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Abstract

We present deep, wideband multifrequency radio observations (144 MHz—8 GHz) of the remarkable galaxy group
NGC 741, which yield crucial insights into the interaction between the infalling head-tail radio galaxy (NGC 742)
and the main group. Our new data provide an unprecedentedly detailed view of the NGC 741-742 system,
including the shock cone, disrupted jets from NGC 742, the long (~255 kpc) braided southern radio tail, and the
eastern lobe-like structure (~100 kpc), and reveal, for the first time, complex radio filaments throughout the tail and
lobe, and a likely vortex ring behind the shock cone. The cone traces the bow shock caused by the supersonic
(M ~ 2) interaction between the head-tail radio galaxy NGC 742 and the intragroup medium (IGrM), while
the ring may have been formed by the interaction between the NGC 742 shock and a previously existing
lobe associated with NGC 741. This interaction plausibly compressed and reaccelerated the radio plasma. We
estimate that shock-heating by NGC 742 has likely injected ~2-5 x 10°” erg of thermal energy into the central
10kpc cooling region of the IGrM, potentially affecting the cooling and feedback cycle of NGC741. A
comparison with Chandra X-ray images shows that some of the previously detected thermal filaments align with
radio edges, suggesting compression of the IGrM as the relativistic plasma of the NGC 742 tail interacts with the
surrounding medium. Our results highlight that multifrequency observations are key to disentangling the complex,
intertwined origins of the variety of radio features seen in the galaxy group NGC 741, and the need for simulations
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to reproduce all the detected features.

Unified Astronomy Thesaurus concepts: Galaxy groups (597); Radio continuum emission (1340); Galaxy

interactions (600)

1. Introduction

Mergers are an important process for the growth of galaxy
groups and galaxy clusters. They are a common subject of
study in clusters, with numerous examples of shock heating of
the intracluster medium (ICM; e.g., B. R. McNamara et al.
2005; H. Bourdin et al. 2013; R. J. van Weeren et al. 2017;
A. Botteon et al. 2018; F. Ubertosi et al. 2023). In a growing
number of merging clusters, very asymmetric and filamentary
morphologies of tailed radio galaxies have been observed (e.g.,
A. Wilber et al. 2018; M. Gendron-Marsolais et al. 2020;
A. Botteon et al. 2022; K. Rajpurohit et al. 2022; L. Rudnick
et al. 2022; B. S. Koribalski et al. 2024). The properties of such
radio galaxies, in some cases coincident with X-ray shocks,
suggest an interaction between the radio galaxys, its surrounding
medium, and the shock. However, the lower density of the

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

intragroup medium (IGrM) and the lower velocities of the
galaxy population have led to fewer studies of group-scale
mergers. The lower mass and IGrM temperature of groups
mean that the infall of individual large galaxies may have a
relatively greater impact than is the case for clusters. The
heating effect of group-central galaxies may affect the cooling
and feedback cycle.

Only a handful of group—group mergers with high enough
velocities to drive shocks (e.g., S. W. Randall et al. 2009;
H. R. Russell et al. 2014; E. O’Sullivan et al. 2019) are known.
In this paper, we focus on a spectacular example of a high-
velocity head-tail radio galaxy NGC 742, driving a shock front
in the galaxy group around NGC 741 (Figure 1).

NGC 741 is a nearby group located at a redshift of z = 0.018.
The giant elliptical NGC 741 is surrounded by ~40 fainter
neighbors with a velocity dispersion o=432"30kms!
(A. 1. Zabludoff & J. S. Mulchaey 1998) and lies at the center
of a diffuse, X-ray-emitting IGrM (Figure 1). The discovery of
a bright, extended radio source centered on NGC 741
(4C05.10 M. Birkinshaw & R. L. Davies 1985) led to its
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Figure 1. Radio, X-ray, and optical overlay of NGC 741-742. The intensity in red shows the radio emission observed with uGMRT and MeerKAT. The radio image
properties are given in Table 2 (IM8 and IM13). The intensity in blue shows Chandra X-ray emission in the 0.5-2.0 keV band, and in the background is the color
composite optical image created using Sloan Digital Sky Survey data with r, g, and i intensities represented in blue, green, and red, respectively. Source A is a

background radio galaxy.

classification as a somewhat distorted double-lobed radio
galaxy. However, higher-resolution Very Large Array
(T. C. A. Venkatesan et al. 1994; N. N. Jetha et al. 2008)
and Giant Metrewave Radio Telescope (GMRT) images
(S. Giacintucci et al. 2011) show compact cores associated
with NGC 741 and a smaller neighboring elliptical, NGC 742.

A high-resolution 4.9 GHz radio image shows two jets
emerging from NGC 742, both bending sharply westward and
blending together to form a 130 kpc long tail to the southwest
(G. Schellenberger et al. 2017). Despite crossing NGC 741, the
entire tail is interpreted as originating from the active galactic
nucleus (AGN) of NGC 742. Essentially all diffuse radio
emission west of NGC 742 is considered to be part of this head-
tail source. Low frequency 235MHz and 610 MHz radio
observations revealed fainter extended radio emission to the
east of NGC 741 (G. Schellenberger et al. 2017).

Deep Chandra and XMM-Newton X-ray observations reveal
several gaseous filaments, one of them linking NGC 741 and

NGC 742. They are apparently part of a larger V-shaped structure
pointing east with NGC 742 at its apex. G. Schellenberger et al.
(2017) interpret this as a bow shock driven into the IGrM by
NGC 742 as it passes through the group core. NGC 741 and
NGC 742 are separated by ~45" (~15kpc) in projection, but the
sharply bent jets of NGC 742 indicate that it has a large velocity in
the plane of the sky, and its recession velocity (5969 kms™',
A. Mahdavi & M. J. Geller 2004) is ~480kms ™' greater than
that of NGC 741 (5485kms71, R. C. E. van den Bosch et al.
2015). Based on the length and radiative age of the southwest tail,
G. Schellenberger et al. (2017) estimated true velocities in the
range ~1100-1400kms™', highly supersonic in the IGIM
(kT ~ 1-2keV, sound speed ~520-730km s "). X-ray observa-
tions also show a probable cavity in the IGrM about 16 kpc to the
west of NGC 741.

In this paper, we present a deep, multifrequency radio
continuum and spectral analysis of the spectacular galaxy
group NGC 741. It has several unusual features that provide
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Table 1
Observational Overview: VLA, MeerKAT, uGMRT, and LOFAR Observations

VLA®

uGMRT

MeerKAT LOFAR
€ band § band L band Band 4 Band 3 HBA
B array C array B array C array

Frequency 4-8 GHz 4-8 GHz 2-4 GHz 2-4 GHz 0.9-1.7 GHz 550-850 MHz 300-500 MHz 120-169 MHz
Channel width 27 MHz 27 MHz 2 MHz 2 MHz 23.3 kHz 97.7 kHz 42 kHz 12.2 kHz
No of IF 34 34 16 16 1 1 1 1
No of channels per IF 64 64 64 64 4096 4028 4028 64
On source time 4 hr 4 hr 4 hr 4 hr 8 hr 8 hr 8 hr 8 hr
Notes.

% VLA S-band observations have a total of 1024 channels at each array, while the C band has 2048 channels;
° IF stands for intermediate frequency, i.e., the number of spectral windows. The VLA, MeerKAT, and uGMRT Band 4 observations were performed in full-
polarization mode. Detailed polarization and Faraday analysis will be presented in a later paper.

special insight into the evolution of the group and the
interaction process between the infalling galaxy NGC 742
and the main group NGC 741, intriguing narrow X-ray
filaments, and gas sloshing features. We use radio observations
conducted with MeerKAT (J. Jonas 2016), Karl G. Jansky
Very Large Array (VLA), the upgraded Giant Metrewave
Radio Telescope (uGMRT), and the LOw-Frequency ARray
(LOFAR; M. P. van Haarlem et al. 2013) High-Band Antenna.
These observations were mainly undertaken to provide higher-
resolution radio images over a large frequency coverage, thus
allowing us to study this exceptional group in detail.

The paper is structured as follows: Section 2 provides an
overview of the observations and details about the data
reduction. Section 3 presents the newly obtained total images.
The analysis is presented and discussed in Section 4. Finally, a
summary of the findings is provided in Section 5.

Throughout this paper, we adopt a flat ACDM cosmology
with Hy=69.6 km s ! Mpc_l, €, =0.286, and Q) =0.714
(C. L. Bennett et al. 2014). At the group’s redshift, 1”
corresponds to a physical scale of 0.368 kpc.

2. Observations and Data Reduction
2.1. VLA

NGC 741-742 was observed by the VLA in the S band
(2-4 GHz) and C band (4-8 GHz) in C and B arrays (Project
code: 24A-053; PI: K. Rajpurohit). For observational details,
see Table 1. All four polarization products (RR, RL, LR, and
LL) were recorded. For both bands and arrays, 3C 147 was
included as the primary calibrator and unpolarized calibrator,
observed for 8 minutes at the start of each observing run. JO834
45534 was included as a phase calibrator, and 3C 138 as a
polarization calibrator.

The data were calibrated and imaged with the Common
Astronomy Software Applications (CASA;J. P. McMullin et al.
2007; CASA Team et al. 2022) package (version 6.1). Data
obtained from different observing runs were calibrated separately
but in the same manner. The data reduction steps consisted of
Hanning smoothing followed by radio frequency interference
(RFI) inspection. Bad data were flagged using tfcrop mode
from the flagdata task. For target scans, we performed
additional flagging using AOFlagger (A. R. Offringa et al.
2010). After this, we determined and applied elevation-dependent
gain tables and antenna offset correction. We corrected the initial
bandpass correction using 3C 147. This prevents the flagging of

good data due to the bandpass roll-off at the edges of the spectral
windows.

We used the S-band and C-band 3C 147 and 3C 138 models
provided by the CASA software package and set the flux
density scale according to R. A. Perley & B. J. Butler (2013).
An initial phase calibration was performed using both
calibrators over a few channels per spectral window. The
bandpass response was determined using 3C 147, followed by
the gain calibration. For polarization, the leakage corrections
were determined using the unpolarized calibrator 3C 147 and
the absolute position angle using the polarized calibrator
3C 138. All calibration solutions were applied to the target
field. The resulting calibrated data were averaged by a factor of
4 in frequency per spectral window to perform rotation measure
synthesis (RM synthesis). After calibrating each array, we
created initial images of the target field.

After initial calibration and flagging, several rounds of self-
calibration were performed on each array of data to refine the
calibration for each individual data set. Imaging was done in
the W-projection algorithm in CASA (T. J. Cormnwell et al.
2008). Clean masks were used for each imaging step. These
masks were made using the PyBDSF source detection package
(N. Mohan & D. Rafferty 2015). The spectral index and
curvature were considered during deconvolution using
nterms = 3 (U. Rau & T. J. Cornwell 2011).

After self-calibration, the C- and B-array data from each
band (C and S) were combined. Final imaging of the combined
data sets was done in WSClean (A. R. Offringa et al. 2014)
with multiscale and Briggs weighting. The multiscale
(A. R. Offringa & O. Smirnov 2017) setting assumes that the
emission can be modeled as a collection of components at
various spatial scales, making it necessary to account for the
extended emission.

2.2. MeerKAT

We observed the group with MeerKAT in the L band
(Project code: SCI-20220822; PI: E. O’Sullivan). An overview
of the MeerKAT observation is given in Table 1. All four
polarization products (XX, XY, YX, and YY) were recorded
using the 4K correlator mode covering a frequency range of
0.85-1.7 GHz. J0408-6545 was the primary calibrator used for
flux and bandpass calibration, observed at the beginning,
middle, and end of the observing run. JO059+0006 was
included as a polarization calibrator with multiple scans at
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different parallactic angles. JO108+0134 served as a gain
calibrator.

The data were calibrated using the Containerized Automated
Radio Astronomy Calibration (CARACal;G. I. G. J6zsa et al.
2020) pipeline'” to perform full-polarization calibration. The
first step consists of flagging in CARACAL, including shadowed
antennas, autocorrelations, known RFI channels, and the tfcrop
algorithm. Thereafter, AOflagger was used to flag bad data
using the firstpass_QUV.rfis strategy. CARACal mod-
eled the primary calibrator J0408-6545 using the MeerKAT
local sky models. Following this, cross calibration was
performed to solve for the time-dependent delays and complex
gains of each antenna and the bandpass corrections.

The polarization calibration was performed using the
CARACal “polcal” strategy'® when observing an unknown
(nonstandard) polarized calibrator. In the end, all the solutions
were applied to the target. The resulting calibrated data were
averaged by a factor of 5 in frequency. We ran AOflagger on
the averaged calibrated target data as well to flag the weak
amplitude RFIL.

After initial calibration, we created an initial image of the
target field using WSClean. We carried out several rounds of
phase self-calibration using the CASA task gaincal, followed
by two final rounds of amplitude and phase self-calibration.

2.3. uGMRT

We observed the group with the upgraded GMRT in Bands 3
and 4 (Project code: ddtC284; PI: K. Rajpurohit) using the
GMRT Wideband Backend (GWB). In Band 4, the source was
observed in two observing runs; see Table 1 for the
observational details. Source 3C48 was included as a flux
and bandpass calibrator.

The initial calibration of the wideband uGMRT data was
performed using the Source Peeling and Atmospheric Model-
ing (SPAM; H. T. Intema et al. 2009) pipeline. For details about
the main data reduction steps, we refer to K. Rajpurohit et al.
(2021a). In summary, both Band 3 and Band 4 data were split
into six subbands. The flux densities of 3C48 were set
according to A. M. M. Scaife & G. H. Heald (2012). After this,
the data were averaged, flagged, and corrected for bandpass.
Subsequently, we visually inspected the SPAM calibrated data
for the presence of RFI, where affected data were subsequently
flagged using AOFlagger. Finally, we combined all the data
and proceeded to imaging.

The SPAM pipeline performs direction-dependent self-
calibration; however, it failed for the NGC 741 uGMRT data.
Therefore, the imaging and self-calibration were performed in
WSClean and CASA respectively. Several rounds of phase-
only calibration were carried out in CASA to refine the gain
solutions, followed by two final rounds of amplitude-phase
calibration.

2.4. LOFAR

The target was observed with LOFAR HBA as part of the
LOFAR Two-meter Sky Survey (LoTSS; T. W. Shimwell et al.
2017, 2019, 2022). The observations were conducted in HBA
dual inner mode. In particular, we used 12 data sets related to
the LoTSS pointings P029-+06, P027+406, and P028+-04,

'3 https:/ /ascl.net/2006.014
' hitps:/ / github.com /caracal-pipeline /caracal /blob /master//caracal /
sample_configurations/meerkat-polcal-strategies.yml

Rajpurohit et al.

whose centers lie at 068, 213, and 2°14 away from the target
position, respectively. The target is outside the DR2 survey
area, and thus the number of data sets is large because at low
decl. observations are split into multiple runs in order to
observe targets at higher elevations.

The data reduction and calibration were performed using the
standard LoTSS DR2 pipeline (C. Tasse et al. 2021), which
comprises the PreFactor pipeline (R. J. van Weeren et al.
2016; W. L. Williams et al. 2016) and the DDF-pipeline
(T. W. Shimwell et al. 2019; C. Tasse et al. 2021). The
PreFactor pipeline corrects for direction-independent
effects such as ionospheric Faraday rotation, offsets between
XX and YY phases, and clock offsets. The direction-dependent
calibration utilizes the DDF-pipeline, which corrects for
ionospheric distortions. To further improve the calibration and
easier reimaging, the data were processed by the “extraction
+self-calibration” scheme (R. J. van Weeren et al. 2021),
where all sources outside a square region centered on the target
were subtracted from the visibilities followed by several
loops of self-calibration. The flux density scale from LoTSS
data is aligned with the NRAO VLA Sky Survey (NVSS;
M. J. Hardcastle et al. 2016; T. W. Shimwell et al. 2022)

2.5. Flux Density Scale

Since we used different flux scales, the overall flux scale for
all observations (MeerKAT, LOFAR, uGMRT, and VLA) was
checked by comparing the spectra of compact sources in the
field of view between 144 MHz and 6 GHz. We emphasize that
the difference in flux scales between R. A. Perley & B. J. Butler
(2013) and A. M. M. Scaife & G. H. Heald (2012) is marginal.
The LOFAR 144MHz data points were found to be
systemically low; therefore, a correction factor (1.2) was
applied to the LOFAR 144 MHz data. The uncertainty in the
flux density measurements was estimated as

AS = J(f - $* + N veams (Geme)?*» (1)

where f is the absolute flux density calibration uncertainty, S is
the flux density, o . is the rms noise, and Npeams 1S the number
of beams. We assumed absolute flux density uncertainties of
10% for LOFAR HBA data (T. W. Shimwell et al. 2022),
uGMRT Band 3 and Band 4 (P. Chandra & N. Kanekar 2017),
and MeerKAT L-band data, 5% for VLA S-band data and 2.5%
for the VLA C-band data (R. A. Perley & B. J. Butler 2013).

The overall extent of the radio emission reported in this
paper, unless specified otherwise, is measured where the radio
emission is >30. All output images are in the J2000 coordinate
system and are corrected for primary beam attenuation using
either CASA and EveryBeam'® within WSClean. It is worth
noting that both CASA and EveryBeam yielded consistent
primary beam-corrected flux density values.

3. Results: Continuum Emission

Deep VLA, MeerKAT, uGMRT, and LOFAR total intensity
images are shown in Figures 2-5. Our new multifrequency
images provide an unprecedented detailed view of the radio
emission from the galaxy group NGC 741 over a broad
frequency range. For the first time, the VLA and LOFAR
observations allowed us to image the radio emission at high
angular resolution, both at high and low frequencies. Our

' hitps:/ /everybeam.readthedocs.io/en/latest/
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Figure 2. Radio structures in the inner region of the galaxy group NGC 741-742. Left: VLA C-band image showing the core region with two bent jets emerging from
NGC 742 surrounded by low surface brightness diffuse emission. Right: VLA S-band image revealing the complex morphology. We note that each panel shows a

different region. The image properties are given in Table 2 (IM21 and IM16).
radio blob
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Figure 3. Radio structures in the outer region of the galaxy group NGC 741-742. Left: VLA S-band image revealing new features, namely a ring (also marked with
white arrows), radio blob, ripples, parallel filaments, and other small scales features. Right: MeerKAT L-band Stokes / map revealing filaments (marked with green
arrows), extended tails, and a sharp radio edge (shown with white arrows). The nuclei of NGC 741 and NGC 742 are highlighted with green circles in both images.
Note that images do not show the exact same region. The image properties are given in Table 2 (IM16 and IM13).

144 MHz LOFAR image is about a factor of 25 deeper than the
GMRT 150 MHz image presented by G. Schellenberger et al.
(2017). Additionally, the uGMRT, MeerKAT, and VLA data
are more than 6 times deeper than the published images at the
same frequencies.

To facilitate the discussion, we divided the source into three
main regions; core (covering NGC 741 and NGC 742), bent tail,
and extended southern tail (see Figures 2 and 3 for regions). The
new total intensity images recovered these three regions known
from previous radio observations (G. Schellenberger et al. 2017).
However, our new images reveal previously unseen features and

additional emission. In this section we discuss the most prominent
features in the various regions of the source.

3.1. Core Region

To resolve the structures in the core region and to examine
the jets, we use the highest-resolution VLA images. Figure 2
shows two compact cores associated with NGC 741 and
NGC 742. The VLA C-band (1”70 x 077 beam size) image
reveals two bent jets emerging from NGC 742 (Figure 2, left
panel), also reported by G. Schellenberger et al. (2017).
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Figure 4. LOFAR, uGMRT Band 3 and Band 4, MeerKAT, and VLA S-band and C-band radio images at a common resolution of 7” of NGC 741-742 in square root
scale. The beam size is indicated in the bottom-left corner of each image. The images reveal filaments and extended tails as a function of observing frequency. From
top to bottom, the images correspond to IM1, IM5, IM9, IM13, IM18, and IM23, respectively (image properties are given in Table 2).

However, our new images allow us to trace the jets in detail. In
particular, the northern jet appears notably longer than its
southern counterpart, which diminishes halfway along its path
(Figure 2, left panel). The morphology suggests twisting, with
the southern jet overlapping its northern counterpart, but the
true physical structure is unclear, including whether the
northern jet bends toward the south and one or both jets lose
their collimation and broaden. By contrast, the NGC 741 core is
compact and shows no sign of radio jets in the VLA high-
resolution images. The Very-long-baseline interferometry
observations also do not find any jet from NGC 741 (C. Xu
et al. 2000). Both NGC 741 and 742 are surrounded by diffuse
radio emission.

A striking feature in the radio images is a V-shaped conelike
structure with NGC 742 at its apex (Figure 2, right panel), also
reported by G. Schellenberger et al. (2017). However, our new
images allow us to study this structure at higher spatial resolution.
The connection between the NGC 742 jets and the V-shaped cone
is unclear, as is the path of the jets/tail to the east of NGC 741.
Surface brightness discontinuities are often seen in the thermal
emission from galaxy clusters or groups, either as merger cold
fronts or shock fronts (e.g., M. Markevitch & A. Vikhlinin 2001;
F. Gastaldello et al. 2009; S. Ghizzardi et al. 2010; A. Botteon
et al. 2018). Based on its position, shape, and the presence of a
temperature discontinuity, G. Schellenberger et al. (2017)
suggested the presence of a shock front coincident with the
V-shaped structure seen at the radio band.

3.2. Bent Tail Region

Figure 2 (right panel) shows the VLA S-band (3 GHz)
image. While the 6 GHz VLA C-band image reveals the base of
NGC742’s jets, the S-band image traces new intricate
structures extending tens of kiloparsecs into the bent tail. After
the jets, the emission from NGC 742 undergoes a dramatic
change in structure, direction, and surface brightness (Figures 2
and 3). The radio emission extends across NGC 741 before
bending to the southwest, after which its structure becomes
complex, forming a bright, well-defined cloud (labeled as radio
blob) at about 80" distance from the NGC 742 core. The radio
blob covers an area of 39” x 43” and has a sharply defined
western edge (marked with arrows in Figure 2, right panel).

As depicted in Figure 3, left panel, for the first time our new
observations reveal a remarkable ringlike feature to the west of
NGC 741 (marked with arrows and labeled as “ring”). It has a
major axis diameter of about 1!2 (in physical scale about
26 kpc) and a minor axis diameter of about 26’ (about 9.6 kpc).
The width of the ring is approximately 12” (5.2kpc). The
northern edge of the V-shaped cone aligns with the northern
perimeter of the ring, while to the south, the ring extends well
past the cone’s edge (Figure 3, left panel). The ring appears to
surround the radio blob and NGC 742 tail structures, although
it is possible they are only superimposed along the line of sight.
There is a sharp decrease in the radio source brightness in a
region between the newly discovered ring and the radio blob.
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The bent tail region shows ripples (i.e., sharp turns) along its
western edge (Figure 3, right panel). To the east of the ripples
are thin filaments (see Figure 2, left panel). The bent tail from
the NGC 742 stretches out to ~108 kpc before bending toward
the west and southwest, its outer edge marked by two parallel
filaments (see Figure 3, left panel). Both filaments are
approximately 33 kpc long, but the northern filament is
4.5 kpc wide, significantly wider than the southern one (1.5
kpc). Similar pairs of filaments are reported in CL2015
(S. Andreon et al. 2019), NGC 6065 (S. Candini et al. 2023),
and A194 (L. Rudnick et al. 2022)

3.3. Extended Southern Tail Region

As shown in Figure 3, right panel, on larger scales we see the
extended southern tail, also reported by previous observations
(S. Giacintucci et al. 2011; G. Schellenberger et al. 2017).
However, our new images reveal an additional extent of the tail
and, for the first time, the presence of filaments (some of them
are marked with green arrows) with a braided appearance
across the entire southern extent of the tail, as if multiple
filaments within the tail are twisted around one another.
These thin filaments lack any large-scale ordering. The eastern
edge of the southern tail is edge sharpened (arrows in Figure 3).
We observe structure in the tail all the way out to its farthest

extent. The large extension of the tail becomes fainter,
extending toward the southeast, transitioning from a bright
channel of filamentary substructures to a fainter, diffuse
extended emission.

The new radio images also show bright spurlike features
(Figure 3, left panel, labeled as “spur”) to the south of the
NGC 741 core, which are apparently linked to the southern tail
by a bridge of faint emission. This connection is most apparent
in the MeerKAT L-band data and at low frequencies (Figure 3,
right panel). The nature of this structure is unclear. One
possibility is that it may be a second tail, or secondary channel
within the tail, associated with NGC 742.

3.4. Northeast Lobe

Our new images confirm the presence of a radio lobelike
emission located to the east of NGC 742 (Figure 3, right
panel) detected partially by S. Giacintucci et al. (2011) and
G. Schellenberger et al. (2017) in the GMRT 235 GHz image.
In our new images, the northeast lobe (NE) is extended and
detected at a high significance level up to 1.28 GHz. No
corresponding lobe is seen to the west of NGC 741. However,
G. Schellenberger et al. (2017) identified a possible cavity in
the X-ray image, which may mark its location. The NE lobe
overlaps another radio source, NVSS J015628-+053820, with
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Figure 6. Left: background subtracted, exposure-corrected Chandra 0.5-2.0 keV image overlaid with C-band VLA radio contours. The Chandra map is smoothed with
a Gaussian of full width at half maximum (FWHM) 3”. Radio contours are drawn at [1, 2, 4, 8...] X 4.00,1,s Middle: Chandra 0.5-2.0 keV image image processed with
the Gaussian Gradient Method with o = 10 pixels, highlighting X-ray filaments. Radio contour is drawn at 1 X 3.00,,,s. Right: residuals of the best-fit 2D beta model
overlaid with the VLA C-band high-resolution contours, revealing a small cavity and a V-shaped structure. The radio contours are the same as the left panel.

core plus lobes morphology (labeled as A in Figure 1). No
redshift is available for the source, but it is thought to be a
distant background galaxy.

The NE lobe and the extended southern tail exhibit distinct
morphologies (Figure 5). If the emission in these two regions is
associated with radio lobes/tails, one likely reason for the
difference in morphology can be the environment in which the
host radio galaxy resides. In case the density of the thermal gas
surrounding the NE lobe and the southern tail differ, we would
expect to see different lobe/tail morphologies. In a high-
density environment, an elongated tail is expected, whereas in a
low-density environment, a shorter and wider lobe. The
distribution of thermal emission indeed suggests that the NE
lobe is located in a low-density IGrM (G. Schellenberger et al.
2017) compared to the southern tail, which is consistent with its
morphology, i.e., wider lobe.

For the first time, we also see small-scale filaments
embedded within the NE lobe in the high-resolution MeerKAT
image (marked with green arrows in Figure 3). Since the
NGC 742 jets bend to the southwest, this lobe is unlikely to be
associated with the infalling galaxy.

3.5. Radio Emission as a Function of Frequency

To compare the total extent of the radio emission as a
function of frequencies, in Figures 4 and 5 we show the
LOFAR, MeerKAT, VLA, and uGMRT images at a common
resolution of 7” and 15”, respectively. At the highest frequency
probed by our observations (i.e., 4-8 GHz), only the core and
bent tail regions are visible (LLS ~ 60 kpc), while at the lowest
frequency (144 MHz), we recovered the largest extent of the
radio emission (LLS ~255kpc) from the NGC 741-742
system.

The NE lobe is not visible in the C band (Figure 5), and its
extent grows toward low frequencies, hinting at the steeper
spectral index in the outermost regions. It has an LLS of about
100 kpc, 90 kpe, 70kpe, and 57 kpc at 144 MHz, 400 MHz,
700 MHz, 1.28 GHz, and 3 GHz, respectively.

The main southern tail is clearly detected from 144 MHz to
3 GHz, with its extent increasing toward lower frequencies
(Figure 5). The most extended part (labeled as extended tail) is
only detected at 144 MHz. The LLS of the extended southern

tail is about 150 kpc at 144 MHz, while it is about 85 kpc at
700 MHz and 1.28 GHz.

4. Analysis and Discussion
4.1. Radio and X-Ray Comparison

To study the relationship between X-ray and radio emission,
we use the reduced Chandra maps presented in G. Schellenbe-
rger et al. (2017). Figure 6 shows a Chandra 0.5-2 keV X-ray
image with VLA C-band radio contours superimposed. In the
core region, the brightest X-ray emission originates from the
cores of NGC741 and NGC 742 (labeled as NGC 741-
NGC 742 filament). As reported by G. Schellenberger et al.
(2017), the surrounding halo emission is highly structured, with
several filaments: a northeast filament (NE filament), a linear
feature to the south (S filament), and two thin line-shaped
filaments (X1 and X2) to the south of the core region. We note
that X1 was not reported by G. Schellenberger et al. (2017),
however it is detected at >3 level in Chandra maps. Filament
S lies along the edge of the radio tail, and therefore probably
consists of gas compressed by the motion of the relativistic tail
plasma. The remarkable linearity of X1 and X2, which are not
correlated with radio structures, might be explained if magnetic
fields stabilize them against tidal shear and dissipation into the
surrounding medium.

To highlight the filaments in the X-rays, we also used the
Gaussian Gradient Magnitude (GGM) filter method (J. S. San-
ders et al. 2016). The GGM filter uses Gaussian derivatives to
determine the magnitude of surface brightness gradients in the
image. We applied the GGM filter to the exposure-corrected
Chandra images. In Figure 6 middle panel, we show the
resulting map. The X-ray filaments are much more visible in
this image. The width of the NE filament is ~7 kpc. The length
of X1, X2, and S filament are 20 kpc, 19 kpc, and 18 kpc,
respectively, and all have a width of about 3 kpc.

The brightest of the X-ray filaments appears to connect
NGC 741 and NGC 742 (Figure 6). In the high-resolution VLA
S-band image, we see this filament coinciding with the southern
edge of the V-shaped cone (see Figure 2). Additionally, the
radio brightness is enhanced in the same region with a hint of a
small-scale, thin feature (Figure 2, right panel) that may be
tracing the X-ray filament. This bright filament comprises low-
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Figure 7. VLA S-band polarization intensity and fractional polarization maps
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X-ray filament connecting NGC 741-NGC 742. Stokes / S-band contours levels
are drawn at [1, 2, 4, 8...] X 7.00s. The beam size is indicated in the bottom-
left corner of the image.

entropy gas, consistent with being stripped from NGC 742
(G. Schellenberger et al. 2017). Alternatively, it could consist
of gas from the core of NGC 741, drawn outward during the
close encounter. We measure the strongest polarization along
this filament (see Section 4.2).

Figure 6, right panel, shows the Chandra residual map. As
reported by G. Schellenberger et al. (2017), a V-shaped
structure is observed, with a hint of a temperature discontinuity
in the same region. This feature appears spatially distinct and
coincides with the V-shaped cone detected in radio maps
(Figure 2). This suggests that it arises from compression or
shock heating of the IGrM by the passage of NGC 742 through
the group core. To the west of NGC 741, there is a region of
negative residuals, which G. Schellenberger et al. (2017)
interpret as a small cavity. This region coincides with the bright
radio blob observed in the radio images, consistent with the
region being a cavity.

Rajpurohit et al.

The mechanical powers of the cavities are found to be
correlated with the AGN radio powers (e.g., E. O’Sullivan et al.
2011; W. Liu et al. 2019). In general, luminous radio galaxies
are expected to have a large cavity power. The cavity powers in
groups are found to be generally low, even for those
radioluminous systems. The radio power of the radio blob is
Li36m,=~1x 102 WHzs™'. Based on the sound crossing
timescale, G. Schellenberger et al. (2017) reported a cavity
power of Py =5.1+0.5X 10*? erg s . These estimated
values agree well (within the scatter) with the known
mechanical power versus radio power relations for galaxy
groups and clusters.

We also observe cospatiality between the detected thermal
X-ray filaments and the outer edge of the radio emission (see
Figure 6). The NE filament traces the leading edge of the
V-shaped cone in the radio. This apparent connection is clearer
in the Chandra residual map; see Figure 6, right panel. The S
filament is aligned with one of the filaments seen in the bent tail
region (Figure 2 bottom-left). This likely implies a physical
connection between the nonthermal plasma and the surround-
ing thermal medium. The location of the NE and S filaments at
the edges of radio structures suggests compression of the IGrM
as the relativistic plasma of the NGC 742 tail interacts with the
IGrM. Polarization and Faraday analysis of the radio emission
may provide insight into compression and interaction with the
IGrM. X1 and X2 have no radio counterpart, but may also
indicate the perturbation caused by the infalling galaxy
(G. Schellenberger et al. 2017). The nondetection of X1 and
X2 at the radio band could be due to the absence of relativistic
electrons.

4.2. S-band Polarization

The S-band VLA images of the Stokes parameters /, Q, and
U were obtained using robust = 0 weighting and were used for
studying the polarized emission in the core region of NGC 742-
741. A detailed analysis of polarization and Faraday rotation
measure (RM), combining all available data from the L, S, and
C bands, will be presented in a future paper.

We obtained the linear polarized intensity (p) and fractional
polarization (7) maps from the Stokes I, O, and U maps as

p=+0*+ U?, (2a)
(02 2
W:ﬂ_ (2b)

1

Figure 7 shows the resulting 5”5 resolution 2-4 GHz
polarization intensity and fractional polarization maps.

The polarized emission across the source is detected from the
core and bent tail regions. The nuclei of NGC 742 exhibit a
fractional polarization of about 6%, while the nuclei of
NGC 741 are almost unpolarized in the S band (<2%). The
average degree of polarization across the jets of NGC 742 is
9%. We emphasize that we did not correct for the effect of
Faraday rotation. Therefore, likely the true polarization fraction
is even higher. It is worth noting that between 2 and 4 GHz, the
maximum polarization of about 48% occurs along the brightest
X-ray filament connecting NGC 741 and NGC 742 (Figure 7
and Figure 6). Strong polarization is also observed along the
boundaries of the V-shaped shock cone (including the
NGC 741-742 filament), with an average degree of polarization
of 20%. This is consistent with the compression of the



THE ASTROPHYSICAL JOURNAL, 976:64 (21pp), 2024 November 20

Rajpurohit et al.

Table 2
Radio Image Properties
Name Restoring Beam Robust Parameter uv-cut uy-taper rms Noise
(1 Jy beam; !
LOFAR HBA M1 770 x 770 —0.5 >0.15 kA 120
(120-168 MHz) M2 15" x 15" -0.5 8" 130
M3 15" x 15" —0.5 >0.15 kA 8" 150
M4 670 x 6”0 0.0 50
uGMRT Band 3 IM5 770 x 70 -0.5 >0.15 kA 2" 55
(300-500 MHz) M6 15" x 15" 0.0 8" 60
M7 15" x 15" -0.5 >0.15 kA 8" 70
M8 374 x 270 -2.0 60
uGMRT Band 4 IM9 770 x 70 -0.5 >0.15 kA 2" 14
(550-850 MHz) IM10 15" x 15" 0.0 8" 28
IMI11 15" x 15" -0.5 >0.15 kA 8" 30
M12 575 x 5"5 -0.5 >0.15 kA 6
MeerKAT L-band M13 770 x 70 =05 >0.15 kA 2" 7
(0.9-1.7 GHz) IM14 15" x 15" 0.0 10” 9
IM15 15" x 15" -0.5 >0.15 kA 10” 10
IM16 175 x 174 —0.5 4
M17 575 x 5"5 -0.5 >0.15 kA 2" 5
VLA S-band IM18 770 x 70 -0.5 >0.15 kA 47 6
(2-4 GHz) IM19 15" x 15" 0.0 10” 6
IM20 15" x 15" —0.5 >0.15 kA 107 7
IM21 171 x 077 0.0 3
IM22 575 x 5"5 -0.5 >0.15 kA 2" 3
VLA C-band M23 770 x 770 =05 >0.15 kA 47 4
(4-8 GHz) IM24 15" x 15" 0.0 10” 5
IM25 15" x 15" -0.5 >0.15 kA 107 5

Note. Imaging was always performed in WSClean using multiscale and with Briggs weighting scheme. Primary beam correction for the VLA images was

performed in CASA, and MeerKAT and uGMRT images using WSClean.

magnetic field along the shock front. The ring is also polarized
at the S band.

4.3. Radio Spectral Index and Curvature

To study the spectral characteristics'® of the radio emission
in NGC 741-742, we use our VLA C-band (1-2 GHz), VLA S-
band (2-4 GHz), MeerKAT L-band (0.9-1.7 GHz), uGMRT
Band 3 (300-500 GHz), uGMRT Band 4 (550-850 GHz), and
LOFAR (120-169 MHz) observations.

The radio observations reported here were performed using
four different interferometers, each with different uv-coverages.
This requires careful attention when comparing flux density
measurements of extended emission. To derive reliable flux
densities and spectral index maps, we created images at
144 MHz, 400 MHz, 700 MHz, 1.28 GHz, 3 GHz, and 6 GHz
with Briggs weighting and a robust parameter of —0.5
(K. Rajpurohit et al. 2022). To ensure that the flux distribution
is similarly affected at all the observed frequencies, we create
images with a common inner uv-cut at 150\, which is the well-
sampled shortest baseline of the uGMRT data. This uv-cut is
applied to all the other telescopes. The full size of the source is
about 6.2 and 3’ at 3 GHz and 6 GHz, respectively. The largest
angular scale sampled by the VLA at S and C bands are 8’2 and
4/, respectively. This implies that we are not missing any

16 We define the radio spectral index, «, so that S, o< v, where S is the flux
density at frequency v.

10

significant flux density due to the missing angular scale issue at
high frequencies. To reveal the spectral properties at different
spatial scales, we tapered the images accordingly. The imaging
parameters and the image properties are summarized in
Table 2.

4.3.1. Integrated Spectrum

To obtain integrated radio spectra of NGC 741-742 as a
whole and of the various subregions, we created images at 15”
resolution. We chose this resolution because it provides high
signal-to-noise in low surface brightness regions (in particular
for the NE lobe) while allowing us to identify distinct
substructures. The same maps are used to perform radio
color—color and global spectrum analysis.

The regions used to extract flux densities are indicated in
Figure 8 left. The regions are based on the LOFAR 144 MHz
images since the radio emission is most extended at that
frequency. The flux densities are summarized in Table 3. Our
new LOFAR 144 MHz and uGMRT 700 GHz measurements
for the total emission are consistent with those reported by
G. Schellenberger et al. (2017) using narrowband GMRT
150 MHz and 610 MHz data. Our 1.28 GHz MeerKAT flux
density is also in line with the VLA DnC-array and NVSS data
(G. Schellenberger et al. 2017).

We also created an image at 4.8 GHz. However, our 4.8 GHz
flux density value is about 250 4= 10 mJy which is significantly
lower than the VLA (DnC) 4.8 GHz measurement by
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Figure 8. Left: MeerKAT 1.28 GHz Stokes / image showing regions where the flux densities were extracted to obtain the integrated spectra (bis regions) and radio
color—color diagram/global spectra (rectangles). Right: integrated spectra of subregions of NGC 741-742 between 144 MHz and 6 GHz. Dashed lines show the fitted
broken power-law, and the solid line shows the core region spectrum, which is a power-law spectrum. Except for the core region, all other regions show a high-

frequency steepening, as expected due to the aging of electrons.

G. Schellenberger et al. (2017), namely 300+20. We
emphasize that our VLA 4.8 GHz map is more sensitive than
G. Schellenberger et al. (2017), and we used multiscale
cleaning. To exactly compare our values with G. Schellenber-
ger et al. (2017), we reimaged the C-band data at 20” resolution
without any uv-cut using robust =0. A flux density of
280 = 12 mJy is measured from the resulting image, which is
comparable to the value reported in G. Schellenberger et al.
(2017). This implies that the difference in flux density at
4.8 GHz is simply due to different imaging parameters and
resolution.

The resulting spectra from NGC 742-741 and its subregions,
obtained by our flux density measurements, are shown in
Figure 8 right. The wideband interferometric observations
enabled us to study the integrated spectrum in regions over a
large frequency range. The integrated spectrum of the total
emission from NGC 742-741 (excluding source A) is sig-
nificantly curved at frequencies above 1.28 GHz, implying the
presence of strong radiative losses. The low-frequency spectral
index is ol 283H2 = —0.80 + 0.02. At high frequencies, the
spectral index is steep, of 9z = —1.11 4 0.02.

The subregions show different spectral indices. The core
region, comprising the shock cone and the jets, can be
characterized by a power-law spectrum and has a spectral index
of afGHL, =071 + 0.02. Such a flat spectral index is
expected, both for active jets and for shock compression of
radio plasma. The bent tail region has a low-frequency spectral
index of a}Z2GH2 = —0.75 £ 0.02, steepening at high fre-
quencies to a} a0 = ~1.33 £ 0.02.

The NE lobe and southern tail are not visible at 6 GHz, and,
therefore, we exclude 6 GHz data. The NE lobe is very steep at
high frequency, aj e, = —2.52 + 0.04. Between 144 MHz
and 128 GHz, the spectral index is quite flat ofZPGHZ =
—1.13 £ 0.04. In contrast, the low-frequency overall spectrum
of the southern tail is o} Zah% = —1.02 + 0.04, which is flatter
than in the NE lobe. The southern tail also shows a steepening
above 1.28 GHz and has a high-frequency spectral index of
oy ¢ale — _1.89 + 0.04, which is flatter than the NE lobe in the
same frequency range. The difference in spectral index between
the NE lobe and the southern tail suggests that the NE lobe is
older or that it is the same age but expanded more rapidly.
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4.3.2. Spatially Resolved Spectral Index and Spectral Curvature Maps

We created spectral index maps at different resolutions and
frequency sets to highlight various structures. First, to resolve
the spectral properties in the inner region, we created a spectral
index map at the highest possible resolution (2”8 x 2”3) using
3 GHz and 6 GHz data. Additionally, we also created a set of
low (7") and high-resolution (5”5) spectral index maps. In all
cases, we included only pixels with a flux density above 30,y
detected at the observed frequencies.

The highest-resolution spectral index map is shown in
Figure 9. There are no clear homogeneous trends in the spectral
distribution across NGC 741-742, although it is evident that the
spectral index steepens from the core to the bent tail region.
The nuclei of both NGC 741 and NGC 742 appear flat, with the
mean spectral indices of about —0.5. The spectral index in the
innermost nuclei of the NGC 741 is between —0.2 and —0.3.
The rest of the core region has a spectral index of —0.75,
including the shock cone. The spectral index in the radio blob
at the high frequency is about —1.0, surrounded by regions
with steep spectral indices of about —1.4. This suggests that the
region contains a mix of both old and young radio plasma. The
filaments (see Figure 2 for labeling) in the bent tail region
exhibit a flat spectral index of —1.0. At the parallel filaments,
again, the spectral index is apparently steep, namely —1.4
between 3 and 6 GHz.

To investigate the spectral distribution further in the core and
bent tail regions, we employ the “Spectral Tomography
Technique” (D. M. Katz-Stone et al. 1993), which allows
tracing fine-scale spectral index changes and identifying and
differentiating components with distinct regions that may
overlap along the line of sight (K. Rajpurohit et al.
2021b, 2022). This technique involves subtracting scaled
versions of one image from another using a reference spectral
index value (ay). Structures with the spectral index o
disappear, while those with a flatter spectral index than «, are
oversubtracted, resulting in negative residuals relative to the
surrounding emission. Conversely, structures with a steeper
spectral index than «, are undersubtracted, leading to positive
residuals.

We used 5”5 L and C-band images to create tomography
maps; these are shown in Figure 10. In these maps, regions
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Table 3
Flux Densities of the Different Regions of NGC 741-NGC 742

Regions LOFAR uGMRT MeerKAT VLA

S144 MH, S100 MH S700 MH S128 GHz 830 GHz S6.0 MHz

(mly) (mly) (mly) (mly) (mly) (mly)

Total emission 6000 + 800 2500 + 300 1650 + 200 1050 £ 100 450 £ 30 190 £7
Core region 2000 + 250 1000 + 100 690 + 70 470 £ 50 250 £ 10 140 £ 6
Bent tail region 2000 + 250 930 + 100 640 + 80 390 + 40 160 £ 8 50+2
S-tail 1300 + 150 430 + 50 265 + 28 140 £ 15 30+2
NE lobe 700 + 80 190 £ 20 110 £ 12 60 +4 7.0+ 04
Note. All reported flux densities were extracted from 15” images created with robust = —0.5 and a uv-cut of 0.15 k) excluding the core region where we used 7”

images to properly subtract the contribution from NGC 741 and NGC 742 nuclei. The image properties are given in Table 2. The regions where the flux densities were
extracted are indicated in Figure 8, left panel. Absolute flux density scale uncertainties are assumed to be 10% for LOFAR, uGMRT Band 3, uGMRT Band 4, and

MeerKAT, 5% for the VLA S-band and 2.5% for VLA C-band data.
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Figure 9. High-resolution (28 x 2/3) spectral index maps of the inner region
created between 3 and 6 GHz. The core region is the flattest, and the ring and
radio blob are comparatively steeper. The spectral index steepens when moving
from the core to the bent regions, suggesting electron aging. Contour levels are
drawn at [1, 2, 4, 8...] X 3.00,,s and are from the VLA C-band image. The
beam size is indicated in the bottom-left corner.

with a spectral index flatter than «; appear blue, while those
with a steeper index appear red—white. In the a, = —0.6 map,
we observe that the jets from NGC 742 and both cores
(NGC 741 and NGC 742 marked with circles) have a spectral
index flatter than —0.60. The radio emission to the north and
south of NGC 742-741 jets pops up at o, = —0.80, implying
that in these regions, the spectral index ranges between —0.61
and —0.79. However, the region to the south of the NGC 742
jets is flatter than to the north.

There are structures in the bent tail region crossing each
other (dashed lines/curves in Figure 10) with spectral indices
that are either steeper or flatter than the reference spectral
index. This suggests the presence of overlapping structures
with different spectral indices. At the location of the ring, there
is evidence of two spectral components; at o, = —1.00, we see
a flatter component (magenta line) overlapping the steep
spectrum ring (green line). The ring almost disappears at
a,= —1.30 (Figure 10 panel (f)), suggesting that its spectral
index is between —1.20 and —1.30 between 1.3 and 6 GHz.
This also implies that the ring is a distinct structure. It is worth
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noting that the northern and southern edges of the ring are
steeper than the V-shaped cone. The radio blob is visible at
o, = —1.0 and o, = —1.20 (Figure 10 panels (d) and (e)). There
are also other overlapping structures, marked with gray dashed
lines in Figure 10 panels (c) and (d), again highlighting the
complexity.

In Figure 11, we show spectral index maps for several pairs
of frequencies and at different resolutions (575 and 7"). As
seen in the high-resolution spectral index map, at both high and
low frequencies, the cores of NGC 741 and NGC 742 are flat.
The spectral index in the bent tail region is as steep as —2.5
between 1.3 and 6 GHz but flatter at low frequencies (144 MHz
and 1.28 GHz), implying a high-frequency steepening. In the
low-frequency spectral index map (Figure 11, right panel),
along the bent tail and southern tail regions, we see regions
with flat spectral indices (—0.6 to —0.8) and narrow regions
surrounded by steep spectrum diffuse regions (—0.9 to —1.5).
The flat spectral indices are mainly observed in the parallel
filaments, ripples, a ring, and filaments in the southern tail, and
the core region. Such a flat spectral index is a signature of
particle reacceleration, for example, from a shock that
adiabatically compresses the fossil plasma and possibly also
reaccelerates the radio plasma in the emitting region. From the
spectral distribution, it is clear that most of the filaments
(marked with green arrows in Figure 3) and the ring exhibit
high-frequency steepening. The average spectral index of the
southern tail and the NE lobe is about —1.03 and —1.13,
respectively, between 144 MHz and 1.28 GHz. These values
are consistent with our integrated spectral index estimates.

Using our multifrequency data, we also obtained spectral
curvature maps. In Figure 12, we show maps at 7 and 15"
resolutions. These maps are derived as:

3

where o is the low-frequency spectral index between
144 MHz and 700 MHz, whereas g is between 1.28 GHz
and 3 GHz. According to the chosen spectral index convention,
the curvature is negative for a convex spectrum. A value of
SC =0 implies no curvature.

As shown in the high-resolution curvature map (Figure 12,
left panel), in the core region, the SC is ~ —0.6. The ring has a
constant curvature of about= —0.75. The ripples are less
curved. The radio blob and filaments in the bent tail region
exhibit an SC equal to about —0.6, i.e., similar to the core
region. The filaments in the southern tail are less curved
(SC~ —1.10) than the surrounding diffuse emission. In

SC = —auow + Ohnigh,
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Figure 10. Gallery of spectral tomography maps between 1.28 and 6 GHz at 5”5 resolution. The range of a; is —0.60, —0.80, —0.95, —1.00, —1.20, and —1.30. The
regions with a spectrum steeper than «, appear positive (red—white regions), while regions with a flatter spectrum appear negative (blue). These images demonstrate
that there are several features in the inner region with different spectral indices. The main overlapping/distinct features are shown with dotted lines. Green circles mark
the location of the NGC 741 and NGC 742 cores. The image properties are given in Table 2 (IM12 and IM17).

Figure 12, right panel, we show the 15” curvature map. There is
a general trend that the curvature increases when moving away
from the group center, which is expected due to electron aging.
Evidently, the NE lobe is more curved compared to the
southern tail.

At the parallel filaments, the spectral index is flat at low
frequency (Figure 11, bottom right) but steep at high frequency
(Figure 11, top left). Several individual filaments in the
southern tail and NE lobe stand out with flatter spectral indices
relative to the surrounding diffuse emission. It is worth noting
that not all filaments have the same spectral indices; the
filaments in the bent tail region are flatter and less curved than
those in the southern tail.

A population of nonthermally emitting “radio filaments”
from radio galaxies in a wide variety of physical conditions,
lengths (tens of parsecs to kpc scales), and orientation are
becoming ubiquitous in radio observations (M. Ramatsoku
et al. 2020; M. Brienza et al. 2021; J. J. Condon et al. 2021;
A. Botteon et al. 2022; S. Giacintucci et al. 2022; K. Knowles
et al. 2022; L. Rudnick et al. 2022). They are observed in
isolation and/or bundles and in lobes and/or tails. The origin
of these radio filaments is unclear. It has been suggested that
they could be related to supersonic MHD turbulence where
such intermittent structures are predicted, a boost in the
magnetic field, magnetic reconnection, instabilities in the
plasma flow, or emission from old remnant plasma previously
injected by an AGN that accumulates under the influence of
buoyancy in the cluster or group environment (M. Brienza et al.
2021; L. Rudnick et al. 2022; J. R. Beattie et al. 2024).

Simulations of the interactions between radio galaxies and
the external medium with the inclusion of cosmic-ray electrons
show that shocks (with Mach numbers 2-4) propagating
through low-density radio cocoons can generate vorticity,
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disrupting jets and fine filaments (C. Nolting et al. 2019). The
flatter spectral index, with respect to surrounding emission,
observed across individual filaments in NGC 742-741 may
result from lower-energy cosmic-ray electrons being boosted
by adiabatic compression and radiating at a given frequency in
comparatively stronger magnetic fields. Polarization and Fara-
day maps may shed light on their origin.

4.3.3. Radio Color-Color Diagram

Radio color—color diagrams are an additional powerful tool
for understanding the spectral properties of radio sources. In a
radio color—color diagram, a low-frequency spectral index is
plotted against a high-frequency spectral index. We performed
the color—color analysis using 15” resolution LOFAR, Band 4,
MeerKAT, and VLA S-band maps. To maximize the area
available for studying the curvature, we exclude the VLA C-
band data.

The spectral indices were extracted from a grid of
rectangular boxes (Figure 8) covering the majority of the
source (excluding the cores of NGC 741 and NGC 742, source
A, and low surface brightness regions at the edges of the NE
lobe and SW tail). For the low-frequency spectral index, we
used 144 MHz and 700 MHz maps, while for the high-
frequency one, 1.28 MHz and 3 GHz maps. The resulting plot
is shown in Figure 13. The solid black line is a power-law line
where Qow = Qpigh.

Changes in spectral properties over time will result in
regions moving along a “trajectory” in the color—color plot as
they age (e.g., R. J. van Weeren et al. 2012; K. Rajpurohit et al.
2020). By examining the trajectory, one can determine whether
multiple spectral shapes are present within the source. If the
color—color points from all locations in the source align along a
single trajectory, this suggests that there is only one spectral
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Figure 11. Spectral index maps of NGC 741-742 at 5”5 (left and middle) and 7” (right). In all maps, contour levels are drawn at [1, 2, 4, 8...] X 3.00,,, and are from
the MeerKAT L band except the bottom right where the uGMRT Band 3 contours are shown. The beam size is indicated in the bottom-left corner of each image.
These maps were created using images IM17 and IM22 (left), IM12 and IM17 (middle), and IM13 and IM1 (right); see Table 2 for image properties.

shape throughout the source. It is worth noting that the
trajectory in the color—color diagram is conserved for changes
in the magnetic field, adiabatic expansion or compression, and
the radiation losses for standard spectral aging models, e.g.,
Jaffe—Perola (JP; W. J. Jaffe & G. C. Perola 1973), Kardashev—
Pacholczyk (KP; N. S. Kardashev 1962), continuous injection
(CI; A. G. Pacholczyk 1970), KGJP (S. S. Komissarov &
A. G. Gubanov 1994). These models follow distinct trajectories
in the color—color plot.

In Figure 13, we show the JP model at injection indices of
—0.50 and —0.67. All data points from the source are below the
power-law line (solid black line), implying a negative
curvature, as expected for an aging optically thin plasma.
However, the entire emitting region is inconsistent with a
single trajectory in the color—color plane. Moreover, except for
the JP, all other models, namely CI, KP, and KGJP, are
inconsistent with the observed spectral shape. The central
region (blue points) and the southern tail (green points) are
better consistent with the JP model with aj,j=—0.50, but
inconsistent with all other models.

There is an apparent difference in the trajectory of the NE
lobe and the southern tail in the color—color diagram
(Figure 13). The data points from the NE lobe are most curved
at high frequency, while at low frequency, they exhibit a more
or less constant spectral index (see Figure 13). The observed
trajectory of the NE lobe is not expected in any aging models.
However, a part of the trajectory (five data points) seems to be
consistent with the JP model with aj,j = —0.67. Within the
central region (i.e., core and bent tail regions), there are some
areas where the data points deviate from the JP model curve
with ajp; = —0.50 (see discussion in Section 4.3.4).

4.3.4. Global Spectrum

Since the data points in the radio color—color plot show
different spectral shapes, we also used the “shift technique”
introduced by D. M. Katz-Stone et al. (1993), L. Rudnick et al.
(1994), which is based on the idea that the individual radio
spectra for different regions within the source trace some part
of the “global spectrum” depending on the energy losses and
magnetic fields in those regions. This technique allows to

14

separate regions with different properties, if they exist. If we
observe two plasma regions that are identical except for the
strength of their magnetic fields or electron energy, their
spectra would be related by a shift in log() and log(v)
(R. J. van Weeren et al. 2012). A single global spectrum across
the entire emitting region suggests uniform underlying physical
parameters throughout. The shifts made in the frequency log(v)
are related to 7°B, where B is the magnetic field and -y is the
electron energy. The shifts in log(/) are related to Ntg, where
Ny is the total number of relativistic electrons along the line of
sight.

Figure 14 shows the results. The plot is obtained by shifting
the set of points for each region (see Figure 8, left panel) in
both frequency, log(v), and intensity, log(/), using data from
the 15” images. We used the model that best matches the
observed data in the radio color—color plot, i.e., JP at
Qipj = —0.50 and oypj = —0.67. The JP model lines are used
to determine the shifts in log(/) and log(v) to put the observed
points onto the spectrum. All of the multifrequency data points
within each region are shifted by the same amount. For the
central region and the southern tail (excluding the radio blob
region), we used the JP model with a,; = —0.50 as a reference
to shift in log(v) and log(/). The data points from these two
regions are nicely fitted with a single electron energy
distribution or global spectrum, similar to the radio color—
color plot.

In Figure 14 (middle panel), we show the global spectrum
for the NE lobe (red circles). The data points from the NE lobe
show deviations from the JP model line with «;,; = —0.67, as
also observed in the radio color—color plot. In the central
region, there is an area where the data points align more closely
with the JP model with ;= —0.67 (yellow circles in
Figure 14). This area overlaps with the X-ray cavity reported
by G. Schellenberger et al. (2017); see Figure 15. To
investigate this further, we created a global spectrum using
high-resolution 7” radio images and, most importantly,
including C-band data. The high resolution allowed us to
separate that region better. Evidently, the area to the south and
southwest of NGC 741 (dashed ellipse in Figure 15) and the
cavity region exhibit a different injection index compared to the
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Figure 12. Spectral curvature maps of NGC 741-742: 7” resolution high-frequency curvature map created using af$y Mz — of 2 images (left) and 15” resolution

low-frequency curvature map created using o) vii? — a;‘go%H,_fz images (right). These maps indicate that, compared to the southern tail, the NE lobe is significantly
curved. In all maps, contour levels are drawn at [1, 2, 4, 8...] X 3.00,,s and are from the MeerKAT L band. These maps were created using images IM1, IM5, IM13,

IM18, IM3, IM7, IM11, and IM15 (see Table 2 for image properties).

LSS L L0 L L L L LB basis. We refer to J. J. Harwood et al. (2013) for details about
'_'_jg:gzg " EZ:t:;fggion BRATS and its capabilities. The JP spect.rallaging mod§l
 Cl=—050 # Southern tail involves four free parameters: flux normalization, magnetic
——KGJP=-0.50 % Northeast lobe field (B), injection index (i), and time since the last

acceleration stage (f,g.). As an initial step, we searched for
the best ajn; value to be used to determine the final age by
performing a series of fitting iterations in the range of
alpha;,; = —0.5 to —0.9 across the entire source using the
highest common resolution images (i.e., 7”) at 144 MHz,
400 MHz, 700 MHz, 1.28 GHz, 3 GHz, and 6 GHz data. Given
that the NE lobe and the southern tail are not recovered at such
a high resolution, we also ran the BRATS on the 15” maps but
excluded the C band. We used the same resolution to obtain the
final spectral age map. We note that the injection index values
obtained from the 15” injection map (not shown) are in line
with those derived from the 7" map.
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Figure 13. Radio color—color plot of NGC 741742 created using 15" cavity. namelv by about —0.6. These regions apparently form a
resolution radio maps superimposed with JP, CI, KP, and KGJP spectral Y y by o g Pp y

aging model trajectories. The plot reveals two distinct trajectories shown by the lobelike feature (dashed ellipse in Figure 15, left panel). It is
standard aging models in the color—color plane. The central region (blue worth noting that for the NE lobe, the color—color plot, and
squares) and the southern tail (green squares) reasonably well match the JP global spectrum suggest an injection index of —0.6 and a

del with a;,; = —0.50. .. Lo . . .
ocel WIEY Ginj distinct spectral shape. This hints at a similar origin for the NE

lobe and the region (including the cavity/radio blob) to the
west of the NGC 742, which also exhibits an average injection
index of about —0.65.

The injection index in the southern tail is more or less

rest of the emitting region (Figure 14, right panel). This finding
suggests the presence of two separate populations of relativistic
electrons in that region. It is plausible that one electron

opulation gives rise to the NE lobe, radio blob, and areas to ) . .
?hep south %md north of NGC741-742. while the second con51st.ent \fv1.th Qtinj = —0.50 (Figure 15, left panel). For the 15”
population generates the core, bent tail, and extended southern resolution injection map (now shown), we find that the lobe
tail regions. The similar injection index across the NE lobe and displays variations in the injection index between —0.5 and

radio blob points to a connected origin of radio emission. —0.9. However, given the large uncertainties. on the .high-
frequency spectral index and the rather small emitting region at

3 GHz, it remains challenging to confirm whether the injection
index really varies in this region. The average injection index is

We used the BRATS package to estimate the age of radio found to be about —0.6, similar to that observed in the cavity/
emission from the NGC 741-742 system on a pixel-by-pixel radio blob region.

4.3.5. Spectral Age Analysis

15
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Figure 14. Left: global radio spectra of different regions (cavity, central, and extended southern tail) created using 15” maps and five frequency data points (excluding
C-band). The spectrum of each region has been shifted in log(v) and log(I) space to create the “global” spectrum. The JP model lines for ajy; = —0.50 and
Qjnj = —0.67 are shown with dashed and dotted-dashed lines, respectively. Middle: global spectrum for the NE lobe. Right: the cavity region (yellow circles/square)
global spectrum is created using six frequency data points covering the frequency range from 144 GHz to 6 GHz using 7" images (right). The yellow circles and
squares are fit with the JP model lines for cjyj = —0.67 and for ay,; = —0.50, respectively. These plots reveal two different global spectra and suggest that the NE lobe
and the cavity regions have the same injection index suggesting that both features possibly have a similar origin.

To derive the spectral age map, we use a single injection index
over the entire source equal to ¢y = —0.50, which represents the
best-fit value for most of the regions in the source. Although this
marginally impacts the spectral age estimation for areas where the
injection index differs from —0.5 (i.e., the cavity region and
the NE lobe), the resulting discrepancies in age are anticipated to
be less significant. We ran the final model fitting iteration using a
magnetic field value of 1.95 uG, estimated as B = Bpy/ J3
where B, = 3.25(1 + z)z,uG is the equivalent magnetic field of
the cosmic microwave background. This assumption of magnetic
field minimizes the radiative losses and maximizes the lifetime of
the source, resulting in a map of the maximum age of the source.
However, for the NE lobe, our estimated age should be considered
a lower limit because the most extended part of the lobe is not
detected at 3 GHz. In Figure 15, right panel, we show the final age
map. As expected, the spectral age distribution follows the
observed spectral index distribution, with younger ages in the core
region and older ages in the most distant regions.

Across the source, the age predominantly spans 11-130 Myr.
The cores of NGC 741 and NGC 742 are the youngest. In the
core and bent tail regions, the average age is about 40 Myr and
60 Myr, respectively. The NE lobe and the southern tail are the
oldest, with a mean age of 120 Myr and 105 Myr, respectively.
Our age estimates are more or less consistent with those
reported by G. Schellenberger et al. (2017), who used a very
similar magnetic field strength, 2 G but an injection index of
—0.76. However, we were able to trace a maximum age of
about 140 Myr. This is expected, as our new observations
provide much-improved sensitivity and thus recover fainter
(and in some cases older) regions of emission that were not
previously detected.

4.4. The Radio Ring

One remarkable feature observed in the NGC 741-742
system is the bright ring between NGC 741 and the radio
blob. Although the northern boundary of the V-shaped cone
extends back to the northern edge of the ring, in the south, the
ring extends well beyond the boundary of the cone (Figure 3).
This suggests that the ring is a separate structure, not a part of
the cone. If we assume the ring is circular, its shape indicates it
is likely slightly inclined to the line of sight, oriented closer to
edge-on than to face-on. From the projected major and minor
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radii of the ring we estimate the inclination angle of ~68°
relative to the plane of the sky. A closed ring with a steep,
constant spectral index (approximately —2.0 between 3 and
6 GHz) and a weak polarization is reported in NGC 1265
(D. Sijbring & A. G. de Bruyn 1998; A. G. de Bruyn &
M. A. Brentjens 2005). C. Pfrommer & T. W. Jones (2011)
argued that the ring is produced by the passage of the head-tail
galaxy NGC 1265 and its older radio plasma bubble through an
accretion shock front. The spectral index across the ring in
NGC 741-742 between 3 and 6 GHz is flatter than the
NGC 1265 ring, namely about —1.3. In addition, compared
to the NGC 1265 ring, the NGC741-742 ring is significantly
polarized.

The ring in the NGC 741-742 system may also be formed by
the passing of a shock front through a radio plasma cocoon filled
with turbulent magnetic fields (T. A. Enflin & M. Briiggen
2002; C. Pfrommer & T. W. Jones 2011). In this case, upon
encountering the shock front, if the magnetic field within the
radio cocoon is not high, it subsequently evolves into a vortex
ring. The morphology and the fractional polarization of the ring
in NGC741-742 are consistent with MHD simulations of a
shock passing through an underdense bubble (C. Pfrommer &
T. W. Jones 2011; S. H. Friedman et al. 2012). As the shock
would have to be associated with the passage of NGC 742
through the group, this suggests that the ring was formed by the
interaction between the NGC 742 shock and a previously
existing old radio structure, presumably another radio lobe
associated with NGC 741.

We obtained the Mach number of the shock using the
ring’s major radius and its width. Following T. A. Enflin &
M. Briiggen (2002), the compression ratio (C) of the shock can
be estimated as:

2R?
=, @)

3nr

where R is the major radius of the ring and r its width. Note that
Equation (4) is valid only when the radio cocoon was spherical
before shock crossing and that the major radius did not change.
Assuming that the radio cocoon is in pressure equilibrium with
its surroundings before and after shock crossing and the
magnetic field is not dynamically important, the pressure jump
in the nonrelativistic IGrM plasma at the shock front is given
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Figure 15. The injection spectral index map (left) and the spectral age map (right) of NGC 741 742 obtained using the JP model. The best-fit injection index map has a
resolution of 7”, created using 144 MHz, 400 MHz, 700 MHz, 1.28 GHz, 3 GHz, and 6 GHz. The injection map highlights the presence of two electron populations
with different injection indices (i.e., the region inside the dashed ellipse and the rest of the emitting area). The spectral age map is created using five 15” radio maps
(excluding C-band image) and an injection index of —0.5, suggesting that the core region is the youngest and the tail and lobe regions are the oldest (see Table 2 for

image properties).

by P,/P,= C"%, where ~, is the adiabatic index of the
relativistic plasma in the radio cocoon. From our high-
resolution C-band image, we measure R and r of 13 kpc and
2.6 kpc, respectively. Using Equation (4), we obtained C =5.3.
Assuming ~,=4/3 (suitable for the relativistic plasma in an
old radio lobe T. A. EnBlin & M. Briiggen 2002), this gives
P,/P;=9.2. Applying standard Rankine-Hugoniot jump
conditions

CR VRN CESY
2y

; (5)

where + is the adiabatic index of the thermal plasma (assumed
to be 5/3), we obtain a Mach number M = 2.7. This Mach
number corresponds to a velocity of 1750 kms™".

4.5. Velocity of NGC 742

The velocity of NGC 742 can be estimated from the shock
cone’s opening angle using the relation

1
sinf’

= (6)
where 6 is the half-angle of the shock cone. From our high-
resolution S-band image, we measure a full opening angle (i.e.,
26) of the shock cone of about 59°. Using Equation (6), we
obtained a Mach number of 2.1 which is equivalent to a
velocity of 1358 km s~ '. This value is in good agreement with
the velocity reported by G. Schellenberger et al. (2017;
1300 km s~ ") using the same method. Our estimate does not
account for the component of motion of NGC 742 along the
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line of sight, which will cause the Mach cone to be
foreshortened, widening its apparent, projected opening angle.
However, if we take the inclination of the ring structure as an
indicator of the angle of the galaxy’s trajectory to the plane of
the sky, we find only a small change in the estimated Mach
number, to M = 2.2, equivalent to 1390 km s L.

The radio tails represent the host galaxy’s motion through
the IGrM, and the velocity can also be estimated from the
spectral age and the physical size of the tails. The trajectory
distance of the southern tail is about 200kpc at 144 MHz.
However, the very extended part of the tail is only detected at
144 MHz. In the southern tail, the synchrotron electrons are as
old as 120 Myr, i.e., the maximum age in the tail. We note that
the age of the tail can only be estimated out to 140 kpc;
therefore we use this as a trajectory distance. Under this
assumption, we estimate that the projected velocity component
is about 1141kms~'. The optical recession velocities of
NGC 741 and NGC 742 suggest a difference of 480kms '
This results in a 3D velocity of about 1240 km sT' (M = 1.9),
which is reasonably consistent with the galaxy velocity based
on the shock cone’s opening angle. However, it is roughly 14%
lower than the velocity reported by G. Schellenberger et al.
(2017), employing the same method. The difference is because
they used a maximum age of 90 Myr to estimate the velocity,
while our new observations have revealed a previously
undetected extended part of the southern tail, allowing us to
recover regions as old as 120 Myr. Another alternative is to use
the line of sight velocity difference between NGC 741 and
NGC 741 and the inclination angle of the radio ring to estimate
the 3D velocity. This suggests a true velocity of 1290 km s~
(equivalent to M = 2), again in reasonable agreement with the
estimates from the cone opening angle and age of the radio tail.
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Lastly, the temperature jump across the shock suggests a
velocity of 1100 + 66 km s~ ' which is equivalent to M = 1.7
(G. Schellenberger et al. 2017). In summary, the true velocity
of NGC 742, estimated from the aforementioned methods, is
probably in the range of 1100-1390kms~' (M = 1.7-2.2).
These values are significantly lower than ~1750kms™'
obtained from the ring (i.e., M = 2.7). We emphasize that a
velocity ~1750kms ™' is most likely overestimated as the
shock could be making an ellipse rather than a ring.

4.6. Effect of NGC 742 Infall on the IGrM

The supersonic infall of NGC 742 appears to be driving a
bow shock through the core of the NGC 741 group, and this
will deposit energy in the IGrM. The available X-ray data do
not have sufficient depth to enable detailed measurements of
gas properties across the shock front, but we can estimate the
energy input based on IGrM properties in the core and our
estimates of the Mach number of the shock. G. Schellenberger
et al. (2017) provide profiles of gas temperature and entropy,
and note that the cooling region (in which the cooling time is
<3Gyr) has a radius of ~I10kpc and a Iuminosity
Leoor =2.59 x 10* erg s,

As noted by S. W. Randall et al. (2015) the amount of
thermal energy deposited in gas by a shock can be determined
from the change in its entropy, with the fractional energy
gained by the gas being Aln(P/p”), where P is the gas
pressure, p is its density, and ~ is its adiabatic index (5/3 for
the IGrM). Assuming the shock has passed through the group
core, we can estimate the preshock temperature and density for
given Mach numbers, and thus estimate the change in entropy.
We find that for M = 1.7-2.2, the shock would have deposited
~8%—22% of the thermal energy in the IGrM gas. This is a
significant contribution, comparable to that of shocks driven by
AGN outbursts (S. W. Randall et al. 2015 found fractions of
0.4%-12% for the M =1.2-1.8 shocks in NGC 5813) and
equivalent to ~2-5 x 10°” erg in the cooling region. G. Schel-
lenberger et al. (2017) estimate the enthalpy of the western
cavity to be 4.9 x 107" erg. The energy injected by the shock
may thus be comparable to that available from the last cycle of
AGN feedback in NGC 741 and will have been injected on a
much shorter timescale. At 1390 km s~!, NGC 742 would take
~14 Myr to cross the cooling region, whereas the cavity must
be significantly older, with much of its enthalpy still contained
in the relativistic plasma and thus not yet available for heating
the IGrM. It therefore seems that the infall of NGC 742 through
the group core has had a significant impact on the IGrM,
potentially injecting enough energy through shock heating to
affect the cooling and therefore gas inflow into NGC 741. As a
singular event, this kind of high-velocity merger cannot
balance the radiative losses from the IGrM, but it can affect
the cooling and feedback cycle of the group temporarily.

4.7. Origin of the Radio Emission and Dynamics of the Group

NGC 741-742 has been known as a bright radio source for
several decades, and its morphology and physical structure have
been the subject of discussion in the literature (M. Birkinshaw &
R. L. Davies 1985; T. C. A. Venkatesan et al. 1994; N. N. Jetha
et al. 2008; S. Giacintucci et al. 2011; G. Schellenberger et al.
2017). An early study (M. Birkinshaw & R. L. Davies 1985)
classified NGC 741 as a classical double-lobed radio galaxy, with
the second peak at NGC 742 noted as a probable hotspot.
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However, T. C. A. Venkatesan et al. (1994) argued that the diffuse
emission instead arises from a head-tail or narrow-angle tail
associated with NGC 742, and that NGC 741 only hosts a
compact nuclear source. The interpretation of much of the
emission as a radio tail was supported by N. N. Jetha et al. (2008)
and G. Schellenberger et al. (2017), who observed jets emerging
from NGC 742. However, low-frequency radio observations
(<610 GHz) revealed a fainter extended emission to the west
of NGC 742, suggesting that the entire radio emission may not
necessarily originate solely from NGC 742 (S. Giacintucci et al.
2011; G. Schellenberger et al. 2017).

Based on relatively short XMM-Newton and Chandra
observations, N. N. Jetha et al. (2008) reported a ghost cavity
without any radio emission to the west of the brightest group
galaxy, potentially inflated by previous AGN activity originat-
ing from NGC 741. This ghost cavity was not detected in
deeper Chandra observations (G. Schellenberger et al. 2017),
but a smaller cavity was identified, located along the line of
sight to the radio structure we have referred to as the radio blob.

Our new images confirm the complex morphology found by
past studies while revealing several new features, including the
ring, blob, the greater extent of the long southern tail and the
filaments within it, and the filamentary structures within the NE
lobe. However, the nature of the radio source, and even
whether it is a single structure or a combination of structures
originating from different hosts is still unclear. Of the
possibilities suggested in previous work, the only one that we
can immediately dismiss is that the whole source is an FR-I
associated with NGC 741. The jets originating in NGC 742 and
their lack of connection to NGC 741 rule this option out. Below
we discuss possible explanations for the origin of the radio
source, considering two main hypotheses:

1. The entire extended radio source is part of the head-tail
radio galaxy NGC 742. In this hypothesis, NGC 741 hosts a
compact nuclear radio source that overlaps the extended
emission but is not physically with the rest of the observed
radio emission. In this scenario, the V-shaped structure
detected in the X-ray and radio maps at the apex of a head-
tail galaxy (NGC 742) traces a shock front. As NGC 742
interacts with the IGrM at supersonic speeds, it compresses
and heats the surrounding gas, leading to the formation of a
Mach cone (shock front). All observed spectral and
polarization properties across the V-shaped cone are
consistent with the fact it traces a shock front. The location
of NGC 742 close to NGC 741 and the Mach cone implies
that we are observing the infalling galaxy NGC 742 during
its brief, maximum velocity passage through the group core.

The NE lobe and the extended southern tail can be
considered as lobes/tails linked to NGC 742. One of the
tails is bent to the south, creating a 250 kpc long southern
tail, while a second tail is bent along the line of sight away
from us. It trails behind the core region and then to the east,
with its far end forming the apparent NE lobe. While the
relatively similar radio brightnesses of the far end of the
southern tail and the NE lobe might support this possibility,
the radio color—color and global spectrum analysis highlight
the differences between the spectral properties of the NE
lobe and the extended southern tail. In particular, our
analysis suggests different injection indices for the southermn
tail and NE lobe, and the presence of two different global
spectra, which are inconsistent with a single electron
population in these two regions.
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Moreover, the radio morphologies of the NE lobe and
the southern tail are also quite different. The braided
appearance of the southern tail suggests that it very likely
contains both tails of NGC 742 wrapped around each other,
while the embedded filaments in it are aligned primarily
along the line of the tail. By contrast, the filamentary
structures in the NE lobe do not seem to be aligned from
one side to the other, as might be expected in a tail, though
projection effects could be an issue.

If the NE lobe is a second tail from NGC 742, a large

fraction of the tail must be aligned along the line of sight
and seen in projection behind the core region. In this case,
we would expect that the apparent emission from this region
would be a combination of flat spectrum emission
originating from jets and shock compression in the core
region, and older emission from the aged plasma in the
second tail. This combination would likely result in
significantly steeper spectral indices outside the jets, not
the flat indices we observe. However, the present data do
not allow us to conclusively rule out this scenario.
. The NE lobe originated from NGC 741, while the remaining
emission is associated with the tails of NGC 742, which
bend to the south. The integrated spectral index of the NE
lobe differs significantly from that of the southern tail,
suggesting that the emission in the NE lobe could be arising
from an old radio lobe associated with NGC 741. It is worth
mentioning that the core of NGC 741 is quite flat and
therefore active with no evidence for current large-scale jets.
But, as the central galaxy of the group it is likely that it has
undergone episodes of jet (and bubble) launching in the
past. However, if the NE lobe is the product of the most
recent episode, we must ask why there is no corresponding
counter lobe at an equivalent distance on the western side of
NGC 741.

One hypothesis is that the NE lobe comprises two
distinct lobes associated with NGC 741 that are seen in
projection along our line of sight. In this case, NGC 741
moved west because of its interaction with NGC 742, as
suggested by G. Schellenberger et al. (2017).

Another possibility is that there was a second lobe at
the location of the small X-ray cavity from NGC 741, but
that NGC 742 passed through it, strongly disrupting it and
causing the partial mixing of the old lobe plasma from the
NGC 741 lobe with the younger plasma of the NGC 742 tail
in the core and bent tail regions. It is worth emphasizing that
the spectral index in the core and bent tail regions are indeed
a mixture of both flatter and steeper spectral indices. In this
scenario, the vortex ring would have been produced by the
shock of NGC742 interacting with the old lobe of
NGC 741, with the radio blob perhaps also being partly
composed of remnant plasma from the old lobe.

Our spectral analysis suggests that the western X-ray
cavity (radio blob) and the nearby regions have an injection
index of about —0.6, similar to the NE lobe. This suggests
that the NE lobe and radio blob could have originated from
the NGC 741 and that the radio blob is a counter lobe. This
hypothesis offers an explanation for several of the observed
structures, but we should note that it does not explain why
the NE lobe is significantly more extended than the X-ray
cavity, nor does it fully explain the complex radio emission
to the west of NGC 741. Testing this scenario in detail is
beyond the scope of this paper and thus would require
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sophisticated simulations to test the effect of a high-velocity
interaction between a head-tail source and a passively
aging lobe.

5. Summary and Conclusions

We presented deep, wideband VLA (2-8 GHz), MeerKAT
(0.9-1.7GHz), uGMRT (300-850 GHz), and LOFAR
(120-169 GHz) observations of the galaxy group NGC 741.
Our new images provide an unprecedented radio view of this
system. We summarize our main findings as follows:

1. Our new images reveal complex radio emission and
previously unseen features in the inner region, including a
ring, a bright, well-defined cloud (radio blob), several
intricate filaments, radio edges, and ripples. On large
scales, radio emission shows the great extent of a long
(~200 kpc) southern tail and a lobelike feature (NE lobe)
to the northeast of NGC 742.

2. The radio morphologies of the southern tail and the NE
lobe are different, and, in addition, the spectrum of the
NE lobe is a significantly steeper spectrum and shows
greater curvature than that of the tail, indicating that the
lobe contains older plasma. Moreover, we find evidence
of different physical properties across the NE lobe and the
southern tail. Specifically, we find different injection
indices (—0.50 and —0.65) and two global spectra. The
radio color—color plot and global spectrum analyses are
inconsistent with a single electron population in these two
regions. All the evidence suggests different origins for
these two structures. We propose that the NE lobe is
likely associated with NGC 741, and the long braided
southern tail consists of both tails associated with the
head-tail radio galaxy NGC 742. The absence of the
NGC 741 counter lobe to the west can be explained by
assuming that it is completely disrupted through its
interaction with the merging NGC 742.

3. We find that the radio blob coincides with the small X-ray
cavity located to the west of NGC 741 detected in
Chandra observations. Its edges are found to be polarized.
Our analysis of spectral index and curvature revealed an
injection index of approximately —0.67 across the radio
blob and surrounding areas, similar to the injection index
of the NE lobe. The radio blob likely consists of remnant
plasma from the NGC 741 counter lobe.

4. We propose that the ring forms as the NGC 742 shock
front passes through the remnant plasma of an old radio
lobe previously inflated by the AGN in NGC 741. The
V-shaped cone originates from the interaction between
NGC 742 and the IGrM. Based on the major and minor
radii of the ring, we estimate the shock Mach number to
be about 2.7, implying the velocity of NGC 742 to be
about 1750 km s~ '. From the opening angle of the shock
cone, we measure a smaller Mach number of about 2.2
and a similar value of the Mach number of 1.9 from
spectral aging across the southern tail. Including previous
estimates of the shock velocity from the X-ray data, this
suggests the true velocity of NGC 742 is in the range
1100-1750 km s~ ', highly supersonic in the IGrM. We
estimate the likely shock-heating effect of the infall of
NGC 742 on the cooling core of the IGrM and find that it
has likely injected ~8%—-22% of the thermal energy in
the central 10 kpc, equivalent to ~2—5 x 107 erg. This is
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comparable to the enthalpy of the previously identified
western cavity and suggests that NGC 742 could
potentially have affected the cooling and feedback cycle
of NGC 741 by slowing the IGrM cooling that fuels the
group-central AGN.

5. Between 24 GHz, we find strong polarization (up to
48%) along the boundaries of the V-shaped shock cone,
with an average degree of polarization of 20%. This is
consistent with the compression of the magnetic field
along the shock front. Additionally, the top and bottom
ends of the ring also show a high degree of polarization.

6. We find that some of the previously detected thermal
X-ray filaments align with radio edges, suggesting
compression of the IGrM as the relativistic plasma of
the NGC 742 tail interacts with the IGrM. A bright X-ray
filament connecting NGC 742 and NGC 741 is found to
be correlated with highly linearly polarized radio
emission. There are also X-ray filaments that have no
radio counterpart.

We conclude that NGC 741-742 represents the clearest
observational example to date of the interaction between a
head-tail radio galaxy and the hot X-ray emitting medium of a
galaxy group or a cluster. On smaller scales, the supersonic
passage of the head-tail galaxy through the IGrM has formed
several complex features, including a V-shaped cone, ring,
and radio blob. On large scales, the nonthermal plasma is
presumably adiabatically compressed by the shock and may
also be reaccelerated, generating sharp edges, ripples, and fine
filaments. The wideband polarization and Faraday analysis will
be ideal for investigating the origin of the detected features.
Furthermore, highly sensitive observations at low frequencies,
such as those that can be obtained with the LOFAR Low Band
Antennas, may allow the detection of older electron popula-
tions. The variety of radio features in the galaxy group
NGC 741 makes it a remarkable laboratory for studying the
interactions between a shock front, a head-tail radio galaxy, and
an aged lobe.
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