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A new look at old friends. I. Imaging classical radio
galaxies with uGMRT and MeerKAT
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ABSTRACT

We have undertaken a systematic study of FRI and FRII radio galaxies with the
upgraded Giant Metrewave Radio Telescope (uGMRT) and MeerKAT. The main goal
is to explore whether the unprecedented few uJy sensitivity reached in the range 550—
1712 MHz at the resolution of ~ 4” — 7" reveals new features in the radio emission
which might need us to revise our current classification scheme for classical radio
galaxies. In this paper we present the results for the first set of four radio galaxies,
t.e. 4C12.02, 4C12.03, CGCG 044-046 and CGCG 021-063. The sources have been
selected from the 4C sample with well-defined criteria, and have been imaged with
the uGMRT in the range 550-850 MHz (band 4) and with the MeerKAT in the range
856-1712 MHz (L-band). Full resolution images are presented for all sources in the
sample, together with MeerKAT in-band spectral images. Additionally, the uGMRT-
MeerKAT spectral image and MeerKAT L-band polarisation structure are provided
for CGCG 044-046. Our images contain a wealth of morphological details, such as
filamentary structure in the emission from the lobes, radio emission beyond the hot-
spots in three sources, and misalignments. We briefly discuss the overall properties
of CGCG 044046 in the light of the local environment as well, and show possible
restarted activity in 4C 12.03 which needs to be confirmed. We conclude that at least
for the sources presented here, the classical FRI/FRII morphological classification
still holds with the current improved imaging capabilities, but the richness in details
also suggests caution in the systematic morphological classification carried out with
automatic procedures in surveys with poorer sensitivity and angular resolution.
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1 INTRODUCTION and evolution of extragalactic radio sources. After more than
46 years, the classification of extended extragalactic radio
sources in FR I and FRII types is still used to separate low
power and high power radio galaxies respectively. However,
our knowledge of extragalactic radio sources has improved
considerably since then.

* E-mail: dharam@ncra.tifr.res.in It is known that FRI radio galaxies (radio powers typ-

The morphology of extragalactic radio sources of high and
low luminosity, set out by Fanaroff & Riley (1974) has sug-
gested the framework for the study of the physics, origin,
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Table 1. Source properties.

Name Type R.A. Dec. z logP1.4 gz kpe/”  Alt. name
(J2000) W Hz !

4C12.02 FRII 00 04 50.2  +1248 40 0.143 26.06 2.530 G4Jy 7

4C12.03 FRII 00 09 52.6 +1244 05 0.156 25.82 2.721 G4Jy 18

CGCG044—046 (4C07.32) FRI/II (WATT) 1316 17.0 407 02 47  0.050145 25.08 0.986 G4Jy 1060

CGCG021-063 (4C00.56) FRI/II 15 16 40.2 400 15 02 0.052489 25.25 1.030 G4Jy 1238

t: Wide angle tail (WAT) radio galaxy, see also Sec. 1.

The alternative names of radio sources are from the GLEAM 4-Jy sample (White et al. 2020a,b).

ically below 10** W Hz™! at 1.4 GHz) with their sym-
metric prominent jets and lobes, are associated with red
passive galaxies, i.e. evolved galaxies which usually show
little to no evidence of nuclear activity in other bands of
the spectrum. More recently (see Best & Heckman 2012;
Hardcastle & Croston 2020, for a recent review), these have
been associated with low excitation emission-line galaxies
(LEGs, Heckman & Best 2014) at moderate luminosities.
Deviations from the straight (180°) FR I morphology is com-
mon for optical hosts in galaxy clusters, where radio galax-
ies may form spectacular tails as the radio jets are exposed
to a combination of effects, such as galaxy motion through
the intracluster medium (ICM), a.k.a., tailed radio sources
(Rudnick & Owen 1976; O’Dea & Owen 1985), bulk mo-
tions of the ICM (i.e. “cluster weather” (Burns et al. 1987)),
shocks in the ICM (Nolting et al. 2019) and other phenom-
ena related to the formation of clusters (see the review
by Brunetti & Jones 2014, for a comprehensive overview).
On the other hand, FRII radio galaxies (radio powers
above 10** W Hz~! at 1.4 GHz) are associated both with
quasars and galaxies and the optical host usually shows
other indicators of nuclear activity, such as high excita-
tion emission lines (HEGs, Heckman & Best 2014); see also
(Hardcastle & Croston 2020, for a recent review). The jets
of these sources are often faint (sometimes barely visible)
and asymmetric, and the radio spectral information indi-
cates that the lobes are the result of back-flow from the hot
spots.

A lot of work has been done to understand the different
behaviour of jets in FRIs and FRIIs (Bicknell et al. 2004;
Laing & Bridle 2012, and references therein). Very-long
baseline interferometric studies of samples of FR I and FR II
radio galaxies show that jets are relativistic at their origin in
both classes of sources (Venturi et al. 1995; Giovannini et al.
2001); however jets in FR I decelerate closer to the core com-
pared to FRII, most likely due to differences in some combi-
nation of jet power and propagating medium. It is commonly
stated that FR 1 preferentially reside in dense environments,
such as clusters and groups of galaxies, and FRII are found
in less dense environments (Hardcastle 2005), but the most
famous FRII radio galaxy, Cygnus-A, is at the centre of a
galaxy group (Bautz & Morgan 1970). FR IIs appear to pop-
ulate the Universe to much larger redshifts. This is partly
due to selection effects related to the sensitivity and resolu-
tion of the radio interferometers used so far in large surveys.
Imaging of large regions of the sky with the current genera-
tion of radio interferometers, such as LOFAR (the LOw Fre-
quency ARray), ASKAP (Australia SKA Pathfinder) and

MeerKAT clearly shows a wealth of extended radio galaxies
with a broad distribution of size, flux density and distance,
which might change the paradigm of redshift distribution
of FRIs and FR IIs (Croston et al. 2019; Mingo et al. 2019;
Croston et al. 2017).

A small fraction of FRI and FRII radio galaxies (of
the order of a few percent, Ishwara-Chandra & Saikia 1999;
Bassani et al. 2016), shows Mpc-scale extent, posing the
problem of the energy supply to the lobes, and a number
of them show signs of restarted activity (Dabhade et al.
2020; Bruni et al. 2019; Mahatma et al. 2019). Equally
important is a new class of low power radio galaxies
that has been recently characterised, the so-called FRO
(Baldi, Capetti & Giovannini 2019). The radio power of
these sources is typical of FR Is. However, they are compact
on the scale of a few arcseconds. High sensitivity observa-
tions at high angular resolution show that a fraction of them
have double-sided jets on very small angular scales, but the
majority remain compact (Capetti et al. 2020). The nature
of these sources and how they fit into the overall classifica-
tion of radio galaxies is still uncertain.

A wealth of amazing new images has been collected
over the past few years with the current generation of ra-
dio interferometers, such as LOFAR, JVLA, MeerKAT and
uGMRT, whose much improved sensitivity at arcsecond res-
olution over at least two orders of magnitude in frequency
is revealing new features in the radio emission. A few re-
markable examples are the amazing tails of NGC 326 de-
tected with LOFAR (Hardcastle et al. 2019), the low surface
brightness emission surrounding several radio galaxies at the
centre of groups (for instance NGC 741, Schellenberger et al.
2017), the filamentary structure within and outside the lobes
of Fornax A (Maccagni et al. 2020), and the filaments of
ESO 137-006 (Ramatsoku et al. 2020).

The imaging capabilities available nowadays thus allow
us to throw new light on our understanding of the radio
galaxy phenomenon and address questions that have so far
remained unanswered. In particular: (a) Why are the mor-
phological classification in terms of FRI and FRII and the
radio power so closely linked, and what do intermediate ob-
jects tell us? (b) Which mechanism produces radio loudness
in the form of FRI or FRII in galaxies, what is the duty cy-
cle of radio nuclear activity, and what triggers it? (c) Does
the sharp classification in FRI and FRII types still hold
when we improve our imaging capabilities to the level which
can be currently achieved? (d) Do we need more morpho-
logical classes?

To address at least the third and fourth of these ques-
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Table 2. Log of the observations using uGMRT and MeerKAT arrays.

Source Obs. Date Flux cal. Phase cal. Bandwidth  Ch.-width tint. FWHM RMS
(MHz) (kHz) (hour) ("%x"°) (uJy b1

uGMRT array
4C12.02 2019-09-05 3C48 0054—035 300 48.83 3.0 5.17x3.23, 9.18 ~ 30
4C12.03 2019-09-17 3C48 0054—035 300 48.83 2.9 5.03x3.54, 40.85 ~ 21
CGCG044-046  2019-05-20 3C 147 14194064 200 24.41 3.4 4.98x3.76, 53.56 ~ 15
CGCG021-063  2019-05-26 3C 286 14194-064 300 48.83 3.1 6.99x3.25, 16.38 ~ 150
MeerKAT array
4C12.02 2019-05-25 PKS0408—65 J00224-0014 856 208.98 3.0 8.65x5.51, 161.95 ~ 13
4C12.03 2019-05-25 PKS0408—65  J0022+4-0014 856 208.98 2.7 8.52x5.44, 164.56 ~8
CGCG044-046  2019-05-13 B1934—638 J134741217 856 208.98 3.0

2019-09-15 B1934—638 J134741217 856 208.98 2.7 7.51x6.27, 159.50 ~ 10
CGCG021-063  2019-05-13 B1934—-638 J1512—-0906 856 208.98 3.0

2019-09-15 B1934—638 J1512—-0906 856 208.98 3.2 8.31x6.01, 161.77 ~ 13

tions, we started an imaging project of classical radio galax-
ies with uGMRT in 550-850 MHz (band-4) and MeerKAT in
856-1712 MHz (L-band), to explore their radio morphology
with unprecedented sensitivity at arcsecond resolution, and
study their spectral structure in the frequency range 0.5-1.7
GHz. Here we present our results of the pilot study for the
first set of four radio galaxies.

The paper is organised as follows. We present our target
selection, observations and data analysis in Sec. 2, followed
by the radio morphology in Sec. 3. In Sec. 4, we show the in-
tegrated radio spectra and spectral imaging for our sources.
In Sec. 5 we discuss our results, and concluding remarks are
given in Sec. 6. We assume a ACDM cosmology with Q,, =
0.27, Qa = 0.73, and Ho = 70 km s~! Mpc™'. We define
spectral index, «a as, S, o« v*; where S, is the flux density
at frequency v. Throughout, positions are given in J2000
coordinates.

2 TARGET SELECTION AND OBSERVATIONS

We selected a sample of FR1 and FRII radio galaxies from
the 4C catalogue (—7° < § < 80°; Pilkington & Scott 1965)
which meet the following selection criteria:

(i) The source is hosted by a detected optical galaxy with
spectroscopically determined redshift z in the range between
0.05 and 0.20. This ensures (i) the detection of Mpc scale
extended emission with uGMRT band-4, and (ii) a similar
fraction of FR Is and FRIIs;

(ii) The target source is in the declination range —10°
and +20° to ensure proper visibility and comparable (u,v)-
coverage with both uGMRT and MeerKAT arrays at respec-
tive bands; and
(iii) A clear double radio morphology is imaged at the 45"
angular resolution of the NRAO VLA Sky Survey (NVSS:
Condon et al. 1998).

These well-defined selection criteria provided us with a
total of 12 sources, 6 FRI and 6 FRII radio galaxies. We
started our project observing the four sources reported in
Table 1, which are also members of the GaLactic and Extra-
galactic All-sky MWA (GLEAM) 4-Jy sample (White et al.

2020a,b). We note that the morphological classification of
CGCG 021-063 is challenging. The source looks like a FRII
source in the new MeerKAT and uGMRT observations. This
will be addressed in Sec. 3.1. In order to image the sam-
ple sources with matching sensitivity, (u,v)-coverage and
angular resolution with the two arrays, we observed each
target for ~ 3 hours and ~ 3—6 hours respectively with
uGMRT and MeerKAT. The observing logs for the uGMRT
and MeerKAT observations are detailed in Table 2.

The upgraded GMRT has a hybrid configuration
(Gupta et al. 2017; Swarup et al. 1991) with half of its 45 m
diameter 30 antennas located in a central (~1 km) com-
pact array and with the remaining antennas distributed in
a roughly ‘Y’ shaped configuration giving ~25 km maxi-
mum baseline length. The antennas in the central square
and in a ‘Y’ shaped configuration provide baselines that are
comparable to the VLA D-array and B-array configurations,
respectively. Hence, a single observation with the uGMRT
provides good angular resolution when mapping the detailed
source structure with reasonably good sensitivity. MeerKAT
is also a hybrid array of 64 13.5 m diameter dish antennas.
Forty-eight of the 64 interlinked antennas are located in a
core region of 1 km in diameter and the other 16 are lo-
cated outside the core, giving a maximum baseline length
of ~8 km (Jonas & MeerKAT Team 2016). This configura-
tion of MeerKAT is equivalent to a simultaneous hybrid of
VLA B- C- and D-array configurations. The observations
described in this paper were all carried out with the new
dual polarisation (RR and LL) 550-850 MHz band (band-4)
receivers of uGMRT, and with the dual linear polarisation
(horizontal and vertical) 856-1712 MHz (L-band) receivers
(Lehmensiek & Theron 2012, 2014) of MeerKAT.

2.1 Data reduction

The calibration of the data presented in this paper was car-
ried out following the standard procedures. However, as the
MeerKAT data reduction requires a new approach, we sum-
marize here some of the specific steps that have been per-
formed for both the uGMRT and the MeerKAT in reducing
these data.
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Figure 1. The images of our four sample sources, 4C 12.02 (top-left panel), 4C 12.03 (top-right panel), CGCG 044—046 (bottom-left panel)
and CGCG 021—063 (bottom-right panel). The uGMRT and MeerKAT images have angular resolutions of ~ 4" and 7", respectively (see
also Table 2). The radio contours of uGMRT and MeerKAT images are overlaid on the DSS-II (red band) optical images (in gray-scale).
The red and black surface brightness contours, with magenta and blue being first negative surface brightness contours, correspond to
uGMRT and MeerKAT images, respectively. The contour levels are RMS X —1, 1, 2, 4, etc., and increases by a factor of two. The bar in
the top-left corner of each panel image depicts the physical scale for our sample source.

The uGMRT datasets were calibrated using a standard
approach (see Lal 2020, for detailed methodology). Observa-
tions of a flux density calibrator at the beginning and at the
end of each run were used to correct for flux density scale
and bandpass shape; the phase-calibration source was used
to correct for phases. The data analysis, in particular edit-
ing of bad data, gain and bandpass calibrations, were carried
out using the NRAO Astronomical Image Processing System
AIPS, following standard imaging procedures. We made an
error in providing the observing set-up for the uGMRT ob-
servations of CGCG 044—046 source, which had 200 MHz
bandwidth with the high spectral resolution, whereas the
rest of the sources had 400 MHz bandwidth with a factor
of two lower spectral resolution. Note that this error did
not limit us in terms of the angular resolution or the sensi-
tivity (see below). We used the Perley & Butler (2013) flux
density scale using the coefficients in the AIPS task SETJY.

After the above preliminary calibration, the 300-MHz' wide
dataset was split into six 50 MHz sub-bands for 4C 12.02,
4C12.03 and CGCG 023—061 and four 50 MHz sub-bands
for CGCG 044—046. An area of ~1.5° x 1.5° was imaged,
just bigger than the first null of the uGMRT primary beam
in order to correct for antenna-based gains in the direc-
tion of each radio source. A standard self-calibration pro-
cedure was performed in AIPS on each sub-band (see also,
Lal & Rao 2007). All the calibrated 50 MHz sub-bands data
were further stitched together to form full-bandwidth cali-
brated visibility datasets. These visibilities were imaged us-
ing the TCLEAN task in CASA. A final amplitude-and-phase
self-calibration was also carried out to the full-bandwidth
calibrated dataset onto the same flux density scale using

I The GMRT wideband correlator supports a bandwidth of 400
MHz, 200 MHz, ..., in multiples of 0.5. The usable bandwidth of
band-4 is 300 MHz, from 550 MHz to 850 MHz.
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Figure 2. The image of one of our four sample source, 4C 12.02
is shown to give an idea of the capabilities of MeerKAT and
uGMRT. The radio contours of the MeerKAT image (red con-
tour), NVSS image (blue contour) and GLEAM image (black
contour) are overlaid on the DSS-II (red band) optical image (in
gray-scale). The red, blue, and black surface brightness contours
correspond to the contour levels 0.045, 0.090, 0.18, 0.36, 0.72,
1.44, 2.88, 6.0, 12.0, 24.0, 48.0 and 100.0 mJy beam—1, 30, 60,
120 and 240 mJy beam~!, and 800, 1600 mJy beam~!, respec-
tively. We also show a compass at the bottom right location in-
dicating the north and east directions. All through our uGMRT
and MeerKAT images, we follow this convention.

CAsA, and the final images were obtained using the task
TCLEAN. We used 3D imaging (gridder = ‘widefield’) and
Briggs weighting (robust = 0.5).

The MeerKAT datasets were also calibrated using a
standard approach, but employing some novel software. We
used the CARACAL pipeline® (Jézsa et al. 2020, 2021) for
the initial data reduction. CARACAL orchestrates stan-
dard reduction packages into a single workflow. In this in-
stance, it combined the TRICOLOUR® flagger (Hugo et al.
2021) for radio frequency interference flagging, and stan-
dard CASA tasks for reference calibration. For the epochs
employing B1934—638 as the primary calibrator, we used
the Perley & Butler (2013) scale to set its flux den-
sity scale. For the epoch employing the other standard
MeerKAT calibration source, PKS 0408—65, we used a cus-
tom component-based field model provided in CARACAL,
converted into model visibilities via the MEQTREES pack-
age (Noordam & Smirnov 2010). After applying all the ref-
erence calibration, the 4096 spectral channels data was av-
eraged down to 1024 spectral channels, and imaged using
the WSCLEAN package (Offringa et al. 2014). We used
Briggs weighting (robust = 0), disabled multi-frequency
weighting, employed the joined-channel deconvolution and
(4th order) polynomial fitting options of WSCLEAN to
make wideband multi-frequency synthesis images. We im-
aged an area of ~ 272 x 272 for the CGCG 021—-063 and
CGCG 044—046 fields. For the 4C 12.02 and 4C 12.03 fields,
we imaged a larger area of &~ 371 x 2°2: these sources are suf-
ficiently close that their sidelobes contribute to each other’s
fields at the sensitivity levels we reach, and thus needed

2 https://github.com/caracal-pipeline/caracal
3 https://github.com/ska-sa/tricolour
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to be deconvolved jointly. This was followed by a round of
phase and delay self-calibration using the CuBICAL" package
(Kenyon et al. 2018). The 4C 12.02 field exhibited direction-
dependent (DD) effects due to a 0.64 Jy (apparent) off-axis
source, which was successfully peeled using CUBICAL. The
other fields did not require DD calibration. The 4C 12.02
and 4C 12.03 maps were then slightly improved via a round
of amplitude self-calibration using CUBICAL. This resulted
in noise-limited maps for three of our four sample sources.

The resulting MeerKAT image of CGCG 021—063 re-
tains some radial, north-south oriented artefacts related to
the point spread function (PSF) centered on the bright core
of the source. We were only partially able to mitigate these
via self-calibration. These are not due to DD effects, since
the core is the dominant source and it is at the centre of the
field, nor are they likely to be deconvolution artefacts, as
the core is completely unresolved. We hypothesize that they
are due to residual nonlinearities in the system response, ex-
acerbated by the effective PSF of this observation: since the
source is only 15" off the equator, the PSF exhibits pathologi-
cally high sidelobes in the north-south direction, at the 1-2%
level (compared to < 0.1% level in the east-west direction).
The dynamic range of ~ 50000 : 1 achieved here is compa-
rable to that achieved with MeerKAT on other equatorial
fields (Tan Heywood, private communication). Our final im-
ages resulted in an angular resolution of ~6” for all our tar-
get sources. The residual amplitude errors in each image are
of the order of 5% for uGMRT and 3% for MeerKAT. The
final 550-850 MHz (band-4) uGMRT and MeerKAT images
are shown in Fig. 1, 2 and 3.

The MeerKAT observations of CGCG 044—046 and
CGCG 021-063 included a scan of a bright polarised cal-
ibrator, 3C 286, which allowed us to perform polarisation
imaging. Polarisation calibration was done via CARA-
CAL, using the standard CASA approach. The calibrator
B1934—638 was used to derive frequency-dependent leakages
(D—Jones), while 3C 286 was used to calibrate cross-hand
phase and delay (K/X-Jones). The joined-polarisation
mode of WSCLEAN was then used to deconvolve Stokes
1,Q,U and V maps. The @ and U images of CGCG 021—-063
suffered from the same artefacts as the total intensity im-
age, so we did not use them in our further analysis. We in-
clude here results from our polarisation observations using
MeerKAT for CGCG 044—046 (see Sec. 5).

3 THE IMAGES

Our uGMRT and MeerKAT observations revealed several
new sources in the fields of view in addition to deep images
of our four targets sources. Fig. 1 shows the uGMRT and
MeerKAT contours overlaid on the DSS-II (red band) optical
image. Fig. 2 is an image of 4C 12.02 showing the MeerKAT
radio contours together with radio contours of NVSS and
GLEAM images overlaid on the DSS-II (red band) opti-
cal image, to faithfully present the capabilities of MeerKAT
and uGMRT. The compass depicts north and east and all
through we follow this convention. Fig. 3 provides colour
scale with contour levels overlaid for each dataset (left and

4 https://github.com/ratt-ru/cubical
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Figure 3. Images of four sample sources at band-4 using the uGMRT (left panel) and at L-band using the MeerKAT (right panel). These
radio sources are in the order presented in Table 1. The lowest radio contour plotted is three times the local RMS noise and increasing by
factors of 2. The local RMS noise and the beam size (along with the position angle) are denoted in Table 2.

right panels showing the uGMRT and MeerKAT image re-
spectively). It clearly shows that in almost all cases, bar-
ring CGCG 044—046, the surface brightness declines sharply
at the edges of the visible radio lobes and of the low sur-
face brightness features. We thus conclude that we have not
missed any part of the source that fades into the noise. De-
tails on each source are provided below.

3.1 Radio morphology
3.1.1 4C12.02

It is an FRII radio galaxy whose optical counterpart (a
galaxy) is located at redshift z = 0.143. Schilizzi & McAdam
(1975) first noted it as a triple source, with a radio core, and
two radio lobes located on opposite sides along the east-west
direction. Recently, Yang et al. (2019) reported it as a rep-
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Figure 3. Continued.

resentative giant X-shaped radio source based on the GMRT
TGSS_ADRI (Intema et al. 2017).

Our uGMRT and MeerKAT images are shown in Fig. 1
(top-left panel) and Fig. 3 (top-left and top-right panels
respectively). The angular resolution of the uGMRT pro-
vides important insight into the morphology of the hot
spots, while the MeerKAT image is better suited to high-
light the details and extent of the lobes. The morphology
of the back-flows from the lobes is similar to what has been
found for PKS 201455 (Cotton et al. 2020). Both hot spots
are resolved with multiple peaks. There are at least two
hot spots near the termination of the west jet and prob-
ably a string of them in the east one. Both the east and
west lobes show substructure. The north-western lobe flares
abruptly at the peak of the hot spot closer to the core, while
the southern lobe expands perpendicular to the main axis
of the radio galaxy. In the west lobe, the hot spot before
the bow shock is clearly extended in an arc perpendicu-
lar to the source major axis, which may suggest some sort
of reflected, internal shock. The hot spots in the east and
west lobes are not exactly co-linear if the line goes through
what appears to be the active galactic nucleus (AGN). It is
not clear that a projection effect could do this. The total
flux density of the source is So.69 guz = 3.50 £0.19 Jy and
Si1.28 guz = 2.15 £0.07 Jy. The angular extent of the source
is ~ 5', corresponding to ~760 kpc, i.e. a giant radio galaxy
(see Bassani et al. 2016).

3.1.2 4C12.03

This X-shaped radio source is associated with an ellipti-
cal host galaxy (Heckman et al. 1994), classified as a low
emission line radio galaxy located at redshift z = 0.156
(Laing, Riley & Longair 1983). Lal & Rao (2007) reported
that 240 MHz and 610 MHz GMRT images show a sym-
metrical structure whose extent is ~ 4’ along both axes,
corresponding to ~650 kpc. The overall X-shaped morphol-
ogy has been explained by a million-year precession period
(Gong, Li & Zhang 2011), or as a rapid realignment of a

central supermassive black hole accretion disk system due
to a relatively recent merger of a supermassive binary black
hole (Lal & Rao 2007; Merritt & Ekers 2002) or as a result
of disk instability (Dennett-Thorpe et al. 2002).

Our new uGMRT and MeerKAT images, shown in
Fig. 1 (bottom-left panel) and Fig. 3 (middle-left and
middle-right panels respectively), confirm the X-shaped ra-
dio morphology. The northern and southern jets leading to
the north and south hot spots respectively, form the active
axis, whereas the east-west axis forms the low-surface bright-
ness wings. The overall north-south morphology of the radio
galaxy seems to follow an arc, and shows a clear asymmetry:
the northern component culminates in a clear hot spot, as
in FR IIs. On the other hand, the southern component could
be either FRI or FRII. Both the western and eastern low-
surface brightness wings are suggestive of a hydrodynamic
back-flow as seen in PKS 2014-55 (Cotton et al. 2020).

The angular resolution of both our images clearly shows
the presence of two inner brightness peaks (labelled as ”in-
ner lobes” in Fig. 3, middle-right panel), forming an inner
double structure, whose total extent is ~ 80 kpc. These two
features are perfectly aligned with the large north-south axis
(see also Schoenmakers et al. 2000). Thus, the structures
of the source possibly place it in the category of restarted
sources. The overall extent of this radio galaxy is compa-
rable to the earlier images, but broader extended emission
is detected in the east-west radio lobes, whose outer parts
show a filamentary structure at both frequencies. The total
flux density of the source is So.69 guz = 3.14 £0.18 Jy and
S1.28 GHz = 2.06 40.06 Jy.

3.1.3 CGCG044—046

The source is identified as a m = 14.2 c¢D galaxy and
is associated with the Zwicky cluster 1313.74-0721 at z
= 0.050145 (Zwicky & Herzog 1966). Indeed the bent ra-
dio morphology is typical of radio galaxies at the cen-
tre of galaxy clusters and groups. Some notable exam-
ples are ESO 137-006 (Ramatsoku et al. 2020) and 3C 465
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(Eilek et al. 1984), but see also O’Donoghue, Owen & Eilek
(1990), and Garon et al. (2019) for a recent analysis.

The radio source was first studied in detail
by  Patnaik, Banhatti & Subrahmanya  (1984) and
Patnaik, Malkan & Salter (1986), who noticed the asym-
metry between the sharp bend of about 90° in the eastern
tail and the more gentle bend in the western one, with
diffuse emission further out in both. This asymmetry is
confirmed in both our images (see Fig. 1, upper-right panel,
and Fig. 3, third row, left and right panels for uGMRT
and MeerKAT respectively), whose sensitivity allows the
detection of emission from the radio tails to much larger
distances than previously detected at these frequencies (see
also Sec. 5.3). The morphology suggests that it possibly
belongs to the wide-angle tail class of radio galaxies. The
extension of the western tail was also detected at lower
frequencies via GLEAM though at much lower angular
resolution (White et al. 2020a; Hurley-Walker et al. 2017).

The radio galaxy shows an inner pair of straight jets,
similar to FRI jets, which culminate in two high surface
brightness knots at ~ 50 kpc from the core. Beyond this
region, the eastern jet flares to form a tail, which bends
sharply by ~90°, heading toward the south, consistent
with Patnaik, Banhatti & Subrahmanya (1984). Our images
clearly show another bend at the southern end of the tail,
behind the tail itself, as is clear from the radio contours
(see Fig. 3) and from the spectral analysis (see Sec. 4). The
transition between the western jet and the tail is quite sharp.
The tail shows very little transverse expansion and makes a
few wiggles before fading. Both our images reveal filamen-
tary structure in the tails, whose projected length is about
150 and 300 kpc respectively for the eastern and the west-
ern tails, as measured using the MeerKAT data. Such sharp
bends cannot be explained by projection effects, and are
suggestive of reflection or refraction at discontinuities. The
total flux density of the source is So.¢9 auz = 3.24 +£0.16 Jy
and Si.28 gHz = 2.05 £0.07 Jy.

3.1.4 CGCG021-063

Very little information is reported in the literature on the
arcsecond-scale properties of this radio galaxy, characterised
by a compact, i.e. <0.2 milli-arcsec in size (Dodson et al.
2008), radio core. Using the FIRST survey image, Proctor
(2016) reported that this source has a resolved compact
component, with triple extended structure and possibly
a S or Z-shaped structure. Our uGMRT and MeerKAT
images (Fig. 1, bottom-right panel, and bottom row in
Fig. 3, left panel and right panel respectively) are dynamic
range limited, most likely because of the strong compact
core. However, they clearly show that the radio emission of
CGCG 021-063 has two components: a radio galaxy, whose
projected linear size is ~ 280 kpc that is embedded in a low-
surface brightness cocoon of radio emission. The inner radio
galaxy and the lobes have an FRII morphology, with only
one visible jet and two hot spots of moderate brightness. It
is interesting to note that the west jet seems to propagate
beyond the hot spot or working surface of the jet. There is
filamentary structure in the east lobe which is well repro-
duced in both images and there are also clearly beads in the
west jet. We interpret the cocoon of fainter emission em-
bedding the radio galaxy as the result of the back-flow from
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Figure 4. Integrated flux densities of our sample radio sources
at 550-850 MHz band of the uGMRT and 856-1712 MHz band
of MeerKAT; data at other frequencies are from the literature
(see Table 3 for references). The error-bars, not plotted are less
than two times the size of the symbols. The spectra (and the
data-points) are shifted with respect to one another for clarity.

both jets. This emission is fairly symmetrical, suggesting
that there is little relative movement of the galaxy through
the intra-galactic medium (IGM).

No information on the local environment of the optical
host is available in the literature. The total flux density of
the source is So.69 cu, = 3.77 £0.20 Jy and Si.28 gz =
2.80 £0.09 Jy.

4 SPECTRAL ANALYSIS

The spectral index analysis is a useful tool to investigate
the life cycle of radio sources and to better understand
their radio morphologies. In the following we present the
integrated radio spectra for all sources. We further show
uGMRT-MeerKAT spectral index imaging for CGCG 044—
046 and in-band MeerKAT spectral imaging for all sources.

4.1 Integrated radio spectra

We complemented our flux density measurements with lit-
erature information. Table 3 (Cols. 2-9) lists the integrated
flux density we collected for our sources over a broad range
of frequencies along with error-bars. The corresponding in-
tegrated spectra are shown in Fig. 4.

Our data points are very well aligned with the litera-
ture data, which confirms the reliable calibration for both
uGMRT and MeerKAT observations. Note that we have
used an identical polygon for our uGMRT and MeerKAT
images to determine integrated flux density, making sure
that we do not include the obvious artefacts in the im-
ages. Inspection of Fig. 4 clearly shows that the spectra
of our sources have slightly different behaviours. Those of
CGCG 044046 and CGCG 021-063 are reasonably well-
fitted by a single power law, with o = —0.52 +0.09 and
—0.44 +0.11, respectively. Both these values are very flat,
which is remarkable if we consider that the integrated flux
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Table 3. The total intensity and spectral index for our sample sources. The integrated flux densities quoted are in Jy along with
corresponding error-bars when available.

Source 5160 MHz S318 MHz S408 MHz S690 MHz ~ S1284 MHz 51400 MHz S4850 MHz 515000 MHz
(Jy) (Jy) (Jy) (Jy) (Jy) (Jy) (Jy) (Jy)
(1) (2) (3) 4) (5) (6) (7) (8) 9)
4C12.02 9.1 £0.822 3.50 £0.19  2.15 +£0.07  1.88 £0.28° 0.46 £0.07¢
4C 12.03 7.6 +0.95P 4.45 +0.204 3.14 £0.18 2.06 £+0.06 1.90 £0.29¢ 0.54 £0.078
CGCG044—046 5.6 £0.84* 3.24 £0.16  2.05 £0.07 1.93 +0.07f 0.97 +0.15"
CGCG021-063 9.1 £0.822 5.74 +£0.26° 3.77 £0.20  2.80 £0.09  2.69 +0.10f 1.64 +0.23 1.06 +0.019

The flux densities of four radio sources at 550-850 MHz band (Col. 5) and at L-band (Col. 6) are reported. The flux density is
determined using AIPS task TVSTAT for irregular shaped radio sources. The error-bar on the measurement of flux density is based on the
RMS noise as evaluated in the irregular shaped polygon. The rest of the measurements at 151 MHz (Col. 2), 1400 MHz (Col. 6) and
4850 MHz (Col. 7) are from the NASA Extragalactic Database (NED). The spectral index (Col. 8) corresponds to the line representing
the best fitting regression to this data.
References: The references for flux density measurements from NED are as follows: (a) Slee (1995); (b) Gower, Scott & Wills (1996) and
the measurement is at 178 MHz; (c) Wright & Otrupcek (1981); (d) Large et al. (1981); (e) Parkes Catalog (1990); (f) White & Becker

(1992); (g) Gregory & Condon (1991); (h) White, Becker & Edwards (1991); (i) Griffith et al. (1995); (j) Richards et al. (2014).

density measurements include the diffuse emission tails and
radio lobes, whose spectra are typically steeper, i.e. a ~
—0.8. This suggests that for both sources the active compo-
nents, i.e. the core and inner jets, are the dominant source
of emission over a broad range of frequencies. The spectra of
4C12.02 and 4C 12.03 on the other hand, show a clear break
at ~ 1.2 GHz. Further, for both sources the spectra have
a ~ —0.7 down to 1.284 MHz, which steepens to o ~ —1.2
at higher frequencies, suggesting the dominant role of the
radio lobes at low frequency, as qualitatively suggested by
our total intensity images in both cases.

4.2 Spectral index imaging

We constructed the spectral index image via the standard
direct method, i.e.,

where S, (z,y) and Sy, (z,y) are flux densities at pixel lo-
cation (z,y) for two frequencies, v1 and v2.

With this approach we performed MeerKAT in-band
spectral index imaging for all sources in our sample. The
MeerKAT datasets were imaged using the WSCLEAN pack-
age (Offringa et al. 2014) via a joint deconvolution and 4th
order polynomial fitting options of it to make wide-band
multi-frequency synthesis images (see also Sec. 2.1). This
provides images at centre-frequencies and the correspond-
ing in-band spectral index maps. The resulting images are
shown in Fig. 5 for all sources, with total intensity radio con-
tours overlaid from the 856-1712 MHz (L-band) MeerKAT
data.

We further produced uGMRT-MeerKAT spectral index
images. The uGMRT and MeerKAT full resolution images,
which on average give 6 ~ 4”5 and 7”5 at full width half
maximum, were restored to the same angular resolution of ¢
= 8" at both central frequencies for the spectral index imag-
ing. We point out that the (u, v) coverage of the two arrays is
nearly identical, hence we did not need to remove baselines
in the (u,v) planes to match the range of accessible angular
scales in the two datasets. We use these matched resolution

images to construct the spectral index images. The errors in
the flux densities are approximately 5% and 3% at band-4
and L-band of uGMRT and MeerKAT, respectively, includ-
ing calibration errors. The final errors in the spectral in-
dices have been estimated by propagating individual errors
in quadrature. Here we show only the uGMRT-MeerKAT
spectral index image which we obtained for CGCG 044-046
(Figure 6). For this source the comparable sensitivity of the
uGMRT and MeerKAT datasets provides the best result,
which adds information to the MeerKAT in-band image.

CGCG 021-063 is affected by residual artefacts due to
the strong nuclear component, nevertheless the MeerKAT
in-band spectral index image is reliable for the strongest
features, i.e. the jets and the hot spots. The spectral index
distribution in our sources (see Fig. 5) shows a flat spectrum
core in all cases.

The spectral index image of 4C 12.02 is quite puzzling.
The spectrum of the very bright hot spots is overall sim-
ilar to that of the lobes, with a ~ —0.8, suggesting that
replenishment of fresh particles is reducing, or has stopped.

Radio galaxies show steepening from the hot spots to-
wards the core, which is consistent with what is found in
4C12.03 (Hardcastle 2005), where the lobes are back-flow
emission. Our image for 4C 12.03 shows a clear separation
in the spectral index distribution between the north-south
and east-west axis, the latter being considerably steeper
(¢ ~ —1.2 to be compared to the values in the range
a ~ —0.8 and —0.9 in the north-south lobes). Our results
are consistent with earlier findings in Rottmann (2001) and
Lal & Rao (2007). The source will be further discussed in
Sec. 5.

The spectral index image of CGCG 044-046 shows four
clearly separated regions, with the spectral index steepening
gradually from the flat to inverted spectrum core, to the
ending parts of the tail, where it reaches values of a >~ —1.5.
This source will be further discussed in Sec. 5.

Despite the overall poorer quality of the image, the
spectral index distribution of CGCG 021-063 is quite inter-
esting, with the north-western hot-spot considerably flatter
than the surrounding emission from the lobe, i.e. o ~ —0.8
and o ~ —1.2 respectively. On the other hand, the eastern
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Figure 5. MeerKAT in-band spectral index images of our four sample sources, 4C 12.02 (top-left panel), 4C 12.03 (top-right panel),
CGCG 044—046 (bottom-left panel) and CGCG 021—063 (bottom-right panel). The total intensity radio contours from the MeerKAT
data are overlaid on it, with the lowest radio contour plotted is three times the local RMS noise and increasing by factors of 2. We have
also marked the three distinct regions of emission beyond the compact flat spectrum core, the inner jets all the way to the hot spots,
the central part of the tails, and the terminating part of the tails for the CGCG 044-046 source. It highlights three different regions of
emission beyond the compact flat spectrum core: (1) the inner jets all the way to the hot spots; (2) the central part of the tails, labelled
as ‘B’ and ‘C’, and (3) the terminating part of the tails, labelled as ‘A’. This feature, ‘A’ is the end of the tail and is called as the eastern
protrusion. Furthermore the sharp transition from the central to the terminating part of the tail in the western radio emission is marked

as dashed magenta line (see also Sec. 5.3).

hot-spot and channels of emission feeding it (see bottom-left
panel of Fig. 3) have a similar spectral index, in the range
a~ —0.9.

5 DISCUSSION

The MeerKAT and uGMRT images presented in this pa-
per cover a frequency range from 550 MHz to 1712 MHz at
nearly identical angular resolutions and sensitivities, which
is ideal for studying the radio morphology and spectral fea-
tures in the jets and lobes of radio galaxies. The images ob-
tained with the two arrays, for all the sources studied, are
remarkably similar in detail, which gives us confidence in the
image integrity, imaging processing, and calibration of the
uGMRT and MeerKAT data. The remarkable coincidence of
the radio contours with the galaxies in the optical overlay
(Fig. 1) gives us confidence in even the lowest contour in our
images.

Overall, our images confirm the morphological classi-
fication which is reported in Table 1, and which has been
made on the basis of images at lower sensitivity and poorer

angular resolution. The only exception is CGCG 021-063,
which can be classified as FRII radio galaxy. At the same
time, each source has revealed interesting features which
open new questions and throw light on the complexity of
the interplay of the radio plasma emitted by the host galaxy
and the surrounding medium in which the jets propagate.
Our total intensity and spectral index imaging suggest that
we can broadly identify three different regimes in all our
sources: a region close to the AGN (and within the optical
host) where the FRI and FRII division is relevant and fairly
clear, a region further from the AGN where the intergalac-
tic medium (IGM) affects the hot spots, and a third region,
which goes beyond the hot spots and bears information on
the interaction between the tails and the external medium
(as in the case of CGCG 044-046).

Furthermore, the high angular resolution and high sen-
sitivity of our images clearly reveals that substructure in the
hot spots is common, which we discuss below.



Classical radio galazies with uGMRT and MeerKAT 11

-2 -1 0

07 04 00
0330
00

02 30
00 —

S :

065930 — =

0130

Declination
o
3

=)
3
@
S

o
S

131630 25 20

Figure 6. Spectral index image using the uGMRT and MeerKAT
for CGCG 044—046 radio galaxy. The radio contour plotted cor-
responds to a spectral index of —1.0.

5.1 Multiple hot spots

The western hot spot in 4C 12.02 has two peaks (labelled in
Fig. 3, upper-right panel), and the one closer to the core is
perpendicular to the direction of the lobe. The eastern hot
spot has three peaks along the direction of the jet flow, and
it is notable that the brightest peak is not the outermost one.
Some faint emission is also detected beyond the northern hot
spot of 4C 12.03, while the southern hot spot is broad and
uniform in surface brightness, which is unusual. The bent
morphology of CGCG 044-046 is typical of radio galaxies at
the centre of groups and clusters of galaxies. At the same
time, the structure of the hot spots in the inner part of
the source poses the question of what is really bending the
jets and how the flow propagates beyond their location. Fi-
nally, the north-western hot spot in CGCG 021-063 is not
the terminating point of the jet, because the radio emission
is detected beyond the hot spot. The hot spot itself has two
peaks of comparable brightness and is elongated along the
direction of propagation of the jet. The south-eastern hot
spot is misaligned with the source axis and has complex
morphology perpendicular to the jet axis.

Hot spots are believed to be the result of some form
of shock, such as the working surface of the jets when they
hit the interstellar medium or the IGM, forming the ter-
mination shock, also called the standing or reflected shock
front (Hardcastle 2005). The spectral index images shown
in Fig. 5 are overall consistent with this idea, but there
are some interesting trends that should be noted. On av-
erage, the hot spots have flatter spectra than the jets and
lobes. However, there are remarkable deviations. For exam-
ple, 4C12.02 is intriguing, since the spectral index of the
hot spots is not different from the emission of the lobes, at
least in the MeerKAT frequency range (856-1712 MHz). The
integrated spectrum for this source also suggests that the
compact features are not dominant in the emission at high
frequency. Additionally, the spectral features of the south-
eastern hot spot in CGCG 021-063 are not different from
the spectrum of the emission of the adjacent regions of the
lobe.

Radio galaxies with multiple knots and hot spots
have been known for quite some time, with the hot spots
themselves detected even at wavelengths other than radio
wavelengths (e.g. Kraft et al. 2005; Hardcastle et al. 2007;
Hardcastle & Krause 2014). Our results suggest various pos-
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Figure 7. Flux densities as a function of frequency (spectra)
for four distinct regions of 4C12.03 radio galaxy at low radio
frequencies (see Sec. 5.2). The 240 MHz and 610 MHz measure-
ments are from Lal & Rao (2007), the 690 MHz and 1284 MHz
measurements are using uGMRT band-4 and MeerKAT L-band
images presented here, and the 1.5 GHz measurements are from
Leahy & Perley (1991). The error-bars are smaller than the size
of the symbols.

sibilities, such as the propagation of the jets through contact
discontinuities, or standing shocks. The sensitivity and reso-
lution of our images allow detailed insight into the brightness
distribution of the lobes. Furthermore, each of the sources
presented here shows features that deserve attention, which
are discussed in the next subsection.

5.2 Jets and lobes

The misalignment and asymmetry of the two lobes in
4C12.02 is remarkable. Moreover, the transition between
the hot spot and lobe in the western emission is very
sharp. We should note that the size of this radio galaxy
places it in the class of giant radio galaxies. The prop-
erties of the external medium can thus change consider-
ably through almost 800 kpc and projection effects may
play an important role (Harwood, Vernstrom & Stroe 2020;
Krause, Hardcastle & Shabala 2019). Furthermore, despite
the morphology with prominent hot spots in both directions
of the emission, the uniform spectral index between the lobes
and hot spots suggests that the latter are no longer replen-
ished.

The X-shaped morphology of 4C 12.03, as well as its
spectral index distribution, led us to investigate whether the
radiative age in the north-south and in the east-west axes
differ, as would be expected if they traced two different cy-
cles of radio activity. The trend of the integrated spectral
index in 4C12.03, shown in Fig. 7 (green line) highlights
the contribution of the east-west structure in the total flux
density at high frequencies. Assuming an equipartition of
energy between relativistic particles and magnetic field, we
determine magnetic fields, Beq (and minimum energy densi-
ties, ueq, Miley 1980) for the regions encompassing hot spots
along the north-south axis and ‘winged’ diffuse radio lobes
along the east-west axis. The north and the south hot spots
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have Beq = 3.8 uG (and teq = 13.7 x 107"% erg cm ™) and
Beq = 3.1 pC (and teq = 9.5 x 107" erg cm™?) respectively,
whereas the east and the west diffuse lobes have Beq = 2.1
pG (and teq = 4.5 x 10713 ergem ™) and Beq = 1.4 uC (and
Ueq = 2.0 X 10713 erg cm*?’)7 respectively. Here we have as-
sumed the ratio of energy in the heavy particles to that in
the electrons and the filling factor of the emitting regions to
be unity. The sizes of the four regions are symmetrical rect-
angular regions, each being at least ~15-20 beams across.
From Fig. 7 we estimated a break frequency v,,=0.69 GHz
for the east and west wings, and assumed v,,=1.2 GHz for
the north and south lobes. This leads to radiative lifetimes
(Jaffe & Perola 1973) of 40.8 Myr and 41.4 Myr respectively
for the north and the south lobes (this value should be con-
sidered an upper limit, as the assumed break frequency is
a lower limit), and 52.1 Myr and 51.5 Myr for the east and
west diffuse lobes, respectively. The estimates of both the
equipartition magnetic field and the radiative age, though
not conclusive, are consistent with the possibility that the
east and west diffuse wings are formed due to hydrodynamic
mechanism, i.e. back-flow from the north and south active
lobes, as suggested also by the in-band spectral index map
of 4C12.03 (Fig. 5, top-right panel).

4C12.03 is also characterised by two peaks of emission
along the north-south jet, symmetrically located with re-
spect to the core and separated by ~ 80 kpc (Figs. 1 and 3).
They are well visible also in the spectral index distribution
(Fig. 5). They could be either brightness peaks of the under-
lying jets feeding the hot spots, or an inner double source
related to a new cycle of radio activity (Schoenmakers et al.
2000). Unfortunately, our data do not allow us to discrim-
inate between the two alternatives. Finally, we point out
that the active axis is not aligned with the axis of the inner
double source. The northern hot spot is aligned at ~10 deg,
and the southern one at ~40 deg. It is unclear what could
be responsible for such misalignment over scales of several
hundreds of kiloparsec.

Unfortunately, the artefacts affecting the images of
CGCG021-063 do not allow a detailed analysis of its fea-
tures. However, the filamentary structure of the south-
eastern lobe is clear and remarkable. The uGMRT total in-
tensity image is suggestive of two parallel channels feeding
the hot spots. Alternatively, they could be the outer walls
of the propagating continuous stream of radio-emitting syn-
chrotron plasma (labelled in Fig. 3, upper-left panel). Look-
ing more closely at the uGMRT and MeerKAT images to-
gether, the two parallel channels in the south lobe are off the
line joining the north hot spot through the radio core to the
south hot spot, which contradicts the simple picture that
the two parallel channels in the south lobe could be feeding
the hot spots. It seems more likely that the two channels are
leading away from the south hot spot, rather than leading
towards it, which then suggests that these parallel channels
are probably the reflected shocks or back-flow emission. The
MeerKAT in-band spectral index in this region is very uni-
form, ~ —0.9, with no apparent transition between the hot
spot and the emission feeding it. The jets and hot spots are
surrounded by a cocoon and the cocoon could be a result
of back-flow emission. It is possible that projection effects
play a role in this source, as suggested by the very compact
core and the strong asymmetry between the north-east and
south-west jets.

5.3 CGCG 044-046

The overall observational properties of CGCG 044-046
source suggest that the local environment plays a major role.
More specifically, the physical mechanism giving rise to bent
tails is possibly due to the motion of the host galaxy through
the ICM. The source extends ~ 414 kpc to the west and ~
207 kpc to the south-east, i.e. well into the ICM. The source
is remarkably similar to 3C 465, the prototype of wide-angle
tail radio galaxy (Eilek et al. 1984; Giacintucci et al. 2007).

The total intensity and spectral index images highlight
three different regions of emission beyond the compact flat
spectrum core: (1) the inner jets all the way to the hot
spots; (2) the central part of the tails and (3) the terminat-
ing part of the tails. The overlay of the MeerKAT contours
and the r-band SDSS image of the optical field shows that
the hot spots are located outside the envelope of the optical
galaxy, at least at the sensitivity level of the r-band SDSS
image. We point out that the my; = 16.7 galaxy just north
of CGCG 044-046 and within its optical envelope (at least
in projection) is VIII Zw 276 and is located at the cluster
redshift, z = 0.049567.

The inner jets and the hot spots (region 1) have a fairly
uniform spectral index, ~ —0.6, which is quite flat. The tran-
sition between the inner jet and the central part of the tail is
sharp in the western part of the radio galaxy, both in the to-
tal intensity image and in the spectral index, which steepens
to a >~ —0.9. This part of the tail (region 2) shows promi-
nent bending with edge brightening. A sharp spectral transi-
tion with similar values is seen beyond the eastern hot spot,
too. In the eastern lobe, we note a flatter central ridge with
a ~ —0.7 surrounded by steeper emission with a =~ —0.9.

In the western emission, the transition from the central
to the terminating part of the tail (region 3) is sharp both in
the total intensity image and spectral index, which steepens
from values around —1.0 to values around —1.5. The eastern
lobe, on the other hand, seems to bend behind the emission
itself, and we believe that the eastern protrusion (labelled
‘A’ in Fig. 5) with a spectral index as steep as —1.6/—1.8 is
the end of the tail.

The origin of these sharp transitions in surface bright-
nesses and spectral properties is unclear. They could re-
flect intermittent activity in the radio emission of the AGN
and/or significant interaction of the jets and lobes with dis-
continuities in the IGM.

Further hints of substantial bending come from the po-
larisation properties. This source is the only one with polari-
sation calibration source included in our MeerKAT observa-
tion. Patnaik, Malkan & Salter (1986) presented a polarisa-
tion study at higher frequency (VLA L- and C-band), and
was able to constrain rotation measures across the source
to within £30 rad m~2. Although these values are under the
detectable range with our frequency coverage, we used full-
band @ and U maps and did not perform rotation measure
analysis.

The upper panel of Fig. 8 shows the electric field vec-
tors superimposed on the MeerKAT total intensity image.
There is a remarkable asymmetry in polarisation between
the western and eastern regions of the radio emission and
the two tails differ significantly in polarisation fraction. In
particular, the central and terminating part of the west-
ern tail is much more polarised than the south-eastern
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Figure 8. The radio polarisation image (upper-panel) and the r-band SDSS (DR12) image (lower-panel) of CGCG 044—046 with the
MeerKAT L-band total intensity radio contours overlaid on them. Also overlaid on the polarisation image are the EVPA orientation
vectors. In both images, the lowest radio contour plotted is approximately three times the local RMS noise (= 18.0 pJy beam™! and
23.5 pJy beam ™!, in upper and lower panels, respectively) and increasing by factors of 2. The distribution of E vector position angles
are shown, where the vectors have lengths proportional to the degree of polarisation p. The length of the vector, 1 arcsec corresponds to
3.125% (the length of the vector corresponding to p = 4% is shown in the lower left corner). No vectors are shown where the polarised
signal-to-noise is <4:1. The vectors are shown slightly undersampled, at ~5 arcsec intervals, for clarity. Four bright galaxies that are also
part of the Zwicky cluster 1313.740721, of which CGCG 044—046 is the dominant galaxy, are also marked (see also Sec. 5.3).

one. Our recovered polarisation vectors are consistent with
Patnaik, Malkan & Salter (1986), but provide more detail
across the lobes. Considering that this radio galaxy is at the
centre of a galaxy cluster, where dense ICM is usually found,
we suggest that the source is not in the plane of the sky

and interpret the polarisation asymmetry as due to Laing-
Garrington effect (Garrington et al. 1988), i.e., an external
medium that is denser against the south-eastern lobe.

As a final remark, we point out that the four bright
galaxies with radio emission clearly visible in the lower panel
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of Fig. 8 are all part of the same Zwicky cluster 1313.740721.
In particular, using data gleaned from NED (labelled in
Fig. 8, lower panel), their names from west to east are as
follows: (i) WISEA J131604.494-070453.4 (my=18.4) at z =
0.049298; (ii) CGCG 044—047 (m = 15.6) at z = 0.049551;
(iif) WISEA J131631.79+070000.9 (no magnitude available)
at z = 0.049297; and (iv) WISEA J131636.85+070054.6 (m
= 17.11) at z = 0.047596.

6 CONCLUDING REMARKS

In this paper we have presented uGMRT and MeerKAT im-
ages of four radio galaxies belonging to a larger sample of
12 FRTI and FRII radio galaxies selected from the 4C cata-
logue with the main goal of investigating whether the sharp
differences between the FRI and FRII morphologies still
hold with the improved imaging capabilities of the current
generation of radio interferometers, or if we need more mor-
phological classes.

We have explored the radio morphology of our four tar-
gets - 4C12.02, 4C12.03, CGCG 044-046 and CGCG 021-
063 - in the light of the superb image sensitivity reached by
the uGMRT in the 550-850 MHz band, and by the MeerKAT
in the 856-1712 MHz band. The collected information hence
seamlessly spans more than 1 GHz in bandwidth. We have
supplemented our total intensity datasets with MeerKAT
in-band spectral imaging for all sources. Furthermore, for
CGCG 044-046 we obtained the uGMRT-MeerKAT spectral
structure and MeerKAT polarisation information.

The MeerKAT and uGMRT images of all four radio
galaxies presented here are remarkably similar in detail,
which gives us confidence in image fidelity, imaging processes
and calibration of the uGMRT and MeerKAT. Moreover, in
all cases, the morphology in the uGMRT band-4 and in the
MeerKAT L-band is the same, even in the finest details.

While we conclude that the overall FR I-FRII classifica-
tion scheme still holds, at least for our targets, the combina-
tion of uJy beam™" sensitivity and high (~ 5" to 7”) angular
resolution over the full 550-1712 MHz range reveals very in-
teresting features. For example, filamentary emission in the
lobes and substructure in the hot spots is common. More-
over, in CGCG 044-046, CGCG 021-063 and in the north
hot-spot of 4C 12.03 the radio emission extends beyond the
hot spots themselves. In 4C 12.02 and 4C 12.03 the two hot-
spots are not at 180° with respect to the core, and it is
unclear what may cause such slight misalignment over hun-
dreds of kpc.

The MeerKAT in-band spectral imaging has comple-
mented and confirmed the morphological classification from
the total intensity radio images and provided new insights
into some of the radio sources. In particular, the uni-
form steep spectrum in the lobes and hot-spots of 4C 12.02
suggests that the hot-spots are no longer replenished by
fresh electrons. The radio emission in the east-west axis
of 4C12.03 is steeper than the north-south axis, and one
possibility is that the former is the result of hydrody-
namic back-flow, as has been recently seen in PKS 2014-55
(Cotton et al. 2020). This radio galaxy also shows two in-
ner brightness peaks, which form an inner double ~80 kpc
in size, aligned with the north-south axis of emission. Fur-

ther investigation will be required to determine if this is the
signature of restarted activity.

Finally, the MeerKAT in-band spectral structure and
polarisation information for CGCG 044-046 shows that most
likely the source is not in the plane of the sky and that the
observed properties are strongly affected by the cluster envi-
ronment. We interpret the asymmetries in the polarisation
properties as due to the Laing—Garrington effect.

Our work further shows that very good image sensitivity
over a broad range of angular scales is necessary to perform
a detailed study of radio galaxies, and warns against the ac-
curacy of the morphological classification of radio galaxies
made with source detection algorithms, especially for sur-
veys made with radio telescopes which have much lower sen-
sitivity to diffuse, low brightness emission.

At least for the sources presented in this paper, we con-
clude that there is probably little value in establishing a
more complicated morphological classification system. It ap-
pears to us that the FR I and FRII (and possibly FR 0) mor-
phologies are common and basic and that the complexities
are introduced by the local environment, buoyancy and mo-
tions through the IGM. All are probably at play, together
with reflection, refraction or bifurcation of bow shocks at
discontinuities in the IGM. Adding further descriptors (e.g.
wide-angle tail or narrow-angle tail) may be useful to link
the morphology to the environment in which the lobes are
formed or propagate, whereas the FR I/1II classification prob-
ably describes conditions closer to or more intrinsic to the
AGN and host galaxy.
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