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Abstract: We present a progress report of a study of FR I and FR II radio galaxies. Several new
morphological features in the radio emission are now revealed using the high (µJy) sensitivity
reached in the range 550–1712 MHz, more than a factor of three, at the high (∼4′′ − 7′′) angular
resolution with the upgraded Giant Metrewave Radio Telescope (uGMRT) and MeerKAT. Therefore,
the aim of this study is to understand if we need to revise our current classification scheme for
classical radio galaxies. In order to address our goals, we have carefully constructed a sample of
14 (6 FR I, 6 FR II and 2 FR 0) radio galaxies. The uGMRT and MeerKAT images of our four target
sources revealed a wealth of morphological details, e.g., filamentary structure in the emission from
the lobes, misalignments, radio emission beyond the hot-spots in three sources, etc.; see Fanaroff
et al. (2021). Here, we present preliminary results for two more radio galaxies from our sample
using uGMRT, in the light of the local environment. Finally, we are awaiting uGMRT and MeerKAT
observations of remaining sample sources. Our results show that for the radio galaxies in this study,
the morphological classification scheme for the classical FR I/FR II radio galaxies still holds, even
with the improved imaging capabilities of the uGMRT and MeerKAT. Furthermore, we need to be
cautious when using automated procedures for classification schemes, e.g., in surveys (with poorer
sensitivities and angular resolutions) because of the rich morphological details that are shown in our
uGMRT and MeerKAT images.

Keywords: galaxies; active–galaxies; jets–galaxies; nuclei–galaxies; polarisation–galaxies; structure–
radio continuum; galaxies–galaxies; cluster

1. Introduction

It will soon be 50 years since the publication of the paper: The morphology of extra-
galactic radio sources of high and low luminosity, Fanaroff & Riley [1]. The paper, with
a citation record higher than 2000, has set the basis for the study of extragalactic radio
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sources. The classification of extended extragalactic radio sources in FR I and FR II types
is still used to separate low power and high power radio galaxies, respectively [2]. Our
knowledge of extragalactic radio sources has improved considerably over the past half
century, and the key inferences are summarized below:

(1) Several radio galaxies (e.g., Centaurus A, M 87, NGC 1275, etc.) have been well studied
in radio, infrared, optical, X-ray, and γ-rays (e.g., Centaurus A: [3–5]). They have been
detected from radio to TeV γ-rays, and also have been studied as high-nutrino and
ultra-high energy cosmic-ray potential emitters [6]. These studies propose a leptonic
and hadronic model to explain the broadband spectral energy distribution spectrum
in them (see also [7] and references therein).

(2) FR I radio galaxies (radio powers, Prad < 1024 W Hz−1 at 1.4 GHz) with their sym-
metric prominent jets and lobes, are known to be associated with the low excitation
emission line galaxies [8,9]. Departures from the straight FR I radio morphology,
are common for optical hosts in galaxy clusters, where the radio jets are exposed to
a combination of effects, e.g., galaxy motion through the intracluster medium and
“cluster weather” [10], and often form spectacular tailed radio galaxies [11].

(3) FR II radio galaxies (Prad > 1024 W Hz−1 at 1.4 GHz) are again well known to be
associated with large diffuse, double lobes and bright hot spots. The nuclear activity
of the optical host usually shows high excitation emission lines [8,9]. The jets of
these sources are often asymmetric, and the lobes are the result of backflow from the
hot spots.

(4) It is commonly stated that FR I preferentially reside in dense environments, such as
clusters and groups of galaxies, whereas FR II are found in less dense environments.
Note the famous FR II radio galaxy, Cygnus-A, an exception, is in a galaxy group [12].

(5) FR II radio galaxies populate the Universe to much larger redshifts than FR I radio
galaxies [12], which is believed to be partly due to selection effects related to the
sensitivity and resolution of the radio interferometers used in surveys. This paradigm
is clearly expected to change with the advent of new surveys in the 0.5–2 GHz range,
e.g., EMU and superMIGHTEE using ASKAP and uGMRT-MeerKAT, respectively.

(6) The propagation of radio jets of FR I radio galaxies in an external medium is used
to explain its morphology and jet broadening [13,14]. VLBI studies show that jets
of both, FR I and FR II radio galaxies are relativistic (i.e., [15,16]). However, jets in
FR I decelerate closer to the core than jets in FR II, possibly due to differences in their
environments.

(7) Last but not least, a new class of low power radio galaxies has been recently character-
ized, the so-called FR 0 [17]. The radio power of these sources is typical of FR I radio
galaxies; however, they are compact on the scale of few arcseconds. High sensitivity
observations at high angular resolution show that some of them have double-sided
jets on very small angular scales, but many remain compact.

In the recent times, the amazing performances of the radio interferometers, which are
paving the way to the Square Kilometre Array (e.g., see [18–20]), are posing new exciting
questions, which challenge our knowledge in the field. Some of them are as follows:

(1) Does the “simple” FR I/FR II classification of morphology still hold up in the era of
arrays with very high dynamic range?

(2) Does very low surface brightness diffuse radio emission beyond the known boundaries
of radio galaxies exist that is associated with the radio galaxy itself?

(3) Is it possible that the dominant FR I/FR II classification holds for the current cycle
of activity, but low surface brightness emission has been blown away by winds or
buoyancy into more complex (and so far missed) shapes?

(4) What is the nature of FR 0, and how do they fit into the overall classification?
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2. Sample Selection

In order to address the questions highlighted in Section 1, we selected a sample of
FR I and FR II radio galaxies from the 4C catalogue (−7◦ < δ < 80◦; [21]) that meet the
following selection criteria. The source

(i) Is hosted by a detected optical galaxy;
(ii) Has spectroscopically determined redshift z, and 0.05 < z < 0.20; thereby to (i) have a

similar fraction of FR Is and FR IIs and to (ii) ensure detection of Mpc scale extended
emission using uGMRT 550-850 MHz band (band-4);

(iii) Is in the declination range [−10◦: +20◦], to ensure comparable (u, v)-coverages and
visibility with both, uGMRT and MeerKAT arrays; and

(iv) Has a clear double radio morphology at the (45′′) angular resolution of the NRAO
VLA Sky Survey (NVSS: [22]).

These well defined selection criteria provided us with a total of 14 sources; 6 FR I, 6
FR II and 2 FR 0 radio galaxies.

3. Observations and Data Reduction

The upgraded Giant Metrewave Radio Telescope (uGMRT), an array with a hybrid
configuration [23,24], was used to observe our six samples during cycle-36, and the remain-
ing eight sample sources will be proposed for uGMRT observations in the forthcoming
GTAC cycles. Similarly, MeerKAT is also a hybrid array [25], which was used to observe
ten sample sources during A01 and A02 cycles, and the remaining four sources will be
proposed during the next MeerKAT call for proposal. The observations described in this
paper were all carried out with the new dual polarization (RR and LL) 550–850 MHz band
(band-4) receivers of uGMRT, and with the dual linear polarization (horizontal and vertical)
856–1712 MHz (L-band) receivers [26,27] of MeerKAT.

The data reduction and calibration of the data presented in this paper was carried
out following the standard procedures [28,29]. Our choice of sample sources, along with
on-source integration time per source for the uGMRT and the MeerKAT arrays, were such
that we obtained nearly identical (u, v)-coverages, and hence imaging sensitivities. Thus,
the MeerKAT and uGMRT data cover a frequency range from 550 to 1712 MHz providing
radio images at nearly identical angular resolutions and sensitivities, which is ideal for
studying the radio morphology and spectral substructures in the jets and radio lobes of the
carefully selected sample of radio galaxies.

4. Results

Since this is an ongoing project, we here present our understandings of radio galaxies
in three parts, the (recent) past (see also [28]), the present and the future, corresponding to
the status of uGMRT and MeerKAT observations of the well defined sample of 14 radio
galaxies.

4.1. The Past

Fanaroff et al. [28] presented the results for the first set of four radio galaxies from
this study and concluded that at least for the study of four sources, the classical FR I/FR II
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. While the authors concluded that the overall FR I–FR II classification scheme
still holds, at least for our targets, the combination of µJy beam−1 sensitivity and high
(∼5′′ to 7′′) angular resolution over the full 550–1712 MHz range reveals very interesting
features. Below, we provide inferences from this early study.

4.1.1. Radio Morphology

Figures 1 and 2 provide the high-sensitivity, high-resolution images of four sources
using uGMRT and MeerKAT, respectively. Clearly, it demonstrates that in almost all
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cases, barring CGCG 044−046, the surface brightness declines sharply at the edges of the
visible radio lobes and of the low surface brightness features. Below, we present salient
morphological features of images of our four radio galaxies shown in Figures 1 and 2.
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Figure 1. The uGMRT 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 images
have angular resolutions of ∼4′′. The magenta surface brightness radio contours, correspond to the
full synthesis uGMRT images, and the levels are RMS × 3, 6, 12, . . ., 384, which increases by a factor
of two. The RMS noise levels in the near vicinity of the source are provided on the upper-left corner
of each image. Note that the image of CGCG 021−063 is dynamic range limited, most likely because
of the strong compact core.

4C 12.02—It is a FR II radio galaxy whose optical host galaxy is located at redshift
z = 0.143. The angular resolution of the uGMRT provides insight into the morphology of
the hot spots, while the MeerKAT highlight the details and extent of the radio lobes (see
also [28] and Figures 1 and 2, top-left panel images). The hot spots are resolved to show
multiple peaks. More specifically, there is a minimum of two hot spots near the termination
of the west jet, and the hot spot before the bow shock is extended in an arc perpendicular
to the source major axis, which may suggest some sort of reflected, internal shock.

4C 12.03—It is an X-shaped radio source that is associated with an elliptical host galaxy,
classified as a low-emission line radio galaxy located at redshift z = 0.156 [30,31]. Our new
uGMRT and MeerKAT images suggest that 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 brightness wings (see also [30] and Figures 1 and 2, top-right panel images).
The north–south radio morphology seems to follow an arc, i.e., it shows asymmetry. In
addition, the angular resolution of our uGMRT and MeerKAT images clearly shows the
presence of two inner brightness peaks, forming an inner double lobed structure, that are
perfectly aligned with the outer large north–south radio lobes. Thus, the source is possibly
a restarted radio source [32].

CGCG 044−046—The radio galaxy is identified as a cD galaxy and is associated with the
Zwicky cluster 1313.7+0721 at z = 0.050145. We discuss this source (see Figures 1 and 2, bottom-left
panel images), including its spectral and polarization properties in Section 4.1.2 below.

CGCG 021−063—It is a triple extended or a S-/Z-shaped radio source that is located at
redshift z = 0.0525. Our uGMRT and MeerKAT images are dynamic range limited because
of the dominant compact radio core (see Figures 1 and 2, bottom-right panel images).
However, images show that the radio emission has two components, a radio galaxy that
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is embedded in a low-surface brightness cocoon of radio emission. The radio lobes have
characteristic FR II morphology, and only one (visible) jet that is pointing towards us.
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Figure 2. The MeerKAT 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
images have angular resolutions of ∼7′′. The blue surface brightness radio contours, correspond
to the full synthesis MeerKAT images, and the levels are RMS × 3, 6, 12, . . ., 384, which increases
by a factor of two. The RMS noise levels in the near vicinity of the source are provided on the
upper-left corner of each image. Note that the uGMRT images (see Figure 1) and MeerKAT images
are remarkably similar in detail, which gives us confidence in image fidelity, imaging processes and
calibration of the uGMRT and MeerKAT data.

4.1.2. CGCG 044–046

A bent radio source, typical of radio galaxies at the centre of galaxy clusters and
groups [11,33]. The uGMRT and MeerKAT images suggest that it possibly belongs to the
wide-angle tail class of radio galaxies (see Figures 1 and 2, bottom-left panel images). The
extension of the western tail was also detected earlier at low-radio frequencies via GLEAM,
though at a much lower angular resolution [34–36]. Images show an inner pair of straight
jets, similar to the radio jets of FR I radio galaxies, which form two hot spots. Our images
also show another bend at the southern end of the tail, behind the radio tail. Furthermore,
there is a sharp transition between the western jet and the tail, i.e., the tail shows very little
transverse expansion, makes a few wiggles and then fades completely (see [28]).

In case of observed properties of CGCG 044–046 source, we believe that the local
environment plays a major role, e.g., the physical mechanism giving rise to bent tails is
possibly due to the motion of the host galaxy through the ICM. The total intensity and
spectral index images using uGMRT and MeerKAT highlight three different regions of
emission beyond the compact flat spectrum core, namely, (1) the inner jets reaching out all
the way to the hot spots; (2) the central region of the radio tails and (3) the terminating part
of the radio tails (see also [28]).

Spectral properties − The eastern lobe seems to bend behind the radio emission, which
is called the eastern protrusion (see [28] labelled ‘A’ in Figure 5, left-left panel image), has a
steep spectral index = −1.6/−1.8 located at the far end of the radio tail. Whereas 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 in the spectral index image, which steepens
from moderate values ≈ −1.0 to must steeper values ≈ −1.5. In the eastern lobe, we note
a flatter central ridge with α ≈ −0.7 surrounded by steeper emission with α ≈ −0.9 and
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a sharp spectral transition with similar values is seen beyond the eastern hot spot. The
inner jets and the hot spots (region 1) have a fairly uniform flat spectral index, '−0.6. The
transition between the inner jet and the central part of the tail is also sharp in the western
part of the radio galaxy, both in the total intensity image and in the spectral index image,
which steepens to α ' −0.9. This part of the tail (region 2) shows prominent bending
with edge brightening. We are unclear of the origin of these sharp transitions in surface
brightnesses and spectral properties, though these could be due to intermittent activity in
the radio emission of the AGN and/or significant interaction of the jets and lobes with
discontinuities in the IGM.

Polarisation properties—We were fortunate to have included the polarization cali-
bration source in our MeerKAT observation for this source. The figure presented in
(Fanaroff et al. [28] Figure 8, lower panel image), shows the electric field vectors superim-
posed on the MeerKAT total intensity image. We note remarkable asymmetry in polar-
ization between the western and eastern regions of the radio emission and the two tails
differ significantly in polarization fraction. Patnaik, Malkan & Salter [37] using VLA L-
and C-band constrained the rotation measures across the source to within ±30 rad m−2.
Along similar lines, the central and terminating part of the western tail is much more
polarized than the south-eastern one in our images and our recovered polarization vectors
are consistent with Patnaik, Malkan & Salter [37]. Furthermore, this radio galaxy is located
close to the center of a galaxy cluster, with dense ICM in its vicinity, we therefore believe
that CGCG 044−047 is not in the plane of the sky and the Laing–Garrington effect [38] is
responsible for the observed polarization asymmetry [28].

4.2. The Present

The uGMRT and MeerKAT images presented in Fanaroff et al. [28] cover a frequency
range from 550 MHz to 1712 MHz at nearly identical angular resolutions and sensitivities.
This early study demonstrated that these observing bands of the uGMRT and MeerKAT
together form an ideal situation for studying the radio morphology and spectral structures
in the jets and radio lobes of radio galaxies. Here, we present the observations of two
sample radio sources, 4C−03.43 and 3C 105 using the uGMRT at 550–850 MHz (band-4)
and present salient features of their radio morphologies.

4C−03.43—The radio source located at z = 0.05196 hosted by an elliptical host
galaxy [39]. Our uGMRT image (see Figure 3, left panel image) shows the radio mor-
phology of a classic FR I radio galaxy. It seems that the radio jets connecting the outer lobes
are curved in a way that suggests a rotation of the radio galaxy rather than motion through
the external medium.

Another radio source of an unusual morphology associated with the WISEA
J113325.24−040414.6 source is located ∼6 arcmin south-east of our target 4C−03.43 radio
galaxy. It is detected in the NVSS (flux density = 10.6 ± 1.3 mJy) and is also detected at the
low-frequency GLEAM survey (flux density = 254 ± 46 mJy; [22,34]).

3C 105—A radio source located at z = 0.10308 hosted by an highly flattened elliptical
red galaxy, and is a typical NLRG with only nuclear emission lines [40]. The historical radio
source, first classified as a type 2 Seyfert galaxy and subsequently as a highly absorbed
hyperluminous FR II radio source. Our uGMRT image (see Figure 3, right panel image)
is dynamic range limited due to the dominant southern hot spot; nevertheless, the radio
morphology consists of a weak core and prominent hot spots. A careful inspection suggests
a ridge of emission having an overall curved shape within the southern radio lobe, and the
northern radio lobe has a characteristic ‘hammer-head’ structure. This characteristic feature
could be interpreted in terms of the recent escape of the lobe from a sharply bounded halo
around the host galaxy [41].
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Figure 3. The images of our two sample sources, 4C−03.43 (left panel) and 3C 105 (right panel) at
550–850 MHz of the uGMRT. The uGMRT images have native angular resolutions of ∼4′′, which are
convoluted using 8′′ Gaussian kernel. The surface brightness contour levels, in magenta, are RMS ×
3, 6, 12, . . ., which increases by a factor of two. The rms noise values are 33.8 µJy beam−1 (4C−03.43,
left panel image) and 126.1 µJy beam−1 (3C 105 right panel image) at the half-power points in the two
images, respectively. Note that the lowest two radio contours surrounding the southern radio lobe of
3C 105 (right panel image) have been suppressed to highlight morphological features of the northern
radio lobe showing characteristic ‘hammer-head’ structure (see also Section 4.2 for a discussion), and
to show a confirm detection of the radio core; otherwise, we see the starry pattern around dominant
southern hot spot. Such a pattern was also seen in our CGCG 021−063 radio galaxy (see Figure 1,
bottom-right panel image) to some extent; thus, the image is dynamic range limited and we are
exploring improved imaging algorithms to address this.

4.3. The Future

It is clear that at present, we are limited by the statistics. Hence, the observations
of the complete sample of 14 (6 FR I, 6 FR II and 2 FR 0) radio galaxies that are carefully
selected with well defined selection criteria is a must in order to address our key goal:
if the differences between the FR I and FR II morphologies still hold with the improved
imaging capabilities of the current generation of radio interferometers, or if we need more
morphological classes. The observations of the remaining sample sources are proposed for
early 2022, and the project is therefore still under discussion, so stay tuned.

5. Conclusions

In this paper, we have summarized the results presented in Fanaroff et al. [28] for the
uGMRT and MeerKAT images of four radio galaxies belonging to a larger sample of 14 (6
FR I, 6 FR II and 2 FR 0) radio galaxies that are carefully selected with well defined selection
criteria that cover a frequency range from 550 MHz to 1712 MHz, more than a factor of
three, providing radio images at nearly identical angular resolutions and sensitivities. We
have also presented new uGMRT images of two more radio galaxies from our sample at
550–850 MHz band and we are awaiting data for the remaining sample sources in order to
address our scientific aims. These images for the first time also reveal several new sources
in the fields of view in addition to deep images of our targets sources. 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.

The uGMRT and MeerKAT images of our first four radio galaxies are remarkably
similar in detail, which not only gives us confidence in image fidelity, imaging processes
and calibration of the uGMRT and MeerKAT data, but also suggests that the overall
FR I–FR II classification scheme still holds. In addition (i) our data reveal very interesting
morphological features for radio galaxies at µJy beam−1 sensitivity and high (∼5′′ to 7′′)
angular resolution over the full 550–1712 MHz range; (ii) the 856–1712 MHz band spectral
structure and polarization information using MeerKAT for CGCG 044–046 suggests that
the source is not in the plane of the sky and that the observed properties are strongly
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affected by the cluster environment and we interpret the asymmetries in the polarization
properties as due to the Laing–Garrington effect. Finally, our preliminary results for two
radio galaxies (i) suggest a rotation of the radio galaxy rather than motion through the
external medium in case of 4C−03.43 and (ii) show limitation of uGMRT data, e.g., in
3C 105 radio galaxy, which needs attention using improved imaging algorithms.

Clearly, for surveys made with radio telescopes that have much lower sensitivity
to diffuse, low brightness emission, we warn against the accuracy of the morphological
classification of radio galaxies made with source detection algorithms. Therefore, in order
to perform a detailed study of radio galaxies, a good image sensitivity over a broad range
of angular scales for a statistically large sample is necessary. Our observations using
uGMRT and MeerKAT over a broad frequency coverage for the remaining sample sources
would statistically attempt to address this and several more outstanding and challenging
questions.

Author Contributions: Project conceptualisation, B.F., D.V.L., T.V. and O.M.S.; methodology, B.F.,
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