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Gamma-ray emission in radio galaxies under the VLBI scope
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ABSTRACT

Aims. This is the second paper in our series studying the evolution of parsec-scale radio emission in radio galaxies in the southern hemisphere.
Following our study of the radio and high-energy properties of y-ray-emitting sources, here we investigate the kinematic and spectral properties of
the parsec-scale jets of radio galaxies that have not yet been detected by the Fermi Large Area Telescope (Fermi-LAT) instrument on board NASA’s
Fermi Gamma-ray Space Telescope. For many sources, these results represent the first milliarcsecond resolution information in the literature. These
studies were conducted within the framework of the Tracking Active Nuclei with Austral Milliarcsecond Interferometry (TANAMI) monitoring
——program and in the context of high-energy y-ray observations from Fermi-LAT.
Lu Methods. We take advantage of the regular 8.4 GHz and 22.3 GHz Very Long Baseline Interferometry (VLBI) observations provided by the
TANAMI monitoring program, and explore the kinematic properties of six y-ray-faint radio galaxies. We complement this with ~ 8.5 years
of Fermi-LAT data, deriving updated upper limits on the y-ray emission from this subsample of TANAMI radio galaxies. We include publicly
_C available VLBI kinematics of y-ray-quiet radio galaxies monitored by the MOJAVE program and perform a consistent Fermi-LAT analysis.
() _We combine these results with those from our previous paper to construct the largest sample of radio galaxies with combined VLBI and y-ray
measurements to date. The connection between parsec-scale jet emission and high-energy properties in the misaligned jets of radio galaxies is

explored.

Results. We report for the first time evidence of superluminal motion up to B,p, = 3.6 in the jet of the y-ray-faint radio galaxy PKS 2153-69. We
find a clear trend of higher apparent speed as a function of distance from the jet core, which indicates that the jet is still being accelerated on scales
of tens of parsecs, or ~ 10° R, corresponding to the end of the collimation and acceleration zone in nearby radio galaxies. We find evidence of
subluminal apparent motion in the jets of PKS 1258—-321 and IC 4296, and no measurable apparent motion for PKS 1549-79, PKS 1733-565 and
PKS 2027-308. For all these sources, TANAMI provides the first multi-epoch kinematic analysis on parsec scales. We then compare the VLBI
properties of y-ray-detected and undetected radio galaxies, and find that the two populations show a significantly different distribution of median
core flux density, and, possibly, of median core brightness temperature. In terms of correlation between VLBI and y-ray properties, we find a
significant correlation between median core flux density and y-ray flux, but no correlation with typical Doppler boosting indicators such as median

core brightness temperature and core dominance.

Conclusions. Our study suggests that high-energy emission from radio galaxies is related to parsec-scale radio emission from the inner jet, but is
not driven by Doppler boosting effects, in contrast to the situation in their blazar counterparts. This implies that y-ray loudness does not necessarily

reflect a higher prevalence of boosting effects.

Key words. Galaxies: active; Galaxies: nuclei; Galaxies: jets; Gamma rays: galaxies

1. Introduction

Gamma-ray-detected AGN typically belong to the class of
blazars that show a spectral energy distribution (SED) compris-
ing two peaks. The low-energy peak is located between the ra-
dio and the soft-X-ray band, while the high-energy peak can
range from hard-X-rays to TeV y-rays (see e.g., Padovani et al.
2017 for a general review). The low-energy peak is associated
with synchrotron emission from ultra-relativistic electrons in the
jet magnetic field (e.g., Ghisellini 2013), while the high-energy
peak could be produced by the same electron population through
inverse Compton (IC) processes, with the seed photon field be-
ing the synchrotron emission itself (Synchrotron Self Compton,
SSC, Maraschi et al. 1992), or emission from the Broad Line Re-
gion (BLR) or AGN torus (external Compton, EC, Sikora et al.

1994). These models alone cannot reproduce the entirety of ob-
served AGN phenomena, especially at very high energies (VHE,
E>100 GeV). Therefore, more sophisticated models involving
contributions from relativistic protons, in addition to the elec-
trons, have been developed (e.g., Mannheim 1993; Bottcher et al.
2013).

In all of these models, the same electrons that produce the
low-energy emission make at least a contribution to the observed
high-energy component. This implies that we expect to observe
a connection between the two SED peaks. Indeed, several stud-
ies have found such a connection between the radio-mm band
and the y-ray band, in the form of correlations of fluxes (e.g.
Kovalev et al. 2009; Ackermann et al. 2011; Lico et al. 2017), y-
ray activity episodes concurrent with morphological or kinemat-
ical changes in the pc-scale radio jet (e.g., Schinzel et al. 2012;
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Jorstad et al. 2013; Casadio et al. 2015), or correlated variabil-
ity (e.g., Fuhrmann et al. 2014; Kreikenbohm et al. 2016; Schulz
et al. 2016). Simply the fact that most of the sources observed by
Fermi-LAT are radio-loud AGN (Ackermann et al. 2011; Acero
et al. 2015) is also a strong indication of the bond between the
two bands. However, all the aforementioned studies deal with
large AGN samples, which are typically heavily dominated by
blazars. In these sources, the observed emission is strongly af-
fected by orientation-dependent Doppler boosting effects, which
are difficult to disentangle from the intrinsic emission. On the
other hand, radio galaxies, i.e., the misaligned parent population
of blazars (see e.g. Urry & Padovani 1995), show significantly
smaller Doppler factors, providing a more direct tool to study
high-energy emission in AGN jets.

In Angioni et al. (2019) (hereafter Paper I) we reported on
the interplay between the radio VLBI properties and high-energy
emission in y-ray-detected radio galaxies, taking advantage of
multi-epoch VLBI measurements from the TANAMI and MO-
JAVE monitoring programs, complemented by Fermi-LAT data.
In this paper, we complement this study by presenting the kine-
matic analysis and Fermi-LAT upper limits of y-ray-undetected
TANAMI radio galaxies, and discussing the radio—y-ray relation
in radio galaxies in a broader context and using a larger sample.
We compare the parsec-scale jet properties of y-ray-detected and
undetected radio galaxies, and investigate the presence of corre-
lations with Fermi-LAT properties.

The paper is organized as follows. Sect. 2 introduces the
source sample and data sets and analysis methods used in this
paper. Sect. 3 reports the results obtained from the radio VLBI
data (Sect. 3.1, 3.2) and Fermi-LAT data (Sect. 3.3). We discuss
the implications of our results in Sect. 4, and summarize our
findings in Sect. 5. All the results are presented on a source-by-
source basis. Throughout the paper we assume a cosmology with
Hy =73 km s™! Mpc’l, Q. =0.27, Qx = 0.73 (Komatsu et al.
2011), the radio spectral indices refer to the convention S o v+,
while the y-ray photon indices are in the form F oc ET.

2. Sample, observations and data reduction
2.1. The TANAMI radio galaxy sample

A detailed introduction of the TANAMI radio galaxy sample
was presented in Paper I (see Section 2). The full TANAMI
sample was constructed with sources south of § = —30° from a
radio-selected subsample (all sources in the Stickel et al. (1994)
catalogue, with S5, > 2 Jy and spectral index aZ/5H > —0.5)
and a y-ray-selected subsample consisting of known y-ray
sources. This selection method is naturally biased towards
blazars, since they are easier to detect in y-rays and have flatter
spectral indices in the radio. Therefore, out of ~ 100 sources, the
TANAMI sample includes a total of just fifteen radio galaxies
(see Table 1). Of these, seven have been associated with a y-ray
source based on Fermi-LAT data, while eight have not yet
been detected. In this paper, we focus on the LAT-undetected
subsample. The individual TANAMI sources studied in this
paper therefore include PKS 1258-321 (1258-321), IC 4296
(PKS 1333-33, 1333-337), PKS1549-79 (1549-790),
PKS 1733-56  (1733-565), PKS1814-63 (1814-638),
PKS 2027-308 (2027-308) and PKS 2153-69 (2152-699).

2.2. Radio data

We refer the reader to Section 3.1 of Paper I for a detailed
description of the VLBI data analysis. Briefly, we imaged all
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available epochs of 8.4 GHz VLBI observations of the y-ray-
undetected radio galaxies (see Table 1). The time range cov-
ered by these observations goes from 2008 to 2013 (the exact
range varies for each source). The resulting full-resolution maps
and the corresponding image parameters are presented in the
appendix. We then modeled the resulting images using circular
Gaussian components and tracked those across time to measure
apparent speeds, using simple linear regression fits. We com-
bined the measured apparent speed with the jet-to-counterjet flux
ratio in order to constrain the intrinsic jet speed and viewing an-
gle. Additionally, we have used selected contemporaneous ob-
servations at 22.3 GHz to produce spectral index maps.

2.3. Fermi-LAT data

We refer the reader to Section 3.2 of Paper I for a detailed de-
scription of our Fermi-LAT data analysis method. In short, we
use 103 months of data in the energy range 0.1-100 GeV, using
a Region of Interest (ROI) of 15° and the latest Pass8 analy-
sis software, through the python package Fermipy (Wood et al.
2017). We apply a zenith angle cut at 100°, and model the four
PSF types ! of LAT data separately, using the summed-likelihood
method. To compensate for the decrease in angular resolution
with the worse PSF quartiles, we increase the low-energy selec-
tion cut to 400 MeV, 500 MeV and 800 MeV for PSF2, PSF1
and PSFO, respectively.

We fit the ROI with the initial model including all sources
from the Third Fermi-LAT source catalog (Acero et al. 2015) in
the region, and iteratively add new sources based on peaks in the
excess Test Statistic (TS ?) maps, until the ROI is properly mod-
eled. We intentionally use the 3FGL as a starting model rather
than the more up-to-date 4FGL catalog (Abdollahi et al. 2020)
to keep our analysis consistent with Paper 1.

Since the sources studied in this paper are not present in the
3FGL, we center the ROI on the radio position of the target.
If a new source consistent with the target position is not found
by the source-finding iterative procedure, we place a test source
at the ROI center assuming a typical photon index value I' =
2.2 (see e.g. The Fermi-LAT collaboration 2019), and derive a
95% confidence upper limit.

3. Results

We first present the high-resolution VLBI images of our
seven 7y-ray-faint radio galaxies: PKS 1258-321, IC4296,
PKS 1549-79, PKS 1733-56, PKS 1814-63, PKS2027-308
and PKS 2153—-69. Then we discuss the parsec-scale jet kine-
matics of these sources. Finally we present the results of our
analysis of the Fermi-LAT observations of these misaligned jet
sources.

3.1. Radio imaging results

In Fig. 1 we present first-epoch VLBI images of the y-ray-faint
TANAMI radio galaxies, while the full set of multi-epoch images
and related map parameters is presented in Appendix A. The

' LAT data can be selected into Point Spread Function (PSF) quartiles,
based on the quality of the direction reconstruction, from the worst quar-
tile (PSFO) to the best (PSF3)

2 The TS is defined as 2log(L/Ly) where L is the likelihood of the
model with a point source at the target position, and L is the likelihood
without the source. A value of TS=25 corresponds to a significance of
4.20 (Mattox et al. 1996)
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Table 1. Radio galaxies in the TANAMI sample.

B1950 name  Other name Class” Redshift RAJ2000) Dec(J2000) 4FGL? Ref®
0518-458 Pictor A FR1I 0.035 79.957 —45.779 J0519.6-4544  [1]
0521-365 PKS 0521-36 RG/SSRQ 0.057 80.742 -36.459 J0522.9-3628 [2]
0625-354 PKS 0625-35 FRI/BLL  0.055 96.778 —35.487 J0627.0-3529 [3]
1258-321 PKS 1258-321 FR 1 0.017 195.253 -32.441 - [4]
1322-428 Centaurus A FR1 0.0018 201.365 -43.019 J1325.5-4300  [5]
1333-337 I1C 4296 FR1 0.013 204.162 —-33.966 - [4]
1343-601 Centaurus B FR1 0.013 206.704 -60.408 J1346.3-6026  [6]
1549-790 PKS 1549-79 RG/CFS 0.15 239.245 -79.234 - [7]
1600—489 PMN J1603-4904 GPS¢ 0.23 240.961 —49.068 J1603.8-4903 [8]
1718-649 PKS 1718-649 GPS/CSO  0.014 260.921 -65.010 J1724.2-6501 [9]
1733-565 PKS 1733-56 FRII 0.098 264.399 -56.567 - [2]
1814-637 PKS 1814-63 CSS/CSO  0.065 274.896 —63.763 - [7]
2027-308 PKS 2027-308 RG 0.539 307.741 -30.657 - [10]
2152-699 PKS 2153-69 FRII 0.028 329.275 —69.690 J2156.0-6942°¢ [11]

¢ FR I: Fanaroff-Riley type 1; FR II: Fanaroff-Riley type 2; BLL: BL Lac; RG: Radio galaxy; SSRQ: Steep Spectrum Radio Quasar;
CFS: Compact Flat Spectrum; GPS: Gigahertz Peaked Spectrum; CSO: Compact Symmetric Object; CSS: Compact Steep Spectrum

(see O’Dea 1998 for a review on the GPS, CSO and CSS classes).

b y-ray counterpart source name from the 4FGL (Abdollahi et al. 2020), if applicable.

¢ Redshift reference: [1] Lauberts & Valentijn (1989), [2] Jones

et al. (2009), [3] Quintana & Ramirez (1995), [4] Smith et al.

(2000), [5] Graham (1978), [6] West & Tarenghi (1989), [7] Holt et al. (2008), [8] Goldoni et al. (2016), [9] Meyer et al. (2004),

[10] Healey et al. (2008), [11] da Costa et al. (1991)

4 Originally misclassified as BL Lac, this source has been classified as a young radio galaxy based on multi-wavelength studies

(Miiller et al. 2014a, 2015, 2016).
¢ see Section 3.3.

imaging results for each individual source are discussed in this
subsection.

1258-321 The source shows a faint one-sided jet extending
to the north-west (see Fig. 1), aligned with the kpc-scale struc-
ture (Marshall et al. 2005). The first-epoch image was presented
for the first time in Miiller et al. (2018).

1333-337 (IC4296) This FR I source shows a symmetric
double-sided morphology on parsec scales (see Fig. 1), extend-
ing in a direction consistent with its large scale structure (Killeen
et al. 1986). The spectral index map, presented in Fig. 2, shows
an unresolved feature with a spectral index @ ~ —0.8.

1549-790 This compact flat-spectrum (CFS) source exhibits
a classic double-sided structure at milliarcsecond resolution
(see Fig. 1), suggesting that its viewing angle is large. Holt
et al. (2006) presented VLBI maps of PKS 1549—-79 at 2.3 and
8.4 GHz, showing a one-sided jet structure, which was inter-
preted as evidence of a moderately aligned viewing angle. As
discussed in Ojha et al. (2010), the difference between this pre-
vious map and our image could be due to the higher sensitivity of
TANAMI observations. A spectral index map is shown in Fig 3.

1733-565 This FR Il radio galaxy shows a double-sided struc-
ture, with jets extending in the northeast-southwest direction, up
to ~ 5 mas from the core (see Fig. 1). Our TANAMI data there-
fore allow us to recover additional structure with respect to pre-
vious VLBI images, where the source appeared as a compact
core (Ojha et al. 2004). The jet orientation follows the one of the
large scale radio structure (Hunstead et al. 1982). The jet struc-

ture appears to be consistent across the epochs. A spectral index
image was created for epoch 2008-02-07, and is presented in
Fig. 4. No correction for core-shift effects was required for this
source. The source is practically unresolved in the spectral map,
with an overall spectral index in the range —0.8 < a < —0.3. We
therefore do not detect a flat-spectrum core in this source.

1814—-637 This CSS source has been proposed as a putative
young radio source (Ojha et al. 2010, and references therein). At
full resolution, it shows a compact, marginally resolved compo-
nent (see Fig. 1). Using tapering, i.e., down-weighting the visi-
bilities from the longest baselines, it is possible to recover possi-
ble emission on larger scales. In this case, we detect a symmet-
ric structure in the north-south direction, reminiscent of classic
CSOs (see Appendix A). No contemporaneous 22 GHz data are
available for this source.

2027-308 This is the most distant radio galaxy in the sample,
with a redshift z = 0.539 (at this scale, 1 mas corresponds to ~ 6
pc). Interestingly, the source shows an asymmetric double-sided
structure, with one jet extending to the south-west and a counter-
jet which seems to bend north (see Fig. 1). No contemporaneous
22 GHz data are available for this source.

2152—-699 This FR II source shows a relatively elongated jet,
extending ~ 50 mas from the core to the north-east. The ex-
tended jet is best seen in the first TANAMI epoch (see Fig. 1),
due to better (u,v) coverage on short spacings. Previous VLBI
observations by Tingay et al. (1996) showed a one-sided jet ex-
tending for ~ 20 mas to the north-east. Space-VLBI images with
VSOP show a narrow, smooth jet extending in the same direction
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Fig. 1. First-epoch 8.4 GHz contour maps of y-ray-faint TANAMI radio galaxies. The grey ellipse in the bottom left of each panel indicates the
convolving beam, while the black bar shows the linear scale. The full set of multi-epoch images and the associated map parameter tables are

presented in Appendix A.

for ~ 6 mas (Tingay et al. 2002). The jet orientation is consis-
tent with the large scale radio structure of the source (Fosbury
et al. 1990; Norris et al. 1990). A spectral index map is shown
in Fig. 5, and shows a relatively steep core with a spectral index
around -0.5 < @ < -0.7.

3.2. Radio kinematic analysis results

Figure 7 shows the core separation versus time for each Gaus-
sian component identified and tracked in the jet of each source.
We list the corresponding values of the angular speed, apparent
speed and estimated ejection date in Table 2, where the columns
list the source name, component identification, apparent angu-
lar and linear speeds, ejection date (when applicable) and num-

Article number, page 4 of 39

ber of epochs in which a component is detected. As in Paper I,
only components with at least five epochs are listed, and ejection
dates are given only if the measured speed is not consistent with
zero within the 1o errors. Finally, we illustrate the parameter
space of intrinsic jet parameters S,p, (apparent linear speed) and
6 (viewing angle) allowed by our results in Fig. 8. Additional
plots illustrating the kinematic analysis results are provided in
Appendix B, namely the multi-epoch component identification
and tracking, their flux density evolution with time, and tables
reporting the Modelfit component® parameters.

3 Modelfit is a Difmap task which allows to model the clean map
with Gaussian components.
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Fig. 2. Spectral index map of IC 4296 between 8.4 GHz and 22.3 GHz
for epoch 2008-02-07. The black contours are from the 8.4 GHz image.
Both maps were convolved with a common beam that is represented in
grey in the lower-left corner.
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Fig. 3. Spectral index map of PKS 1549—-79 between 8.4 GHz and 22.3
GHz for epoch 2008-11-27. The black contours are from the 8.4 GHz
image. Both maps were convolved with a common beam that is repre-
sented in grey in the lower-left corner.

1258-321 In this source, only one jet component (J1) can
be tracked for at least five epochs. The corresponding apparent
speed is subluminal. Figure 8 shows the limits on the intrinsic jet
speed and viewing angle for PKS 1258—-321 resulting from our
observations. We do not detect a counterjet in this case, therefore
we set a lower limit for the jet-to-counterjet flux ratio (R).

1333-337 We find that the two symmetric jet components (J1
and CJ1) show almost no motion during our monitoring period.
Although we do find a non-zero separation speed for compo-
nent CJ1, the uncertainty on this value is higher than 50%. In
Fig. 8, we adopt the only non-zero apparent speed value as the
central estimate, and use its uncertainty to define the minimum
and maximum estimates.
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Fig. 4. Spectral index map of PKS 1733-565 between 8.4 GHz and
22.3 GHz for epoch 2008-02-07. The black contours are from the 8.4
GHz image. Both maps were convolved with a common beam that is
represented in grey in the lower-left corner.
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Fig. 5. Spectral index map of PKS 2153—-69 between 8.4 GHz and 22.3
GHz for epoch 2008-11-27. The black contours are from the 8.4 GHz
image. Both maps were convolved with a common beam that is repre-
sented in grey in the lower-left corner.

1549-790 We find that the symmetric structure in this source
is remarkably stable, with no measured jet motions, and an upper
limit on the apparent speed of By, < 1.7. We use this value to
define the allowed intrinsic jet parameter space in Fig. 8

1733-565 We do not detect any statistically significant motion
in this double-sided jet. We use the maximum apparent speed
value allowed by our measurements, i.e., Bapp < 0.24, to con-
strain the intrinsic jet parameter space (see Fig. 8).

1814-637 The source is only marginally resolved in most of
the epochs, therefore it is not possible to track any jet compo-
nent.
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A&A proofs: manuscript no. aa

2027-308 In this case, we do not measure any significant
jet motion. The uncertainty of the component positions is very
large, due to their faint flux density. Therefore, we do not at-
tempt to estimate the jet viewing angle and intrinsic speed for
PKS 2027-308, as such estimates would be extremely uncertain.

2152—-699 This source shows the fastest apparent motions in
this sample, up to B,,, = 3.6 £ 0.8 for component J4. Interest-
ingly, there is a clear trend of increasing apparent component
speed with increasing core distance. This can be seen in Fig. 6,
where this effect has been quantified by means of a simple lin-
ear fit, which yields Ba5p = 0.19d + 0.34 (where d is the angular
core separation). This behavior is similar to the one revealed by
TANAMI data for the pc-scale jet of Centaurus A (Miiller et al.
2014b), although both the apparent speed and the distance from
the core have much larger values in PKS 2153—-69. The high ap-
parent speed and the absence of a detected counter-jet allow us
to place a stringent constraint of the viewing angle, which has to
be 6 < 27° (see lower panel of Fig. 8). This value has been used
to convert the angular core separation into de-projected linear
separation.

In order to put into context these linear scales within our cur-
rent understanding of jet collimation and acceleration, we have
converted the linear separation into units of Schwarzschild ra-
dius Ry, = 2GMpy/c*. We did not find any previous measure-
ment of the black hole mass for this source in the literature,
however a measurement of the central stellar velocity dispersion
is provided by the HyperLeda database (Makarov et al. 2014),
with a value o = (240 + 20) km/s. From this, the black hole
mass can be estimated using the M — o relation from McConnell
& Ma (2013), which yields log(Mpg/Mz)=8.79. This in turn
leads to a Schwarzschild radius Ry = 5.9 x 1073 pc. The lin-
ear scales probed by our kinematic analysis are therefore of the
order ~ 10° R,. According to recent studies on parsec-scale ra-
dio galaxy jets (see, e.g., Boccardi et al. 2017 and references
therein), these scales typically correspond to the end of the ac-
celeration and collimation region and the transition between the
parabolic and conical jet expansion regime.

Table 2. Results of the kinematic analysis of LAT-undetected TANAMI
radio galaxies. Columns: source name, component identification, ap-
parent angular and linear speeds, ejection date (when applicable) and
number of epochs in which a component is detected.

Source ID  u (mas/yr) Bapp Ej. date # ep.
1258-321 J1 0.7+0.5 0.8+0.5 2003+3 5
1333-337 J1 0.16+£0.35  0.14%0.30 * 5
CJ1  0.51+0.36 0.44+0.32 2004.4+79 5
1549-790 J1 0.07+0.09 0.7+0.8 * 5
CJ1  0.06+0.11 0.6x+1.1 * 5
1733-565 J1  0.008+0.030 0.05+0.19 * 8
CJ1 0.002+0.003 0.01+0.02 * 8
2027-308 J1 0.06+0.09 1.7+£2.7 * 6
(@)1 0.2+0.3 5.6+£8.6 * 6
CJ2  0.01+0.25 0.3£7.9 * 6
2152-699 J1 0.4+0.2 0.8+0.4 2005+2 6
n 0.8+0.3 1.4+0.5 2004+2 5
I3 1.4+0.4 2.6+0.7 20031 5
J4 2.0+0.4 3.6+0.8 2002+1 5
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Fig. 6. Apparent velocity of components in the jet of PKS2153-69 as
a function of average core distance. A clear linear increasing trend is
seen, indicating downstream acceleration. The de-projected linear core
distance has been calculated assuming the maximum possible viewing
angle of ~ 27° (see the lower panel of Fig. 8). The topmost x-axis is in
units of Schwarzschild radii (Ry).
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Fig. 7. Jet kinematics of our radio galaxies: core distance of jet features as a function of time. The solid lines represent a least squares fit to their

positions (the slope is the apparent speed).

Article number, page 7 of 39



A&A proofs: manuscript no. aa

1258-321

1333-337

8.47° < 0 <80.04°
0.152< 3 <0.673

8ot 0R=1.42
B >0.580 —— Op-179

---- Or=13.00 0 <46.85°
-—— 03,030

— aﬁapp=0~84 - ZR=3.90//
" aﬂapp=1.39 60F ~°°~ 9/9,,,,?,:’0.11
/
Bapp=0.43

/

o]
|
|

401

201

0 <80.04° —
£ <0.23

0 <52.89°
B <0.96 80

60
= 40
20
0.0 0.2 0.4 0.6 0.8 1.0
B
2152-699
sob " Or-t000 0 <26.79°|
e Bs a0 3 >0.942
—— Op,,=360
60F —— 08.,=140
= 40t
20t
0

0.90 0.92 094 096 0.98 1.00
B

Fig. 8. Parameter space of intrinsic jet speed 8 and viewing angle 6 allowed by our observations. The blue shaded area is the one allowed by the
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central estimate of R and B,p,. The top-right legend reports the resulting limits on 6 and 3.
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3.3. Fermi-LAT results

In this section we present the results of our analysis of y-ray data
for so far undetected TANAMI radio galaxies, which are summa-
rized in Table 3. Here we list the source name, class, photon flux
and energy flux upper limits, and TS. We discuss individually
the cases of PKS 1258—-321 and PKS 2153-69 as they lie close
to unidentified y-ray sources from the 3FGL catalog.

Table 3. Fermi-LAT upper limits on TANAMI radio galaxies.

Source  Class Flux UL* Energy Flux UL? TS
1258-321 FR1 4.68x1077  2.22x10°12 4.58
1333-337 FR1 1.15x10°%  246x107'2  14.18
1549-790 RG/CFS 5.07x107° 1.93x10712 298
1733-565 FRII 1.37x10°%  291x107'2  14.16
1814-637 CSS/CSO 1.89x10~° 1.07x10°2 0.90
2027-308 RG 6.51x10710 12010712 2.62
2152-699 FRII 3.44x107° 1.68x10°12  7.72

4 95% confidence flux upper limit in units of photons cm™2 s

b 95% confidence energy flux upper limits in units of erg s~!
-2
cm

1258—-321 This FR I radio galaxy is not listed as a y-ray source
in any Fermi-LAT catalog, but it lies close to the unidentified
source 3FGL J1259.5-3231. To test a possible association, we
analyzed 103 months of LAT data in a 10°ROI around the radio
position of PKS 1258-321. We removed 3FGL J1259.5-3231
from the model, and produced a map of the excess signif-
icance (TS) in the region (see Fig. 9, top panel). We itera-
tively added new sources to the model starting from TS>25
peaks in the TS map, until no significant excess remained. This
procedure resulted in the detection of a new source, dubbed
PS J1259.8-3224, which after localization appears to be consis-
tent with the catalog position of 3FGL J1259.5-3231, and does
not include the radio position of PKS 1258—-321.

A possible association for the y-ray source is the radio
source NVSS J125949-322329 (RA: 194.957542 deg, Dec:
-32.391361 deg, z = 0.013750, Jones et al. 2005), which
lies at an angular distance of ~54" from the y-ray source’s
best fit position. This source has been indicated as a candidate
y-ray emitter based on its WISE colors by D’Abrusco et al.
(2014). Indeed, a y-ray source in the Fourth LAT Source Cat-
alog, 4FGL J1259.7-3223, is listed as being associated to this
radio source (4FGL Abdollahi et al. 2020).

There is no significant residual excess after modeling this
source (see Fig 9, bottom panel). By placing a test source at the
radio position of the PKS 1258-321, we derive an upper limit,
which is listed in Table 3.

In order to check the consistency of our analysis with the
4FGL catalog, we have repeated the data analysis pipeline
using the 4FGL as the starting model, the updated IRF
and diffuse models (P8R3_SOURCE_V2, gll_iem vO07.fits,
iso_P8R3_SOURCE_V2_vl.txt, respectively). The goal was to
check that our analysis procedure is able to recover consistent
results with respect to the latest catalog, therefore we did not re-
move any point source from the model in this case. This analysis
yields similar results to the 3FGL-based one, i.e. PKS 1258-321
is not detected (TS=2.36, Fy; = 2.71 x 10~°photons cm™2 s71).

PKS 1258—321

—31.6°

—31.8°

—32.0°

~—32.2°

J2000

= —32.4°

—32.8°

—33.0°

195.5° 195.0°

RA (J2000)
PKS 1258—321

194.5° 194.0°

195.5°

195.0°
RA (J2000)

194.5° 194.0°

Fig. 9. Top panel: Map of excess TS in the inner region of the ROI
centered on PKS 1258-321, after removing the unidentified catalog
source 3FGL J1259.5-3231 from the model. Bottom panel: resid-
ual excess TS map after modeling and localizing the new source
PS J1259.7-3223. Both panels: The cyan cross represents the radio po-
sition of PKS 1258—-321. The yellow cross represents the position of
NVSS J125949-322329. The yellow ellipses represent the 68% and
95% positional uncertainties from the catalog for 3FGL J1259.5-3231.
The cyan circles represent the 68% and 95% positional uncertainties
for the new source PS J1259.7-3223. The map radius is 0.8°. Each pixel
corresponds to 0.1°.

2152—-699 This source is close to the unidentified catalog
source 3FGL J2200.0-6930. We analyzed the region with the
same procedure used for PKS 1258-321 and PKS 1718-649
(see Paper I), and found that the newly modeled y-ray source
is consistent with the position of 3FGL J2200.0-6930, and
not with PKS 2153-69. There is no likely counterpart to the
new y-ray source PS J2200.5-6929 within the 95% error cir-
cle (see Fig. 10, top panel). Lowering the threshold of the
source-finding algorithm to TS>9, we find a significant source
(PS J2152.0-6956) that lies ~ 0.5° from the target position.
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Upon localization, we find that the 95% confidence uncertainty
region for this source does not include PKS 2153—-69. There is
no significant (> 30) residual excess after modeling the latter
source (see Fig. 10, bottom panel), therefore we derive an upper
limit at the target position (see Table 3).

In the latest Fermi-LAT catalog, the 4FGL (Abdollahi et al.
2020), the y-ray source 4FGL J2156.0—6942 is associated with
PKS 2153-69. We performed the same consistency check men-
tioned in the previous paragraph, using the 4FGL as a starting
model, without deleting any point source. 4FGL J2156.0-6942
is detected with TS=87.55, it is spatially distinct from the nearby
source 4FGL J2201.0-6928, and it is positionally consistent
with PKS 2153-69 within the 99% error region obtained by lo-
calization. Therefore, our analysis pipeline successfully repro-
duces the 4FGL results when using an updated analysis setup.
The difference between the 3FGL and 4FGL-based analyses
can be ascribed to the different analysis setup (updated cata-
log, IRFs and diffuse models). Finally, while it may be that
PKS 2153-69 is indeed a real y-ray emitter, one should note
that 4FGL J2156.0-6942 is flagged as “confused”, due to the
presence of a nearby brighter source.

4. Discussion

In this section, we investigate the radio and y-ray properties
of the radio galaxies in the TANAMI program as a full sam-
ple. As in Paper I, in order to increase the sample size we
have included all MOJAVE radio galaxies with measured ap-
parent speed and performed a consistent LAT analysis. The
results for LAT-detected sources have already been presented
in Paper 1. Here we list the upper limits obtained for LAT-
undetected MOJAVE radio galaxies in Table 4. We can now com-
bine the TANAMI+MOIJAVE y-ray-detected and undetected ra-
dio galaxy samples. With a total of 35 objects, this is the largest
radio galaxy sample with combined y-ray and VLBI measure-
ments studied so far.

Table 4. 0.1-100 GeV Fermi-LAT upper limits on MOJAVE radio
galaxies.

B1950 name Common name Redshift Flux“ TS
0007+106  Mrk 1501 0.0893 <4x10° 1.87
0026+346 B2 0026+34 0517 <3x107° 6.76
0108+388 GB6J0111+3906 0.668 <5x107° 295
0710+439 B3 0710+439 0518 <6x1071° 0.0
1345+125 4C +12.50 0.121 <1x107° 097
1509+054 PMNJ1511+0518 0.084 <2x10° 0.35
1607+268 CTD 93 0473 <7x107° 5.88
1845+797  3C 390.3 0.0555 <2x10™° 5.35
19574405  Cygnus A 0.0561 <4x10™° 276
2021+614  OW 637 0227 <1x10% 18.6
2128+048  PKS 2127+04 099 <2x10° 02

@ Fermi-LAT flux upper limit between 0.1-100 GeV in photons cm™
-1
s~

In order to compare the radio properties of y-ray-detected
and undetected subsamples, we visualize their distribution with
histograms, shown in Fig. 11. We test whether there is a statis-
tically significant difference in the distribution of LAT detected
and undetected radio galaxies using the Kolmogorov-Smirnov
statistic (KS). The results of this test are listed in Table 5.

The most statistically significant result is obtained for the

median VLBI core flux density < SYLB! > which shows a
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Fig. 10. Top panel: Map of excess TS in the inner region of the
ROI centered on PKS 2153—-69, after removing the unidentified cata-
log source 3FGL J2200.0—6930 from the model. Bottom panel: resid-
ual excess TS map after modeling and localizing the new source
PS J2200.5-6930. Both panels: The cross represents the radio posi-
tion of PKS 2153-69. The yellow ellipses represent the 68% and 95%
positional uncertainties from the catalog for 3FGL J2200.0—-6930. The
cyan circles represent the 68% and 95% positional uncertainties for the
new source PS J2200.5-6930. The blue (top) and red (bottom) circles
represent the 68% and 95% positional uncertainties for the new source
PS J2152.0-6956. The map radius is 1°. Each pixel corresponds to 0.1°.

quite clear dichotomy between the two subsamples, with the
LAT-undetected sources occupying the lower end, and the LAT-
detected sources dominating the upper end of the distribution
(see top right panel of Fig. 11). A similar significance is found
for the median core brightness temperature (< 7, >, see bot-
tom left panel of Fig. 11). The other VLBI parameters for which
we tested for significant differences in the distribution of LAT
detected and undetected radio galaxies, i.e., maximum apparent
speed (max(B,pp), top left panel of Fig. 11), median jet flux den-
sity (< S VLBI -, 'je., total minus core, see middle left panel of

jet
LVLBI

Fig. 11), median core luminosity (< L;;, >, middle right panel
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Table 5. Results of a KS test to assess whether the LAT detected and
undetected subsample are drawn from the same parent population, ac-
cording to their average radio properties as illustrated in Fig. 11.

Variable KS statistic ~ p-value  Sign. (o)
< SVLBL S 0.53 0.009 2.6
< T > 0.50 0.017 2.4
< LS’O];?I > 0.41 0.073 1.8
< SJ.‘,’:tLBI > 0.38 0.13 1.5
max(Bapp) 0.23 0.70 0.4
< CDvyrg1 > 0.18 0.91 0.1

of Fig. 11), and median VLBI core dominance (< CDvyrp; >,
i.e., core flux over total flux, see bottom right panel of Fig. 11)
yield less significant results (p-value> 0.05).

In order to investigate possible correlations between the ra-
dio and y-ray properties of the sources in this sample, we have
used the Kendall’s correlation coefficient () adapted to take into
account the presence of upper limits, following Akritas & Siebert
(1996). The correlation coefficient is equal to zero in the case
of uncorrelated data, one in case of maximum correlation, and
minus one in case of maximum anti-correlation. The resulting
correlation coeflicients with errors and the relative p-values are
listed in Table 6. The scatter plots of radio vs. y-ray properties
are presented in Fig. 12.

Table 6. Correlation coefficients between radio and y-ray properties of
our radio galaxy sample, and corresponding significance.

Variables Kendall’s v p-value Sign. (o)
<SYBlS vs. F, 0.55 0.003 2.97
< Sj‘;{“BI >vs. F, 0.19 0.1 1.65
< CDvyipr >vs. L, 0.16 0.17 1.37
Ly vs. <Tp > 0.08 0.5 0.67

The resulting correlation properties corroborate the ones pre-
sented in Paper 1. The only radio and y-ray properties showing a
statistically significant correlation are the VLBI core flux density
and LAT flux. There is no correlation between y-ray flux (F,)
and pc-scale jet flux. A simple linear correlation between the lu-
minosity in the two bands (L, and < LYLB! >) yields 7 = 0.78
and p = 2 x 107>, However, when computing the partial corre-
lation coefficient accounting for redshift (see Akritas & Siebert
1996) this is reduced to 7 = 0.39 and p = 0.05, which hints at
a physical correlation, but with reduced statistical significance.
Finally, the y-ray luminosity appears to be entirely uncorrelated
with common VLBI Doppler boosting indicators such as core
brightness temperature and core dominance.

5. Summary and conclusions

In this paper, the second of a series, we continue a sample
study on the connection between radio emission from the parsec-
scale jet and high-energy vy-ray properties of radio galaxies.
While such a connection has been firmly established for large
AGN samples, these were dominated by blazars, i.e., aligned jets
whose emission is strongly affected by Doppler boosting effects.
In this work, completing the findings of Paper I, we have ex-
plored the pc-scale radio - y-ray connection in a large sample of
radio galaxies, i.e., AGN with misaligned jets.

Here, we report the kinematics of the VLBI jet in LAT-
undetected radio galaxies from the TANAMI monitoring pro-
gram. We found that most of the sources show slowly moving
jet components with subluminal or zero apparent speed. The
only y-ray-faint radio galaxy showing fast apparent motion, up
t0 Bapp = 3.6, is the FR II source PKS 2153-69. We found a
clear linear trend of increasing apparent speed with average core
separation in the jet of the latter source, which indicates that it
is still undergoing acceleration on scales of tens of parsecs or
~ 10° Ry, corresponding to the termination of the acceleration
and collimation region in radio galaxies.

We present updated LAT upper limits on 7y-ray-faint
TANAMI radio galaxies. Specifically, we have investigated
whether PKS 1258-321 and PKS 2153—-69 might be the coun-
terparts to the nearby unassociated y-ray sources 3FGL J1259.5-
3231 and 3FGL J2200.0-6930, respectively. We found that
based on ~ 8.5 years of LAT data, the two radio galaxies are not
included within the positional uncertainty of the y-ray sources.

Combining our VLBI and Fermi-LAT results with those of
Paper I, and merging the TANAMI and MOJAVE radio galaxy
samples, we assembled the largest sample of radio galaxies
with measured pc-scale kinematics and y-ray properties to date,
counting a total of 35 sources. We have investigated whether the
LAT-detected and undetected sub-populations show differences
in their radio VLBI properties. Based on a Kolmogorov-Smirnov
two-sample test, we found differences in the distribution of me-
dian VLBI core flux at the level of 2.60, and indications of a
separation in the distribution of median core brightness temper-
ature at the level of 2.40. In terms of correlations between ra-
dio VLBI and y-ray properties, the results on the full sample
corroborate the ones reported in Paper I on the LAT-detected
subsample, with a significant correlation between median radio
core flux and y-ray flux, and no correlation between y-ray lu-
minosity and common parsec-scale Doppler boosting indicators
such as core brightness temperature and core dominance. Over-
all, by comparing several VLBI and Fermi-LAT properties of ra-
dio galaxies, we are able to quantitatively show that high-energy
emission in misaligned jets is related to the brightness of their in-
nermost parsec-scale regions, as is observed for blazars. While
there is general agreement that beaming effects in radio galax-
ies are less pronounced than in blazars (cf. the AGN unification
model; e.g., Urry & Padovani 1995), it is clear that significant
relativistic beaming is present in misaligned jet sources as well.
This is demonstrated, e.g., by their usually one-sided or appar-
ently asymmetric parsec-scale jets and their high core brightness
temperatures. Until now, however, the impact of the remaining
Doppler boosting still has on the y-ray brightness of radio galax-
ies has not been investigated. Our results indicate quantitatively,
for the first time, that the existing effect of boosting observed in
radio galaxies does not dominate the observed y-ray properties
from their misaligned jets.
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Fig. 11. Histograms of radio VLBI properties for LAT detected (green vertical hatch) and non-detected radio galaxies (red slashed hatch) from
the MOJAVE and TANAMI monitoring programs.7op left: maximum measured apparent speed. Top right: median VLBI core flux density. Center
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Appendix A: Full resolution VLBI maps and image
parameters

Here we present the full-resolution VLBI images for the sources
studied in this paper, along with the tables including the details
of each observation, for each source.
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Fig. A.1. Full-resolution images of PKS 1258—321. The map parameters for each epoch can be found in Table A.1. The grey ellipse represents the
beam size, while the black line indicates the linear scale at the source’s redshift. Contours increase in steps of two starting from 0.5, 0.8, 0.8, 1,
0.8 times the noise level in each map, from top left to bottom, respectively.
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Fig. A.4. Full-resolution images of PKS 1549-79. The grey ellipse represents the beam size, while the black line indicates the linear scale at the
source’s redshift. Contours increase in steps of two starting from 1.2, 4, 0.6, 1.5, 0.5 times the noise level in each map, from top left to bottom,
respectively.
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Fig. A.5. Full-resolution images of PKS 1549—79. The grey ellipse represents the beam size, while the black line indicates the linear scale at the
source’s redshift. Contours increase in steps of two starting from 1.2, 3 times the noise level in each map, from left to right, respectively.
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Fig. A.6. Full-resolution images of PKS 1733-56. The grey ellipse represents the beam size, while the black line indicates the linear scale at the
source’s redshift. Contours increase in steps of two starting from 1.8 times the noise level in each map.
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Fig. A.7. Full-resolution images of PKS 1733-56 (continued). The grey ellipse represents the beam size, while the black line indicates the linear
scale at the source’s redshift. Contours increase in steps of two starting from 1.8 times the noise level in each map.
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Fig. A.8. Full-resolution images of PKS 1814—63. The grey ellipse represents the beam size, while the black line indicates the linear scale at
the source’s redshift. Contours increase in steps of two starting from 9, 22, 5, 12, 3 times the noise level in each map, from top left to bottom,

respectively.
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Fig. A.9. Tapered images of PKS 1814—-63. The grey ellipse represents the beam size, while the black line indicates the linear scale at the source’s
redshift. Contours increase in steps of two starting from 5, 9, 1.5, 9, 9 times the noise level in each map, from top left to bottom, respectively.
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Fig. A.10. Full-resolution images of PKS 2027-308. The grey ellipse represents the beam size, while the black line indicates the linear scale at
the source’s redshift. Contours increase in steps of two starting from 0.8, 0.3, 2, 1 times the noise level in each map, from top left to bottom,
respectively.
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Fig. A.11. Full-resolution images of PKS 2027-308. The grey ellipse represents the beam size, while the black line indicates the linear scale at the
source’s redshift. Contours increase in steps of two starting from 1, 1.8, 2.2 times the noise level in each map, from top left to bottom, respectively.
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Fig. A.13. Full-resolution images of PKS 2153—-69. The grey ellipse represents the beam size, while the black line indicates the linear scale at
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Table A.1. Details of the 8.4 GHz TANAMI observations of PKS 1258-321

Obs. date Array configuration® S total” S peakb RMS? bmai®  bmin®  PAS
(yyyy-mm-dd) Jy) (dybeam™') (mJybeam™') (mas) (mas) (°)
2009-12-13 AT-MP-HO-CD-TC 0.13 0.12 0.09 6.89 2.87 —-89.3
2010-05-08 AT-MP-HO-CD-PKS-TC-DSS43 0.10 0.09 0.08 3.94 355 -759
2011-11-13 AT-MP-HO-HH-CD-PKS-WW-DSS43-DSS45 0.13 0.12 0.14 4.57 3.04 84.0
2012-04-27 AT-MP-HO-CD-PKS 0.13 0.12 0.18 3.73 3.17 46.0
2013-03-14 AT-HO-CD-PKS-KE-WW-DSS34-DSS45 0.15 0.14 0.15 4.11 3.98 38.0

¢ AT: Australia Telescope Compact Array, CD: Ceduna, HH: Hartebeesthoek, HO: Hobart, MP: Mopra, OH: GARS/O’Higgins,
PKS: Parkes, TC: TIGO, DSS43, DSS34 & DSS45: NASA’s Deep Space Network Tidbinbilla (70m, 34m & 34 m), WW:
Warkworth (12m), YG: Yarragadee, KE: Katherine, AK : ASKAP (single dish)
b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed.

¢ Major and minor axes and position angle of restoring beam.

Table A.2. Details of the 8.4 GHz TANAMI observations of IC 4296

Obs. date Array configuration? S o’ S peak” RMS? binai®  bmin® PASC
(yyyy-mm-dd) Jy) (dybeam™) (mlJybeam™') (mas) (mas) (°)
2008-02-07 AT-MP-HO-HH-CD-PKS 0.21 0.15 0.044 3.81 1.06 -7.8
2008-06-09 AT-MP-HO-CD-PKS 0.22 0.19 0.045 3.94 326 -829
2008-11-27 OH-AT-MP-HO-CD-PKS-DSS43 0.23 0.20 0.12 4.08 1.96 -61.5
2010-07-24 AT-MP-HO-CD-PKS 0.23 0.20 0.051 4.98 3.52 76.6
2011-11-13 AT-MP-HO-HH-CD-PKS-WW-TC  0.12 0.037 0.30 1.72 045 3.15
¢ See Table A.1 for the antenna codes.
b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed.
¢ Major and minor axes and position angle of restoring beam.
Table A.3. Details of the 8.4 GHz TANAMI observations of PKS 1549-790.
Obs. date Array configuration? S total” S peakb RMS? bimai®  bmin©  PAS
(yyyy-mm-dd) Jy) (dybeam™') (mlJybeam™!) (mas) (mas) (°)
2008-02-07 AT-MP-HO-CD-PKS 1.75 0.15 0.90 1.07 0.38 5.55
2008-06-09 AT-MP-HO-HH-CD-PKS 1.00 0.32 1.13 306 0.65 -20.2
2008-11-27 TC-OH-AT-MP-HO-CD-PKS-DSS43 0.69 0.12 1.15 0.67 0.38 85.1
2009-12-13 AT-MP-HO-CD-TC 0.80 0.12 2.35 0.57 0.34 31.6
2012-09-17 AT-HO-HH-CD-PKS-DSS34-DSS45-KE  0.60 0.08 0.87 1.01 0.43 6.35

4 See Table A.1 for the antenna codes.

b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed..

¢ Major and minor axes and position angle of restoring beam.
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Table A.4. Details of the 8.4 GHz TANAMI observations of PKS 1733-565

Obs. date Array configuration® S total” S peakb RMS? bmai  bmin® PAS
(yyyy-mm-dd) Jy) (dybeam™') (mlJybeam™') (mas) (mas) (°)
2008-02-07 AT-MP-HO-CD-PKS 0.18 0.16 0.06 2.62 077 —-4.32
2008-03-28 AT-MP-HO-HH-CD-PKS-DSS43 0.19 0.16 0.04 295 0.76 1.06
2008-08-08 AT-MP-HO-HH-CD-PKS-DSS45 0.19 0.17 0.08 3.64 1.19 13.3
2009-02-23 AT-MP-HO-CD-PKS-TC-OH 0.16 0.12 0.12 2.70 1.05 46.8
2010-03-12 AT-MP-HO-CD-PKS-DSS43 0.10 0.10 0.07 4.28 3.46 88.5
2010-10-29 AT-MP-HO-CD-PKS-DSS34-DSS45-TC-HH  0.15 0.12 0.05 249 062 -2.42
2011-07-22 AT-MP-HO-HH-CD-PKS-DSS43-DSS34 0.12 0.10 0.03 2.71 0.72 2.54
2012-04-27 AT-MP-HO-CD-PKS 0.07 0.07 0.06 229  0.62 1.23
¢ See Table A.1 for the antenna codes.
b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed..
¢ Major and minor axes and position angle of restoring beam.
Table A.5. Details of the 8.4 GHz TANAMI observations of PKS 1814-63
Obs. date Array configuration? S woal” S peak” RMS? binai©  bmin® PAS
(yyyy-mm-dd) dy) {dy beam™') (mJ y beam™') (mas) (mas) ©)
2008-02-07 AT-MP-HO-CD-PKS 0.60 0.41 2.07 1.84  0.58 2.78
2008-06-09 AT-MP-HO-HH-CD-PKS 0.63 0.52 5.00 414  3.18 71.4
2008-11-27 TC-OH-AT-MP-HO-CD-PKS-DSS43 0.77 0.25 1.85 144  0.63 -55.2
2010-10-29 AT-MP-HO-CD-PKS-DSS34-DSS45-TC-HH  0.44 0.10 0.97 2.09  0.65 0.23
2011-07-22 AT-MP-HO-HH-CD-PKS-DSS43-DSS34 0.39 0.12 4.92 1.99 1.58 78.9
¢ See Table A.1 for the antenna codes.
b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed..
¢ Major and minor axes and position angle of restoring beam.
Table A.6. Details of the 8.4 GHz TANAMI observations of PKS 2027-308
Obs. date Array configuration® S total” S peakh RMS? bnai®  bmin®  PAS
(yyyy-mm-dd) Jy) (dybeam™') (mlJybeam™') (mas) (mas) (°)
2008-06-09 AT-MP-HO-HH-CD-PKS 0.12 0.08 0.15 303 0.69 -6.61
2008-11-28 TC-OH-AT-MP-HO-CD-PKS-DSS43 0.10 0.04 0.26 1.37  0.67 49.2
2009-12-14 AT-MP-HO-CD-TC 0.11 0.07 0.08 320 0.84 13.3
2010-07-24 TC-AT-MP-HO-CD-PKS 0.10 0.05 0.23 330 0.55 7.4
2011-04-01 AT-MP-HO-HH-CD-PKS-DSS43-WW 0.12 0.05 0.09 2.9 045 -2.53
2011-11-14 AT-MP-HO-HH-CD-PKS-WW-TC 0.09 0.05 0.09 3.09 0.82 7.62
2012-09-17 AT-HO-HH-CD-PKS-DSS34-DSS45-KE ~ 0.10 0.05 0.05 327 0.79 3.14

% See Table A.1 for the antenna codes.
b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed..
¢ Major and minor axes and position angle of restoring beam.
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Table A.7. Details of the 8.4 GHz TANAMI observations of PKS 2153-69

Obs. date Array configuration? S total” S peak” RMS? binai®  bmin® PAS
(yyyy-mm-dd) (Jy) (Jybeam™) (mlJybeam™') (mas) (mas) (°)

2008-02-08 AT-MP-HO-CD-PKS 0.48 0.21 0.25 1.67 0.31 -5.83
2008-06-09 AT-MP-HO-HH-CD-PKS 0.64 0.27 0.25 2.42 043 -2.53
2008-11-27 TC-OH-AT-MP-HO-CD-PKS-DSS43 0.42 0.20 0.51 091 038 =215
2010-07-24 TC-AT-MP-HO-CD-PKS 0.32 0.20 0.63 0.52 0.42 59.0
2011-04-01 AT-MP-HO-HH-CD-PKS-DSS43-WW 0.54 0.24 0.94 0.99 0.33 26.3
2012-09-16 AT-HO-HH-CD-PKS-DSS34-DSS45-KE  0.52 0.25 1.20 0.97 0.31 45.7

¢ See Table A.1 for the antenna codes.

b Total flux density, peak flux density and RMS noise level in the CLEAN-image. An error of 15% is assumed..

¢ Major and minor axes and position angle of restoring beam.
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Appendix B: Extended kinematic analysis 1258-321
information | |

Here we include additional information illustrating the results of
our kinematic analysis of the multi-epoch TANAMI data. Fig-
ures B.1 through B.6 show the multi-epoch images of TANAMI
radio galaxies, with the corresponding component identification
and tracking. Note that, for ease of representation, the distance
between the images at different epochs is always constant, and
therefore does not represent the time difference between each
image pair. Moreover, the colored lines are not fits to the dis- 2009 12 13
played component positions, but simple interpolations meant to - -
clarify the identification and tracking of the different compo-
nents.

Tables B.1 through B.6 list the flux density, radial distance,
position angle and size for each circular Gaussian component
identified in each source during the kinematic analysis. Note that
all components have been shifted so that the core position is al- 2010_05_07—
ways at (0,0) coordinates in all epochs. The position angle is
given in the range (mr, —r), with the zero in the N-S direction (in
image coordinates) and positive values in the counter-clockwise 0
direction. Components that were not identified (blue crossed cir-
cles in Figures B.1 through B.6) are not listed. Note that an ap-

gz\llreerellt) ;Eﬁgd was fitted only for components detected in at least 2011 11 13} ((_>
2012_04 27 —
O
JE /
2013 03 14+ (@M ©)) —
0
| | | | |
10 0 -10 -20 -30

Relative RA [mas]

Fig. B.1. Multi-epoch tapered images of 1258—-321.
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Fig. B.3. Multi-epoch tapered images of 1549—-790.
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Fig. B.5. Multi-epoch tapered images of 2027-308.
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Fig. B.6. Multi-epoch tapered images of 2152—-699.
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Table B.1. Difmap Modelfit parameters for the Gaussian components  Table B.3. Difmap Modelfit parameters for the Gaussian components

model of the TANAMI 8.4 GHz images of PKS 1258-321. model of the TANAMI 8.4 GHz images of PKS 1549-79.
Epoch 1D S%(Jy) d° (mas) ¢°(deg) Size (mas) Epoch ID S%(Jy) d° (mas) ¢°(deg) Size (mas)
2009-12-14 Core  0.115 0.00 -166.72 0.22 2008-02-07 Core  0.582 0.00 -56.41 0.45
J2 0.009 4.63 -58.07 0.28 CJ1 0.131 3.02 48.06 0.23
2010-05-09 Core  0.088 0.00 156.29 0.10 J1 0.322 3.89 -135.08 0.28
J1 0.009 2.68 -62.67 0.44 2008-06-10 Core  0.696 0.00 26.97 0.34
12 0.007 7.49 -65.24 0.64 CJ1 0.140 3.10 47.35 0.28
2011-11-14 Core  0.113 0.00 -41.25 0.16 J1 0.170 3.18 -130.89 0.19
12 0.017 4.54 -70.20 0.80 2008-11-28 Core  0.438 0.00 -28.46 0.33
2012-04-28 Core  0.112 0.00 -62.62 0.03 CJ1 0.174 2.85 50.63 0.79
J1 0.014 2.08 -68.12 0.61 J1 0.292 3.89 -138.32 0.45
]2 0.008 6.20 -50.87 0.45 2009-12-14 Core  0.738 0.00 64.25 0.25
2013-03-16 Core  0.135 0.00 -152.52 0.01 CJ1 0.087 4.46 37.68 0.10
J1 0.009 2.87 -68.31 0.50 J1 0.109 5.54 -140.60 0.01
J2 0.002 10.05 -62.22 1.37 2012-09-17 Core  0.244 0.00 -24.03 0.24
CJ1 0.137 3.07 54.07 0.59
¢ Flux density. J1 0.199 3.71 -131.91 0.72
b Radial distance from the core.
¢ Position angle. ¢ Flux density.

b Radial distance from the core.
¢ Position angle.
Table B.2. Difmap Modelfit parameters for the Gaussian components
model of the TANAMI 8.4 GHz images of IC 4296.
Table B.4. Difmap Modelfit parameters for the Gaussian components
model of the TANAMI 8.4 GHz images of PKS 1733-565.

Epoch ID S%(Jy) d°(mas) ¢°(deg) Size (mas)
2008-02-07 Core  0.176 0.00 -39.24 0.20
J1 0.024 2.69 -52.59 0.69 Epoch ID S%(Jy) d°(mas) ¢°(deg) Size (mas)
CJ1 0.012 2.77 125.33 0.08 2008-02-07 Core  0.171 0.00 48.16 0.15
2008-06-10 Core  0.190 0.00 -81.58 0.29 CJl1 0.002 2.08 61.63 0.05
CJ1 0.017 2.18 133.03 0.13 J1 0.006 324 -135.13 0.17
J1 0.010 3.78 -52.72 0.19 CJ2 0.001 5.71 56.00 0.49
2008-11-28 Core  0.192 0.00 36.26 0.03 2008-03-30  Core  0.165 0.00 128.94 0.14
Cll1 0.017 2.05 130.03 0.17 CJl1 0.005 1.92 68.29 0.03
I 0.015 322 -48.98 0.08 J1 0.008 2.98 -121.55 0.22
2010-07-26  Core  0.195 0.00 2.22 0.14 CI2 0.001 6.45 58.60 0.33
I 0.018 2.62 -45.52 0.35 2008-08-09 Core  0.182 0.00 95.43 0.26
CJl1 0.008 2.63 132.57 0.30 CJl1 0.001 2.18 63.11 0.13
2011-11-14 Core  0.088 0.00 -140.43 0.06 J1 0.004 3.85 -132.29 0.26
J1 0.014 4.11 -57.20 0.52 2009-02-23 Core  0.134 0.00 154.40 0.19
CJ1 0.012 4.56 121.68 0.47 CJ1 0.001 3.67 55.31 0.10
J1 0.005 4.01 -130.93 0.66
“ Flux density. (@) 0.002 6.58 58.26 0.08
b Radial distance from the core. 2010-03-14 Core  0.102 0.00 47.57 0.43
¢ Position angle. CJ1 0.001 2.61 68.87 0.08
J1 0.002 2.90 -125.16 0.04
2010-10-29 Core  0.137 0.00 -29.71 0.18
CJl1 0.002 2.76 69.52 0.04
J1 0.004 3.10 -134.81 0.17
2011-07-23 Core  0.107 0.00 178.79 0.19
CJ1 0.007 1.21 58.89 0.03
J1 0.005 3.03 -130.44 0.59
2012-04-28 Core  0.073 0.00 91.32 0.17
CI1 0.001 2.01 63.43 0.01
J1 0.003 3.27 -135.75 0.14

¢ Flux density.
b Radial distance from the core.
¢ Position angle.
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Table B.5. Difmap Modelfit parameters for the Gaussian components  Table B.6. Difmap Modelfit parameters for the Gaussian components

model of the TANAMI 8.4 GHz images of PKS 2027-308. model of the TANAMI 8.4 GHz images of PKS 2153-69.

Epoch 1D S%(Jy) d° (mas) ¢°(deg) Size (mas) Epoch ID S%(Jy) d° (mas) ¢°(deg) Size (mas)

2008-06-10  Core  0.061 0.00 -114.51 0.08 2008-02-07 Core  0.435 0.00 35.39 0.18

CJ1 0.029 0.93 38.51 0.04 J1 0.023 1.91 73.49 0.04

n 0.025 2.90 -126.30 0.64 12 0.028 4.21 32.82 0.40

CJ2 0.013 4.85 16.47 0.34 13 0.008 8.55 45.65 0.32

2008-11-28 Core  0.031 0.00 -42.65 0.38 J4 0.008 12.44 39.21 0.60

Cl1 0.043 0.71 37.81 0.54 J5 0.013 17.02 43.30 0.28

n 0.018 2.85 -126.22 0.14 J6 0.005 21.56 48.95 1.16

CJ2 0.008 4.48 17.34 0.44 2008-06-10 Core  0.467 0.00 -143.96 0.04

2009-12-14 Core  0.090 0.00 -84.95 0.25 n 0.005 1.67 46.58 0.69

Cll1 0.008 2.14 2.65 1.21 J2 0.077 3.59 41.63 0.37

n 0.008 2.24 -131.26 0.45 I3 0.040 6.71 45.80 0.10

Cl2 0.003 5.03 21.30 0.12 J4 0.029 11.62 49.38 0.44

2010-07-26  Core  0.041 0.00 -40.67 0.13 2008-11-28 Core  0.416 0.00 -104.97 0.29

Cll 0.030 0.78 30.47 0.09 I 0.043 2.88 46.22 0.59

n 0.022 2.79 -125.51 0.45 12 0.015 4.87 41.53 0.12

Cl2 0.009 4.34 15.32 0.20 I3 0.003 9.84 41.26 2.73

2011-04-03 Core  0.063 0.00 56.16 0.15 J4 0.008 16.57 47.45 0.45

CJ1 0.022 1.20 44.99 0.18 J5 0.004 19.51 45.30 0.26

n 0.024 2.70 -127.68 0.32 J6 0.002 23.10 46.03 0.48

Cl2 0.006 4.39 24.93 1.39 2010-07-26  Core  0.501 0.00 78.52 0.11

2011-11-14  Core  0.058 0.00 -44.63 0.15 n 0.047 3.64 40.67 0.45

CJ1 0.007 1.84 54.85 0.17 J2 0.006 6.75 41.61 1.07

n 0.017 3.12 -129.34 0.62 I3 0.006 12.12 41.28 0.66

Cl2 0.009 4.21 17.89 0.22 J4 0.006 16.99 44.73 1.05

2012-09-17 Core  0.050 0.00 -27.36 0.12 J5 0.005 21.70 45.62 0.38

Cll 0.020 1.25 45.02 0.12 J6 0.005 28.42 43.58 2.29

n 0.018 2.84 -130.86 0.28 2011-04-03 Core  0.359 0.00 63.90 0.13

Cl2 0.009 4.34 19.06 0.34 J1 0.029 3.23 36.72 0.87

2012-09-17 Core  0.402 0.00 42.75 0.11

¢ Flux density. n 0.044 3.69 43.33 0.38

b Radial distance from the core. 12 0.014 7.21 43.79 0.06

¢ Position angle. I3 0.008 12.49 44.61 0.11

J4 0.007 20.42 44.56 0.35

J5 0.020 24.49 42.57 0.28

¢ Flux density.
b Radial distance from the core.
¢ Position angle.
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