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ABSTRACT

Radio galaxies are a subclass of active galactic nuclei (AGN) in which accretion onto the supermassive black hole releases energy
into the environment via relativistic jets. The jets are not constantly active throughout the life of the host galaxy and alternate between
active and quiescent phases. Remnant radio galaxies are detected during a quiescent phase and define a class of unique sources that
can be used to constrain the AGN duty cycle. We present, for the first time, a spatially resolved radio analysis of the radio galaxy asso-
ciated with the galaxy NGC 6086 down to 144 MHz and constraints on the spectral age of the diffuse emission to investigate the duty
cycle and evolution of the source. We used three new low-frequency, high-sensitivity observations; the first was performed with the
Low Frequency Array at 144 MHz and the other two with the upgraded Giant Metrewave Radio Telescope at 400 MHz and 675 MHz,
respectively. To these, we add two Very Large Array archival observations at higher frequencies (1400 and 4700 MHz). In the new ob-
servations in the frequency range 144-675 MHz, we detect a second pair of larger lobes and three regions within the remnant emission
with a filamentary morphology. We analysed the spectral index trend in the inner remnant lobes and see systematically steeper values
(aiow ~1.1-1.3) at the lower frequencies compared to the gigahertz frequencies (anign ~0.8-0.9). Steeper spectral indices are found
in the newly detected outer lobes (up to @ouer ~2.1), as expected if they trace a previous phase of activity of the AGN. However, the
differences between the spectra of the two outer lobes suggest different dynamical evolutions within the intra-group medium during
their expansion and/or different magnetic field values. Using a single-injection radiative model and assuming equipartition conditions,
we place constraints on the age of the inner and outer lobes and derive the duty cycle of the source. We estimate that the duration of
the two active phases was 45 Myr and 18 Myr and the duration of the two inactive phases was 66 Myr and 33 Myr. This results in a
total active time of #,, ~ 39%. The filamentary structures have a steep spectral index (~1) without any spectral index trend, and only
one of them shows a steepening in the spectrum. Their origin is not yet clear, but they may have formed due to the compression of the

plasma or due to magnetic field substructures.
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1. Introduction

Radio galaxies are a peculiar class of galaxy with luminosities in
the radio band up to 10* erg s~! between 10 MHz and 100 GHz.
These galaxies are a subclass of active galactic nuclei (AGN),
which are the elliptical galaxies that host an active supermassive
black hole (SMBH) in the nuclear region. The central SMBH can
give rise to a couple of relativistic jets, which drag off relativistic
plasma and magnetic field.

The relativistic particles lose energy through synchrotron
radiation and inverse Compton scattering. The former process

* A copy of the reduced images is available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
677/A4

is best observed at radio wavelengths, while the emission of the
latter peaks in the X-ray band. The AGN-driven jets can have
a range of sizes from less than a kiloparsec (O’Dea & Saikia
2021) up to hundreds of kiloparsecs, or even a few mega-
parsecs in the case of giant radio galaxies (e.g., Willis et al.
1974; Saripalli & Gopal-Krishna 1986; Dabhade et al. 2020;
Giirkan et al. 2022; Oei et al. 2022).

The importance of studying radio galaxies is not limited to
understanding the physics of these sources. The energy injected
by jets in the environment has a crucial impact on the evo-
lution of host galaxies and the external intra-group medium
(IGrM) or intra-cluster medium (ICM; Hardcastle & Croston
2020). One essential ingredient for quantifying the impact of
jets in their surroundings is their duty cycle, that is, the fraction
of time during which the sources are active (Romano et al.
2014).
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Statistical studies on radio source populations suggest that
the duty cycle is strongly dependent on the mass of the host
galaxy. Sabater et al. (2019), for example, find that in massive
galaxies (Mg > 10'") the radio AGN activity is always switched
on at some level.

The life cycle of the AGN is driven by the accretion of
matter into the central SMBH. The cycle is characterised by
the succession of active phases and quiescent ones with vari-
able timescales. To characterise and understand the central
engines of the AGN, it is crucial to study the duty cycle of the
sources.

The best sources to use to directly probe the jet duty cycle
are restarted radio galaxies, which are galaxies that show recur-
rent jet activity and multiple generations of radio emission
(e.g., Venturietal. 2004; Marecki et al. 2006; Jamrozy et al.
2007; Parma et al. 2007; Mahatma et al. 2018; Biava et al. 2021;
Schellenberger et al. 2021; Ubertosi et al. 2021). The clearest
examples of this recurrent activity are the double-double radio
galaxies (e.g., Schoenmakers et al. 2000b; Konar et al. 2006;
Orru et al. 2010); this class of galaxy clearly shows two gen-
erations of lobes inflated at different times. However, there are
also cases where more than two phases of activity have been
reported. For example, in the case of Fornax A, a recent spa-
tially resolved spectral study has suggested that it is possible to
distinguish at least three distinct phases of activity in the his-
tory of the radio source (Maccagni et al. 2020). A few other
sources with three detected active phases have been found in the
last few years with radio observations (Brocksopp et al. 2007,
Singh et al. 2016) or X-ray observations that highlight three cav-
ities in the ICM (Randall et al. 2015).

Particularly interesting to study is the jet duty cycle in small
systems such as galaxy groups. Here, the energy released by
the jets is comparable to, or higher than, the binding energy of
the group itself, forcing baryon depletion (Lagand et al. 2013;
Kolokythas et al. 2019). For this reason, the knowledge of the
duty cycle and the energy released by AGN are also essential to
galaxy evolutionary models and large-scale system simulations,
and for constraining cosmological models (see Eckert et al.
2021, for a full review of AGN feedback in galaxy groups).

In this paper we present deep, low-frequency radio obser-
vations performed with the LOw Frequency ARray (LOFAR;
van Haarlem et al. 2013) and the upgraded Giant Metrewave
Radio Telescope (uGMRT; Gupta et al. 2017) of the radio galaxy
B2 1610429, which is associated with the galaxy NGC 6086,
located at the centre of the galaxy group Abell 2162. Alongside
the new observations, we use Very Large Array (VLA) archival
radio observations of the source at higher frequencies to perform
spectral analysis and provide constraints on the duty cycle of the
jet activity.

The outline of the paper is as follows. In Sect. 2 we pro-
vide an overview of NGC 6086. Radio observations and data
reduction procedures are described in Sect. 3. In Sect. 4 we
present the results of our analysis of the radio emission over
different spatial scales. In Sects. 5 and 6 we present the radia-
tive age and the duty cycle estimates of the source, respectively.
The results for NGC 6086 are discussed in Sect. 7, and a sum-
mary of our main findings is given in Sect. 8. The cosmology
adopted throughout the paper assumes a flat universe with the
following parameters: Hy = 70kms™' Mpc™!, Q) = 0.7, and
Qu = 0.3 (Giacintucci et al. 2007); at the redshift of NGC
6086, z = 0.0318 (Murgia et al. 2011), 1 arcsec corresponds to
0.635 kpc; the synchrotron power-law distribution is defined as
S, v ®,
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Fig. 1. SDSS r-band image of the galaxy group Abell 2162. Pink circles
mark the main galaxies of the group.

2. Overview of NGC 6086

NGC 6086 is the central galaxy of the galaxy group Abell
2162, which is one of the 37 members (Abell & Corwin 1989)
of the Hercules supercluster (Einasto et al. 2001; see Fig. 1).
The X-ray luminosity of the system in the 0.3—4.5 kev band is
3.1 x 10" ergs™' based on Einstein observations (Burns et al.
1994), while in the 0.5-2.0keV band is 1.9 x 10* erg s~! based
on ROSAT observations (Mahdavi et al. 1997, rescaled for the
cosmological model adopted in this work).

NGC 6086 is located close to the peak of the X-ray emis-
sion; however, no morphological analysis of X-ray emission of
the surrounding IGrM is available in the literature. The galaxy
is an elliptical, and it hosts a low-power (Pis;mu, = 1.4 X
10%* W Hz™ ') radio galaxy (B2 1610+29) with a total exten-
sion of ~100 kpc x 30 kpc (Giacintucci et al. 2007; Murgia et al.
2011). In Fig. 2 we show the new LOFAR radio image of the
source presented in this work overlaid on the optical image.
The morphology of the radio source has been analysed in
the literature (with GMRT and VLA observations) and con-
sists of two low surface brightness and relaxed lobes sitting
on the opposite side of the host galaxy, with no indications of
compact components such as jets, hotspots, or an active core
(Parma et al. 1986; Owen & Ledlow 1997). The lack of nuclear
radio emission was further confirmed by Very Long Baseline
Array data at 5 GHz presented by Liuzzo et al. (2010). These
morphological properties, combined with a very curved radio
spectrum in the range 74-8350 MHz (Murgia et al. 2011), sug-
gest that the nuclear activity is currently switched off and that
the lobes represent the remnants of a past phase of jet activ-
ity. Based on spectral ageing models (Komissarov & Gubanov
1994), Murgia et al. (2011) estimated that the total age of the
plasma is in the range of 55-60Myr and the jets switched
off 25-45 Myr ago. In this work, we present new observations
with the LOFAR and uGMRT interferometers to further inves-
tigate the nature of the radio galaxy and give constraints to its
duty cycle.



Candini, S., et al.: A&A 677, A4 (2023)

29°32"

30

Dec (J2000)

28'

26"

16"12™M50° 40° 30° 20°

RA (j2000)

Fig. 2. Composite image of the radio galaxy NGC 6086, obtained using
optical (Sloan Digital Sky Survey r-band, g-band, and i-band) and radio
(LOFAR at 144 MHz with 5.22 arcsec X 8.37 arcsec resolution) images.
The most significant features of the system are labelled, the beam is
shown in the bottom-left corner, and a reference physical scale is shown
in the top-left one.

3. Observations and data processing
3.1. LOFAR 144 MHz

The target has been observed by LOFAR with the High Fre-
quency Antennas at a central frequency of 144 MHz as part
of the LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al.
2017). We used the two 8-hour datasets related to the LoTSS
pointings P243+30 and P242+28, whose centres lie at 0.54 and
2.06 degrees away from the target position, respectively. Both
datasets have been recorded following the observational setup of
LoTSS. The total bandwidth of the observations is 48 MHz, cov-
ering frequencies in the range 120—168 MHz and the frequency
resolution is 12.2 kHz. All four polarisations were recorded (XX,
XY, YX, and YY) with a sampling time equal to Is. The pri-
mary calibrator was observed at the end of the observing run for
10 minutes. The full LOFAR array was used for the observa-
tions, but for this work we only analysed the data collected by
the Dutch stations (baselines <100 km).

Before being stored in the LOFAR long-term archive, the
observatory flagged the data for radio interference and then aver-
aged them by a factor of 4 in frequency. The data were then
processed using the standard LoTSS procedures. An outline of
the data processing is presented in this section, and we refer
the reader to Tasse et al. (2021) and Shimwell et al. (2022) for
a detailed description of the procedure.

The PreFactor pipeline! (van Weeren et al. 2016; Williams
et al. 2016) was used to correct the data for direction indepen-
dent effects such as offsets between XX and YY phases, iono-
spheric Faraday rotation, and clock offsets (see de Gasperin et al.
2019), and the DDF-pipeline’ v2.2 was used to perform a
direction-dependent self-calibration, to correct for distortions

' https://github.com/lofar-astron/prefactor
2 https://github.com/mhardcastle/ddf-pipeline

of the ionosphere and errors in the beam model. This pipeline
is described in Shimwell et al. (2019) and Tasse et al. (2021).
It uses kMS (Tasse 2014; Smirnov & Tasse 2015) to derive
direction-dependent calibration solutions and DDFacet for imag-
ing (Tasse et al. 2018). To further improve the quality of the cal-
ibration and facilitate data imaging, all sources outside a square
region of ~30-arcmin side and centred on the target were sub-
tracted from the UV data, and final loops of self-calibration were
performed (see van Weeren et al. 2021 for a detailed description
of the procedure). Baselines below 804 were not considered.

The final images were produced using multi-scale cleaning
in WSClean (version 2.8; Offringa et al. 2014) and are presented
in Fig. 3. The different sets of imaging parameters were chosen
to both recover the small morphological features and enhance
the large-scale diffuse emission. The parameters used together
with the final image properties are listed in Table 1.

3.2. uGMRT 400 MHz and 675 MHz

We observed the target with the uGMRT in September 2020,
in both band-3 (300-500 MHz) and band-4 (550-950 MHz) (see
Table 2). The total on-source observing time was ~6.3h for
band-3 and ~7 h for band-4 observations. The flux density cali-
brator used was 3C48, and it was observed for 8 minutes at the
beginning or the end of each observing run. In both frequency
ranges, the total bandwidth was divided into 4096 channels and
the integration timestep was set to 5.3 s.

We calibrated the data using the SPAM pipeline (Intema
2014; Intema et al. 2017) upgraded for handling new wide-
band uGMRT data following the standard procedure® and we
set the absolute flux density scale according to Scaife & Heald
(2012). Due to severe radio frequency interference, data above
850 MHz in band-4 were removed. Using the output calibrated
data, we created the final images using multi-scale cleaning with
WSClean. As for the LOFAR data, we imaged both datasets with
two sets of imaging parameters reported in Table 1 together with
the final image properties.

3.3. VLA 1.4 GHz and 4700 MHz

We selected archival VLA observations to expand the frequency
coverage of the source above 675 MHz, as needed for a more
detailed spectral analysis. We selected two datasets where NGC
6086 was observed at 1.4 GHz with B and C array configurations
and a second dataset at 4.7 GHz with the D array configuration.
The details of the observations used are reported in Table 2.

All the datasets were reduced with Common Astron-
omy Software Applications (CASA; version 5.5.0-149;
McMullin et al. 2007). After manual flagging, we performed the
standard calibration, with the flux density scale set according
to Perley & Butler (2013) for all datasets. We calibrated the
two datasets at 1.4 GHz singularly, using as primary calibrator
3C286 (or 1328+307) for both. We used the source 1219+285
as the phase calibrator that is the closest in time and position
for the C array configuration dataset, while we chose the source
16074268 for the B array configuration one. We performed
three loops of phase self-calibration on the C configuration data
to refine the gain solutions. The final image has a resolution of
17.4 arcsec x 13.8 arcsec and a noise equal to 350 uJy beam™.
On the B configuration data, we performed two rounds of
phase self-calibration and we obtained a final image with

3 http://www.intema.nl/doku.php?id=
huibintemaspampipeline

A4, page 3 of 19


https://github.com/lofar-astron/prefactor
https://github.com/mhardcastle/ddf-pipeline
http://www.intema.nl/doku.php?id=huibintemaspampipeline
http://www.intema.nl/doku.php?id=huibintemaspampipeline

Candini, S., et al.: A&A 677, A4 (2023)

Jy/beam
—0.001 0.000 ©0.001 0.002 0.003 0.004 0.005

30’
=)
o
I
S 29
[}
[
o
28'
27"
16"12M54°  48° 42° 36°
RA (J2000)
Jy/beam
—0.0004 0.0000 0.0004 0.0008 0.0012 0.0016
29°31"
30’
5
o
I
S 29
(9]
(7]
[a]
28'
27"
16"12Mm545  48° 425 36°
RA (J2000)
Jy/beam
—-0.0001 0.0001 0.0003 0.0005
29°31"
30'
S
o
I
S 29
[9)
[
o
28'
27"

16"12M54°  48° 42° 36°
RA (J2000)

Jy/beam
—-0.002 0.002 0.006 0.010 0.014

100 kpc

29°32

s 30
[=)
(=)
S
bt
(7]
sl 28
26'
16"13m00° 12M48°
RA (J2000)
Jy/beam
-0.001 0.000 0.001 0.002 0.003
29°32'
s 30
o
[=)
o
=
(9]
[0}
=] 28
26'
16"13m00° 12M48° 36°
RA (J2000)
Jy/beam
-0.001 0.000 0.001 0.002 0.003
29°32'
s 30
o
o
o
=
[®)
[
a] 28
26'

16"13m00° 12M48° 36°
RA (J2000)

Fig. 3. Radio images of the source NGC 6086 at 144 MHz (top row), 400 MHz (central row), and 675 MHz (bottom row). The left column shows
images at the highest resolution (8.37 X 5.22, 8 x 5.5, 4.8 x 3.7 arcsec, from the top to the bottom panel, respectively) and the right column at low
resolution (30 arcsec). Contours are drawn at (-3, 3, 5, 10, 20, 30) X o in the first panel; (=3, 3, 5, 20, 50) X ¢ in the fifth panel; and (-3, 3, 5, 10,
20, 40, 80) x o in the other panels. The ‘X’ markers in the panels in the right column indicate the position of the host galaxy. The beam is shown
in the bottom-left corner, and a reference physical scale is shown in the top-left one.

6.2 arcsec x 4.6arcsec and a noise equal to 200 uJybeam™!
We then combined the two calibrated datasets at 1.4 GHz
to improve the UV-coverage. We performed a few loops of
phase self-calibration and we made a final imaging imposing
a restoring beam of 14 arcsec to match the highest resolution
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available for the 4.7 GHz image. The rms noise level of the
combined image at 1.4 GHz is 120 wJy beam™!

For the dataset at 4.7 GHz in D configuration, we followed
the same calibration and imaging procedure described above.
The resolution of the final image is 14.5 arcsec X 12.9 arcsec and
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Table 1. Summary of the radio images of NGC 6086.

Central frequency Beam Weighting  UV-taper = RMS noise
[MHz] [arcsec X arcsec] [arcsec]  [mly beam™!]
144 84x52 Briggs 0.5 - 0.11
144 28.3x24.6 Briggs —0.5 20 0.2
400 8§x5.5 Briggs 0 - 0.035
400 31x27 Briggs 0.5 25 0.14
675 4.8x3.7 Briggs 0 - 0.014
675 26x 17 Briggs 0.5 25 0.08
1400 (B) 6.2x4.6 Natural - 0.2
1400 (C) 17.4x13.8 Briggs 0 - 0.35
4700 14.5%x12.9 Uniform - 0.1

Table 2. Summary of the observations of NGC 6086 used in this work.

Telescope Frequency ~TOS (V Date
[MHz] [hh:mm] [dd/mm/yy]
LOFAR HBA® 120-168 16:00 14/05/18
08/11/19
uGMRT 300-500 06:20 06/09/20
uGMRT 550-950 07:00 22/09/20
VLA (B array)® 1400 00:12 21/02/93
VLA (C array)® 1400 00:07 29/01/91
VLA (D array)® 4700 00:10 01/10/00

Notes. (" Time On Source. ®Observations not centred on the target (see
Sect. 3.1 for details).® Archival observation.

the rms noise level is 100 WJy b~!. A summary of the radio image
properties is reported in Table 1 and the two final VLA images
at 14 arcsec of resolution are shown in Fig. A.1.

4. Results
4.1. Radio morphology

Thanks to our new low-frequency, high-sensitivity, and broad-
band observations in the frequency range 144-675 MHz, we are
able to reveal much more extended emission than what was pre-
viously detected in NGC 6086. In Fig. 3, we show two maps
for each of the three frequencies available below 1 GHz, one at
high resolution (left column) and one at low resolution (right col-
umn). We note that our new 675 MHz (uUGMRT, band-4) image is
a factor of 10 deeper than the previous observation presented by
Giacintucci et al. (2007) at 610 MHz with the GMRT and com-
parable beam. Our LOFAR image is the first one below 600 MHz
where the combination of resolution and sensitivity allowed us
to see the radio galaxy resolved.

In the new LOFAR 144 MHz high-sensitivity images (see
Fig. 3, first row), we clearly detect the two central lobes
already observed in the other works that have analysed NGC
6086. Around the lobes, which are distinguishable in both the
high-resolution and low-resolution images, we find new, previ-
ously undetected, diffuse emission. In the high-resolution image
(Fig. 3, top row left column), we can appreciate the tiniest sub-
structures of the radio plasma. In particular, the newly detected
emission appears very patchy and three filaments are clearly
revealed, which we label as F1, F2, and F3. In addition, a small

filament seems to emerge from the eastern lobe in the direction
of the diffuse, extended emission in the east. The most prominent
filament, labelled as F1, is connected to the lobe in an arc-shaped
structure. F1 and F2 are almost parallel and located below the
inner lobes, while F3 is located above, at least in projection.
The latter is partially superimposed onto the western inner lobe
and this makes its analysis very limited. We measured that the
extension of the filaments in the LOFAR 144 MHz image at the
highest resolution available is 58 kpc x 6 kpc and 54 kpc X 6 kpc,
for F1 and F2, respectively. For F3, which is superimposed onto
the western lobe, we get a lower limit on dimensions equal to
22 kpe x 10kpe.

The low-resolution image (Fig. 3, top row, right column)
allows us to appreciate the full extension of the newly discov-
ered emission in the north-east and south-west directions. We
used the 30 contours as a reference to measure the full exten-
sion of NGC 6086, which is equal to ~7.3 arcmin and corre-
sponds to ~280kpc. In particular, the eastern region reaches a
distance from the host galaxy of ~165 kpc and it is more exten-
sive than the western one, which is only detected up to ~111kpc
from it.

Because of the observed morphology, we suggest that the
newly detected, large-scale emission might represent old AGN
remnant plasma produced during a past phase of jet activity
of NGC 6086. In the rest of the paper, we refer to the more
extended, newly discovered structures as ‘outer lobes’, while
we refer to the brighter, central structures as ‘inner lobes’. Both
inner and outer lobes are detected in the uGMRT images (see
Fig. 3, middle and bottom panels), even though not to the full
extent of the 144 MHz images. The filaments are clearly distin-
guishable in the high-resolution images at both 400 MHz and
675 MHz, while the large-scale emission is almost completely
undetected. Furthermore, thanks to the higher resolution of the
uGMRT images, we can undoubtedly characterise F3 as a sepa-
rate structure from the inner western lobe. The large-scale emis-
sion is only marginally detected likely because of their very
steep spectrum and low-surface brightness. As already found by
Murgia et al. (2011) in the VLA images at 1.4 GHz and 4.7 GHz
only the central lobes are detected (see Fig. A.1). No other dif-
fuse structures are recovered in these observations due to the sen-
sitivity to steep spectrum emission.

Finally, we note that hints of a radio core are detected in
all the low-frequency images of NGC 6086 for the first time.
We measured the flux density of the core inside a beam-size
region in the three images below 1 GHz. The spectrum is con-
sistent with a power law with o$;;MR2 ~ 1.27. Likely for this
reason, even without considering the synchrotron steepening, no
sign of the radio core is found in both the VLA images because
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of the sensitivity of the observations. The beam-size region is
~3 kpc wide and the core emission is contaminated by the emis-
sion on larger scales. New observations at arcsecond or sub-
arcsecond scale in the gigahertz regime are needed to prove
whether the emission is still visible up to these frequencies or
not (Jurlin et al. 2021) and new images at sub-arcsecond resolu-
tion at low frequencies are needed to confirm the measured flux
density and thus the spectral index.

4.2. Images sets

To investigate the source, we have five frequencies available in
the range between 144 and 4700 MHz with different UV ranges.
The UV range is 0.1-40 kA for the LOFAR dataset, 0.2-33 kA for
the 400 MHz and 0.3-58 kA for the 675 MHz datasets. The VLA
1400 MHz (B+C configuration) has a 0.3-50.4 kA range and the
VLA 4700 MHz dataset has a 0.6-17 kA range. To make sure
we recover the flux density on the same maximum spatial scales
at all observed frequencies, we exclude baselines below 3004,
which corresponds to ~14 arcmin, much larger anyway than the
target extension. We created the three following sets of images
with different angular resolutions in order to perform the best
analysis of the structures on different physical scales.

High resolution. The first set of images has an angular res-
olution of 7 arcsec, corresponding to 4.4 kpc. They are sensitive
to the smallest-scale features of the source and the tiniest details.
This set is used to investigate the properties of the filaments and
to characterise their spectral shape.

Mid resolution. The second set has an angular resolution of
14 arcsec, corresponding to 8.9 kpc. This is the highest resolution
achieved with the 4.7 GHz (D array) and is used to perform a
resolved and integrated spectral analysis of the inner lobes over
the full frequency range.

Low resolution. The last set of images has an angular resolu-
tion of 30 arcsec, corresponding to 19 kpc. They are sensitive to
the emission on the largest scale and so we used them to inves-
tigate the emission of the outer lobes by performing a resolved
and integrated analysis.

Before the spectral analysis can be performed, it is impor-
tant to spatially align the radio images. Indeed, imaging and
self-calibration can introduce small phase shifts that can com-
promise the quality of the spectral analysis (i.e. leading to unreli-
able spectral index values) and should be corrected. This method
consists of selecting a bright point source located close to the
target (in all the images to be matched) and fitting it with a
2D-Gaussian function. We selected a reference image and chose
the point-like source, then we shift the other images to have a
matched position for the selected source.

4.3. Spectral analysis

At their injection, the relativistic particles emit energy through
synchrotron radiation and have an energy distribution that fol-
lows N(E,t) = NoE™® (where ¢ is the particle energy power
index). The power-law distribution relies on the assumption that
particles are accelerated by Fermi mechanisms and this is consis-
tent with the observed spectra. The energy distribution translates
in the observed synchrotron power-law distribution that follows
S o v, where S is the flux density, v is the frequency and
a = (6 —1)/2 is the particle spectral injection index. The spectral
index is calculated as follows:
_ log($,,/5.,)
log(vi/v2) ~
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Fig. 4. Integrated radio spectrum of the inner lobes of NGC 6086. Red
circles show the flux density measurements presented in this paper, blue
circles show the flux densities listed in Murgia et al. (2011) connected
without fitting, and the black point is the flux density measured by the
TGSS all-sky survey of the GMRT at 147 MHz and 25 arcsec of reso-
lution (Intema et al. 2017). The green line represents the best linear fit
using the values in the range 144—-1400 MHz (with dashed extensions
to emphasise the spectrum curvature and difference with respect to the
literature flux density values). The best-fit spectral index is shown in the
legend.

and the error associated with the spectral index is

1 (551)2 (6S2)2
—_— —_— + —_— ,
In % Si S
where v; are the frequencies, S; are the flux densities associ-
ated with the frequencies, and 6S is the absolute flux scale
uncertainty.

The typical values of the spectral index for active
radio galaxies are in the range 0.5-0.7 (Condon 1992,
Giacintucci et al. 2012, 2021) and become higher with time,
especially at high frequencies. On the other hand, the jets of
the remnant radio galaxies such as NGC 6086 are switched off
and the steepening should be higher, especially if the plasma has
been ageing for a long time.

We measured the integrated radio spectrum in the inner lobes
region and our result, presented in Fig. 4, is a power law with
a spectral index of 0.80 +(0.06 between 144 and 1400 MHz. At
higher frequencies, the spectrum becomes steeper with a spec-
tral index value of >1.23 between 1400 and 4700 MHz. This
implies a spectral curvature (SPC) defined as apigh — @jow ~ 0.4.
We measured the integrated flux density at each frequency in
the mid-resolution set of images, in a common region inside
the 30 contours for all the frequencies involved and the val-
ues are reported in Table 3 with the respective errors. The
errors are dominated by the flux density scale errors, which
we assume to be 10% for both LOFAR (Shimwell et al. 2022)
and uGMRT (Chandra et al. 2004) images and 5% for the VLA
(Perley & Butler 2013) images.

We note that in the range 144-675MHz we recover a
lower flux density with respect to previous estimates reported in
Murgia et al. (2011), as shown in Fig. 4. For the measurements

@

Terr =
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Table 3. Flux densities of NGC 6086.

Region S 144 MHz S 400 MHz S 675 MHz S 1.4GHz S47GH,
[mJy] [mly] [mly] [mly] [mJy]

Inner lobes 597 £ 59 266 + 27 174 £ 17 91.3+4.7 206+1.2

Total 878 + 88 276 + 28 203 + 20 913+47 206=+1.2

F1 781 +£0.86 230+0.26 1.36+0.15 - -

F2 6.63+0.76 341 +036 1.45+0.16 — -

F3 478 £0.54 1.22+0.14 0.78 +£0.09 - -

Notes. Measurements of the total flux densities are performed on the images available for each substructure. The measurements of the filaments
are performed on the high-resolution set; measurements of the inner lobes are performed on the mid-resolution set and measurements of the total
emission are performed on the low-resolution set. Inner lobes and filaments measures are derived from a common region above the 30 threshold

for all the frequencies of the same set.

at 151 MHz and 408 MHz (corresponding to the 7C survey, Riley
1989; the WENSS survey, Rengelink et al. 1997; and the B2 sur-
vey, Colla et al. 1970), we suggest that the discrepancy is due to
the larger beam used in these observations. To check the flux
density at 610 MHz reported in Murgia et al. (2011) obtained
with the old GMRT we reprocessed the archival data with SPAM
and found a flux density value consistent with our new observa-
tions. To further check the flux scale robustness we also checked
the broadband spectrum of the brightest compact sources in the
field and did not recognise any clear offset. For these reasons, we
rely on our flux density measurements for the rest of the analysis
and do not apply any scale correction.

The total flux densities of the most significant morpholog-
ical features are reported in Table 3. The flux densities of the
filaments are measured from high-resolution images, in the mid-
resolution set for the inner lobes and in the low-resolution set
for the total flux densities. For the measures of the filaments, we
used a common region above 3¢ for all the frequencies available
at high resolution. The regions are highlighted in the LOFAR
images shown in Fig. A.2 both for the filaments and the inner
lobes.

To generate spectral index maps we consider pixels above
the 30 threshold at every frequency. The maps are presented in
the following sections for the filaments, the inner lobes and the
outer lobes.

4.4. Inner lobes

The inner lobes are the only substructures of the source that
have been detected up to the highest frequency available in our
analysis. For this reason, we exploit this wide frequency range
(144-4700 MHz) with the mid-resolution set to analyse their
emission in different parts of the synchrotron spectrum.

Using the mid-resolution aligned radio images, we generate
two spectral index maps that allow us to identify any spectral
index gradient within the inner lobes. The first one is at low fre-
quencies in the range 144-400 MHz and the second one is at high
frequencies in the range 14004700 MHz, both shown in Fig. 5.
Source edges may have some artefacts that we exclude from our
analysis and the error associated with those pixels are up to three
times higher than the others (see Figs. A.3 and A.4 for the of the
error maps).

At both low and high frequencies, the spectral index map
shows small variations throughout the entire inner lobes, the only
visible trend is a mild steepening in the central region, which we
further quantify below. The average spectral index value at low

frequencies is o/} ~ 0.81 (similar to what is found in the

radio integrated spectrum shown in Fig. 4) and at high frequen-
cies is a0 Mz ~ 1.26, consistent with a curved spectrum due
an ageing plasma.

We can already note that the spectral indices outside the inner
lobes show steeper values. A more detailed analysis is made with
the low-resolution images and presented in Sect. 4.5.

To further explore the spectral trend across the inner lobes,
we created spectral profiles using the regions shown in Fig. 6.
The regions are larger than the size of the beam and follow the
most plausible direction of the jet (when they were active) as
previously done by Murgia et al. (2011). We measured the flux
density values inside the regions and derived the spectral index
values using the formula presented in Sect. 4.3. The spec-
tral indices are calculated between 144 MHz and 675 MHz and
between 1.4GHz and 4.7GHz. In the plot in Fig. 6 (bot-
tom panel) we show the spectral index profiles in both fre-
quency ranges. The results obtained in the resolved spectral
index maps are confirmed in the profile analysis: (i) The low-
frequency spectral indices are systematically flatter than the
high-frequency values in the same region. This is expected
because, as seen in Fig. 4, the spectral break lies between
1.4 GHz and 4.7 GHz. (ii) the low-frequency spectral indices
have uniform values with a mean of §73ME? ~ 0.81 + 0.06 with
a mild steepening in the central regions. (iii) the high-frequency
spectral indices have a wider range of values with a mean of

TioMEZ ~ 1.26 £ 0.11 with a clear steepening, which is more
evident than at lower frequencies and consistent with what pre-
viously found by Murgia et al. (2011).

To visualise the SPC and have an immediate comparison with
radiative models, we used a colour-colour plot (Katz-Stone et al.
1993; Shulevski et al. 2017; Brienza et al. 2020; see Fig. 7). In
this plot, a pair of spectral indices are plotted on the x and y
axis, respectively. In our case we plot @®>MH? i the x-axis and

144 MHz
4700MHz : :
@490 M, 1D the y-axis. To create the diagram we used the 11

regions shown in Fig. 6.

The observed values are all below the bisector line
(a?ﬁﬁgi = ﬁggﬁgi, shown as a dashed line), which implies
steepening at the higher frequencies for all the regions, consis-
tent with particle ageing. In the plot, two simulated tracks of
spectral evolution are drawn as a reference and they are repre-
sentative of two Jaffe-Perola (JP; Jaffe & Perola 1973), single-
injection, models. We chose the JP model because it is suited
for populations that have been accelerated at the same time. The
two models have a different injection index (spectral index at the
moment of the injection, where the model intersects the bisec-
tor line); in particular, the red line has the value of the injec-
tion index found by the software (see Sect. 6 for details) for the
inner lobes, which is @i, ~ 0.6. The particles have been ageing
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Fig. 5. NGC 6086 spectral index maps at a resolution of 14 arcsec. The beam is shown in the bottom-left corner, a reference scale is in the top-left
one, and the black ‘X’ marker is used to underline the location of the host galaxy. Left panel: spectral index map between 144 and 400 MHz
overlaid with 30 LOFAR contours. The black dotted line region is the 4700 MHz 30 contour and is used as a reference for the inner lobes. Right
panel: spectral index map between 1400 MHz and 4700 MHz, with VLA 4700 MHz 30 contours overlaid. The associated error maps at low and

high frequencies are shown in Fig. A.3.

passively for ~20Myr, and for this reason a higher injection
index (@i ~ 0.7, green line) seems to be more representative
for some of the points.

4.5. Outer lobes

Here, we extend the spectral analysis of NGC 6086 to the outer
lobes. As presented in the right column of Fig. 3, this large-scale
diffuse emission is only visible in low-resolution images.

Therefore, to perform the resolved analysis of the outer
lobes, we used the low-resolution set of images. We created a
spectral index map using the 144 MHz and the 675 MHz images.
At 400 MHz the extended emission is not entirely recovered due
to sensitivity limits so we do not include it in the spectral index
map, shown in Fig. 8.

The spectral index values in the outer lobes are steeper than
the inner ones as expected for an ageing plasma. It is worth
noticing that the two outer lobes show quite different spectral
index values. The spectral index of the eastern lobe reaches val-

ues up to &§73 M2 ~ 2.12 + 0.20, while in the western lobe up to

QT3 L 1D550.12,

We also derive a lower limit of the spectral index of the east-
ern lobe in a region detected only in the LOFAR image at 3¢
We find a value equal to 7, V2 > 1.6, which is lower than
the value measured in the rest of the lobe, suggesting that the
non-detection is mainly due to a sensitivity limit rather than to a
steeper spectral index.

To further investigate the spectral properties of the outer
lobe, we created a spectral index profile using low-resolution
images, similarly to what done for the inner lobes. We created
14 rectangular regions, with different sizes and with area larger
than one beam (see Fig. 8, top panel, for the selected regions).
We have plotted the o$73ME? values in Fig. 8, bottom panel, and
we can conclude that: (i) we confirm the steeper values of the
spectral index in the eastern lobe with respect to the other one;
and (ii) there are different trends in the spectral index values by
moving towards the host galaxy in the two outer lobes. The east-

ern lobe shows a spectral flattening moving both towards the host
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galaxy and the outer regions. On the contrary, the western lobe
shows a clear steepening towards the host (similar to what is
observed in the inner lobes).

4.6. Filaments

To perform the spectral analysis of the filaments, we used the
high-resolution set of images, including all three frequencies
below 1 GHz, where they are detected. We measured the flux
density inside the filaments in a common region above 30 for
all three frequencies (the regions are highlighted in the LOFAR
image in Fig. A.2). The values are listed in Table 3. The inte-
grated spectra of the filaments are shown in Fig. 9.

From this, we can see that the filaments F1 and F3 have
a spectrum consistent with a power law between 144 MHz
and 675MHz with spectral index 1.147072 and 1.19*0 ],
respectively. Instead, F2 shows a spectral break and its spec-

tral indices are afqni’ =0.65+0.22 before the break and

a%gﬁgi = 1.62 + 0.41 after the break.

To further analyse the three filaments, we created a spectral
index map using the 144 MHz and 675 MHz images and mea-
sured the spectral index across the structures looking for possible
trends. We chose seven circular regions larger than a beam for fil-
aments F1 and F2 and four rectangular regions for F3. We report
in Fig. 10 the spectral index map between 144 and 675 MHz at
7-arcsec resolution showing the eighteen selected regions in the
top panel. From the spectral index profiles shown in the bottom
panels of Fig. 10 we can see that the spectral index does not show
any clear trend along the filaments.

5. Spectral age analysis

In this section we present a spectral age study of NGC 6086.
The analyses for the inner and outer lobes are performed follow-
ing different approaches, as a result of the various image sets
available for each structure. For both pairs of lobes, we used
spectral evolution models to give first-order constraints to the
age of the plasma. To do this, we used the Broadband Radio
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Fig. 6. Analysis of the spectral index trend within the inner lobes of
NGC 6086. Top: inner lobes of the source at 14 arcsec resolution at
4700 MHz above the 30 threshold. The 11 regions larger than a beam
that are used for the spectral index analysis are overlaid. The beam is
shown in the bottom-left corner, and a reference scale is shown in the
top-left one. Bottom: spectral index profile of the inner lobes in the
two frequency ranges: 144—675 MHz and 1400-4700 MHz. The dashed
lines represent the mean values, while the coloured regions represent
the standard deviations from the mean values.

Astronomy Tools* (BRATS; Harwood et al. 2013, 2015) soft-
ware, which allows for detailed spectral analysis of radio images,
providing a suite of model fitting, visualisation and statisti-
cal tools. The evolution of the synchrotron spectrum is deter-
mined by the radiative losses that particles have undergone and
is directly related to the age of the plasma. The synchrotron age-
ing depends on the magnetic field, the redshift and the break
frequency. The classical equation of the radiative age is defined
as

0.5

2 2
B +BCMB

fage ~ 3.2 10" A3)

[(1+ Z)Vbreak]_Q5 yr,

where B[urmG] is the magnetic field intensity of the
source, Bcvp is the magnetic field intensity required to
have a synchrotron emission that is equivalent to the energy
losses via inverse Compton scattering and its value is
Bems = 3.25(1 + z)z[uG], z is the redshift and vy [MHz] is the
frequency. The formula shows that the higher the emission break
frequency and the higher the magnetic field intensity, the lower
the lifetime. The radiative age formula gives a first-order age
value, but a more accurate analysis can be made by using the

4 http://www.askanastronomer.co.uk/brats/
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Fig. 7. Colour-colour diagram of the inner lobes, showing the SPC of
the plasma inside the selected regions. Two different spectral ageing
model curves are overlaid onto the point. The blue dots are the spectral
index values that we measured in the 11 regions shown in Fig. 6. The
dashed grey line represents the bisector line where @) Mn: = @100 M~
The red line represents the JP single-injection evolution model with

@jnj ~ 0.6, while the green line is the same model with aj,; ~ 0.7.

integration of radiative cooling equations as done by the BRATS
software.

5.1. Inner lobes

The inner lobes are detected at all five frequencies, for this rea-
son, we generate a spectral age map by performing a pixel-to-
pixel spectral model fitting using the mid-resolution (14 arcsec)
images set. We fit the JP model to the flux density data of the five
images. This model assumes that all the relativistic particles are
accelerated by the same event at the same time. We applied this
model to all the single pixels of the image, assuming that they
are accelerated at the same time. The model we chose requires
the setting of two parameters for computing the age: the spectral
injection index and the magnetic field value.

The injection index corresponds to the spectral index at the
moment of injection. Using BRATS, we derive the best injection
value by fitting the data with different injection indices. For the
inner lobes of NGC 6086, we find that the y? is minimised for
@inj = 0.60, in good agreement with the value of the majority of
the radio-loud AGN (Webster et al. 2021), which is in the range
0.5-0.7, and consistent with those found in the B2 sample of
radio galaxies (Colla et al. 1970).

To compute the magnetic field intensity, we assumed
equipartition conditions and used the formula presented by
Murgia et al. (2012) as reference:

1,2(1) (3+a/)'I

Armec®(1 + @)(1 + WL, (yL2e —y!-2

v *(Coros(1 = 2a0)V

=4.4uG,
4

where y values are the Lorentz factors range of the electron pop-
ulation, assumed as Yo = 10® and Y, = 10%; m, is the elec-
tron mass; @ = 0.6 is the injection index found with the model
fitting in BRATS; k = 0 is used assuming no contribution to the

eq =
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Fig. 8. Analysis of the spectral index trend across the outer and the
inner lobes of NGC 6086. Top: NGC 6086 spectral index map between
144 MHz and 675 MHz at low resolution (30 arcsec). Contours show
the LOFAR emission and are drawn at (-3, 3)xo. The dotted black
line is the inner lobes region, defined by the 30~ contour of the VLA
4700 MHz and used as a reference. 14 regions across the entire source
are selected in the map to look for spectral index trends. The beam is
shown in the bottom-left corner and a reference scale in the top-left one.
The error map is presented in Fig. A.4. Bottom: spectral index values
of the 14 regions. We colour-coded the three main regions of the large-
scale diffuse emission detected in the low-resolution images.

energy density by the proton particles and redshift z = 0.0318.
The volume of the inner lobes is modelled as two ellipsoids with
the length of the third axis equal to the shorter one. In particu-
lar, the eastern lobe is 24 x 16 X 16 kpc3 and the western one is
26 x 14 x 14kpc?>.

As areference, we also considered a more conservative mag-
netic field value:

B — Bewvs _ 3.25(1 +Z)2
min \/§ \/§

which corresponds to the minimum possible radiative losses of
the synchrotron emission for the plasma at a given redshift. With
this magnetic field, the spectrum of the plasma will steepen more
slowly than with the equipartition value. The minimum magnetic
field is a lower limit and it is useful to provide an upper limit to
the spectral age values.

The final spectral age image of the inner lobes using Beq is
shown in Fig. 11. It is important to stress that the change in mag-

&)
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Fig. 9. Spectra of the three filaments detected in the high-resolution
images. We have added two best-fit power laws for filaments F1 and F3;
the spectrum of filament F2 is not consistent with a power law due to
the spectral steepening. For this reason, we have measured the spectral
index by linking the three flux density values. The legend is shown in
the bottom-left corner along with the spectral index value.

netic field intensity affects the age of the plasma and the range
of values, but does not affect the relative age trend across the
source.

We can see in the age map that the oldest populations are
located in the central part of the lobes, near the position of the
host galaxy. The results are summarised in Table 4. We define
fmax and fni, as the oldest and the youngest age value observed
in the map over the entire source. The error values are derived
from the error map shown in Fig. A.S.

5.2. Outer lobes

The outer lobes are only recovered at the three lowest frequen-
cies and, for this reason, we cannot generate a spectral age map
of the outer lobes as we did with the inner ones. Instead of an
age map, we make a first-order age estimate by generating a
series of simulated JP models with BRATS at different timesteps
(1 Myr). For each of these simulated models, we derive a spec-
tral index value in the frequency range 144-675 MHz and com-
pare it with the value measured in our observations. In particular,
we measured in both the outer lobes the highest and the lowest
mean value of the spectral index in a beam-size region using the
spectral index map at low resolution (see Fig. 8, top panel). The
model whose spectral index matches the observations is used to
infer the age of the plasma. We used the same method to mea-
sure the value of the spectral index errors in the same regions
and derive an age range.

To create the simulated JP spectra, we used the same param-
eters as for the inner lobes (injection index and magnetic field
values). It is plausible to think that the equipartition magnetic
field intensity is lower in the outer lobe than in the inner ones due
to the expansion of the plasma. For this reason, the values cal-
culated with the same magnetic field should be treated as lower
limits to the plasma age. The results are listed in Table 5.

6. Duty cycle constraints

In this section we use the spectral age derived in the previ-
ous section to investigate the duty cycle of the radio galaxy
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Fig. 10. Analysis of the spectral index trend in the filamentary regions
of NGC 6086. Top: spectral index map of NGC 6086 at a resolution of
7 arcsec. Only pixels above 30 for both LOFAR 144 MHz and uGMRT
675 MHz images are considered. Eighteen regions across the three fila-
ments are selected in the map to investigate spectral index trends. The
beam is shown in the bottom-left corner, and a reference scale is in the
top-left one (the error map is presented in Fig. A.4). Centre and bottom:
spectral index trends in the filaments colour-coded as shown in the leg-

end. The central panel refers to o*9MH? while the bottom panel refers
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associated with NGC 6086. We consider the inner lobes and the
outer lobes as inflated by two different active phases of the AGN
jets. We summarise in Tables 4 and 5 the estimates of the age of
the different structures. The ages of the outer lobes are different,
for this reason, we decided to consider the mathematical average
between their values as a reference for the estimation of the duty
cycle.

We measured the active periods by computing the difference
between the age of the oldest and the youngest observed particle
population inside a beam-size region. Furthermore, we used the
average value of the age found in the two outer lobes. The first
observable phase of the jet activity (which gave rise to the outer
lobes) lasted fon (Beq) = fmax — tmin = 45 Myr with the equiparti-
tion magnetic field and lasted #o, (Bmin) = 61 Myr with the mini-
mum value. We note that these values refer to the age range of the
diffuse region detected by both the LOFAR and uGMRT band-4
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Fig. 11. NGC 6086 spectral age map, obtained using the five mid-
resolution images and assuming a JP model and an equipartition mag-
netic field value. The beam is shown in the bottom-left corner, and a ref-
erence scale is in the top-left one. The error map is presented in Fig. A.5.

Table 4. Results of the spectral age analysis of the inner lobes.

Tmax Imin
[Myr]  [Myr]
By 515 33x2
Bpin 69+7 45%4

Notes. We report the values associated with the last active phase event
for both magnetic field assumptions.

Table 5. Results of the spectral age analysis of the outer lobes for both
magnetic field assumptions.

Lobe Imax 'min Ton
(Myr] (Myr]  [Myr]
Beq E 202+15 142+17 60+32
W 122+14  92+18 30+32
Bhin E 274 +21 192+24 82+43
\\% 166 +18 125+25 41+43

Notes. The age differences between the two lobes reflect the spectral
index differences seen in Sect. 4.5.

observation, but the LOFAR detection shows a vaster area that
could not be investigated at the moment.

To estimate the age of the latest observable phase of jet activ-
ity (which gave rise to the inner lobes), we measured the maxi-
mum and minimum age values in the spectral age map inside a
beam-size region. The oldest populations are found in the cen-
tral part of the inner lobes, where the host galaxy is located,
while the youngest populations are located at the edges of the
lobes. The resulting active time periods of the inner lobes are
Ton (Beq) = Imax — Imin = 18 Myr and fon (Bmin) = 24 Myr

All the jets activity timescales are summarised in Table 6.
Once again, we highlight that the following values do not take
into account any dynamical evolution of the plasma (i.e. com-
pression, expansion, magnetic field variation, etc.).
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Table 6. Estimates of the duty cycle timescales using spectral age results, obtained using the JP model on the inner and outer lobes.

Phase Beg Buin

[Myr (ago)] At [Myr] [Myr (ago)] At [Myr]
First active 162+ 14-117 17 45+31 220+19-159+24 61+43
First inactive 117 +17-51+5 66 + 24 159 + 24-69 + 7 90 + 26
Second active 51+5-33+2 187 69+7-45+4 24 +13
Second inactive 33+£2-0 33+£2 45 +4-0 45+ 4

Notes. The duty cycle is presented for the two different values of the magnetic field intensity discussed in the text. The ages are expressed in Myr

ago and At represents the duration of the phase in Myr.

The total age of the plasma inflated by the radio jets has a
first-order duration of ~162 Myr under the equipartition assump-
tion and becomes ~1.35 times longer under the minimum mag-
netic field assumption. We can consider the latter value as a lower
limit for the magnetic field implying an upper limit for the age
results. In both cases, the fraction of time the source is active is
~39%, measured as t,,/(fon + fof), Where f,, is the sum of the
two active phases and 7. is the sum of the two inactive ones.

We recall that the aforementioned values are subject to a
number of uncertainties, which we briefly comment on here. The
magnetic field is the major source of uncertainty in the duty cycle
estimate because it is a fundamental value that influences all the
age measurements and the evolution of the spectral shape. We
cannot measure it directly, for this reason, we used the formula
of the equipartition value (see Eq. (4)). In the estimate of the
magnetic field intensity, a few factors that are poorly known are
included (Ymax and yYmin, the volume of the lobes and the k value)
and, above all, even the equipartition assumption is not necessar-
ily correct. In particular, according to Croston et al. (2018), the
contribution of cosmic ray protons is different between Fanaroft-
Riley I (FRI) and II (FRII) galaxies (Fanaroff & Riley 1974),
and the equation could have k # 0 as a consequence. We assume
the same magnetic field for both the inner and outer lobes. It is
reasonable to think that, in the outer lobes, the magnetic field
has a lower value than in the inner ones due to the expansion of
the plasma. However, we decided not to compute another value
of the equipartition magnetic field to avoid the introduction of
new uncertainties related to the measurement of the parameters.
Despite all this, we are confident that the true value lies in the
range Beq — Bpin and this dictates the main uncertainties on the
age values.

Another source of uncertainties comes from the assumption
that the plasma is passively ageing and is not subject to any
dynamic process, such as expansion or compression. These phe-
nomena indeed can alter the spectral shape and, consequently,
the age estimate (e.g., Biava et al. 2021). In the case of NGC
6086, it is reasonable to assume that at least the outer lobes may
have suffered some adiabatic expansion and not necessarily uni-
formly for the eastern and western lobes (see Sect. 7 for more
details on this). The effect of this would be to increase the age of
the plasma with respect to the simple ageing model.

The duty cycle results imply that a magnetic field change
by a factor greater than 2 affects the ages and increases them
by a factor of ~1.35. Despite different magnetic field intensi-
ties, the total active time remains the ~39% since the first of
the last two jet outbursts. Although all the possible sources of
uncertainties for the age, we are confident about the duty cycle
conclusions and even if the equipartition value is the result of a
few assumptions, it is reasonable to think that the actual ages of
the active and inactive phases are located inside the age ranges
derived from the two magnetic field values used above.

A4, page 12 of 19

7. Discussion

In this work we present a broadband radio frequency anal-
ysis of the radio source associated with the galaxy NGC
6086, the central galaxy of the Abell 2162 group. We used
three new deep low-frequency observations: LOFAR High Band
Antenna at 144 MHz, uGMRT band-3 at 400 MHz, and uGMRT
band-4 at 675 MHz. We complemented these with two archival
VLA observations at higher frequencies (1.4 GHz and 4.7 GHz).
Beyond the already-known double lobes, our new low-frequency
images have revealed previously undetected diffuse emission
surrounding the source, which we interpret as associated with a
past active phase of the AGN of the host galaxy. We refer to these
structures as inner and outer lobes, respectively. Within this new
emission, we also detect three interesting filamentary structures,
whose possible origin we discuss below.

7.1. Lobes

As already mentioned in Sect. 2, previous analyses of the
inner lobes have classified them as a remnant radio galaxy
(Parma et al. 1986; Owen & Ledlow 1997; Giacintucci et al.
2007; Liuzzo et al. 2010; Murgia et al. 2011), that is, a radio
galaxy whose jets and nuclear engine have switched off. Thanks
to the detection of the new outer lobes we can now classify the
source as a restarted radio galaxy, defined as a galaxy in which
we can see multiple phases of jet activity at the same time. In
particular, the larger extension of the outer lobes compared to
the inner ones suggests that the expansion in the environment
could be the reason for this difference, but the higher power of
the jets in the previous event could also have played an important
role.

In the literature, there are several cases observed of
multiple-AGN jet activity (e.g., Schoenmakers et al. 2000a,b;
Fabian et al. 2005; Konaretal. 2006; Wiseetal. 2007;
Nandi & Saikia 2012; Konar & Hardcastle 2013; Brienza et al.
2020; Giacintucci etal. 2021; Biavaetal. 2021), though
very few of them occur in galaxy group environments (e.g.,
Randall et al. 2015; Maccagni et al. 2020; Schellenberger et al.
2021, 2023). What makes NGC 6086 unique is that it shows
two generations of remnant lobes, while in most other cases we
see a pair of active lobes and a pair of remnant lobes. This is
especially true if we consider the galaxy group environment; for
example, NGC 507, like NGC 6086, is one of the rare sources
with two pairs of remnant lobes (Brienza et al. 2022).

The outer lobes of NGC 6086 are slightly bent in the south-
east direction, probably because of the motion of the galaxy within
the group, and they are not clearly sharply detached as is the case
in most double-double galaxies. Restarted radio galaxies with-
out a double-double morphology, however, are not uncommon
(e.g., Jamrozy et al. 2007; Jurlin et al. 2020; Kukreti et al. 2022.)
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The reason could be the low power of the jets and the consequent
inflation of plasma in the surroundings of the host galaxy or the
confinement of the plasma in the IGrM. Thanks to the unique
detection of two pairs of remnant lobes, we have the rare oppor-
tunity to probe the full duration of two full phases of jet activity
and thus get a clear estimate of the duty cycle of an AGN at the
centre of a galaxy group. This is a very important piece of infor-
mation to quantify the energetic impact that the AGN has on its
surrounding environment.

The average spectral index value that we measure across
the inner lobes is ~0.81 and ~1.26 at low and high frequen-
cies, respectively, consistent with plasma ageing. The spec-
tral index distribution of the inner lobes at low frequencies
(144-675 MHz) is presented in this work for the first time and
shows similar trends to the one observed at high frequencies
(1400-4700 MHz), already reported by Murgia et al. (2011). It
is steeper in the vicinity of the centre of the inner lobes and flat-
ter towards the edges. This may suggest that, when the jets were
active, particle acceleration was mostly happening at the edge of
the source rather than close to the core, as observed in FRII radio
galaxies (Harwood et al. 2017) or lobed FRI (Laing et al. 2008).

However, the observed spectral trend is very mild. Projec-
tion effects and the resulting superposition of different parti-
cle populations could play an important role in smoothing out
any spectral index trends. On top of that, a physical explana-
tion is given by Murgia et al. (2011), who suggested that rem-
nant radio sources for which the duration of the quiescent phase
is a significant fraction of the lifetime, should all be charac-
terised by a uniform spectral index distribution along the fad-
ing lobes. These authors showed that after the jet quenching any
pre-existing spectral index gradient along the lobes is rapidly
erased as the breakup frequency reaches approximately the same
value in every part of the source. As the age of the off-phase pro-
gresses, the spectral index of the lobes systematically increases
but with smaller and smaller variations from point to point.

Thanks to the increased spectral coverage with respect to
previous works, we derived the spectral age of the inner lobes
by performing a resolved analysis using all the five frequen-
cies available (see Table 4). The method used to estimate the
age of the radio plasma is presented in other works and in
different sources and environments (e.g., Harwood et al. 2013;
Shulevski et al. 2017; Brienza et al. 2020; Rao et al. 2023). We
measured two active phases that last ~45Myr and ~18 My,
using the equipartition magnetic field assumption. The two inac-
tive periods last ~66 Myr and >33 Myr, resulting in a total active
time of $39%. We remark that our knowledge of the duty cycle
is limited to the last two active phases. How fast the duty cycle
was in earlier epochs cannot be constrained due to the absence
of visible radio emission nor we can assume how it will be in the
future.

The age of the inner lobes is consistent with what was pre-
viously found by Murgia et al. (2011) by fitting the integrated
spectrum with a CI OFF model. From the fit of the integrated
spectrum, they found a comparable time of 55 Myr and consis-
tent active and inactive period ages. From the fit of the spec-
tral index trend, they found nearly the same total source age
of 58 Myr, but a smaller duration for the active phase, 12 Myr
instead of our 18 Myr. We note that our source age and duty cycle
results are based on the resolved spectral study, which yields
more precise results than the integrated one.

In the three high-resolution images between 144 and
675 MHz, we also detect hints of a radio core for the first
time. This feature could represent a recent re-ignition of the
SMBH or simply represent a fading low-power accretion phase.

The value of the spectral index seems to point to the second
possibility.

The duty cycle and active time periods that we derived for
NGC 6086 are slightly shorter than the results found in other
studies of radio galaxies. For example, in the B2 0924430 rem-
nant galaxy, Shulevskietal. (2017) found an active time of
<66% by performing a resolved analysis of the radio emis-
sion of a single pair of lobes. Other examples are the restarted
radio galaxies in clusters 3C388 (Brienzaetal. 2020) and
CL 0838+1948 (Giacintucci et al. 2021) in which the authors
found a lower limit of the active time of >60% and >58%;
in the end, Biava et al. (2021) found a very rapid cycle with a
short period of quiescence in the cluster central galaxy MS 0735
and they have detected an inactive time between jet outbursts of
~10 Myr, less than a fifth of the active one. The statistic of this
kind of analysis is not high enough to outline differences in the
duty cycle of the AGN with respect to the environment in which
they are observed (clusters, groups or isolated galaxies).

We note that the study of the duty cycle with the spectral
age analysis of restarted radio galaxies is biased towards sources
with rapid duty cycle, where we indeed detect multiple genera-
tions of AGN lobes. Based on statistical analyses of radio source
populations, we know that these are mostly associated with mas-
sive galaxies, which often reside in rich environments (Best et al.
2005; Shabala et al. 2008; Turner & Shabala 2015; Sabater et al.
2019; Capetti et al. 2022). Galaxies with lower mass instead are
expected to have much lower duty cycles, but for these sources,
a direct estimate of the duty cycle cannot be performed because
any old radio emission has faded away.

Estimates of the duty cycle of radio jets have also been per-
formed by measuring the ages of the cavities usually seen in
X-ray observations. We have no high-energy observations avail-
able to analyse the X-ray cavities of NGC 6086, but we could
compare the ages we find with cavity studies carried out in
other sources. High-energy studies have found a wide range of
ages (25-280 Myr) when measuring the timescales related to the
emissions of other radio galaxies (e.g., Gastaldello et al. 2009;
Vantyghem et al. 2014; Vagshette et al. 2017; Ubertosi et al.
2021) and our measures are in good agreement with their results.
Moreover, Vantyghem et al. (2014) report the outburst interval
of the AGN in a dozen of sources inside both groups or clusters
of galaxies. They report a wide range of inactivity periods of 5—
150 Myr between the outburst, and our 66 and 33 Myr periods
perfectly lie in the lower half of their range.

Another aspect interesting to analyse is the interaction
between the radio plasma inflated by the jets and the thermal gas
of the medium of groups and clusters. It is also strongly related
to the duty cycle of the AGN and the cooling time of the ther-
mal gas. This interplay could shape the radio emission in many
different ways, starting with the compression or expansion of
the radio lobes and ending with shaping the plasma into unique
structures (e.g., Botteon et al. 2020, 2021; Brienza et al. 2021;
Pandge et al. 2022). To further complicate this scenario, AGN
outbursts in clusters are thought to be more powerful and dis-
ruptive, while in group environments are expected to go through
more frequent and gentle events (Gaspari et al. 2011). Further-
more, interactions and mergers between systems or galaxies
influence the dynamics of the plasma (Kolokythas et al. 2020;
Brienza et al. 2022). For all these reasons, the evolution of the
AGN remnant plasma in a galaxy group or cluster can be very
complex.

In the case of NGC 6086, a detailed investigation of how
the outer lobes are evolving in the surrounding medium would
require deep X-ray observations. However, from the analysis

A4, page 13 of 19



Candini, S., et al.: A&A 677, A4 (2023)

of their morphology and spectra, we can already make some
speculations.

In the first place, we note that the two lobes are very asym-
metrical, at least in projection. The reason for the asymmetry
could be the non-homogeneous IGrM in which the plasma has
evolved and the consequent expansion or compression of the
lobes. Another possibility is that the southern lobe is bent in the
south-eastern direction in a sort of wide angle tail scenario.

We also note that the lobes show significant differences in the
spectral indices. In particular, the spectral steepening of the east-
ern lobe is greater than in the western one. We hypothesised two
scenarios to explain the large spectral index differences, assum-
ing that both outer lobes formed during the same AGN outburst.

The first hypothesis is that the plasma in the lobes has
evolved differently, resulting in different spectral shapes. For
example, when strong adiabatic expansions occur, the spectrum
shifts towards lower frequencies and lower intensity as it appears
steeper for a given frequency range. The opposite happens in the
case where the plasma is compressed. In this regard, the fact that
the eastern outer lobe is steeper than the western one might be
consistent with the hypothesis that it has suffered more adiabatic
expansion.

Alternatively, the different spectral shapes could be justified
by a different value of the magnetic field because its intensity is
related to the ageing of the plasma. In our analysis, we assumed
a uniform equipartition magnetic field, but if the real value is dif-
ferent in one of the lobes, it will affect spectral ageing and sub-
sequent steepening. To check the consistency of this hypothesis,
we considered the outer lobes to be the same age and assumed
the equipartition magnetic field for the western one. Then, we
inferred how the intensity of the magnetic field should be in the
eastern lobe to match the age of the western one. The result is
that the eastern lobe must have a magnetic field higher by a fac-
tor of 1.6 to be the same age as the western one.

Finally, we computed a first-order estimate of the non-
thermal pressure inside the inner lobes. The non-thermal pres-
sure of the plasma inside the lobes can be calculated as Pyon.tn =
Umin/3, With

2
(3 + ainj) Beq
(l + ainj) 8

(6)

Umin =

(Murgia et al. 2012). We find an equipartition value of B, =
4.4 uG and an injection index of aj,; = 0.6 that gives a Ppopn =
0.6 x 10~'2 dyne cm?. The non-thermal pressure found is a good
estimate for the inner lobe, while for the outer lobes, it could
be considered as an upper limit because, inside the outer lobes,
there should be a weaker magnetic field, which we do not calcu-
late in this work.

When compared with estimates of the IGrM external pres-
sure this can provide information on whether the radio lobes
are in pressure equilibrium with the environment. To investigate
the external medium and verify whether the plasma balances the
thermal pressure, X-ray observations capable of providing the
temperature and density profiles of the medium are needed.

7.2. Filaments

The high-resolution set of images revealed, for the first time in
NGC 6086, three filaments of non-thermal radio emission. In
recent years the number of filaments observed surrounding radio
galaxies is rapidly increased thanks to the advent of the new gen-
eration of interferometers with high sensitivity and high dynamic
range observations. The filaments are mainly found inside
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galaxy group or cluster environments (e.g., Shimwell et al. 2017;
Ramatsoku et al. 2020; Condon et al. 2021; Brienza et al. 2021,
2022; Rudnick et al. 2022; Giacintucci et al. 2022).

Yusef-Zadeh et al. (2022) underline the similarities between
the latest detection of radio galaxy filaments and the similar
structures found in the Galactic Centre environment (i.e. mor-
phology and spectral index). Despite the differences in size and
magnetic field intensity, their similar properties could suggest
that both types of filament arise through the stretching of mag-
netic field lines by turbulence in a weakly magnetised medium.

Overall, the origin and physics of these filaments are still
under debate. It is therefore important to provide more observa-
tional constraints to inform theoretical models.

The filaments in NGC 6086 were observed in the three low-
frequency images and we were able to characterise their spec-
trum between 144 and 675 MHz (see Fig. 9). When observed in
the maps at high resolution, they appear as isolated structures
external to the main body of the radio galaxy. However, with
lower resolution we can see that, at least F1 and F2, are embed-
ded in more diffuse emission. Interestingly, they are all oriented
parallel to the main inner lobes and F1 may seem to emerge from
the bent emission of the western outer lobe. This connection is
seen also in Giacintucci et al. (2022), but there is still no answer
as to its origin. The outer lobes are bent in the southerly direc-
tion in a wide angle tail behaviour, the same interaction with
the IGrM that generates this bending could be the cause for
the stretching of the filamentary structure, as hypothesised by
Giacintucci et al. (2022) in the galaxy A3562.

Another anomalous filamentary stretching of the plasma is
located on the eastern side of the inner lobes. In the high-
resolution images, we can see a narrow thread that connects the
eastern inner lobes to the eastern outer lobe emission. A similar
leakage of plasma was also found by Brienza et al. (2022) in the
eastern lobe of NGC 507. This emission has no explanation at
the moment, one possibility is that the plasma is channelled by
magnetic field lines that point towards unexpected directions.

We find that the integrated spectrum of F2 is dif-
ferent with respect to the other two. While FI and F3
have a power-law spectral index with comparable value
within uncertainties (1.14*0:12 and 1.1970;), respectively), F2
shows a different behaviour with a spectral index steepening

after 400 MHz (a‘l‘ggﬁgi = 0.65 = 0.22 before the break and

cy%g Mg; = 1.62 + 0.41 after). The reason for this spectral differ-
ence remains unclear.

Another interesting aspect is that we do not find any spectral
gradient along the length of the filaments. A gradient could be
expected if particles were streaming from one point to another
along the filament and ageing during this path similar to what
was observed in radio galaxy tails.

One plausible explanation for the formation of these filamen-
tary structures is compression due to the interaction between the
non-thermal plasma of the outer lobes with the surrounding ther-
mal gas, possibly as a consequence of the galaxy movement or
the dynamics of the group. Compression leads to an enhance-
ment of the magnetic field intensity and particle density and
to an increase in the synchrotron emission. Moreover, plasma
compression should lead to a shift of the spectrum to higher fre-
quencies. As a result, for a fixed range of frequencies, we should
observe spectral flattening. Instead, we find spectral index values
in the filaments that are in perfect agreement with those found
in the western outer lobe between 144 MHz and 675 MHz. This
suggests that if the compression is happening is not very strong.

Numerical simulations of feedback from radio galaxies
suggest a potentially different scenario, which can explain
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the spatial orientation of the filaments. Jets launched from
the centre of halos in numerical simulations typically release
density and pressure perturbations even perpendicular to the
main jet axis, initially with a nearly spherical geometry,
which encompasses jets (Briiggen et al. 2007; Li & Bryan 2014;
Bourne & Sijacki 2017), also in accordance with earlier analyt-
ical works (Begelman & Cioffi 1989). Depending on the condi-
tions of the ICM surrounding these jets, the perturbations can be
seen as shocks, or weaker density and pressure waves. If such
perturbations encounter a pool of relativistic electrons already
present there, they can compress and re-accelerate them, gener-
ating threads of emission roughly parallel to the main jet axis,
but at a perpendicular location with respect to the jet loca-
tions. Recent simulations of the interplay between electrons
injected by jets and the additional ICM perturbations qualita-
tively support this picture (Vazza et al. 2023). In this scenario,
our observed filaments could have been generated thanks to
the shocks produced during the jet activity of the inner lobes
that have re-energised old particle populations that were already
evolving in those areas.

The different spectrum of filament F2 could be consistent
with this scenario because it is the result of the different evolu-
tion of the particles before the last re-energisation. The spectral
index values of the filaments are consistent with the values found
in the western outer lobe, this evidence could indicate that the
particles were inflated by the first outburst event, evolved dur-
ing the first inactive phase, and finally underwent re-energisation
caused by the second outburst.

The lack of filamentary structures located where the jets
are directed could be caused by the higher energy of the feed-
back in that direction, as a consequence, parallel shocks are
faster and their effects are no longer observable. However, there
are cases in which filaments are still visible in the directions
of the jets (Rudnick et al. 2022). Moreover, evidence of per-
pendicular feedback with respect to the radio jets has been
observed when studying the direction of the enhanced gas veloc-
ity dispersion related to outflowing gas (e.g., Riffel et al. 2015;
Balmaverde et al. 2019; Venturi et al. 2021; Ruschel-Dutra et al.
2021; Couto & Storchi-Bergmann 2023).

Another possibility is that the filaments trace the substruc-
tures of the magnetic field in the environment. Polarisation data
would be needed to further explore this aspect.

8. Conclusions

NGC 6086 has always been claimed to be a remnant radio galaxy
with a pair of fading lobes. In this work we present new radio
observations that reveal new extended, filamentary emission sur-
rounding the previously known lobes. We infer that this new
emission was inflated by a previous phase of AGN activity. We
investigated the age of the substructures and constrain the duty
cycle of the radio galaxy. Here we summarise our main findings.

— Thanks to the new high-sensitivity images, we improve our
knowledge of the morphology of NGC 6086, confirming the
emission from the inner lobe and detecting the newly discov-
ered diffuse emission. The full extension of the new emission
is up to ~280kpc in the LOFAR image.

— In the high-resolution set of images below 1.4 GHz, we
detected hints of a radio core and measured the flux density
between 144 and 675 MHz. The spectrum is consistent with a
power law with spectral index @ ~ 1.27. We suggest that this
feature could represent a recent reignition of the SMBH or a
fading low-power accretion phase of the SMBH. The second
hypothesis is more consistent with the steep spectral index

found. Future high-sensitivity and high-resolution observa-
tions are needed to investigate the spectral index of the core
and understand its nature.

— We investigated, for the first time, the spectral index trends of
the inner lobes between 144 and 675 MHz with both resolved
maps and spectral profiles. We find a mild steepening in the
central region, where the host galaxy is located. A similar
trend is also found between 1400 and 5000 MHz with steeper
spectral index values. These results imply that the electron
populations near the host galaxy are older than those near
the edge of the lobes.

— The low-resolution image set was used to investigate the
outer lobes of the radio galaxy. We generated a resolved
spectral index map and analysed the spectral profile through-
out the source. The eastern outer lobe reaches higher spectral
index values than the western counterpart. Furthermore, they
have a different spectral index trend as they move towards
the host galaxy. The most plausible scenario is that the outer
lobes undergo a different dynamical evolution, in which the
environment plays a fundamental role (i.e. with adiabatic
expansion or compression, or a variation in the magnetic
field intensity).

— We used the BRATS software to perform a resolved spectral
ageing analysis of the electron populations within the lobes.
We used a single-injection JP model with a;,; = 0.6 and
two magnetic field values: the equipartition magnetic field
Beq = 4.4uG and the lower limit By, = 2.0 pG. According
to our derivations, the last active phase that inflates the inner
lobes occurred between 33 and 51 Myr ago with B and
between 45 and 69 Myr ago with Byy.

— To provide an estimate of the age of the outer lobes, we gen-
erated a set of simulated spectra using the same injection and
magnetic field used in the inner lobes analysis. Our results
show that the eastern outer lobe is older than the western
one. The former was injected between 142 and 202 Myr ago
with the Beq value and between 274 and 192 with the Bp,.
The latter was injected between 92 and 122 Myr ago with B
and between 125 and 166 Myr ago with By;y.

— Under the equipartition assumption, the duty cycle is charac-
terised by a first active phase that started 162 Myr ago and
lasted 45 Myr; this was followed by a quiescent phase of
66 Myr, after which a second active phase lasted for 18 Myr.
With the minimum magnetic field assumption, the cycle is
longer and characterised by a first active phase that lasted
61 Myr and started 220 Myr ago; a 90 Myr quiescent phase;
and a second active phase that lasted 24 Myr and started
69 Myr ago. The fraction active time of the source with Beq
or Bpin 18 ~39%.

— The three high-resolution and low-frequency images show
the presence of three filamentary structures (F1, F2, and F3)
previously undetected in NGC 6086. The spectrum of F1
and F3 is a power law between 144 and 675 MHz with spec-
tral index 1.14*0-13 and 1.19*0). respectively. The spectrum
of F2 instead shows a break above 400 MHz, with alpha
0.65+0.22 and 1.62+0.41. We propose two possible scenar-
ios: the filaments were generated due to (i) the channelling
of the plasma in the magnetic field substructures or (ii) the
compression of the plasma. The compression may be due to
the gas motion inside the galaxy group or due to the shocks
of the AGN formed during the second outburst.

Future investigations with highly sensitive observations at low
frequencies in the radio band will improve our knowledge of
NGC 6086. For example, we could use LOFAR Low Band
Antennas to investigate whether the outer lobes are more
extended than currently detected, and we could use MeerKAT
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Radio Telescope data to detect the diffuse emission at frequen-
cies higher than 675MHz and collect polarisation data of the
filaments to understand the role of the magnetic field in their for-
mation. Lastly, X-ray studies could be used to look for cavities
inflated by the radio jets, which could give us reliable informa-
tion about the energy of the system and the jet power needed to
inflate those cavities as well as information that would allow us
to look for discontinuities suggestive of gas motions.
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Appendix A: Additional images
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Fig. A.1. Radio images of the source NGC 6086 at 1400 MHz (left) and 4700 MHz (right) at 14 arcsec of resolution. Contours are drawn at (-3, 3,
5, 10, 20)xo. The beam is shown in the bottom-left corner, and a reference physical scale is shown in the top-left corner.
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Fig. A.2. Radio substructures of the three filaments and the inner lobes in the radio image of the source NGC 6086 at 144 MHz at 8.4 arcsec X 5.2
arcsec of resolution. Contours are drawn at (-3, 3, 5, 10, 20, 40)xo-. The beam is shown in the bottom-left corner, and a reference physical scale is

shown in the top-left corner.
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Fig. A.3. NGC 6086 error value associated with the spectral index map at 14 arcsec in different frequency ranges. Left: NGC 6086 error value
between 144 and 675 MHz. Contours show the LOFAR emission and are drawn at 3o-. Right: NGC 6086 error value between 1400 and 4700 MHz.
Contours show the VLA 4.7 GHz emission and are drawn at 30. The beam is shown in the bottom-left corner, and a reference physical scale is

shown in the top-left corner.
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Fig. A.4. NGC 6086 error value associated with the spectral index map at different resolutions between 144 and 675 MHz. Left: NGC 6086 error
value associated with the spectral index map at 30 arcsec. Contours show the LOFAR emission and are drawn at 30-. Right: NGC 6086 error value
associated with the spectral index map at 7 arcsec. The region is above 30 for all the frequencies. The beam is shown in the bottom-left corner,
and a reference physical scale is shown in the top-left corner.
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Fig. A.5. NGC 6086 error value associated with the spectral age map at 14 arcsec between 144 and 4700 MHz. The region is above 3¢ for all the
frequencies. The beam is shown in the bottom-left corner, and a reference physical scale is shown in the top-left corner.
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