section 3. Section 4 contains the discussion of the
properties of our sample, and a summary appears in Section 5.
Throughout this paper, the standard ΛCDM cosmological
model with H0=73km s−1 Mpc−1, ΩM=0.27, and ΩΛ=
0.73 is adopted.

2. VLBA Observations and Data Reduction

2.1. Sample Selection

As mentioned in Section 1, a large sample of compact and
bright AGNs is important for the successful detection and
imaging to support the scientific operation of ground-based
millimeter-wavelength and space VLBI. To enlarge and
complete the existing database, we selected and observed 134
AGNs. The selection criteria are described in detail in PaperI
(An et al. 2014) and PaperII (Cheng et al. 2018). Ten bright
AGNs were selected from our sample and observed at 43 and
86 GHz with long integration time and good (u,v) coverage, in
order to further study the inner jet structures (Cheng et al.
2018). The remaining 124 sources consist of 97 quasars, 15 BL
Lac objects, 6 radio galaxies, and 6 objects with no optical
identification. We carried out an imaging survey at 43 GHz
using the VLBA. Combined with the previous 43 GHz VLBI
observations (Krichbaum & Witzel 1992; Lister 2001;
Marscher et al. 2002; Lanyi et al. 2010), we obtain a large
sample containing 260 AGNs to study brightness temperatures
of AGN cores and to explore the jet acceleration mechanism.
Table 1 lists general information of the sample: IAU source
name (B1950.0), commonly used other source name, observa-
tion session, right ascension (R.A.), declination (decl.),
redshift, optical classification, an indication of comments on
the source in Section 3.3, and γ-ray photon flux (where
available). The photon flux of the γ-ray bright AGNs is
provided by the Fermi-LAT in the 100MeV–300GeV energy
range (Acero et al. 2015).

2.2. Observations

To ensure the success of the observations, we split the
sources into two subsamples, based on the source flux densities
measured at lower radio frequencies. The first subsample
consists of 40 bright sources for which we acquired good
images, while the second subsample includes 84 relatively
weaker sources, which were observed less thoroughly. These
subsamples were observed in the corresponding sessions B and
C, as listed in Column3 of Table 1. Millimeter-wavelength
VLBI observations are easily affected by tropospheric fluctua-
tions, so the observing periods were carefully chosen to have
exceptionally favorable weather conditions. The observations
were spread over a period of almost one year from 2015 June to
2016 April as shown in Column3 of Table 2 and in Column2
of Table 3. Each of the 40 sources in session B was observed
for four scans of 7minute durations. Each source in session C
was observed for two 7 minute scans separated by long time
spans in order to obtain relatively uniform (u, v) coverage.
Table 2 summarizes the observation setups. All 10 VLBA
antennas were used for the 43 GHz observations. At the
beginning and the end of each observation, calibrator scans
were scheduled on some of these bright quasars: 3C 84,
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3C 273, 3C 279, 3C 345, 3C 454.3, 4C 39.25, 1749+096, or a
BL Lac object.

The data were recorded with 2 bit sampling at an aggregate
data rate of 2Gbps, using 8 intermediate frequency (IF)
channels of 32MHz bandwidth each. The observations were
made in both left and right circular polarizations. One scan on
fringe finder sources every 1.5 hr was used to check the
recording, pointing, and calibration. Figure 1 shows a typical
(u,v) coverage for sources observed in the first (session B) and
second (session C) samples in the left and right panels,
respectively. The raw VLBA data were correlated using the
DiFX software correlator (Deller et al. 2007, 2011) at the Array
Operations Center in Socorro (New Mexico, U.S.), with 2s
averaging time, 128 frequency channels per IF, and uniform
weighting. The correlated data were transferred to computer
clusters in the China SKA Regional Centre prototype (An et al.
2019) where the calibration and imaging analysis were
carried out.

2.3. Data Reduction

We processed the data in the standard way with the U.S.
National Radio Astronomy Observatory (NRAO) Astronomical
Imaging Processing Software (AIPS) package (Greisen 2003).
First we loaded the data to AIPS by the task FITLD, and flagged
the bad data points (typically due to inclement weather) before
proceeding further. We selected Pie Town (PT) as the reference
antenna for most of the data. Fort Davis (FD) was used as the
alternative reference telescope. In the amplitude calibration, we
first removed the sampler bias with the task ACCOR, then
calibrated the correlator output with APCAL and fitted for the
ionospheric opacity correction using weather information,
antenna system temperature and gain curve tables. Then we
fringe-fitted a short (generally 1 minutes) scan of calibrator
source data to determine the phase and single-band delay
offsets and applied the solutions to the calibration table. After
removing instrumental phase offsets from each IF, we
performed a global fringe-fit using the task FRING by
combining all IFs to determine the frequency- and time-
dependent phase corrections for each antenna and removed
them from the data. To avoid false detections, fringe-fitting was
done with a minimum signal-to-noise ratio (S/N) of 5. After
fringe-fitting, the solutions for the sources were applied to their
own data by linear phase connection using rates to resolve
phase ambiguities. In the final step, we used the task BPASS to
calibrate the bandpass shapes by fitting a short data scan on a
calibrator, and applied the solutions to all data. Then we made
single-source calibrated data sets with SPLAT/SPLIT and used
the task FITTP to export the calibrated visibility data files to the
external work space in the clusters. These single source
data files were then imported in the DIFMAP program

(Shepherd 1997) to carry out self-calibration and imaging. A
few runs of phase-only self-calibration were made to eliminate
the residual phase errors. Amplitude self-calibration was
performed with the amplitude normalization when the CLEAN
models reached an integrated flux density close to the
correlated amplitude on the shortest baselines. The determined
overall telescope gain correction factors were found to be
small, typically within 10%, in agreement with other similar 43
and 86 GHz VLBA surveys (Jorstad et al. 2017; Nair et al.
2019).

2.4. Model Fitting

We used a number of circular Gaussian components to
model the brightness distribution structure of each source in the
visibility domain in DIFMAP. Typically one to six components
were used to represent the detected features of the source
structure. The radio core is identified as the bright and compact
component at the apparent jet base. The fitted parameters are
cataloged in Table 4. The sizes of these compact jet
components are usually smaller than the synthesized beam.
The minimum resolvable size of a component in a VLBI
observation is given by Lobanov (2005):

( )
( )

( )
⎡
⎣⎢

⎤
⎦⎥p

p=
-

b+
d B B

2
ln 2 ln

S N

S N 1
, 1lim

1 2

maj min

1 2

where Bmaj and Bmin are the major and minor axes of the
restoring beam, respectively (full width at half maximum,
FWHM), S/N is the signal-to-noise ratio, and β is the
weighting function, which is 0 for natural weighting or 2 for
uniform weighting. We took dlim as the upper limit for the
components with the fitted size d<dlim.

3. Results

3.1. VLBA Images

Figure 2 shows contour plots of the final naturally weighted
total intensity images for all the 124 sources. For 97 sources,
the survey provides the first-ever VLBI image made at 43GHz,
extending the existing database by about 60%. Most of the
sources shown here have secondary features or have complex
structures. For these objects, we give brief comments on the
characteristics of the radio structure, comparing our observa-
tions with other lower-frequency VLBI observations from the
literature as discussed in the next subsection. The typical image
size is 3mas×3mas and the dimensions of the restoring
beam in each image are 0.5mas×0.2mas. The elliptical
Gaussian restoring beam size is indicated in the bottom left
corner of the maps in Figure 2. The peak intensity and the rms
noise level are given in the bottom right corner of the maps.

Table 2
Log of VLBA Observations

Session Observation Code Observation Date ν τint No. of Sources Reference
yyyy/mm/dd (GHz) (minutes)

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

A BA111A–BA111F 2014 Dec 21–2016 May 6 43/86 80 10 Cheng et al. (2018)
B BA111G–BA111I 2015 Jun 19–2016 Apr 22 43 28 40 This paper
C BA111J–BA111M 2015 Oct 10–2016 Feb 9 43 14 84 This paper

Note. (1) Observing session; (2) VLBA observation code; (3) range of observation dates; (4) observing frequency; (5) integration time for each individual source;
(6) number of sources observed and imaged; (7) references.
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Table 3
Image Parameters

IAU Observation Bmaj Bmin BP.A. Stot Speak σ SS BS SL BL

Name yyyy-mm-dd (mas) (mas) (°) (Jy) (Jy beam−1) (mJy beam−1) (Jy) (Mλ) (Jy) (Mλ)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

0048−071 2015 Nov 30 0.67 0.21 16.7 0.480 0.412 0.22 0.48 27 0.41 270
0106+013 2015 Jun 19 0.44 0.18 −4.4 1.202 0.801 0.70 1.09 24 0.75 406
0113−118 2015 Nov 30 0.67 0.21 12.7 0.698 0.568 0.85 0.70 27 0.55 260
0119+041 2015 Nov 30 0.52 0.21 14.2 0.546 0.345 0.40 0.54 30 0.33 296
0122−003 2015 Nov 30 0.63 0.19 18.4 0.425 0.256 0.17 0.40 27 0.30 286
0130−171 2015 Jun 19 0.44 0.16 −5.1 0.597 0.390 0.58 0.59 20 0.23 438
0149+218 2015 Nov 30 0.49 0.20 16.8 1.160 0.970 1.46 1.14 33 0.81 336
0202−172 2015 Nov 30 0.72 0.20 12.6 1.015 0.676 1.20 0.82 31 0.65 244
0208+106 2015 Nov 30 0.51 0.22 13.4 0.530 0.314 0.30 0.49 33 0.25 306
0221+067 2015 Jun 19 0.42 0.17 −2.5 1.020 0.693 0.40 1.01 29 0.34 438
0224+671 2015 Nov 30 0.44 0.24 −22.1 0.519 0.294 0.89 0.49 33 0.21 360
0229+131 2015 Nov 30 0.54 0.25 15 0.692 0.442 0.48 0.66 27 0.48 306
0239+108 2015 Nov 30 0.71 0.29 24.3 0.240 0.189 0.17 0.24 26 0.14 293
0241+622 2015 Nov 30 0.45 0.26 −30 0.825 0.693 0.70 0.83 32 0.44 385
0306+102 2015 Nov 30 0.59 0.26 17.3 0.899 0.776 0.35 0.90 26 0.67 291
0309+411 2015 Jun 19 0.44 0.16 10.3 0.735 0.388 0.33 0.74 31 0.17 510
0322+222 2015 Nov 30 0.49 0.26 7.7 0.553 0.487 0.34 0.55 30 0.46 325
0354+559 2015 Jun 19 0.44 0.17 19.7 0.521 0.211 0.40 0.42 28 0.21 495
0400+258 2015 Nov 30 0.47 0.21 10.7 0.237 0.112 0.23 0.23 31 0.11 331
0403−132 2015 Nov 30 0.84 0.26 15.9 0.337 0.280 0.70 0.34 20 0.24 227
0405−123 2015 Jun 19 0.43 0.14 −7.3 0.801 0.389 0.95 0.80 23 0.14 356
0420+417 2015 Nov 30 0.45 0.25 −5.3 0.300 0.222 0.64 0.28 33 0.23 376
0451−282 2015 Jun 19 0.46 0.17 −4.4 0.958 0.740 0.89 0.96 23 0.64 400
0507+179 2015 Nov 30 0.52 0.26 10.9 2.487 2.440 1.20 2.48 29 2.46 308
0529+075 2015 Nov 30 0.58 0.27 13.7 1.316 1.040 0.80 1.31 27 0.85 277
0605−085 2015 Jun 19 0.47 0.17 −9.9 2.047 0.784 1.70 2.04 24 0.49 407
0627−199 2015 Jun 19 0.44 0.17 −3.6 0.423 0.340 0.80 0.43 22 0.29 440
0633+734 2015 Nov 30 0.53 0.23 −16.7 0.411 0.380 0.45 0.41 30 0.34 310
0648−165 2015 Nov 30 0.94 0.23 20.9 0.501 0.350 0.53 0.50 23 0.33 217
0657+172 2015 Jun 19 0.43 0.17 −4.5 0.335 0.184 0.48 0.33 32 0.13 460
0708+506 2015 Jun 19 0.42 0.17 7.3 0.370 0.330 0.27 0.37 30 0.28 540
0723−008 2015 Jun 19 0.48 0.16 −11.8 1.771 0.573 1.60 1.78 29 0.45 400
0730+504 2015 Oct 10 0.39 0.17 15.8 0.215 0.127 0.50 0.21 29 0.10 460
0736+017 2015 Oct 10 0.46 0.17 −11.5 0.706 0.424 1.06 0.71 30 0.18 415
0738+313 2015 Oct 10 0.45 0.19 2.7 1.142 0.467 1.00 0.99 32 0.23 473
0742+103 2015 Oct 10 0.62 0.21 −14.1 0.412 0.257 0.50 0.35 32 0.23 368
0743−006 2015 Oct 10 0.40 0.17 −1.4 0.491 0.177 0.48 0.42 30 0.14 403
0754+100 2015 Oct 10 0.43 0.17 −5.8 0.669 0.480 0.38 0.63 32 0.31 420
0805+410 2015 Oct 10 0.45 0.18 2.3 0.844 0.643 0.98 0.85 31 0.37 490
0805−077 2015 Jun 19 0.43 0.18 1.1 0.601 0.534 0.70 0.61 29 0.46 404
0808+019 2015 Oct 10 0.46 0.18 −6.7 1.175 1.100 0.66 1.17 30 1.05 414
0821+394 2015 Oct 10 0.42 0.18 0.3 0.320 0.106 0.37 0.32 31 0.12 500
0838+133 2015 Oct 10 0.40 0.17 −0.4 0.711 0.436 0.65 0.69 33 0.27 428
0847−120 2015 Oct 10 0.45 0.18 −2.4 0.837 0.743 0.75 0.84 28 0.68 422
0859−140 2015 Oct 10 0.49 0.18 −9.2 0.198 0.086 0.55 0.20 27 0.10 430
0906+015 2015 Oct 10 0.46 0.18 −7.8 0.789 0.402 0.70 0.75 23 0.32 402
0917+624 2015 Oct 10 0.43 0.17 −18.4 0.572 0.420 0.50 0.57 32 0.39 406
0925−203 2015 Jun 19 0.43 0.16 −4.7 0.370 0.249 0.70 0.38 23 0.27 424
0945+408 2015 Jun 19 0.43 0.16 1.8 0.308 0.152 0.58 0.30 33 0.05 455
1032−199 2015 Jun 19 0.43 0.17 −1.7 0.335 0.234 0.42 0.31 27 0.24 432
1036+054 2015 Oct 10 0.52 0.17 −10.8 0.332 0.198 0.90 0.32 28 0.22 415
1038+064 2015 Oct 10 0.63 0.18 −15.7 0.381 0.326 0.39 0.37 27 0.23 414
1045−188 2015 Oct 10 0.49 0.16 −9.6 0.738 0.423 0.90 0.74 20 0.19 420
1049+215 2015 Oct 10 0.43 0.16 −1.3 0.246 0.128 0.30 0.25 30 0.05 460
1124−186 2015 Oct 10 0.49 0.17 −7.7 1.269 1.100 1.20 1.28 22 0.93 440
1149−084 2015 Jun 19 0.42 0.17 −5.6 0.326 0.126 0.48 0.32 28 0.06 410
1150+497 2015 Jun 19 0.45 0.17 7.8 0.837 0.617 0.44 0.81 31 0.52 480
1213−172 2015 Oct 10 0.44 0.14 −3.7 0.560 0.158 0.58 0.54 25 0.19 370
1219+044 2015 Jun 20 0.44 0.17 −5.1 0.628 0.563 0.30 0.63 25 0.37 418
1228+126 2015 Jun 20 0.42 0.18 −3.5 1.331 0.604 0.68 1.26 28 0.29 442
1243−072 2016 Feb 9 0.73 0.20 21.6 0.928 0.754 0.40 0.91 62 0.65 207
1257+519 2015 Jun 20 0.42 0.18 −2.1 0.339 0.289 0.18 0.34 31 0.26 530
1306+360 2015 Jun 20 0.41 0.18 −3.5 0.669 0.625 0.28 0.67 33 0.54 520
1324+224 2016 Feb 9 0.53 0.20 25.4 0.314 0.281 0.24 0.31 84 0.29 248
1329−049 2015 Jun 20 0.47 0.17 −6.5 0.811 0.557 0.52 0.68 25 0.40 422
1354+195 2016 Feb 9 0.53 0.20 26.1 1.254 0.583 0.28 1.06 82 0.43 244
1417+385 2016 Feb 9 0.49 0.31 32.1 0.172 0.145 0.14 0.17 82 0.15 268
1435+638 2016 Feb 9 0.56 0.28 40.7 0.267 0.099 0.45 0.25 28 0.16 368
1502+106 2016 Feb 9 0.54 0.25 26.7 2.909 2.770 0.48 2.90 32 2.85 234
1504−166 2016 Feb 9 0.75 0.22 15 0.553 0.511 0.24 0.55 44 0.52 204
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The lowest contour represents 3 times the off-source image
noise level, and the contours are drawn at −1, 1, 2, 4, ..., 2n

times the lowest level. Table 3 provides the parameters relevant
to the images: source name, observation date, beam size,
integrated flux density, peak intensity, off-source rms noise in
the CLEAN image, correlated flux density on the shortest

baselines, the length of the shortest baseline, correlated flux
density on the longest baselines, and the length of the longest
baseline.
Among the most important parameters derived from high-

frequency VLBI surveys are the source compactness and
core brightness temperature. Blazars often shows a one-sided

Table 3
(Continued)

IAU Observation Bmaj Bmin BP.A. Stot Speak σ SS BS SL BL

Name yyyy-mm-dd (mas) (mas) (°) (Jy) (Jy beam−1) (mJy beam−1) (Jy) (Mλ) (Jy) (Mλ)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1514+004 2016 Feb 9 0.60 0.22 21.7 0.529 0.299 0.35 0.39 68 0.38 210
1514+197 2016 Feb 9 0.53 0.21 28.1 0.628 0.501 0.12 0.63 32 0.59 253
1532+016 2016 Feb 9 0.56 0.19 19.5 0.419 0.223 0.35 0.44 30 0.24 291
1546+027 2016 Feb 9 0.55 0.22 12.6 2.516 2.060 0.98 2.51 31 1.71 266
1548+056 2015 Jun 20 0.43 0.18 −1.8 1.056 0.448 0.59 0.84 31 0.23 414
1606+106 2016 Feb 9 0.50 0.21 16.6 0.549 0.496 0.23 0.57 58 0.48 287
1636+473 2016 Feb 9 0.46 0.21 16.4 0.462 0.374 0.48 0.45 85 0.30 333
1637+826 2016 Feb 9 0.56 0.22 4.4 0.432 0.258 0.21 0.43 25 0.11 267
1639−062 2016 Feb 9 0.66 0.21 21.1 0.709 0.628 0.24 0.70 69 0.59 268
1642+690 2015 Jun 20 0.57 0.21 7.4 0.780 0.489 1.40 0.76 27 0.42 312
1655+077 2016 Feb 9 0.55 0.23 15.5 0.480 0.348 0.73 0.44 78 0.30 295
1656+477 2016 Feb 9 0.44 0.22 1.0 0.594 0.512 0.30 0.54 81 0.44 370
1657−261 2015 Jun 20 0.44 0.16 −7.0 1.122 1.080 1.30 1.13 27 1.04 406
1659+399 2015 Jun 20 0.46 0.17 2.6 0.103 0.075 0.17 0.11 33 0.05 420
1716+686 2016 Apr 22 0.49 0.18 2.9 0.232 0.100 0.22 0.24 29 0.05 320
1725+044 2016 Feb 9 0.54 0.20 18.4 0.421 0.290 0.46 0.41 76 0.27 293
1726+455 2016 Feb 9 0.44 0.22 3.0 0.887 0.526 0.21 0.88 83 0.33 360
1800+440 2016 Feb 9 0.43 0.21 8.2 1.025 0.807 0.55 1.02 33 0.54 356
1806+456 2016 Apr 22 0.51 0.15 12.8 0.389 0.279 0.45 0.39 31 0.16 415
1807+698 2016 Apr 22 0.52 0.16 16.8 0.887 0.541 1.30 0.83 29 0.54 320
1842+681 2016 Feb 9 0.46 0.22 6.5 0.179 0.126 0.25 0.18 30 0.12 350
1849+670 2016 Feb 9 0.48 0.23 3.2 1.449 1.250 0.89 1.45 30 1.03 350
1920−211 2016 Apr 22 0.44 0.16 −8.9 1.099 0.958 0.24 1.09 27 0.78 430
1926+611 2016 Apr 22 0.50 0.16 4.8 0.488 0.224 0.26 0.48 30 0.29 460
1957−135 2016 Jan 18 0.42 0.17 2.3 1.605 1.360 0.80 1.56 26 1.15 408
1958−179 2016 Jan 18 0.40 0.16 −0.8 2.830 2.230 0.59 2.45 25 1.82 412
2007+777 2016 Apr 22 0.49 0.17 15.6 0.703 0.440 0.37 0.66 28 0.26 356
2021+317 2016 Jan 18 0.50 0.17 8.5 0.892 0.443 0.51 0.83 33 0.35 425
2021+614 2016 Apr 22 0.51 0.19 11.7 0.578 0.193 0.60 0.49 29 0.04 375
2022−077 2016 Jan 18 0.43 0.17 2.5 1.548 1.430 0.45 1.54 27 1.22 415
2023+335 2016 Jan 18 0.48 0.17 8.1 1.113 0.762 0.50 1.12 33 0.75 426
2029+121 2016 Apr 22 0.43 0.16 −5.0 0.546 0.347 0.48 0.54 30 0.31 414
2126−158 2016 Jan 18 0.47 0.18 4.6 0.359 0.219 0.35 0.36 29 0.26 375
2134+004 2016 Apr 22 0.75 0.15 −19.0 2.294 0.779 1.50 1.55 32 0.79 260
2135+508 2016 Jan 18 0.52 0.17 17.5 0.189 0.163 0.11 0.17 30 0.14 445
2141+175 2016 Apr 22 0.41 0.16 2.1 0.546 0.344 0.48 0.44 33 0.26 404
2142+110 2016 Apr 22 0.43 0.16 −9.1 0.219 0.183 0.35 0.23 28 0.18 400
2144+092 2016 Jan 18 0.46 0.18 8.4 0.762 0.604 0.17 0.76 32 0.56 406
2155−152 2016 Apr 22 0.62 0.17 −11.4 1.856 1.100 2.70 1.80 22 0.59 402
2201+171 2016 Jan 18 0.45 0.18 12.2 0.849 0.805 0.43 0.85 33 0.74 426
2209+236 2016 Jan 18 0.47 0.18 14.8 0.482 0.244 0.29 0.48 20 0.09 425
2216−038 2016 Jan 18 0.43 0.17 2.7 0.900 0.574 0.43 0.80 28 0.50 408
2223+210 2016 Apr 22 0.47 0.16 −6.0 0.475 0.300 0.33 0.48 30 0.29 412
2227−088 2016 Jan 18 0.44 0.17 2.5 2.732 2.590 1.25 2.73 27 2.26 410
2234+282 2016 Jan 18 0.51 0.17 0.1 1.139 0.871 0.70 1.09 33 0.82 385
2243−123 2016 Jan 18 0.42 0.17 3.0 1.673 1.190 0.86 1.62 26 0.29 412
2308+341 2016 Jan 18 0.51 0.18 −6.8 0.440 0.346 0.50 0.41 33 0.29 395
2318+049 2016 Jan 18 0.47 0.19 −4.3 0.548 0.333 0.20 0.54 26 0.24 397
2320−035 2016 Jan 18 0.44 0.18 −0.1 1.049 0.739 0.57 1.04 22 0.74 412
2325+093 2016 Jan 18 0.46 0.18 −3.8 2.019 1.850 0.45 2.02 26 1.70 409
2342−161 2016 Jan 18 0.44 0.18 3.2 1.393 1.190 0.70 1.40 18 0.84 420
2344+092 2016 Jan 18 0.47 0.21 0.9 0.124 0.084 0.42 0.12 26 0.06 410
2345−167 2016 Jan 18 0.47 0.18 −0.6 2.026 1.470 0.37 2.03 17 1.18 376
2351−154 2016 Jan 19 0.44 0.18 0.7 0.355 0.182 0.38 0.35 17 0.12 420

Note. (1) Source name (B1950.0); (2) observing date; (3) major axis of the restoring beam (FWHM); (4) minor axis of the restoring beam (FWHM); (5) position angle of the major axis,

measured from north through east; (6) integrated flux density; (7) peak specific intensity; (8) off-source rms noise in the clean image; (9) correlated flux density on the shortest baseline;

(10) shortest baseline length in million wavelengths; (11) correlated flux density on the longest baseline; (12) longest baseline length in million wavelengths.

(This table is available in machine-readable form.)
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core–jet structure, and the core is usually the most compact and
bright component at one end of the jet. Eight other sources in
our sample are identified as compact symmetric objects (CSOs;
An & Baan 2012) or gigahertz-peaked spectrum (GPS;
Stanghellini et al. 1998) sources: 0738+313, 0742+103,
0743−006, 1435+638, 2021+614, 2126−158, 2134+004,
and 2209+236. All these sources, except 2021+614, are GPS
sources, which show a sharp low-frequency spectral cutoff near
1GHz. The exceptional source 2021+614 is a well-known
CSO (Polatidis & Conway 2003), but we are unable to identify
the core component from our image. Comments on selected
sources, including the designation of the core we used for
calculating the core brightness temperature and the reliability of
faint features in the images are given in Section 3.3. Table 4
lists the model-fitting parameters: source name, observation
epoch, component identifier, model flux density, peak intensity,
angular separation from the core, size of the components, and
position angle of the components.

3.2. Parsec-scale Morphology

The sources in our sample can be divided into four basic
classes based on their morphology: simple core, one-sided
core–jet, CSO, and complex structure. Eight sources (0847
−120, 1049+215, 1257+519, 1329−049, 1417+385, 1657
−261, 2325+093, and 2342−161) have a single core
component. One hundred and twelve sources show a core
and a one-sided jet structure. However, eight sources (0113
−118, 0221+067, 0708+506, 0736+017, 0805−077, 1124
−186, 1219+044, and 2227−088) have faint extended radio
emission and for five sources (0605−085, 1036+054, 1045
−188, 2021+317, and 2223+210) the cores are not the
brightest but the most compact among the fitted components.
Three sources (0241+622, 0743−006, and 2021+614) show
compact symmetric jet structure. We detect a component
exceeding a 7σ noise level in the counter-jet direction in 0241
+622. 0743−006 is GPS source that shows a triple structure.
2021+614 is a well-known CSO, showing two-sided structure.
One source (0354+559) shows a complex structure, as shown
in Section 3.3.

Given our selection criteria, all sources have VLBI images at
lower frequencies, at least at 2.3 and 8.4GHz. Almost all
sources also have radio images in the literature showing their
kiloparsec-scale structure based on Very Large Array (VLA)
observations. By comparing the radio structures from parsec to
kiloparsec scales, we find that there are six sources showing
completely oppositely directed jet structures on milliarcsecond
and arcseconds scales, and 23 sources display a relatively large
change in the apparent jet direction.

3.3. Comments on Selected Individual Sources

0048−071 (OB −082): Our 43 GHz image shows a single-
sided jet to the northwest, in the opposite direction of the
kiloparsec-scale lobe (P. Kharb et al. 2020, in preparation).10

0106+013 (4C +01.02): Our image shows that the inner-
most jet structure (<1 mas) is along the east–west direction (in
a position angle ∼−110°), then it bends toward the southwest
(∼−140°) at about 2mas from the core. This is in agreement
with the low-frequency VLBI images (Lister et al. 2009).

0113−118: This source is very compact at 43GHz, we only
detect a core and a faint extension within 1mas. However, it
was not detected on space-ground baselines in the 5 GHz
VSOP AGN Survey (Dodson et al. 2008).
0119+041 (OC +033): The brightness temperature of the

core is 1.6×1010 K at 43GHz, the derived Doppler factor is
below unity which is consistent with the slow jet motion found
in the literature (Lister et al. 2009; Piner et al. 2012). Neither
the Compton Gamma Ray Observatory Energetic Gamma Ray
Experiment Telescope nor Fermi/LAT has detected this
source. The 15 GHz light curve from the Owens Valley Radio
Observatory (OVRO) 40 m radio telescope shows that the flux
density does not have significant variation from 2008 to mid-
2017 (Richards et al. 2011). The VLBI structure (the core and
the eastern jet component) does not show noticeable change
(Lister et al. 2009; Piner et al. 2012). The overall radio
spectrum peaks at about 7GHz. All these pieces of evidence
imply that this is a GPS source, rather than a blazar.
0122−003 (UM 321): Our image shows a compact core and

three jet components along a straight line to the west. It is in
good agreement with the 5 and 15 GHz VLBA images
(Fomalont et al. 2000; Lister et al. 2013).
0130−171 (OC −150): The compact core is 0.08mas in size.

We detected a series of jet components extending to the southwest.
0149+218: This source shows a compact structure at

43GHz. A relatively weak component extending to the north
is detected.
0202−172: The jet shows a centrally symmetric S-shaped

morphology within 5mas. An extended feature is located at ∼2
mas from the core, sitting in the gap between the inner jet and
the outer 3 mas jet.
0208+106: The jet points southeast up to 1mas from the

core, then it bends toward northeast as seen in the 15 GHz
VLBA image obtained in the Monitoring Of Jets in Active
galactic nuclei with VLBA Experiments (MOJAVE) survey
(Lister et al. 2009), with a 70° change in position angle. The
outer (>1 mas) bent jet is diffuse at 43GHz.
0221+067 (4C +06.11): The source shows a compact core–

jet structure within 1 mas. Our high dynamic range image
detected two weaker jet components to the west.
0224+671 (4C +67.05): The core is 0.13 mas in size. A jet

component to the north is detected and has the similar flux
density with the core at 43 GHz.
0229+131 (4C +13.14): The source displays considerable

emission on both sides of the core at arcsec scales
(Punsly 1995). Our image shows a bright core and an inner
jet pointing to the northeast, which is consistent with the high-
resolution 5 GHz VSOP image (Dodson et al. 2008).
0239+108 (OD +166): The source shows a compact core–

jet structure. According to the total flux density light curve
from the 15 GHz OVRO monitoring program (Richards et al.
2011), our 43 GHz observation was made in a fading phase of
the source.
0241+622: This is a low-redshift (z=0.045) Seyfert 1.2

galaxy (Véron-Cetty & Véron 2006). The eastern jet comp-
onent is consistent with the 15 GHz VLBA image (Lister et al.
2009). However, there is another component appearing on the
opposite (western) side of the core with an intensity in excess
of 7σ image noise, indicating a reliable detection. A detailed
study of this component would require future high-resolution
and high-sensitivity VLBI observations.

10 http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/0048-071.
shtml
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0306+102 (OE +110): The source is very compact in lower-
frequency VLBI images. A faint radio emission is detected in
the northeast.

0309+411 (NRAO 128): This is a strongly core-dominated
broad-line radio galaxy showing core and double lobe
morphology (de Bruyn 1989; Marcha et al. 1996). Our
43GHz VLBA image reveals a prominent core and a straight
jet extending to 1mas, aligning with the brighter and
advancing kiloparsec-scale jet.

0354+559: The source shows a complex jet in low-
frequency VLBI images (Fomalont et al. 2003). In our
43 GHz image, the jet points to the northwest and then bends
to the southwest within 1mas. The source has rich structure
even at a milliarcsecond and probably a submilliarcsecond
scale, calling for a detailed study.

0400+258 (CTD 026): The core size is 0.21 mas. The jet
extends to the southeast up to about 2mas; this is also seen by
Dodson et al. (2008). Further out, the jet becomes diffuse and
bends to the northeast, as seen only at larger scales with lower-
frequency VLBI imaging (e.g., Fomalont et al. 2000; Lister
et al. 2009).

0403−132 (OF −105): Our 43 GHz VLBA image shows a
very compact core and faint jet emission extending to the
southeast. Cooper et al. (2007) detected an unresolved core and
radio emission to the southwest. The VLBI data at 2.3 and
15GHz exhibit a bright core and jet emission extending to the
southern direction (Fomalont et al. 2000; Lister et al. 2009).

0405−123 (OF −109): This source is the second Seyfert 1.2
galaxy in our sample (Véron-Cetty & Véron 2006). The VLA
image shows two hot spots in the north–south direction, and
only the one in the northern lobe was detected in X-rays and
optical (Sambruna et al. 2004). The lower-frequency VLBI
images show a core–jet structure extending ∼30 mas to the
north. Our image shows a resolved structure within 2mas, with
the south component corresponding to the core.

0507+179: de Vries et al. (2000) identified it as a BL Lac
object. The core brightness temperature is the maximum in our
sample.
0529+075 (OG 050): Our image shows the inner jet

extending to the northwest within 3mas. However, the
kiloparsec-scale structure is pointing to the opposite direction
(Cooper et al. 2007).
0605−085 (OC −010): The most important concern for this

source is the core identification, considering that our observation
took place during a flare (Richards et al. 2011). Two components
along the east–west direction have equal brightness. Referring to
the 15GHz VLBA image (Lister et al. 2009), we assume that the
most compact and upstream component, i.e., the western
component, is the core, even if it is not the brightest one. Further
high-frequency VLBI observations are needed to confirm this.
0648−165: The source shows a large jet bending from the

northwest as indicated by our image to the west–southwest
which can be better seen in lower-frequency VLBI images
(Lister et al. 2009; Pushkarev & Kovalev 2012)
0657+172: The jet direction of the source at parsec-scale in our

image (west–northwest) is different from that seen in low-
frequency (2.3 and 8.6GHz) VLBI images (Pushkarev &
Kovalev 2012). Based also on radio spectrum data,11 we suggest
that this source is a GPS or high-frequency peaker (HFP)
candidate.
0723−008: Our image shows a jet pointing to the northeast

at ∼35° position angle, in good agreement with the 15 GHz
VLBA image (Lister et al. 2009).
0736+017 (OI +061): We only detect a compact core and a

new weak jet component to the northeast at a distance of
0.41 mas.
0738+313 (OI +363): This is a GPS quasar (Stanghellini

et al. 1998). Our 43 GHz VLBA image shows a core–jet

Figure 1. Example (u, v) coverages at 43GHz for a source in the first sample (left panel) and in the second sample (right panel). The labels on the vertical and
horizontal axes are in units of million times the observing wavelength (λ).

11 NASA/IPAC Extragalactic Database,http://ned.ipac.caltech.edu/.
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structure, consistently with the 15 GHz image (Stanghellini
et al. 2001). Although the position of the radio core in this
AGN is uncertain, we assumed the most compact feature at the
base of the jet to be the core. A more extended component
appears at 3.5 mas south of the core.

0742+103 (OI +171): This is a high-redshift (z=2.624)
GPS quasar (Stanghellini et al. 1998) which shows a large jet
bending. We detect a bright component and two diffuse inner
jet components in the northwest within 3mas at 43GHz.
Further out, the jet bends to the northeast in the 15 GHz VLBA
image (Lister et al. 2009). The 1.4 GHz12 and 2.3 GHz
(Pushkarev & Kovalev 2012) VLBA images show the jet
bending from northeast to southeast. Although the position of
the radio core in this GPS source is uncertain, we assumed the
most compact feature at the base of the jet as the core. The
coherent jet bending from northwest (inner ∼2 mas) to
northeast (inner 4 mas), to east (12 mas), then to southeast
(∼200 mas) suggests a 180° curved trajectory.

0743−006 (OI −072): This is a GPS quasar (Stanghellini
et al. 1998). Although the core position is uncertain, we
assumed the most compact feature at the base of the jet as
the core.

0838+133 (3C 207): This is a powerful Fanaroff–Riley II
(FR II) radio galaxy (Laing et al. 1983). The 1.4 and 8.4 GHz
VLA images show a fairly symmetric triple structure (Bogers
et al. 1994). Our 43 GHz VLBA image shows a bright core and
a one-sided extended jet toward the east. This is in good
agreement with what was found previously at 1.4 and 15GHz
(Lister et al. 2009).

0859−140 (OJ −199): The source shows a compact core
and two lobes aligned in the north–south direction at 408MHz
(Bondi et al. 1996). Our image shows a faint and smoothly
curved jet to the south–southeast within 2mas, which is in

good agreement with the previous 15 GHz VLBA image
(Kellermann et al. 1998).
0906+015 (4C +01.24): The VLA image at 1.6GHz shows

a compact core and a bright component 12″ east of the core on
a kiloparsec scale (Murphy et al. 1993). The 2.3, 8.6, and
15 GHz VLBI images show a jet toward the northeast from 5 to
30mas (Fey & Charlot 2000; Lister et al. 2009). There are
three jet components detected toward the northeast within
2mas in our 43 GHz image.
0945+408 (4C +40.24): The large-scale structure of this

source is resolved into a very compact core with a one-sided jet
extending over 4″ (∼18 kpc) in the northeast direction using
the VLA at 5GHz and the Multi-Element Radio-Linked
Interferometer Network at 408 and 1666MHz (Reid et al.
1995). The inner jet structure extends to the southeast in our
image, which appears to have a 90° misalignment with respect
to the large-scale structure.
1036+054: The 1.4 GHz VLA image shows a bright core

and extended jet emission structure in the northeast–southwest
direction until ∼18″ (Kharb et al. 2010). The 1.4 GHz VLBA
image detected a one-sided jet pointing to the northeast over
∼150mas. The position of the 15 GHz core (Lister et al. 2009)
coincides with the southernmost component in our image. The
brightening jet component might be associated with the major
outburst in late 2014 seen in the OVRO 40 m light curve
(Richards et al. 2011). Taking into account the jet proper
motion of 0.22 mas yr−1 (Lister et al. 2019) and the time
interval between the outburst and our VLBA observation (2015
October 10), the flare-generated shock should have moved
about 0.4mas downstream, roughly consistently with the
bright jet component seen in our 43 GHz image.
1045−188 (OL −176): The 1.4 GHz VLA image shows a

bright core and extended jet emission structure in the
northwest–southeast direction until ∼14″ (Kharb et al. 2010).
The 1.4 GHz VLBA image shows a one-sided jet pointing to
the northeast over ∼55mas. The typical beam size at 15GHz
in the MOJAVE survey is 1.5mas×0.5mas (Lister et al.

Table 4
Model Fit Parameters of Sources

IAU Session Comp. Stot Speak R P.A. d Tb
Name (Jy) (Jy beam−1) (mas) (°) (mas) (1010 K)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

0048−071 C C 0.424 0.412 ... ... 0.05 33.1
J3 0.028 0.024 0.43 −39.97 0.13
J2 0.021 0.014 0.90 −52.83 0.21
J1 0.007 0.002 2.36 −57.45 0.53

0106+013 B C 0.869 0.801 ... ... 0.05 70.7
J2 0.118 0.103 0.35 −116.37 0.10
J1 0.215 0.036 1.36 −136.52 1.04

0113−118 C C 0.657 0.569 ... ... 0.12 5.0
J1 0.041 0.011 0.35 −48.46 0.44

0119+041 C C 0.480 0.345 ... ... 0.18 1.6
J2 0.048 0.022 1.11 85.24 0.34
J1 0.018 0.005 1.57 93.71 0.76

0122−003 C C 0.225 0.256 ... ... 0.05 12.3
J3 0.162 0.149 0.17 −99.15 0.18
J2 0.016 0.004 0.99 −98.53 0.50
J1 0.022 0.005 2.37 −93.12 0.61

Note. (1) Source name (B1950.0); (2) observing session; (3) component label; (4) integrated flux density of the fitted Gaussian model component; (5) peak intensity;
(6) radial distance from the core; (7) position angle with respect to the core, measured from north through east; (8) component size; (9) core brightness temperature.

(This table is available in its entirety in machine-readable form.)

12 Here and elsewhere, when we refer to 1.4 GHz VLBA images, we used the
unpublished data observed in the project BG196 (PI: D. Gabuzda); calibrated
data were downloaded from the Astrogeo database (http://astrogeo.org/).
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Figure 2. Naturally weighted total intensity VLBA images of 124 sources at 43GHz. The legends in the image: P—peak intensity (in units of Jy beam−1); L—rms
noise (in units of mJy beam−1). The lowest contours are at ±3 times rms noise and further positive contours are drawn at increasing steps of 2. The image parameters
are given in Table 3. The gray ellipse in the lower left corner of each image is the restoring beam.
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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Figure 2. (Continued.)
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2009). In our new 43 GHz image, we detected two components
within the area of the 15 GHz beam. We assumed the most
compact and northernmost component as the core. Our J1
component corresponds to the bright 15 GHz core. More high-
frequency VLBI observations are needed to clarify this.

1124−186 (OM −148): Fey et al. (2015) only detect a
compact core at 2.3 and 8.6GHz. We detect a core and an
extended faint emission feature to the south, in agreement with
the 15 GHz image (Lister et al. 2009).

1150+497 (4C +49.22): The 1.5 GHz VLA image shows a
complex triple source with a halo in the north–south direction
(Ulvestad et al. 1981). The source is not detected on space–
Earth baselines at 5GHz with the VSOP (Dodson et al. 2008).
In our image, we detect a bright core and a series of jet
components to the southwest.

1219+044 (4C +04.42): The source shows a compact core
and extended jet emission aligned in the north–south direction
until ∼5″ (Kharb et al. 2010). The 15 GHz VLBA image only
detected a one-sided jet pointing to the south until 7mas (Lister
et al. 2009). Our new image shows a bright core and a faint
emission to the south.

1228+126 (M87): This is a well-known low-luminosity FR I
radio galaxy (Laing et al. 1983). The large-scale image of M87
observed with the VLA at 90cm wavelength suggests that the
outward flow from the nucleus extends well beyond the 2kpc
radio jet (Owen et al. 2000). The 15 GHz VLBA image
displays an unresolved core and complex jet structure with an
extent of 22mas. Our 43 GHz VLBA image suggests a limb-
brightening morphology with two ridge lines extending to the

northwest and west directions. The jet opening angle, estimated
from the northern and southern bright jet knots, is about 45° in
projection, as is approximately consistent with the value
reported in Hada et al. (2016) and Zhao et al. (2019).
1324+224: The deep VLA image at 1.4 GHz only detected a

compact core (Cooper et al. 2007). The 1.4 GHz VLBA image
shows the jet pointing to the northwest up to 10mas, then
bending toward the northeast until 90mas from the core. In the
15 GHz VLBA image, the source shows a very compact core and
a weak emission feature approximately 3mas to the southwest
(Lister et al. 2009). However, our new 43GHz image indicates
an inner jet toward the northwest on an angular scale of 2mas, at
a position angle consistent with the 1.4 GHz VLBA image.
1435+638 (VIPS 0792): The 1.4 GHz VLA image presents

a faint lobe separated from the core by 15 4 in the southwest. It
was not detected at 5GHz (Reid et al. 1995). Previous studies
presumed the radio core to lie at the northernmost end of the
jet, based on the 5 and 15 GHz VLBA maps (Helmboldt et al.
2007; Lister et al. 2016). We also associated the northeastern
component with the radio core in our image.
1504−166 (OR −107): The 1.4 GHz VLA map exhibits

only radio core emission (Kharb et al. 2010). The 1.4 GHz
VLBA image shows the jet pointing to the west up to
∼150mas. The 8 and 15 GHz VLBI images show a compact
core and extended structure to the south and southeast (Lister
et al. 2009; Pushkarev & Kovalev 2012). Our new 43 GHz
image shows the inner jet pointing to the south, which suggests
a jet bending.

Figure 2. (Continued.)
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1514+004 (4C +00.56): The source is a nearby radio galaxy
(z=0.052). The 1.4GHz NRAO VLA Sky Survey (NVSS)
image shows a symmetric triple source extending in the northwest–
southeast direction (Condon et al. 1998). In our image, we detect a
core and bright jet component pointing to the northwest, in good
agreement with the 15GHz VLBA image (Lister et al. 2009).

1548+056 (4C +05.64): Kharb et al. (2010) detected a
bright core and a relatively faint extended radio emission to the
north with the VLA at 1.5GHz. On milliarcsecond scales, the
source is dominated by a compact core with a jet extending to
the north, as was seen previously at 1.4GHz. In our image, we
see a complex and curved jet extending to the north and then
bending to the northeast at 2mas from the core.

1637+826 (NGC 6251): This is a well-studied FR I radio
galaxy that shows both a bright core and large extended
asymmetric jet emission (Perley et al. 1984). Lower-frequency
VLBI observations only detected the jet extending to the southwest
direction (Fey et al. 2004; Lister et al. 2009). Our 43GHz image
shows the jet aligned well with the kiloparsec-scale jet.

1716+686: The 4.5 GHz VLA observation shows a diffuse
halo of 10″ extension surrounding the core (Taylor et al. 1996).
Lister et al. (2009) presented a jet extending to the northwest up
to ∼10mas, in a position angle in agreement with our image
within 2mas.

1926+611: The 1.5 GHz VLA image only detected a core
(Condon et al. 1998), but the 1.7 GHz VLBI image shows a
bright core and a jet structure extended to the south (Polatidis
et al. 1995). However, our image exhibits two jet components
to the southeast, in agreement with the 15 GHz VLBA image
(Lister et al. 2009). This indicates a jet bending from the south
to the southeast, with nearly 70° change in the position angle.

2007+777: The image made with the VLA at 1.5GHz shows
two-sided radio emission in the east–west direction (Antonucci
et al. 1986). The eastern component is a prominent hot spot
(Murphy et al. 1993). Our image shows the jet extending to the
west, corresponding to the western side of the jet in the VLA
image.

2021+317 (4C +31.56): The 1.4 and 15 GHz VLBA images
display the jet extending toward the south (Lister et al. 2009),
consistently with our new 43 GHz VLBA image. However, we
also detect a new component off-axis from the persistent jet, on
the northwestern side. We believe this northwestern component
is the core, and therefore the jet undergoes a sudden bending
within 1mas. Future observations can confirm the properties of
this intriguing object.

2021+614 (OW +637): The source was classified as a CSO
(Tschager et al. 2000). No radio emission was detected on
scales larger than 0 2 with the VLA at 1.4GHz (Kharb et al.
2010). Lister et al. (2009) identified the core feature located in
the end of the southwestern component. We also use the same
component as the core for our image, even though the J3
component at ∼2.5 mas is more compact than the core.

2029+121 (OW +149): The image made with the VLA in
A-array at 1.4GHz shows a one-sided, edge-brightened
morphology pointing to the northwest (Rector & Stocke 2001).
The jet in our image extends to the southwest in −130°
position angle, in agreement with the 2.3 and 8.6 GHz VLBA
images (Fey et al. 2015).

2126−158 (OX −146): This is the highest-redshift AGN in
our sample (z=3.268), a GPS quasar (Stanghellini et al.
1997). The peak emission component in our image has a flat
spectrum between 5 and 15GHz and is also identified as the

core by Stanghellini et al. (2001). Our image shows a bright
core and a faint jet extending to the southwest.
2134+004 (OX +057): Torniainen et al. (2005) identified this

source as a GPS quasar. Orienti et al. (2006) found that the core
of the source is located in the easternmost component. The core is
also the brightest component in the 43 GHz radio structure.
2141+175 (OX +169): Large-scale VLA observations only

detected a core at 1.4GHz Condon et al. (1998). In the 2.3 and
8.6 GHz VLBI images, the jet extends to the north, out to a
distance of 25mas (∼85 pc; Petrov et al. 2005). We detect the
jet initially pointing to the west and then changing its position
angle to the northwest, indicating that it has a large (∼90°)
bending that starts at ∼0.2mas.
2155−152 (OX −192): The image made with the VLA at

1.4GHz shows a triple structure with a size of 6″ surrounding a
central compact component in the north–south direction (Cooper
et al. 2007). Our image shows a jet toward the southwest up to
2mas, in good agreement with the 5 and 15 GHz VLBA images
(Fomalont et al. 2000; Lister et al. 2009).
2209+236: Dallacasa et al. (2000) identified the source as an

HFP. The 5 GHz VLBA image (Fomalont et al. 2000) shows
no indication of extended emission. Lister et al. (2016) found a
jet component to the northeast and determined a maximum
apparent proper motion 1.35c. Our image shows the inner jet
bending to the northeast.
2223+210 (DA 580): The jet structure extends to the southwest

in the 2.3, 8.6, and 15GHz VLBI images (Beasley et al. 2002;
Lister et al. 2009). We detect two compact components inside the
low-frequency VLBI core region. Although the eastern one is not
the brightest component, it appears in the upstream direction.
Therefore we identify this as the radio core.
2227−088: The source shows an integrated flux density of

2.7Jy in the core at 43GHz, and only 21mJy in the extended
emission. Tingay et al. (2003) found this source highly variable
at 4.8GHz with Australia Telescope Compact Array (ATCA).
The many VLBI images made at lower frequencies13 indicate a
faint, wiggling jet toward the north.
2234+282 (CTD 135): Lister et al. (2016) identified the core

in this BL Lac object with the northernmost jet feature in their
15 GHz VLBA images. Earlier An et al. (2016) claimed this
source to be a rare γ-ray emitting CSO candidate with a two-
sided jet, based on a comparison of VLBA maps at 8.4 and
15GHz. In our new 43GHz image, the southwestern component
is the brightest and most compact, suggesting that this is the true
core, instead of the northeastern feature (Lister et al. 2016). Also,
our new observations are at odds with the CSO interpretation (An
et al. 2016).
2243−123: The jet points to the northeast in the previous 5

and 15 GHz VLBA images (Fomalont et al. 2000; Lister et al.
2009). In our image, the innermost section of the jet points
closer to the north, within 4mas from the core.
2318+049 (OZ +031): VLA images show a barely resolved

structure along the −40° position angle (Hutchings et al. 1998).
In our VLBA image, the source shows a compact core–jet
structure extending to the northwest in about the same
direction. This is consistent with lower-frequency VLBI images
(e.g., Fomalont et al. 2000; Lister et al. 2009). Note that the
5 GHz VSOP Survey image also shows emission within 2mas
extended in the same direction, albeit with no clear indication
of the core (Scott et al. 2004).

13 See http://astrogeo.org/.
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4. Discussion

4.1. Source Compactness

Only sources with cores that are compact enough can be
successfully detected with the high angular resolution provided
by high radio frequency VLBI observations. The source
compactness is often expressed in two ways: the ratio of the
VLBI core flux density to the total flux density, or alternatively,
the ratio of the correlated flux density on the longest baselines
to that on the shortest baselines (Kovalev et al. 2005; Lee et al.
2008; Cheng et al. 2018). Figure 3 shows the distributions of
the total flux density Stot, the ratio Score/Stot, the correlated flux
density on longest baselines derived from our data SL, and the
ratio SL/SS, using the values listed in Table 3. Score is obtained
from fitting the brightest core component with a circular
Gaussian model in DIFMAP (see Table 4). Stot is estimated by
integrating the flux density contained in the emission region in
the VLBI image. SL and SS are obtained from the correlated
flux density on the longest and shortest baselines. The total flux
density of these sources Stot (Figure 3(a)) ranges from 0.10 to
2.91Jy. The correlated flux density on the longest baselines SL
(Figure 3(c)) ranges from 0.02 to 2.38Jy. The median values of
the flux densities Stot and SL in our sample are 0.63Jy and
0.26Jy, respectively.

Figure 3(b) gives the distribution of Score/Stot. Since most
cores are even unresolved at 43 GHz with 0.5 mas×0.2 mas
resolution, the ratio Score/Stot denotes the source compactness
on milliarcsecond scales, which varies in the range of 0.21–1.0
with a mean value of 0.85. This is also a measure of the core
dominance in the VLBI image. For 112 sources (accounting for
90% of the sample), the compactness parameter Score/Stot is
larger than 0.5, indicating that a substantial fraction of the
43 GHz VLBI emission is from the core. There are 96 sources
with a core flux density exceeding 0.30Jy (Figure 3(a)).
Figure 3(d) gives the distribution of the source compactness
SL/SS, ranging from 0.08 to 0.99 with a mean value of 0.65.
The visibility amplitude on the longest baseline is associated
with the most compact and unresolved part of the core;
therefore, it is used as an indicator of the compactness on
submilliarcsecond scales. A total of 86 sources have
SL/SS>0.5. In general, the ratios Score/Stot are higher than
SL/SS, consistent with the observational results that some cores
are further resolved at higher submilliarcsecond resolutions.

The source compactness parameters are useful for planning
millimeter-wavelength ground-based and/or space-based VLBI
observations. For the proposed Chinese SMVA project (Hong
et al. 2014), the expected highest angular resolution will be
20μas at 43GHz, and the baseline sensitivity is ∼17mJy (1σ,
assuming 512MHz bandwidth, 60 s integration) when a space-
borne 10 m radio telescope works in tandem with a 25-m
VLBA telescope. To explore the innermost jets using space
VLBI at even higher resolution, the extremely compact AGNs
would be the preferred targets. However, some of the objects in
this sample do not contain a bright, compact component and
thus are not suitable for imaging with the future space VLBI
network. Based on the flux densities and model-fitting results in
Table 3, 95 sources have SL>0.17 Jy (i.e., about 10 times the
baseline sensitivity of the SMVA), Score/Stot>0.5 and
Stot>0.30 Jy. These sources remain compact at the longest
available ground-based baselines and have sufficiently high
flux densities. Therefore, combined with the previous 10
sources in Paper II (Cheng et al. 2018), there are 105 sources

suitable for future space VLBI missions (Kardashev 2017; An
et al. 2020).

4.2. Core Brightness Temperature

We estimated the brightness temperature of the core
components, and listed the values in Column9 of Table 4.
We used the results of our brightness distribution model fitting,
and the following formula:

( ) ( )
n

= ´ +T
S

d
z1.22 10 1 , 2b

12
2 2

where S is the flux density of the core in Jy, z is the redshift, ν
is the observing frequency in GHz, and d is the fitted Gaussian
size (FWHM) of the component in milliarcseconds.
The median value of the core brightness temperatures

(Table 4) is 7.92×1010 K, with a maximum of 2.54×1012

K. The maximum value is higher than the equipartition Tb limit
(Begelman et al. 1994; Readhead 1994) but is approximately
equal to the maximum brightness temperature set by the inverse
Compton limit (Kellermann & Pauliny-Toth 1969). Apparent
brightness temperatures exceeding the equipartition value are
probably due to Doppler boosting of the relativistically beamed
jet but could also be due to an intrinsic excess of particle energy
over magnetic energy (e.g., Kardashev 2000; Kellermann 2002).
Figure 4(a) shows the observed brightness temperatures (Tb)

as a function of frequency in the rest frame of the source,
ν=νobs (1+z). We adopted VLBI core brightness tempera-
tures measured at observing frequencies νobs at 2, 5, 8, 15, and
22GHz from the literature (Moellenbrock et al. 1996; Horiuchi
et al. 2004; Kovalev et al. 2005; Pushkarev & Kovalev 2012),
at 43GHz (present data and Paper II), and at 86GHz (Lee
et al. 2008; Cheng et al. 2018; Nair et al. 2019), to study the
relation between brightness temperature and frequency. From
Figure 4(a), it is obvious that the core brightness temperatures
at 43 and 86GHz are much lower than those at 2, 5, 8, 15, and
22GHz. The Tb values at lower frequencies, although with
large scatter, seem to change only slightly with increasing
frequency, until about 20GHz. After that, a remarkable drop of
Tb is seen above ∼30GHz. In order to quantify the variation of
the core brightness temperature, we divided all 889 data points
into 30 frequency bins, each containing 28–30 data points.
Figure 4(b) shows the data averaged within the bins with the
error bars representing the scatter. The horizontal error bars
indicate the frequency range within the bin, and the vertical
error bars show the standard deviation of the mean values of
core brightness temperature. The Tb distribution can be fitted
with a smoothly broken power-law function between
2–240GHz (Equation (3)), while the Tb values between
240–420GHz (red-colored data points) seem to deviate from
this relation and thus are excluded from the fitting:

( ) ( )
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n
n

n
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T T , 3
n n n
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11 2

where Tb, j is the observed brightness temperature at the break
frequency νj, −α1, and −α2 are the slopes at higher and lower
frequencies than the break frequency, respectively, and n is a
numerical factor controlling the sharpness of the break. The
frequencies (horizontal axis) have been corrected to the source
rest frame by multiplying the observing frequencies by (1+z).
We choose the numerical factor n=1.97 and use the nonlinear
least-squares algorithm to fit the function. Figure 4(b) shows
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the best fit with the following parameters: Tb,j=(218.14±
5.27)×1010 K, νj=6.78±0.43 GHz, α1=1.91±0.03,
and α2=−0.94±0.06.

From the best-fitting parameters, we find that the core
brightness temperature is increasing below the break frequency
∼7 GHz, and decreasing between 7 and 240GHz. Tb,j is
∼2×1012 K at ∼7 GHz, which is slightly higher than the
inverse Compton catastrophe limit (Kellermann & Pauliny-
Toth 1969) and significantly higher than the equipartition value
(Begelman et al. 1994; Readhead 1994), consistent with
Doppler boosting in AGN jets. The inferred broken power-
law distribution can be explained in terms of opacity affecting
the emission mechanism at different resolutions. Below 7 GHz,
due to relatively lower resolutions, the core emission is mixed
with jet emission, resulting in lower Tb at lower frequencies.
From 2 to 7 GHz, with the resolution increasing, this dilution
effect gradually becomes weaker, thus the Tb shows an
increasing trend. The decreasing trend of Tb starting from
7 GHz to higher frequencies reflects the synchrotron opacity
changing from optically thick to thin. A resulting lower
brightness temperature has been found by opacity core-shift
observations in many sources (Kovalev et al. 2008; O’Sullivan

& Gabuzda 2009; Sokolovsky et al. 2011). Previous compact-
ness studies suggest that most, if not all, AGN cores are
resolved into subcomponents at higher frequency and with
higher resolution. However, the highest-frequency data (red-
colored data point) in our Figure 4(b) show a clear deviation
from the fitted trend (black line) and display a flattening. The
inferred brightness temperatures are substantially higher than
the values expected from the fit. We caution that this may be
because of the sample selection bias caused by the flux density
limited surveys. These high-frequency (>240 GHz in rest
frame) data correspond to high-redshift (z  3) AGNs. Among
those, the survey samples include the few brightest ones only,
and the majority of the (much weaker) high-redshift population
is missed. Future higher-sensitivity VLBI surveys at and above
86GHz containing weaker high-redshift AGNs would be
important for identifying the distribution trend at the very high-
frequency end of Figure 4(b).

4.3. Correlation between Radio and γ-Ray Emission

We cross-matched our sample with the third Fermi-LAT AGN
catalog (Ackermann et al. 2015) and found 73 sources (59% of
our sample) detected in γ-rays. Combining with our previously
observed 10 sources in PaperII, we obtain a total of 79 sources,

Figure 3. Histograms of the total flux density, Stot (panel (a)), the compactness parameter on milliarcsecond scales Score/Stot (panel (b)), the correlated flux density on
the longest baselines SL (panel (c)), and the compactness parameter on submilliarcsecond scales SL/SS (panel (d)).

24

The Astrophysical Journal Supplement Series, 247:57 (27pp), 2020 April Cheng et al.



including 61 QSOs, 14 BL Lac objects, 3 radio galaxies (M87,
NGC 6251, and 3C 371), and 1 object (0648−165) with no
optical identification. In our sample, BL Lac objects have a
higher γ-ray detection rate (88%) than quasars (58%).

Figure 5 presents the flux density correlation between γ-rays
and radio for all the 79 sources. We used the Pearson
correlation test to reveal the flux density correlation between
the radio and γ-rays. That gives a correlation with τ=0.550
and P<0.001, where τ=0 means no correlation and τ=1
means strong correlation, and P gives the probability of no
correlation. We should note that the three nonbeamed AGNs
(radio galaxies: M87, NGC 6251, and 3C 371) in our sample
also follow the same γ-ray/radio flux density correlation,
indicating that probably a universal γ-ray production mech-
anism, regardless of their difference in the central engine and
jet power, is at work for diverse types of AGNs.

According to Ghirlanda et al. (2010), there is a strong
correlation between the radio flux density at 20GHz and the γ-
ray flux above 100MeV. Nieppola et al. (2011) even found a
more significant correlation between both the flux densities and
luminosities in γ-rays and 37 GHz single-dish radio data.
Recently Fan et al. (2016) found a correlation between γ-ray
and 1.4 GHz monochromatic radio luminosities. Ackermann
et al. (2011) found that there is a correlation between γ-ray and
8.4 GHz (VLA and ATCA)/15 GHz (OVRO single dish) radio
luminosities. In the above studies, the authors used single-dish or
low-resolution interferometer measurements of the radio flux
densities. In contrast, our analysis is based on high-resolution
high-frequency VLBI data; the correlation derived from our study
is consistent with the previous works cited above but shows
higher correlation coefficient. All these studies support the notion
that the γ-ray emission zone is close to or same with the compact
VLBI core.

In conclusion, our results give support to the strong
correlation between the γ-ray and radio emission in AGNs,
suggesting that the γ-ray emission zone is in the parsec-scale jet
revealed by the 43 and 86 GHz VLBI images. The correlation
is valid for diverse types of AGN over six orders of magnitude

in radio luminosity and eight orders of magnitude in γ-rays,
indicating that members of the general AGN population have a
common γ-ray production mechanism, regardless of their
different central engine and jet power.

5. Summary

We observed a sample of 124 bright and compact radio
sources with the VLBA at 43GHz between 2014 November
and 2016 May. We achieved a highest angular resolution of
∼0.2mas and a typical image noise level of 0.5mJy beam−1.
In our sample, 8 sources remain unresolved and are only
detected with a compact core, 112 sources show one-sided jet
structure, 3 sources have compact symmetric structures, and
one source (0354+559) shows complex structure. We present

Figure 4. Distribution of core brightness temperature as a function of frequency (left panel) and the best fit of the relationship (right panel). Colored symbols represent
core brightness temperatures measured at various observed frequencies: yellow (2 GHz, Pushkarev & Kovalev 2012), purple (5 GHz, Horiuchi et al. 2004), green
(8 GHz, Pushkarev & Kovalev 2012), blue (15 GHz, Kovalev et al. 2005), cyan (22 GHz, Moellenbrock et al. 1996), red (43 GHz, Cheng et al. 2018, and this paper),
and black (86 GHz, Lee et al. 2008; Cheng et al. 2018; Nair et al. 2019). The frequencies have been converted into the source rest frame. The fitting in the right panel
is represented with a broken power-law function as described in Section 4.2.

Figure 5. Flux density correlations between radio 43 GHz and γ-ray bands. The
correlation coefficient is 0.550. The error bars are omitted for the clarity of
the plot.
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the 43 GHz contour images of all the 124 sources and give
comments on selected individual sources to highlight their
properties in the context of other information from literature.
The majority of these radio-loud AGNs have not been
previously imaged with VLBI at this frequency.

One of the main motivations of our project was to identify
suitable target sources for the future millimeter-wavelength
space VLBI program. From the distribution of source
compactness on milliarcsecond scales, Score/Stot, and submil-
liarcsecond scales, SL/SS, 95 of the 124 sources have
SL>0.17 Jy (about 10 times the baseline sensitivity of the
SMVA), Score/Stot>0.5 and Stot>0.30 Jy, and therefore
there are 105 sources to be considered as targets for the SMVA.

For the 124 sources, we calculated the core brightness
temperatures. Their median value is 7.92×1010 K, with a
maximum of 2.54×1012 K at 43GHz. This is somewhat
higher than the inverse Compton catastrophe Tb limit and the
equipartition limit, which can be explained by Doppler
boosting of the relativistically beamed jet. We investigated
the core brightness temperatures obtained from our project and
other high-resolution VLBI observations from the literature at
2, 5, 8, 15, 22, 43, and 86 GHz. We find that the core brightness
temperature is increasing below the break frequency ∼7GHz,
and decreasing above 7 GHz. The break core brightness
temperature value is 2×1012 K at ∼7GHz. The change of
brightness temperature with (source rest frame) observing
frequency is related to the resolution and synchrotron opacity
changes with frequency.

We used 79 sources to test the correlation between radio and
γ-ray flux densities and found tighter correlation compared to
previous works. Our result supports the scenario that the
location of the γ-ray emission is close to the 43 GHz VLBI
core. Moreover our result also indicates that the radio–γ-ray
correlation is universal and can be applicable to different types
of AGNs.
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