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ABSTRACT

Nest200047 is one of the clearest examples of multiple radio bubbles from an active galactic nucleus (AGN) observed in a galaxy
group. It also features a complex system of non-thermal filaments, likely shaped by buoyancy and gas motions in the group and sta-
bilised by large-scale magnetic fields. In this study we present a new set of high-quality data obtained from our dedicated observational
campaign using UGMRT, MeerKAT, and VLA. By combining this with existing LOFAR data, we perform a detailed morphological
and spectral analysis of the system over a broad frequency range (53—1518 MHz) using various complementary techniques. Our im-
ages reveal new filamentary emission in the inner 60 kpc of the system, surrounding and extending from the inner bubbles and jets,
suggesting a complex dynamical evolution of the non-thermal plasma in the group core as well. Overall, all filaments in the group
have a width of a few kiloparsec and lengths from a few tens up to a few hundred kiloparsec. They all show a steep (@ = 1 ~ 2)
and curved (spectral curvature up to 1) radio spectrum. Interestingly, the filaments exhibit a constant radio spectral index profile
along their length, indicating that particles are not cooling along them. This suggests that the particles were either (re-)accelerated
together and evolved in a similar magnetic field or they are moving along the filaments at super-Alfvenic speeds. A spectral ageing
analysis based solely on radiative losses provides age estimates for the three different pairs of bubbles of 130 Myr, 160—170 Myr, and
>220 Myr, with jet active times ranging between 50 and 100 Myr, and very short inactive times. This supports the idea of a nearly
continuous energy injection, typical of the maintenance mode of AGN feedback, particularly in galaxy groups. By taking into account
adiabatic expansion, we also find that the outermost northern bubble cannot be considered a simple evolution of the inner bubbles
without invoking some re-acceleration or mixing with the external gas or, alternatively, different outburst properties. In conclusion,
our study clearly shows the potential of the combined use of high-quality new-generation radio data for understanding recurrent jet
activity and feedback, and anticipates the new opportunities that will be offered by the SKA observatory.

Key words. galaxies: active — galaxies: clusters: general — galaxies: clusters: intracluster medium —
galaxies: individual: MCG+05-10-007 — galaxies: jets

1. Introduction and up to a few megaparsecs. Over the past few decades, it
. . . . has become evident that the energy released by these jets can

J?fts frorp active gglactlc nqclzl gdAGN) reg'urrently 1nflate loties significantly influence both the properties of the host galaxy
of cosmic rays and magnetic fields extending on various scales .4 he thermodynamic evolution of the intragroup medium
or intracluster medium (IGrM or ICM) in which the galaxy

* Corresponding author. resides. In particular, this jet-induced feedback is invoked to

A239, page 1 of 22

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202553676
https://www.aanda.org
http://orcid.org/0000-0003-4120-9970
http://orcid.org/0000-0001-7509-2972
http://orcid.org/0000-0002-0322-884X
http://orcid.org/0000-0001-6864-5057
http://orcid.org/0000-0002-3369-7735
http://orcid.org/0000-0002-2821-7928
http://orcid.org/0000-0002-5068-4581
http://orcid.org/0000-0002-9325-1567
http://orcid.org/0000-0003-4195-8613
http://orcid.org/0000-0002-9112-0184
http://orcid.org/0000-0003-3701-5882
http://orcid.org/0000-0003-4917-7803
http://orcid.org/0000-0002-0587-1660
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Brienza, M, et al.: A&A, 696, A239 (2025)

prevent the overcooling of the IGrM or ICM (e.g. Churazov et al.
2000, see reviews by Fabian 2012; McNamara & Nulsen 2012;
Hlavacek-Larrondo et al. 2022) and, in turn, to regulate star for-
mation of the massive galaxies (>10'! M) that lie at the centre
of galaxy groups and clusters (e.g. Croton et al. 2000).

However, important aspects, such as what the duty cycle
of the jet activity is in different environments and host galax-
ies, and how the released energy gets distributed and eventually
thermalised in the surrounding medium, are still under debate.
The most popular mechanisms proposed for energy transfer are
shocks (e.g. Fabian et al. 2003; Lietal. 2017), sound waves
(e.g. Fabian et al. 2005), internal waves (e.g. Zhang et al. 2018),
turbulence (e.g. Zhuravleva et al. 2014), streaming of cosmic
rays (e.g. Ehlertetal. 2018; Ruszkowski & Pfrommer 2023),
and mixing (Hillel & Soker 2017). Even if the majority of the
energy is released in the form of outbursts, simulations show
that in the long run, AGN lobes are still able to heat the ICM and
gently raise the core entropy (e.g. Bourne & Sijacki 2021). How-
ever, how these lobes evolve on long timescales in the IGrM or
ICM after the jets have switched off and how they do eventually
mix with it is also poorly understood.

Theories show that, when located in a galaxy group or clus-
ter, the old lobes (called remnant lobes) are expected to rise
buoyantly as light bubbles through the local atmosphere and
be transformed into toroidal structures, due to the encountered
pressure gradient (e.g. Churazov et al. 2000; Briiggen & Kaiser
2001), resembling mushroom clouds produced by a powerful
explosion in a stratified atmosphere. Depending on the prop-
erties of the system (such as AGN jet power and the IGrM or
ICM pressure gradient) and on the plasma microphysics (includ-
ing magnetic fields, cosmic rays, and viscosity), the rising torus
may either become completely disrupted by Rayleigh-Taylor
and Kelvin-Helmbholtz instabilities, or rise to a height where the
effective entropy of a mixture of non-thermal and thermal plas-
mas matches that of the ambient IGrM or ICM, subsequently
spreading laterally. Factors such as high viscosity, magnetic
fields, and cosmic ray protons within the bubble have been found
to be essential to stabilise the bubbles, preventing their com-
plete fragmentation over timescales of a few megayears (e.g.
Reynolds et al. 2005; De Young 2003; Ruszkowski et al. 2017,
Ehlert et al. 2018; Yang et al. 2019).

In addition, the evolution of the remnant lobes can also
be altered by ambient cluster weather (i.e. the fluid motions
in the ICM promoted by sloshing and/or mergers). This can
displace the lobe content from its original position, promot-
ing its disruption and the mixing of hot lobe material with the
hot atmosphere, especially after the jet has switched off (e.g.
Mendygral et al. 2012; Bourne & Sijacki 2021; ZuHone et al.
2021; Fabian et al. 2022; Vazza et al. 2021; Brienza et al. 2022;
Botteon et al. 2024). Eventually, the lobe content is expected to
spread and to provide a non-negligible reservoir of magnetic
fields and non-thermal particles in the IGrM or ICM, with pos-
sible implications also for the formation of diffuse radio sources
in merging galaxy clusters (van Weeren et al. 2019).

Direct and detailed observations of this evolutionary process
have always been challenging. On the one hand, the lifetime of
the relativistic particles producing the radio emission is often
much shorter than the time required for the bubble to rise and
transform in the IGrM or ICM. This is especially true for galaxy
groups, where expansion losses are expected to be much more
significant than in more massive systems. On the other hand,
high spatial resolution and sensitivity is necessary, which lim-
its observations to very close and/or intrinsically large systems.
In recent years, however, the advent of a new generation of
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radio interferometers, particularly sensitive at low frequencies,
has opened up a new window for the study of the oldest radio-
emitting AGN bubbles.

In this context, the galaxy group Nest200047, originally
identified in the Two Micron All Sky Survey (2MASS) by Tully
(2015) at redshift z = 0.01795, represents a unique testbed to
study recurrent AGN activity and the physics and fate of old
AGN bubbles in a galaxy group. Using the Low Frequency
Array (LOFAR, van Haarlem et al. 2013) in the frequency range
50-150 MHz, Brienza et al. (2021) first reported very complex
radio emission associated with the system extending over more
than 400kpc (see Fig. 1), which was interpreted as a series of
bubbles ejected by the central black hole of the brightest group
galaxy (BGG) MCG+05-10-007 (K-band magnitude equal to
my = 8.87 and stellar mass equal to log M./Mgy = 11.56). The
bizarre boxy filament of the oldest and largest of these bubbles,
with an estimated age of 300—400 Myr, recalls a much more
evolved version of the mushroom-shaped bubble observed in
MS87 on kiloparsec scales (e.g. Owen et al. 2000; Churazov et al.
2001; de Gasperin etal. 2012). Based on observations per-
formed with the extended ROentgen Survey with an Imag-
ing Telescope Array (eROSITA, Predehl et al. 2021) on board
the Spectrum-Roentgen-Gamma (SRG) mission (Sunyaev et al.
2021) the X-ray luminosity, temperature, and mass of the system
were estimated to be Lx = 5—10x10*¥ ergs™', kTx ~ 2keV, and
Mspo = 3-7 x 10> My, respectively (Brienza et al. 2021).

Nest200047 clearly shows that although the old AGN-
produced plasma is stretched over a large distance of ~400 kpc,
it remains poorly mixed, even with the ambient IGrM, suggest-
ing that complete thermalisation of their energy has yet to occur.
Instead, the old bubbles appear to be deformed into intricate fil-
amentary structures, likely stabilised by magnetic fields. Since
the discovery of Nest2000247, the detection of such filamentary
structures in various astrophysical contexts has grown substan-
tially but their properties are still poorly constrained and their
nature is unclear, making their detailed investigation essential.

In this paper we present a thorough radio broadband
spectral analysis of the galaxy group Nest200047 aimed
at understanding the physics of the system. For this,
we combine the already-published LOFAR data with new
datasets from our dedicated observational campaign con-
ducted with the upgraded Giant Metrewave Radio Telescope
(uGMRT), MeerKAT (Jonas & MeerKAT Team 2016), and the
Karl G. Jansky Very Large Array (VLA) covering the frequency
range 53—1500 MHz. A polarisation analysis of the source will
be presented in a subsequent work.

The outline of the paper is as follows. In Sect. 2 we describe
the data used in the work, and the data calibration and imaging
strategies. In Sect. 3 we present the radio images and detailed
spectral analysis, including spectral index maps and profiles,
colour-colour plots, tomography maps, global spectra, spectral
ageing, and surface brightness correlations. A discussion and sum-
mary of our main findings are given in Sects. 4 and 5, respectively.

The cosmology adopted throughout the paper assumes a flat
universe with the following parameters: Hy = 70kms~! Mpc™!,
Qpr = 0.7, Qy = 0.3. At the redshift of MCG+05-10-007
(z = 0.01795) the luminosity distance is 78.4 Mpc and 1" cor-
responds to 0.367 kpc. All coordinates are given in J2000. The

spectral index « is defined as § oc v™7.

2. Observations and data processing

We performed dedicated follow-up observations of Nest200047
using uGMRT, MeerKAT, and VLA. In this section we describe
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Fig. 1. Highlight of the main morphological radio structures on different scales observed in the galaxy group Nest200047, with labels. From left
to right: LOFAR image at 144 MHz and 6 arcsec resolution, uGMRT image at 400 MHz and 6 arcsec resolution, and uGMRT image at 700 MHz

and 5 arcsec resolution.

the calibration and imaging strategies used for each dataset. For
the analysis presented in this work, we also use the LOFAR
data already presented in Brienza et al. (2021). A summary of
all observations and images used is presented in Tables 1 and 2,
respectively. Images are shown in Figs. 2, 3, 4 and 5.

2.1. LOFAR 54 MHz and 144 MHz

LOFAR observations of Nest200047 with both the Low Band
Antennas (LBA, 30-78 MHz) and the High Band Antennas
(HBA, 120-168 MHz) are presented in Brienza et al. (2021), to
which we refer for details on the calibration procedures used. For
this work, the previously calibrated data were used to produce
new images with parameters matching the datasets at higher fre-
quencies as summarised in Table 2 and with appropriate uv-cuts
using WSClean (version 2.8, Offringa et al. 2014) as discussed
in Sect. 3.2.

2.2. uGMRT 400 MHz and 700 MHz

We observed Nest200047 with the upgraded Giant Metrewave
Radio Telescope (uGMRT) during November 2020, in both
band 3 (300—500 MHz) and band 4 (550-950 MHz). The total
on-source observing time was 9.7 hours in each band. 3C48
and 3C147 were used as primary calibrators and observed
for 8 minutes at the beginning and the end of each observ-
ing run, respectively. No phase calibrator was observed. At
both frequencies, the total bandwidth was divided into 4096
channels and the integration step was set to 5.3 seconds. We cal-
ibrated data and performed direction-dependent self-calibration
using the SPAM pipeline (Intema 2014; Intemaetal. 2017)
upgraded for handling new wideband uGMRT data', and we
set the absolute flux scale according to Scaife & Heald (2012).
Due to severe radio frequency interference (RFI), data above
850 MHz in band 4 were discarded. Using the output calibrated
data we created the final images with multiscale cleaning in
WSClean.

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

2.3. Meerkat 815 and 1218 MHz

Nest200047 was observed in the UHF (544—1017 MHz; 4.7 h on-
source) and L (856—1711 MHz; 4.4 h on-source) bands with 4k
channels using the MeerK AT telescope (Jonas & MeerKAT Team
2016) in January and February 2022. For both observations,
the primary calibrator was PKS B0408—65, which we used to
calibrate the instrumental delays, bandpass, and set the abso-
lute flux scale according to Reynolds (1994). We note that, as
explained in Riseley et al. (2022), this is tied to the Baars et al.
(1977) flux scale and has an offset from the Scaife & Heald
(2012) flux scale of only ~3%. The secondary calibrator in both
cases was J0403+2600, which was used to calibrate the time-
dependent complex gains by observing it for 1.5 minutes for
every 20 minute on-source scan. Both observations were pro-
cessed using oxkat (Heywood 2020), a set of semi-automated
scripts for imaging MeerKAT data, running on the ilifu clus-
ter’. The scripts employ several radio astronomy packages,
including CASA (McMullin et al. 2007) for reference calibra-
tion, tricolour (Hugo et al. 2022) for flagging, WSclean for
imaging, cubical (Kenyon et al. 2018) for self-calibration, and
shadems (Smirnov et al. 2022) for diagnostic plots. In particular,
one round of phase-only direction-independent self-calibration
was performed. The software packages are containerised using
singularity (Kurtzer et al. 2017). A detailed description of the
data processing is provided by Heywood et al. (2022a).

24. VLA 1518 MHz

We observed Nest200047 with the VLA in B, C, and D con-
figurations aiming at obtaining a spatial resolution comparable
with the other datasets and at the same time the highest sen-
sitivity possible to large-scale emission. The observations were
performed June 2020 and in April, June, September 2021. The
total time on source combining BCD arrays was ~9.5 hours
and 1-GHz bandwidth was recorded, spread over 16 spectral
windows each composed of 64 channels. 3C138 was used as
primary calibrators and J0414+3418 was used as a phase calibra-
tor and observed regularly every 15 minutes. Each configuration
dataset was first calibrated separately following the standard data

2 https://www.ilifu.ac.za/
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Table 1. Observations of Nest200047 used in this work.

Telescope Bandwidth Central frequency UVmin TOS (" Integration time Date Project code
[MHz] [MHz] [hours] [seconds]

LOFAR @ 30-78 53 124 8 1 17/04/2020 DDT13_003
LOFAR @-®  120-168 144 322 16 1 27/03/2020, 19/08/2020 LC12_015, LT14_004
uGMRT 300-500 400 1001 9.7 53 21/11/2020 39_010
uGMRT 550-950 700 2002 9.7 5.3 19/11/2020 39_010
MeerKAT 544-1087 816 504 4.7 7 12/02/2022 DDT-20211020-IH-01
MeerKAT 856-1711 1284 801 44 7 25/01/2022 DDT-20211020-1H-01
VLA B array 1000-2000 1518 7002 4.5 3 25/09/2021 21A-065

VLA C array 1000-2000 1518 2501 3.1 3 08/06/2020, 27/06/2021 DDT20A-442/21A-065
VLA D array 1000-2000 1518 1804 2 3 02/04/2021 21A-065

Notes. (" Time on source; ¥’ Observations presented in Brienza et al. (2021); ®Observations not centred on the target.

Table 2. Radio images of Nest200047 presented in this work (see Figs. 2, 3, 4, and 5).

Central frequency Beam Weighting  Outer UV-taper RMS noise
[MHz] [arcsec X arcsec] [arcsec] [wy/beam]
53 9.2x14.6 Briggs 0.8 - 1500
53 14.5%x24.2 Briggs 0.5 10 1500
144 4.3%x8.6 Briggs —0.5 - 166
144 10x 100 Briggs 0.5 - 230
144 18.2x20.2 Briggs 0.5 15 260
400 4.8x5.8 Briggs 0.5 - 30
400 10.5%x11.5 Briggs 0 8 45
400 22.6%x23.8 Briggs 0 20 100
700 3.1x50 Briggs 0 - 9
700 10x 100 Briggs 0 - 27
700 14.1x249® Briggs 0 25 60
815 6x13.6 Briggs —0.8 - 25
815 15x15® Briggs —0.8 - 35
815 9.2x21.6@ Briggs 0 - 50
1280 4.1%x9.4 Briggs 0.5 - 7
1280 54x124© Briggs 0 - 8
1280 20.7x23.8 Briggs 0 15 22
1518 34x%x43 Briggs 0 - 8
1518 12.8x13.5 Briggs 0 12 7
1518 25.4x25.7 Briggs 0 25 20

Notes. P’'Smoothed to 10 arcsec; ®Smoothed to 25 arcsec; @Smoothed to 15 arcsec.

reduction scheme in CASA. This includes RFI flagging, bandpass
calibration, delays calibration and gain calibration. Further RFI
flagging was performed using AOFlagger (Offringa et al. 2012).
The flux density scale was set according to Perley & Butler
(2013). The resulting calibrated data were averaged by a factor
of 4 in frequency per spectral window and in time intervals of
10s, 10, 6 s in time for D, C and B configurations, respectively.
We then performed a few rounds of phase self-calibration and a
final round of amplitude-phase self-calibration on each dataset
separately. Finally, all configurations data were imaged together
using WSClean, with multi-scale clean.

3. Results
3.1. Radio morphology

In Figs. 2, 3, 4 and 5 we show images of Nest200047 at
all observed frequencies, including both the LOFAR frequen-
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cies (53 MHz and 144 MHz), already published in Brienza et al.
(2021), and the new higher frequencies presented here for the
first time (namely 400 MHz, 700 MHz, 815 MHz, 1280 MHz
and 1518 MHz). For each band, we show three images (two at
53 MHz) at different angular resolutions to highlight the variety
of structures on different scales (see Table 2). We note that all
observations, except for those with uGMRT band-4 and VLA,
are sensitive to the emission on scales of the entire source equal
to ~17 arcmin, which corresponds to <1004. This implies that
the decrease of large-scale, diffuse emission observed moving
from low to high frequencies is mostly driven by the steep spec-
trum of the emission.

In the following text, we refer to these images as high-,
mid-, and low-resolution images. The main morphological fea-
tures are labelled following Brienza et al. (2021) and more labels
are added for the secondary features as well here (see Fig. 1). A
zoom-in on the central region at the highest available resolution
is also presented in Fig. 3.
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Fig. 2. Set of images at the highest angular resolution with increasing frequency from left to right, in the range 144—1518 MHz (see Table 2 for
details on the imaging parameters and noise values). Contours are drawn at —3, 3, 5, 10, 20 X 07j0cq. Labels for the main morphological features

are shown in top left panel.

The brightest structures in the entire source are the inner jets
(marked as A), and the two pairs of inner bubbles (marked as
B1/B2 and C1/C2, respectively), which are nicely detected at all
frequencies. The mean value of surface brightness drops signif-
icantly when moving from region A to region C in all images.
For example, in the high-resolution 144 MHz image we measure
a drop of approximately a factor ten from A to C, with typical
values of ~15 mJy beam™! in region A, ~5 mJy beam™! in region
B and ~1.5mJy beam™! in region C.

Interestingly, the higher resolution and sensitivity offered by
uGMRT and VLA allow us now to appreciate much more clearly
that even in this central region the morphology of the radio emis-
sion is very complex (see Fig. 3). The inner jets (region A)
extend almost symmetrically for about 22 kpc and then show
some bending towards the east, probably along the line of sight,
suggesting the plasma gets detached from the jet flow. More-
over, as already noted previously, in the innermost regions of the
jets we detect two symmetric very compact components, which
could either be interpreted as signatures of new outbursts or rec-
ollimation shocks within the jet flow.

Moving outwards, we can see that while the northern bubble
B2 appears to have quite a regular shape, the bubble B1 in the
south turns out to be very distorted: it has a clear edge on the east,
and it morphs out into a double strand of emission towards the
north-west (marked as F5 and F6), which were poorly detected
in the previous LOFAR images, probably due to a combination
of resolution and sensitivity.

Beyond this, we can see that the whole inner jets/lobes
(A+B) are overall surrounded by a web of very low surface
brightness emission, rich in thin and bent filamentary structures,
oriented in all directions and with sizes in the range ~1.5-3 kpc
(~4-8 arcsec), as highlighted by the dashed lines in the top right
panel of Fig. 3. We also note that the bubbles B1 and B2 and,
even more, the bubbles C1 and C2 are misaligned with respect
to the direction of the inner jets, most likely suggesting a drift-
ing during their buoyant rise in the group atmosphere, possibly
caused by the system’s weather.

Moving even more to larger scales, we can see that at all the
new frequencies we recover, at least partially, the complex array of
filaments and diffuse emission previously observed with LOFAR
at 53 MHz and 144 MHz, especially at low resolution. In particu-
lar, the main distinctive feature of Nest200047 (i.e. the bright fila-
ment, D2, perpendicular to the central jets and bubbles) is detected
up to 1518 MHz, with a physical extension varying from 350 kpc
to 290 kpc when moving from low to high frequency.

The other fainter features, including the upper region of the
outer bubble (D3), the southern outer bubble (D1), the boxy-
shape filament, and multiple minor filaments, are instead only
detected at some frequencies and at some specific resolutions. In
none of the new images, instead, we detect the large-scale diffuse
emission on the west likely due to a combination of low surface
brightness and a very steep spectrum.

Overall, the most complete detection of the previously
unknown features in the new images is obtained in the uGMRT
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Fig. 3. Zoomed-in image of the central region in the images at the highest available resolution, namely 144 MHz, 400 MHz, 700 MHz, and
1518 MHz. Labels are added for the main morphological features. All panels are zoomed into the same scale.

image at 400 MHz and in the MeerKAT image at 815 MHz, espe-
cially at lower resolution. Here we can clearly observe the out-
ermost bubbles D3 and D1 and most of the filaments. Moreover,
both images confirm the presence of a bridge of emission con-
necting (at least in projection) the bubble C2 and the filament D2
in the north, on the one hand, and the bubble C1 and the emission
D1 in the south, on the other hand.

Thanks to the high resolution of the new images (<5 arcsec)
we can further constrain the width of the large-scale filaments
already detected in Brienza et al. (2021). Filaments F1, F2, F3,
F4 and the boxy filament have median sizes of 4—5 kpc and down
to 2—-3 kpc. If considered as a single structure, the brightest fil-
ament in the north D2 has a varying width across its length that
varies in the range 4—15kpc (~12-45 arcsec). However, inter-
estingly, at the new available resolution the eastern side of D2
appears to be actually composed of two almost parallel fila-
ments, the brightest one being to the top (in projection) and each
having a width of ~5 kpc.

3.2. Spectral index

In Brienza et al. (2021) we presented a spectral index map of the
source in the frequency range 53—144 MHz with a resolution of
25 arcsec (9 kpc), aiming at probing the entire visible emission
and already showing the overall steep-spectrum nature of the
observed emission. Here we present new spectral index maps,
covering a much larger frequency range and at different resolu-
tions, to investigate in as much detail as possible the properties
of all the different features.

In particular, in Fig. 6, we show: (1) a spectral index map
of the entire source between 400—815 MHz with a resolution
of 25arcsec (central panel); (2) two spectral index maps of
the northern bubbles between 53—-400 MHz and 700—1280 MHz
with a resolution of 12 arcsec (top panels); (3) two spectral index
maps of the central jets/bubbles between 400—700 MHz and
700—-1518 MHz with a resolution of 6 arcsec.

We note that, by design, the used telescopes have different
UV coverage, making it impossible to achieve identical sensitiv-
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ity across all relevant scales. To minimise these sensitivity differ-
ences and ensure consistent recovery of the radio emission from
the same spatial scales while maintaining image good sensitivity,
for our spectral analysis we created all images using a common
Briggs weighting scheme with a Robust parameter of —0.5. In
this way, the detectability of any emission mainly depends on
the thermal noise of the observation and the emission spectral
shape. The images were smoothed to the same resolution, and
identical UV cuts were applied at the shortest baselines for each
pair/triplet of datasets (1004 for the 25 arcsec map and 2004 for
the other two maps, driven by the uv-min of the uGMRT band-3
and band-4 datasets, respectively). Only pixels above 3o in all
images involved were considered.

The spectral index maps between two frequencies were com-
puted using the standard expression

€]

where §,, and §,, are the surface brightness values at frequen-
cies v and v,, respectively.

Uncertainties on the spectral index were computed with the
standard formula

1 AS, \* (AS,,\
oo (52 (52

V2
where AS,, and AS,, are the surface brightness uncertainties
computed by combining in quadrature the flux density scale cal-
ibration error (AS.) and the image rms noise (o). The flux den-
sity scale calibration error is assumed to be 10% for all images,
except for the VLA image where it is set to 5%, following
the literature. Spectral index uncertainties maps are shown in
Appendix A.

As we can appreciate from Fig. 6, in the map at 25 arcsec
between 400 and 815 MHz we can see a large portion of the
extended emission, including the filaments F1, F2, F3, F4, the
boxy filament, the bubble D1 and the bridge of emission con-
necting D1 with C1. Overall, we can see that in this frequency

a = logo(Sy,/S,)/ logo(vi/v2),

(@)
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Fig. 4. Set of images at intermediate angular resolution with increasing frequency from left to right, in the range 53—1518 MHz (see Table 2 for
details on the imaging parameters and noise values). Contours are drawn at —3, 3, 5, 10, 20 X 0jocar-

range the spectral index of the various different components is
systematically steeper than what observed at LOFAR frequen-
cies (Brienza et al. 2021), consistent with a curved spectrum.
The steepest values (up to ozi(l)(s) = 2.5) are measured in the
upper region of the bubble D3 and in D1, while the flattest val-
ues (o) = 0.6 ~ 1) in correspondence of the inner jets and
bubbles (A and B). The main filament D2 shows values in the
range o}y = 1.6 ~ 2, with the western region being steeper

than the eastern one. The bubble C1 shows an average value

of ai(l)(s) ~ 2, which is steeper than what observed in the spec-
ular bubble C2 having of;y ~ 1.5. The boxy region and the

smaller filaments F1, F2 and F3 have the overall flattest spectral

index within the large-scale emission with values in the range
815 _ 1~1.5
X400 -

It is interesting to notice that at higher resolution (see upper
panels of Fig. 6 at 12 arcsec) a clear spectral gradient across the
width of the main filament D2 is present. In particular, the north-
ern regions (especially to the west), show a flatter spectral index

(with a/‘s‘go ~ 1 and a%go ~ 2) than the southern regions (with

a2 ~ 2 and 1290 ~ 3).

A hint of this trend was already found in the low-resolution
(25 arcsec) spectral index map between 53—144 MHz published
in Brienza et al. (2021), and was interpreted as a possible sig-
nature of plasma compression produced by a shock moving

A239, page 7 of 22



Brienza, M., et al.: A&A, 696, A239 (2025)

Jy/beam
0.02

0.01 0.03 0.04 0.05

Jy/beam
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

Jy/beam
0.002

0.000

0.001 0.003 0.004

— e—
gy ase]

14.5"x24.2" [144 MHz] -

30°30'

25'

20"

Dec (J2000)

15 " -

10

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0000 0.0005

0.0010

0.0015 0.0020 0.0025

815 MHz

30°30"
2504

20

Dec (J2000)

15

10

ol ..

06m30°
RA (J2000)

Sara Do
h
4"07m00° 0530°  5.0000 0.0001

0.0002

06m30°
RA (J2000)

0.0003 0.0004 05m30°

1518 MHz

30°30
25'

20

Dec (J2000)

15

10

4h07Mm00°

06m30°

00° 05m30°

RA (J2000)

Fig. 5. Set of images at low angular resolution with increasing frequency from left to right, in the range 53—1518 MHz (see Table 2 for details on
the imaging parameters and noise values). Contours are drawn at —3, 3, 5, 10, 20 X 0joca-

from south to north, consistent with being initiated by the
recurrent AGN outbursts of the central elliptical galaxy
MCG+05-10-007.

However, as already mentioned in Sect. 3.1, when observed
at high resolution (see Fig. 2), the eastern side of the filament
D2 appears to be actually split into two almost-parallel substruc-
tures. This may suggest that the observed spectral index trend is
likely only produced by the proximity of these two features with
different spectral properties.

Finally, in the spectral index maps at 6arcsec resolution
(Fig. 6, right panel) we can better appreciate the curvature
increase when moving from region A to regions B and C. In par-
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ticular, region A is the only one where the spectral index remains
flatter (<1) up to 1518 MHz, consistent with ongoing particle
acceleration. The surrounding bubbles B and the close-by fil-
amentary emission instead steepen on average from a spectral
index of a0 ~ 1-1.3 to a spectral index of alot® ~ 1.3-1.6.

To further investigate the spectral distribution along the
large-scale filamentary structures we produced spectral profiles
as shown in Fig. 7. For all filaments we computed the spectral

index over the full available frequency range a%}° and the spec-

tral curvature defined as SPC = a8l% — @i3*. The surface bright-
ness at 144 MHz is also shown as a reference in the top panel of

each quadrant.
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Fig. 6. Spectral index maps of Nest200047, as described in Sect. 3.2. Central panel: Spectral index map of the entire source between
400-815 MHz with a resolution of 25 arcsec. Top panels: Spectral index maps of the northern bubbles between frequencies 53—400 MHz (left)
and 700—-1280 MHz (right), with a resolution of 12 arcsec. Right panels: Spectral index maps of the central jets—bubbles between 400—700 MHz
(top) and 700—1518 MHz (bottom), with a resolution of 6 arcsec. The black contours always trace the emission at the lowest frequency included

in the map starting from 30

For these plots we used images at a common resolution
of 25 arcsec to best recover these low surface brightness fea-
tures. Only images at frequencies equal to 53 MHz, 144 MHz,
400 MHz and 816 MHz were included, where the filaments are
detected at a S/N > 5. The boxes used are shown in the central
panel of the same figure and have a size equal to the beam size.

Overall, all filaments show a steep (3¢ in the range 1-2)
and curved (SPC up to 1) spectrum over the available frequency
range, without any strong and systematic spectral index gra-
dient, as expected in the case of particle cooling along them
as for example observed along the tails of bent radio galaxies
(e.g. Sebastian et al. 2017). Particularly impressive is the spec-
tral index along the main filament D2 (blue boxes), whose values
stay in the range agé‘s 1.2—-1.6 for over 350 kpc. As already
observed in the spectral index maps a moderate flattening mov-
ing from east to west is present.

Similarly to the outer filaments, we produced spectral pro-
files for the two main filaments, F5 and F6, located in the inner
region of the source. Images at 700 MHz and 1518 MHz with

6 arcsec resolution have been used for the measurements. As it
is shown in Fig. 8 and in agreement with the spectral index map
(see Fig. 6), both filaments show a steep spectrum, with average
values a;g(l)s (F5) =1.5and a;g(l)g(F@ = 1, respectively. F5 is sys-
tematically steeper than F6 and, also in this case, both filaments

show a quite constant spectral trend throughout their length.

3.3. Spectral tomography

In such a complex source, plenty of thin, possibly overlap-
ping features, spectral index maps may not be sufficient to
fully appreciate all spectral shades across the different struc-
tures. To overcome this limit, we used the ‘spectral tomog-
raphy’ technique first introduced by Katz-Stone & Rudnick
(1997a) and later used in a number of works on differ-
ent astrophysical sources (e.g. Katz-Stone & Rudnick 1997b;
Crawford et al. 2001; DeLaney et al. 2002; Gizani & Leahy
2003; McKinley et al. 2013; Rajpurohit et al. 2021). This is use-
ful for visualising features with different spectral indices and
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and the spectral curvature is defined as SPC = 85 — al3*.

superimposed structures. The idea behind this technique is to
subtract out of an image all features with a particular spectral
index value so that only features with a flatter or steeper spectral
index remain visible. To do so, we subtracted from an image at a
frequency v a second image at frequency v, scaled by a specific
spectral index value «;, in the following way:

V1

I(al) = IV1 - (_)_ i : IV2’ (3)
V2

In Figs. 9 and 10 we present a gallery of the most repre-
sentative tomography maps for the central and northern, large-
scale region of Nest200047, respectively. For the central region
we used images at v = 144MHz and v, = 400 MHz with
6 arcsec resolution, while for the northern region we used images
at v = 400 MHz and v, = 1518 MHz with 9 arcsec resolution.
The spectral index «; used in each map is shown in the top right
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corner of each panel. In these images all structures having «; are
fully subtracted and thus are invisible. Instead, all structures that
are steeper or flatter than @; are under- or over-subtracted and
thus appear lighter or darker than the background, respectively.

Figure 9 shows a zoom-in on the central region of
Nest200047, where the inner jets and surrounding bub-
bles/filaments are visible (components A, Bl, and B2) and
their different spectral indices can be appreciated. Overall, as
expected and consistently with the spectral index map presented
in Sect. 3.2, the spectral index steepens moving from the inner
jet towards the external regions. However, many more details can
be observed here.

In the top left panel, we can see that most of the emission
is white, implying it has a spectral index higher than @ = 0.6.
The only exception to this are the two very compact compo-
nents in the innermost region of the active jet, which likely rep-
resent regions where particles are being accelerated. In the other
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panels on the top row of Fig. 9 we can then see how the plasma
gets steeper and steeper as it expands both along and across the
jets (component A). This trend is consistent with observations
of Fanaroff-Riley class I (Fanaroff & Riley 1974) radio galaxies
Heesen et al. (2018). From @ = 1 we can start seeing that after
having reached the southern and northern tip of component A,
the jet flow bends towards the east (in projection).

The tomography clearly confirms that the two main filaments
F5 and F6 have different spectral indices, with F5 being steeper
than F6. Interestingly, F6 seems to show a spectral index gradi-
ent across its width. It can be noted that the western side of F6
becomes darker first that the eastern side. To the south, the fila-
ment F6 seems to bend and continue tracing the full edge of the
bubble B1.

Overall, the bubbles B1 and B2 get completely blended with
the background at @ ~ 1.5 suggesting this is the average spectral
index of their spectrum, consistent with the spectral index maps.
However, it is interesting to note that the edge of bubble B1 is
flatter.

In Fig. 10 we show instead a zoom-in on the northern large-
scale emission of Nest200047 (regions C2, D2 and D3 and con-
nected filaments). The emission is entirely white in the top left
panel, implying it has a spectrum steeper than «; = 0.9. Starting
from @; ~ 1.1 some of the emission starts to disappear, especially
the eastern region of the main filament D2.

The tomography maps show more clearly that the eastern
side of D2 has a flatter spectral index than the western side and
that the eastern side is actually composed of two almost paral-

lel substructures with different spectral properties, the upper one
being flatter than the bottom one.

3.4. Surface brightness vs spectral properties

We investigated the presence of any correlation between radio
surface brightness S and spectral shape as shown in Fig. 11. In

particular, we show correlations with the spectral index o8> and

8
53
spectral curvature SPC = a5 — al3*. Measurements for D2 were

performed on the 12 arcsec images using the blue boxes shown
in the same figure, while measurements for the boxy region were
performed from the 25 arcsec images using the boxes presented
in Fig. 7. For each plot a power law was fitted to the data and the
goodness of the fit was evaluated with the Pearson coeflicient r;,.

The analysis in general shows that all three filaments have
the same behaviour: a strong (7, = 0.67-0.89) negative corre-
lation between af}> and surface brightness at 815 MHz, which
becomes weaker and weaker as it moves to the lower frequency,
and a positive correlation between SPC and surface brightness
at all frequencies. In other words, the brightest regions at high
frequency have more curved spectra but with more pronounced
spectral curvature with respect to the fainter regions.

3.5. Colour-colour plots

The spectral index and tomography maps presented in the pre-
vious sections clearly show the spectral index trends throughout
the source. However, they are not ideal to visualise the curvature
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Fig. 10. Spectral tomography of the northern large-scale emission in the frequency range 144—-400 MHz at 9 arcsec resolution. The white emission
is steeper than the reference a value reported in the top right corner of each panel, while the black emission is flatter.

of the spectrum across the broad frequency range available.
To do this, we employ colour-colour plots (@ow VS @hign), first
introduced by Katz-Stone et al. (1993), Katz-Stone & Rudnick
(1997a).

In these plots, all points located along the bisector line with
(low = Qhigh Tepresent regions of plasma with a power-law spec-
trum, while points located above or under the bisector line indi-
cate a concave or convex spectra, respectively. In the common
hypothesis that the spectrum at injection (#y) follows a power
law and then steepens with time due to radiative cooling, it is
expected that a single population of particles is located on the
bisector at #o (at the injection value ajy;) and then, with time, to
move along a trajectory below the bisector line. The exact shape
of the trajectory depends on the ageing model, the most common
ones being the JP Jaffe & Perola (1973), KP Kardashev (1962)
and CIOFF Komissarov & Gubanov (1994) models. In partic-
ular, the JP and KP models describe the radiative losses of a
single-injection particle population through synchrotron emis-
sion and inverse-Compton scattering with the CMB assuming
rapid isotropisation or constancy of the particles’ pitch angle,
respectively (i.e. the angle between the velocity vector and the
magnetic field). The CIOFF model instead considers an extended
period of constant injection with given start and end times. All
these models are derived for cooling in homogenous magnetic
fields. We also note that the trajectories along the colour-colour
plots are insensitive to the magnetic field strength and to the pres-
ence of adiabatic compression or expansion in the plasma. These
factors can only cause a shift up or down along the ageing tra-
jectory but do not cause a deviation from it.

We note that for a given single-injection model the injec-
tion can in principle be inferred by extrapolating the trajec-
tory in the colour-colour plot up to the bisector line. Finally,
the area of the plot above the bisector line can be populated
by regions where particle populations with different ages/slopes
are mixed (or overlap in projection) or a fraction of parti-
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cles has been re-accelerated, leading to the inverted spectral
curvature.

In Fig. 12 we show colour-colour plots for different regions
of Nest200047. In particular in the top panel we analysed region
A, B1/B2, C1/C2 and D2, in the middle panel region D3 and in
the bottom panel region D1, the bridge connecting D1 and C1,
and some diffuse emission on the SE.

In the top panel, we show two colour-colour plots prob-
ing the low- and the high-frequency part of the spectrum,
respectively (53—144 vs 400—815 MHz on the left and 53—144
vs 815—-1518 MHz on the right). For these we used the
intermediate-resolution maps presented in Sect. 3.2 with a beam
of 12 arcsec. The boxes used to produce the plot (see left panel)
have a size equal to 12arcsec X 12arcsec for region A and
12 arcsec X 36 arcsec for the other regions, and were all drawn
only in areas with S/N > 3 in all maps (with the main limitation
coming from the VLA map at 1518 MHz) and are coloured based
on the region probed (magenta for the filament D2, blue for the
bubbles C1/C2 and cyan for the bubbles B1/B2). Various curves
describing ageing models with different ap;, are also overlaid in
the plot as a reference.

From the figure we can see that region A is consistent in both
plots with a JP model with @;,; =0.5. The trajectory followed
by the cyan points (lobes B1/B2), instead, is more complex.
At low frequency, they touch the bisector line at ~a=0.9, but
then they significantly deviate from the JP line with ajy; =0.9,
showing less curvature at low frequency than what expected by
the model. On average, they show a spectral curvature of about
SPC = Qhigh — Qlow ~ 0.7.

The plasma in the regions C1/C2 (blue points) and D2
(magenta points) is clearly much more curved than in B1/B2 and
A at both low and high frequencies, with spectral curvature val-
ues up to SPC ~ 0.8 at low frequencies (middle panel), and up to
SPC ~ 2.5 at high frequencies (right panel). This extreme spec-
tral curvature at high frequency is clearly inconsistent with a KP
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model, as shown in Fig. 12, right panel. The trajectory of the blue
regions appears to be nicely consistent with a JP model with a
quite steep injection index aiy; ~ 0.9. The magenta regions (D2),
instead, show a larger scatter and, on average, a better fit with a
JP curve with a lower injection index ajy; ~ 0.7.

Since the points of regions C1/C2 and D2 (blue and magenta,
respectively) never touch the bisector line, we note that the injec-
tion is not constrained. In this case a degeneracy is present
between the JP models with higher injection index values and
the CIOFF model with lower injection index values. In Fig. 12,
we show the curve of a CIOFF model with aj,; ~ 0.5 and
ton = 60 Myr (dotted line), which may represent a plausible dura-
tion of active phases of an AGN. However, other combinations
of higher «;,; and lower t,, could also reproduce the data, also
keeping in mind that bubbles A, B, C, D possibly originate from
different activity phases with different on-times.

In the middle row of Fig. 12 we show two colour-colour plots
for region D3: aég“‘ Vs 0/1‘22 (middle) and a;g“ Vs a/i(l)g (right).
For these we used images at 25 arcsec resolution to best recover
the diffuse emission and we restrict the analysis to the frequen-
cies where the emission is detected with S/N > 3. The boxes used
for the measurements (with 25 arcsec side) are shown in the left
panel. As the plots show, at low frequency (middle panel) the
points are consistent with a JP model with aj,; ~ 0.7-0.9, while
at higher frequency (right panel) the points deviate to the left and
are only marginally consistent with a JP model with aj;; ~ 0.9.

Finally, in the bottom row we show one colour-colour plot of
the southern large-scale structures. Also for this we use images
at 25 arcsec resolution and boxes with 25 side as shown in the
left panel. In general, most points lie below the bisector line but
show large scatter and large error bars, making it difficult to find
a match with a single radiative model. On average, the magenta

points (which correspond to the brightest region of the D1 struc-
ture) seem to be consistent with a JP with aj,; 2 0.7, similar to
what found for D2/D3 in the north.

In conclusion, this analysis shows that it is hard to recon-
cile all regions to the same spectral shape, as it is found for
standard radio galaxies (e.g. Shulevski et al. 2017). While in
principle, there is no reason to believe that different outbursts
must accelerate populations of particles with the same injection
index and that the injection phase has always the same duration,
in such a complex system a different spectral shape may also
be driven by different fluctuations of magnetic field or particle
reprocessing.

3.6. Global spectrum

To further investigate the spectral shape of the emission over
the full available bandwidth we applied the ‘shift-technique’
proposed by Katz-Stone et al. (1993), Katz-Stone & Rudnick
(1997a). The idea behind this is that, if the spectral shape dif-
ference between two particle populations is only due to different
energy losses and magnetic fields, one should be able to match
the two spectra to a common ‘global spectrum’ by shifting one
spectrum with respect to the other in both frequency and inten-
sity (i.e. in the log (1) — log (v) space). In particular, shifts along
the frequency axis are related to y*>B and along the intensity axis
are related to N7 B, where Ny is the total number of relativistic
electrons.

To do this we used images at 12 arcsec resolution and the
same boxes created for the colour-colour plot in Sect. 3.5. In par-
ticular, for each region (D2, C1/C2 and B1/B2) we tried to align
the spectrum of each box to create a global spectrum using as a
reference the best models identified in the colour-colour plots.
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Fig. 12. Colour-colour plots for different regions across Nest200047 and over different frequencies. The top row shows ag3* vs a0
for regions D2 (magenta points), C1/C2 (blue points), B1/B2 (cyan points), and A (yellow points). Images at 12 arcsec resolution were used
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for the measurements. The boxes used (one-beam area for region A and three beam-area for the other regions), colour-coded according to the

different regions, are shown in the top left panel. The middle row shows ali* vs /!9 (middle) and al3* vs o8}3 (left) for D3 (green points). The

bottom row shows arég‘“ vs % for the southern large-scale region, including D1, the bridge, and the diffuse emission. For the plots shown in the
middle and bottom row, images at 25 arcsec were used for the measurements. The boxes used (one-beam area), colour-coded according to the

different regions, are shown in the left panels of each row. In all plots the dashed line represents the bisector line (where apigh = @iow), the other

lines represent various ageing models as a reference.

In Fig. 13 we show the result of this alignment procedure.
From this we can clearly see that the spectra from all magenta
boxes (D2) can be very well aligned to a JP model with a;y; =
0.7, while the spectra from all blue boxes (C1/C2) can be very
well aligned to a JP model with a;,; = 0.9. For regions C1/C2
(left panel) we also overlay the CIOFF model with a;y; = 0.5,
which based on the colour-colour spectrum seemed to reproduce
the curve as well as the JP model with @;y; = 0.9. From this we
can appreciate that there is a marginal difference between the
two models, with possibly a slight preference for the JP model.
If true, this would suggest that regions C1/C2 do really have a
steeper injection index than regions B1/B2 rather than being an
effect of superposition of different particle populations described
by a CIOFF model.
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For the cyan boxes (B1/B2), instead, the result of the align-
ment is much poorer for all the models considered (includ-
ing both JP and CIOFF), especially at the lowest frequencies.
This may hint at some more complex physical condition of the
plasma, which may not be surprising considering that both lobes
show at high resolution numerous filamentary substructures (see
e.g. Fig. 9).

We note that we tested whether the results are sensitive to
the size of the boxes used, but within the uncertainties, we
always found the same trends. In conclusion, aligning the spec-
tra of all regions to a single global spectrum is not possible,
as already suggested by the colour-colour analysis presented in
Sect. 3.5. This again suggests that the properties of the different
pairs of bubbles and filament D2 and/or the particle acceleration
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Fig. 13. Global spectra in the frequency range 54—1518 MHz for three different regions of the source Nest200047 (D2, C1/C2, and B1/B2)
including flux densities at 53 MHz, 144 MHz, 400 MHz, 700 MHz, 815 MHz, 1280 MHz, and 1518 MHz. The blue points represent boxes drawn
in region C1/C2, the magenta points in region D2, and the cyan points in B1/B2, as shown in Fig. 12. The lines represent various spectral models

as a reference.

efficiencies over different scales, and so over different outbursts,
are not constant.

3.7. Spectral ages

The broad frequency coverage and large extension of the source
also allow us to perform a pixel-by-pixel spectral ageing analysis
do derive the plasma age, as already done for other radio galaxies
in the literature (e.g. Hardcastle & Krause 2013; Brienza et al.
2021; Biava et al. 2021).

For this, we employed the software BRATS (Harwood et al.
2013, 2015), which derives modelled spectra by numerically
integrating the equations that describe the radiative losses of the
plasma. In particular, based on the results from the colour-colour
plot and global spectrum analysis (see Sects. 3.5 and 3.6) we
used the JP model, which best reproduces the spectral curvature.

We processed regions D3, C1/C2 and B1/B2 separately, to
account for differences in injection index and magnetic field val-
ues. Regions A and D1 were not included in the analysis because
of the small extent and small spectral coverage, respectively.
For regions C1/C2 and B1/B2 we used the full set of images at
12 arcsec resolution, which gives a good compromise between
having good spatial resolution and recovering the large scale
emission, while for D3 we used images at 25 arcsec in the fre-
quency range 53—815 MHz, where the structure is recovered. In
all cases only pixels with S/N>3 at all the frequencies were
included in the analysis.

To establish the injection index we used the findinject
task. This performs a series of spectral fits for each pixel, vary-
ing ajy in the range 0.5 and 1 with a step of 0.05, and defines
the best value based on the y?. The best injection index value
found for the different regions is a?f =0.9, ag};/cz =0.85 and

>
51 }/ B2_0.5,in good agreement with the values derived from the

colour-colour plot and global spectrum analysis.

As for the magnetic field B, we assumed as a first simpli-
fied assumption, the value that returns the minimum radiative
losses allowed for a plasma at a given redshift, equal to By, =
Bewms/ V3=1.95 uG, where Beys = 3.25 % (1 + 2)*uG. In addi-
tion, we considered the values presented in Brienza et al. (2021)
for D3 and C1/C2 based on minimum energy conditions equal to

Bqu3 = 2.8uG and ngl =42 uG, respectively. With the same

approach we computed a value of B?q] /B2-35 uG for B1/B2.

The spectral age maps obtained using By, are shown in
Fig. 14, with overlaid LOFAR 144 MHz contours. Considering

Spectral age [Myr]
200 210 220 230

240 250

30°34

32!

30'

Dec (J2000)

28'

26'
4r07m20° 00°

RA (j2000)

Spectral age [Myr] Spectral age [Myr]
80 100 120 140 160 180 200 80 920 100 110 120 130 140 150 160

30°26'] |7

Dec (}2000)
2

4h06Mas5® 40° 35° 30°
RA (12000)

RA (12000)

Fig. 14. Spectral age maps of different regions of Nest200047: D3 (top
panel) at 25 arcsec resolution, and C1/C2 (bottom left panel) and B1/B2
(bottom right panel) at 12 arcsec resolution. Overlaid are contours of the
LOFAR image at 144 MHz, at 25 and 12 arcsec, respectively. The full
procedure followed to obtain the maps is described in Sect. 3.7.

all pixels for each region we find that in all cases the model can-
not be rejected at the 68 percent significance. The median X?e 418
0.7 [0.2-7], 1.2 [0.08-7] and 1.8 [0.16—16] for D3, C1/C2 and
B1/B2, respectively. The median error on the fit Af is 15 Myr
[9-30 Myr], 5 Myr [1-10 Myr], and 4 Myr [1-10 Myr]. Exam-
ples of good spectral fits for the different regions are shown in
Appendix B as a reference.

We note that regions B1/B2 show the highest /\/fed, suggest-
ing that the plasma in that region is not following the standard
spectral shapes similarly to what observed with the global spec-
trum analysis. This is maybe not surprising given that from the
images at high resolution (see Fig. 3), it is clear that lobe B1 is
constituted by twisted filaments, which might be tracing regions
of compression and/or magnetic field enhancements.
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Excluding regions right at the edges of the maps, which
might be dominated by residual alignment artefacts, we find
the following median values for the different regions: 220 Myr
for D3, 160/170 Myr for C1/C2 and 130 Myr for B1/B2. These
correspond to break frequencies of 430 MHz, 730 MHz and
1200 MHz for D3, C1/C2 and B1/B2 regions, respectively. The
ages for the different regions are summarised in Table 3, where
we also report values obtained using the minimum energy mag-
netic field Begq, which are systematically lower, as expected for a
higher magnetic field value.

We note that these are the ages computed only in the regions
of the source where full spectral coverage (53—1518 MHz) is
available at 12 arcsec resolution. There are clearly regions not
recovered at all frequencies that likely have larger age values.

4. Discussion
4.1. Jet duty cycle

Nest200047 represents arguably the clearest example of multiple
AGN radio bubbles observed in a galaxy group. Therefore, the
source is a perfect testbed for evaluating the timescales of the jet
duty cycle.

As expected in a scenario where the non-thermal plasma is
generated by the black hole at the centre of the BGG MCG+05-
10-007 and moves outwards, and consistent with the observed
spectral index trends (see Sect. 3.2), the median age values based
on simple radiative age modelling (see Sect. 3.7) increase mov-
ing from the inner regions of the source towards the outskirts
(see Table 3). In particular, the median ages are very similar for
the pair of bubbles C1 and C2 (the same is true for the B1 and B2
pair), supporting the interpretation that they are associated with
the same outburst as suggested by their morphology, similar dis-
tance from the host, and spectral index value (see Sect. 3.2).

To derive a first-order estimate of the duration of the jet activ-
ity that inflated a given bubble, ¢,,, we can calculate the differ-
ence between the maximum and minimum age values derived
within each bubble, as done in other works (e.g. Shulevski et al.
2017). This provides an estimate of the jet activity times for

the three different bubbles equal to 27 > 90 Myr, S =

60 Myr and tfnl/ B2 = 50 Mpyr, all values consistent with other
radio galaxies (e.g. Saikia & Jamrozy 2009; Konar et al. 2012;
Konar & Hardcastle 2013; Shulevski et al. 2017; Brienza et al.
2021; Biava et al. 2021; Candini et al. 2023). We note that, espe-
cially for bubbles D3 the maximum age presented may be under-
estimated because the oldest regions of the bubbles are too faint
to be included in the age map and this implies that the jet activity
times are underestimated as well.

It is very interesting to note that the maximum derived age
for the plasma in bubble C1/C2, which is representative of the
moment the jet started to inflate these bubbles, overlaps with
the minimum derived age for the plasma in bubble D3, which is
representative of the moment when particle acceleration within
the lobe stopped. The same can be observed when comparing
bubbles C1/C2 with bubbles B1/B2. As already suggested in
Brienza et al. (2021) purely based on morphological consider-
ations, the continuity between the properties of the various gen-
erations of bubbles may imply either a scenario where the jets
have actually switched off for a very short amount of time or,
alternatively, a scenario in which new bubbles systematically
detach from a continuously operating jet. The latter scenario
can occur in case the jet power is low (Qje < 5 x 10%°W,
Luo & Sadler 2010) so that the buoyancy velocity exceeds the
jet-driven expansion even before the jet switch off. Discerning
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the two scenarios is observationally difficult but further discus-
sion on this is presented in Sect. 4.2.

We stress that, when interpreting the derived age values, one
should remember that simple radiative ageing models describe
particle populations that evolve passively after the initial injec-
tion with a constant and uniform magnetic field and without tak-
ing into account any possible adiabatic expansion of the lobes
in the surrounding medium and any plasma reprocessing phe-
nomena, such as re-acceleration. While this is possibly a rea-
sonable enough assumption for many standard radio galaxies
(e.g. Harwood et al. 2013), in the case of Nest200047 it might
be an oversimplification. Being located outside the IGrM core
region, as estimated by X-ray observations (see Brienza et al.
2021), it is likely that bubbles C1/C2 and D3 suffer from non-
negligible expansion losses. Moreover, the complex morphology
of the radio emission implies that the bubbles are perturbed and
the magnetic field is inhomogeneous. A more detailed discussion
of this is presented in Sect. 4.2.

In any case, the overall scenario described above is consis-
tent with the idea that, in galaxy groups, the AGN jet activity
must be gentle and quasi-continuous (e.g. Gaspari et al. 2011,
2014; Bourne & Sijacki 2021). Owing to their shallow potential
well, the impact of powerful AGN outbursts can be especially
dramatic in these systems. The energy released can be signifi-
cantly larger than what is required to offset IGrM cooling, caus-
ing a disruption of the core and a depletion of baryons within the
virial radius Ehlert et al. (2018).

Despite this theoretical expectation, observing multiple gen-
erations of AGN bubbles in galaxy groups to probe the jet duty
cycle has always been non-trivial, both in the radio band, where
their non-thermal emission is observed, and in the X-ray band,
where their imprints on the thermal IGrM is observed through
cavities. Because this duty cycle takes place in a cosmological
context, the signatures of multiple episodes of jet activity can be
easily erased by fluid instabilities, mergers, and gas sloshing.

Moreover, for galaxy groups observations of such a phe-
nomenon are even more difficult. Contrary to galaxy clusters
where the dense ICM is likely able to maintain the non-thermal
plasma confined and thus visible in the radio band for longer
periods of time, in galaxy groups, the bubbles likely expand and
disappear on much shorter timescales due to the lower IGrM
density. At the same time, detecting cavities in galaxy groups in
the X-ray band requires very long exposures with current instru-
ments to achieve the necessary brightness contrast, especially
outside the system’s core region. The clearest case where this
is observed is the galaxy group NGC 5813, where within 20 kpc
from the central source Randall et al. (2011, 2015) detected three
pairs of collinear cavities likely produced by three distinct out-
bursts, suggesting a very quick duty cycle. Another famous
example is the brightest X-ray group, NGC 5044, where deep
X-ray observations have traced signs of (at least) three cycles
of AGN outbursts; a pair of sub-kiloparsec scale (inner) cavities
close to the AGN, as well as older 5-kpc scale (intermediate)
cavities (Gastaldello et al. 2009; David et al. 2011, 2017).

Things have started to change now thanks to the advent of
the new-generation radio telescopes that are sensitive to very
old and low surface brightness emission and this will further
advance with the Square Kilometre Array Observatory (SKAO)
and future generation X-ray observatories like ATHENA. What
is certain is that, to date, Nest200047 remains a unique case
where so many generations of outbursts can be probed directly
in the radio band with such a high level of detail, possibly due to
a combination of physical extent, line of sight, redshift, and duty
cycle.
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Table 3. Best-fit spectral ages for different regions of the source obtained through spectral ageing modelling, as described in Sect. 3.7.

D3 C1
i [tmin - tmax] Myr t [tmin - tmax] Myr

t. [tmin - tmax] Myf

C2 Bl
i [tmin - tmax] Myf

B2
i [tmin - tmax] Myf

Bmin
Beg

220 [170-260] 160 [115-190]
200 [180-250] 130 [115-160]

170 [120-190]
130 [90-150]

130 [100-155]
115 [90-130]

130 [100-150]
115 [90-130]

4.2. Bubbles evolution

In this section we explore whether the modelled spectral ages
assuming only radiative cooling (see Sect. 4.1) are consistent
with the dynamical evolution of the bubbles, including their pos-
sible adiabatic expansion. To assess the roles of adiabatic expan-
sion and radiative losses we can make a consistency check of the
observed spectral breaks with the expected values based on the
model of buoyantly rising bubbles.

For this exercise, we used the observed radial distances
and measured break frequencies of three regions B, C, and
D3 shown in Fig. 15 with red symbols (7pwjp = 1.1 arcmin,
Fproj,c = 3.7 arcmin, and rpjp3 = 8 arcmin). Since we do not
know their true 3D positions, we show two cases: (a) all three
regions are in the sky plane (solid circles) and (b) they are in the
plane at 45° to the line of sight (open squares, r3p = Fpoj X V2).

To model the evolution of the radio spectra due to expan-
sion, we use the thermal pressure profile derived from X-ray
data (see Brienzaetal. 2021 and Majumder et al., in prep.).
As in Churazov et al. (2001) we further assume that the energy
density of the magnetic field inside the rising bubble makes a
fixed fraction of the thermal pressure so that B?/8x plus other
non-thermal components inside the bubble balances the outside
thermal pressure. With these assumptions, B(t) = ByC", where
C = V(t = 0)/V(r) is the inverse of the bubble expansion factor,
V(t) is the bubble volume, and w = 4/3. If the bubble stays in
pressure equilibrium with the ambient gas and its content can
be described by a fluid with an adiabatic index of 4/3, then
C*3 oc Pyys.

In the absence of acceleration mechanisms, the Lorentz fac-
tor changes as

¥oC'/?
= , 4
4 1+ )/ob ( )
where
4 ' (B2
=T [—0C4/3(t’) + ulc) CA(dr, )
3me Jy, \ 87

where ujc is the energy density of the radiation field (= CMB),
(e.g. Kardashev 1962). Then, the break in the electron’s distribu-

tion is at yp ~ % and the corresponding break in the observed
spectrum is at vy, o %. Pure adiabatic expansion does not intro-
duce itself any break in the distribution function of relativis-
tic electrons but merely shifts the existing break, if any, in the
observed spectrum due to a change of B and 7, associated with
the expansion factor C.

In Fig. 15, we show different model lines describing the evo-
lution of various quantities as a function of distance from the
group centre: break frequency vy, age ¢, and magnetic field B.
The blue lines represent the bubble’s age ¢ = ri3p/v as a func-
tion of radius for two different speed values: v =200km s~ and
v=500kms~!. The latter value yields the buoyancy time derived
for bubble D3 in Brienza et al. (2021) and is lower than the

sound speed in the IGIM ¢, = 720km s~!. The black lines show
the expected break frequency for these two values of the veloc-
ity, assuming pure radiative ageing in a constant magnetic field
(solid line) and a magnetic field declining with radius (dashed
lines). For the latter case, B is assumed to be equal to 9 uG at the
position of bubble B, which can be considered a robust upper
limit inferred from the gas pressure in the group core. Finally,
the solid brown line represents the shift of the break frequency
with distance due to pure adiabatic losses with B o Péég, nor-
malised to the initial break frequency observed in the bubble B,
v, ~ 1.2 GHz. Based on this, a bubble moving from the core to
positions of regions C and D3 will have the breaks at ~0.6 and
~0.3 GHz only due to expansion.

From the plot, we can infer that the break frequency observed
in bubble B does not contradict pure radiative age models
with either B=const and v=200kms~' or decaying B with
v=500kms~!. What is observed for bubble C is marginally con-
sistent with either a pure expansion model or with pure radiative
ageing for B = const or decaying B and v=500kms~'. Instead,
D3 appears in tension with all models, even in the minimal dis-
tance case (when the bubble moves in the sky plane) and espe-
cially if we consider that the contributions of adiabatic expansion
and radiative ageing should in reality be combined and this leads
to a further steepening of the spectrum (by at least a factor of a
few with respect to the pure ageing scenario).

This exercise suggests that it is hard to consider bubbles B,
C, and D as an evolutionary sequence of a single bubble. But
if they are, the expected losses for the most external bubble D3
in this model are too large. In this case, radiative and expansion
losses would need to be balanced by an extra mechanism, such
as particle re-acceleration, unless expansion is slowed down by
mixing of the bubble with the surrounding gas. Alternatively, the
different bubbles, may be the result of subsequent jets outbursts
with different properties.

4.3. Filaments

One of the most striking observed morphological features in
Nest200047 is surely the complex array of non-thermal filamen-
tary structures. In Brienza et al. (2021) these were mainly iden-
tified in the outer regions of the system and interpreted as the
result of the oldest lobe breaking apart while buoyantly rising in
the group atmosphere and as a result of a turbulent environment.
With the new high-resolution observations, we detect additional
filaments in the inner ~60 kpc as well, surrounding and depart-
ing from the inner bubbles and jets (structures A and B1/B2),
suggesting a complex dynamical evolution for the younger lobes
located in the group core as well.

Similar elongated structures have been detected in var-
ious systems with sensitive, high-resolution radio obser-
vations. They have been found in different astrophysical
environments such as the Galactic centre (Yusef-Zadeh et al.
2004, 2022a,b; Heywood et al. 2022b), within radio galaxy
lobes (e.g. Fomalontetal. 1989; Maccagnietal. 2020;
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Fig. 15. Comparison of observed (red symbols) and expected break fre-
quencies for regions B, C, and D3 as a function of their 3D radial dis-
tances (r3p) from the cluster core. Two cases are shown: the solid circles
and open squares correspond to r3p = Fproj and 73p = Fproj X V2, TESpEC-
tively. The brown curve shows the shift of the break frequency with
distance due to pure adiabatic losses with B o« Péég The two blue lines
show the characteristic dwell time (in units of 10% yr) of a bubble at a
given radius for two values of the bubble velocity. The black lines show
the estimated break frequencies due to radiative losses for these veloci-
ties. The solid line is for constant B and the dashed line is for B o ngf.
The corresponding radial dependencies of B are shown with the solid
and dashed magenta lines for a constant and declining magnetic field,
respectively.

McKinley et al. 2022; Mahatmaetal. 2023) and tails
(e.g. Gendron-Marsolais et al. 2020; Botteon etal. 2020;
Koribalski et al. 2024), departing from radio galaxy lobes/jets
(e.g. Ramatsoku et al. 2020; Rudnick et al. 2022; Condon et al.
2021; Velovi¢ et al. 2023) within relics in galaxy clusters (e.g.
Owen et al. 2014; de Gasperin etal. 2022; Rajpurohit et al.
2023; Churazov et al. 2023) and within radio phoenixes (e.g.
Mandal et al. 2020; Pasini et al. 2022; Raja et al. 2024). How-
ever, detailed analysis of such structures are still limited and
physical scenarios for their origin still under discussion (see
e.g. Yusef-Zadeh et al. 2022¢; Ruszkowski & Pfrommer 2023;
Churazov et al. 2023; Ohmura et al. 2023).

Understanding the 3D morphology of these filaments
remains challenging. Based on cosmological simulations of
radio relics Wittor et al. (2023) suggests that the filaments
observed in these sources are not produced by sheets seen in
projection, but rather by actual filaments and ribbons. In the case
of Nest200047 this may possibly be also the case, at least for the
majority of the filaments (F1-F7). However, for filament D2, one
possibility is that it represents a ring as seen in projection, as pre-
dicted by models of bubble evolution. In this occurrence, the two
sub-filaments observed on the eastern side of D2 could be inter-
preted as the front and back of such ring viewed in projection.
Moreover, the boxy filament, whose morphology is among the
most puzzling, may actually result from the projection of a 3D
layer enveloping the entire bubble D3. Sharp edges in the radio
emission of radio lobes can indeed form due to magnetic drap-
ing as demonstrated by numerical simulations and observations
of AGN bubbles (Ruszkowski et al. 2008; Adebahr et al. 2019).
Polarisation observations could provide further insight into this.
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The filaments observed in Nest200047 show a large variety
of lengths, ranging from a few tens of kiloparsecs up to a few
hundreds of kiloparsec, while they mostly appear unresolved or
barely resolved along their width, implying sizes of a few kilo-
parsec and down to 2 kpc. The only filament that clearly appears
spatially resolved along its width (with size up to ~18 kpc) is D2,
which, however, based on our high-resolution imaging, might be,
in reality, the result of the superposition of two thinner and very
close separate components, as especially visible on the eastern
side.

These ranges of dimensions are similar to those of other fila-
ments reported in the literature showing a variety of lengths (e.g.
220 kpc, Rudnick et al. 2022; 30-50kpc, Condon et al. 2021;
~60kpc, Brienzaetal. 2022; ~40kpc, Mahatma et al. 2023;
20-50kpc, Candini et al. 2023; ~160kpc, Velovic¢ et al. 2023;
~200kpc Botteon et al. 2024) and approximately a similar width
equal to a few kiloparsecs, again possibly limited by the spatial
resolution of the observations.

As discussed in Brienza et al. (2021) the Alfvén scale in this
system is of the order of a few kiloparsecs, consistent with the
average width of filaments. This suggests that below these scales
magnetic fields start to play a key role in the dynamical evolution
of the filaments, and possibly prevent them from being destroyed
by hydrodynamic instabilities. Moreover, Rudnick et al. (2022)
points out that the thickness of a few kiloparsecs observed for
these filaments is likely to represent the size of bundles of
smaller “fibres”, which are thought to arise naturally in turbu-
lent magnetic plasmas (Porter et al. 2015).

It is also interesting to note that these filaments often come
in pairs or groups (Rudnick et al. 2022; Botteon et al. 2024;
Yusef-Zadeh et al. 2022a; Condon et al. 2021). In the case of
the Galactic filaments Yusef-Zadeh et al. (2022a) speculates that
the filamentation is the result of an interaction with an obsta-
cle, which sets the length scale of the separation between the
filaments. In Nest200047 we see two pairs of filaments on large
scales F1/F2 and F4/F7 both with a separation of ~25kpc and
one pair in the central region F5/F6, which seem to intersect at
the bottom, possibly in projection.

As far as the spectral properties are concerned, our analysis
shows that all filaments exhibit steep and curved spectra with
a > 1, consistent with being old plasma. It is interesting to note,
however, that they can have different spectral index values even
if located very close, possibly indicating variations in magnetic
field strengths rather than in ages (see e.g. the difference between
F5 and F6, best highlighted in the tomography maps in Fig. 9).

As shown in Sect. 3.4, within each filament, regions with
higher surface brightness also tend to have flatter spectral indices
and more pronounced curvature. This behaviour is similar to
what is observed in radio relics (Rajpurohit et al. 2022), where
the brightest regions show the flattest spectral index, interpreted
as traces of shocks with the highest Mach numbers and thus the
sites of particle acceleration. However, in the case of relics, no
significant spectral curvature is reported in those regions. We
also notice that the strength of the correlation between brightness
and spectral index varies significantly with the observing fre-
quency, becoming more and more pronounced moving to higher
frequencies.

One notable result is that for most filaments the spectral
index does not show any strong gradient along their length,
instead it appears to be uniform with a typical variation of
Aa ~ 0.2. The only filament where we possibly see a trend is
D2, where we observe flatter values in the eastern regions with
respect to the western ones, but still with maximum Aa ~ 0.3.
However, we recall that these structures might be produced by
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a superposition of narrower components that might affect this
conclusion.

A similar flat spectral trend is also observed in filaments in
other sources, such as in Brienza et al. (2022), Giacintucci et al.
(2022), Candini etal. (2023), and Di Gennaro et al. (2025).
However, other cases do exist where a significant and near-
monotonic spectral steepening with distance along the filament
is observed, such as Rudnick et al. (2022, froma ~ 1 to o ~ 3
over 220kpc), Velovié et al. (2023, from @ ~ 2 to @ ~ 4 over
~160kpc), and Raja et al. (2024, from o ~ 1.7 to @ ~ 2.6 over
~170kpc). Such a steepening could be consistent with filaments
representing open flux tubes through which cosmic rays escape
from the main radio galaxy body and age, but this is not observed
in filaments F1-F6 in Nest200047, which may enter this cate-
gory.

The absence of a spectral index gradient along the filaments,
up to hundreds of kiloparsecs is not trivial to explain. In a
scenario in which these filamentary structures are the result of
AGN bubble fragmentation during its rise in the group atmo-
sphere, possibly combined with the system’s weather, as pro-
posed in Brienza et al. (2021), the easiest interpretation would
probably be that particles within the filaments have been acceler-
ated approximately within a single event and evolve in a similar
magnetic field, so they show similar spectral shapes.

Alternatively, particles along the filaments could be
(re-)accelerated. The electrons spiralling in amplifying magnetic
fields with varying magnetic field are subjected to an electromo-
tive force, allowing them to be (re-)accelerated, for instance, via
the Betatron mechanism (see Melrose 1980, for a review). In the
simplest applicable scenario where the magnetic field increases
on a timescale shorter than the cooling time of the electrons,
and while the isotropy of the electron pitch angle is maintained
through scattering, the energy increment of the electrons can be
expressed as

2 0B 2
Acz“’_ ('2_2_ ('2,
(Apc) 3(p B 3(p)¢ (6)
whereqﬁ:%.

The simultaneous increase in both the magnetic field strength
and electron energy results in a relative increase in the charac-
teristic synchrotron emission frequency.

We note that a significant challenge to a scenario in which
particles move along the filaments to reproduce the observed
uniform spectral trend is the necessity for diffusion to occur at a
sufficiently rapid rate. Specifically, the electron scattering rates
must be slow enough so that electrons can propagate at least
100 kpc along filaments on a timescale that is shorter than or
comparable to their radiative cooling time, T, ~ 50 Myr. This
condition would imply strongly super-Alfvenic streaming along
the filaments, establishing a lower limit on the effective scatter-
ing timescale 7, ~ 10% yr.

5. Summary and conclusions

By combining data from our large observational campaign
in the frequency range 53-1518 MHz, including LOFAR,
uGMRT, MeerKAT, and VLA observations, we performed a
detailed morphological and spectral analysis of the galaxy group
Nest200047, which provided an unprecedented view of this
intriguing system. Our main findings are as follows:

— The overall morphology of the radio emission previously
observed in the system at frequencies <144 MHz is recov-
ered up to 1518 MHz, except for the very large-scale steep-
spectrum emission. New filamentary structures are revealed

within the inner ~60kpc of the system, surrounding and
departing from the inner bubbles and jets (structures A and
B1/B2), suggesting a complex dynamical evolution, also for
the younger lobes located in the group core. Overall, we
detect a great deal of filamentary emission across all scales,
with lengths ranging from a few kiloparsecs up to 350 kpc
and widths always of a few kiloparsecs.

— At high resolution (~5arcsec), the main filament, D2,
located in the northern outer bubble, appears to be composed
of two substructures, especially on the eastern side. This may
indicate the presence of two closely aligned 2D filaments
that are partially overlapping. Alternatively, a more intrigu-
ing interpretation is that they represent the back and front
of a 3D ring seen in projection, as predicted by models of
bubble evolution.

— All filaments are characterised by steep and curved spec-
tra with @ > 1, consistent with being old plasma. We do
not measure a significant spectral index trend along the fil-
aments. This might imply that particles in the filaments
were accelerated approximately within a single event and
evolved in a similar magnetic field or were re-accelerated.
Any scenarios involving particles movement along the fila-
ments would require super-Alfvenic speed streaming to pro-
duce the observed flat spectral profile.

— By performing spectral ageing analysis with a JP model
and assuming the magnetic field value providing minimum
radiative losses equal to 1.95 uG, we derive that the median
radiative ages of the plasma in the three generations of bub-
bles B1/B2, C1/C2, and D3 are 130 Myr, 160—170 Myr, and
>220 Myr, respectively. A first-order estimate of the dura-
tion of particle acceleration within each bubble suggests
t > 50Myr. The continuity in the spectral properties across
the various generations of bubbles may imply either a sce-
nario in which the jets switched off for only a very short time
or, alternatively, a scenario in which new bubbles systemati-
cally detach from a continuously operating jet. In either case,
the observations seem to be consistent with the assumption
of a quasi-continuous energy injection as suggested in the
maintenance mode of the AGN feedback.

— The spectral analysis, performed using a combination of
colour-colour plots, global spectra, and spectral age map-
ping, reveals that aligning the spectra of regions from dif-
ferent bubbles and the main filament D2 to a single spectral
curve is challenging (i.e. the injection index appears differ-
ent). This implies differences in the acceleration processes
across bubbles and/or variations in magnetic field fluctua-
tions or particle reprocessing.

— The energy losses expected for the outermost northern bub-
ble, D3, including both radiative ageing and adiabatic expan-
sion, and assuming a dynamical evolution from bubble
B1/B2 appear to be too large with respect to what we
inferred observationally from the spectral break. This sug-
gests that if bubbles B, C, and D are considered an evo-
lutionary sequence of a single bubble, re-acceleration of
particles in the outermost bubble D3 has to be invoked to
balance the expected radiative and expansion losses, unless
expansion is slowed down by mixing of the bubble with
the surrounding gas. Alternatively, the different bubbles may
be the result of subsequent jets outbursts with different
properties.

In conclusion, our detailed broadband spectral analysis allowed
us to take new steps forward in the comprehension of
Nest200047, which represents an incredible laboratory to study
recurrent jet activity and feedback in a galaxy group and, more
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generally, highlighted the great potential of the combined use of
data from SKA precursors and pathfinders.

Many aspects of this complex system remain a puzzle that
challenges our understanding and will require further observa-
tional investigations and simulations. For example, it would be
interesting to understand how the bizarre boxy shape filament is
formed and maintained, along with the other filaments, as well
as what makes this group distinct compared to the many oth-
ers in the same mass range present in the sky. At present, the
LOFAR Two-meter Sky Survey (LoTSS; Shimwell et al. 2019,
2022) covers ~85% of the northern sky, and no other radio
galaxy has been found to share a similar morphology. Possibly,
a fortunate combination of redshift, line of sight, duty cycle, and
ambient medium is what drives its uniqueness.

Some of these aspects will be addressed in upcoming
papers focussing on the analysis of the X-ray thermal emission
(Majumder et al., in prep.) and the radio polarisation properties
(Brienza et al., in prep.).
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Appendix A: Spectral index uncertainty maps
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Fig. A.1. Spectral index uncertainty maps of Nest200047. Central panel: Spectral index uncertainty map of the entire source between 400-815 MHz
with a resolution of 25 arcsec. Top panels: Spectral index uncertainty maps of the northern bubbles between frequencies 53-400 MHz (left) and
700-1280 MHz (right), with a resolution of 12 arcsec. Right panels: Spectral index uncertainty maps of the central jets—bubbles between 400-
700 MHz (top) and 700-1518 MHz (bottom) with a resolution of 6 arcsec. The back contours always trace the emission at the lowest frequency
included in the map starting from 30 (see Sect. 3.2 for a full description of the derivation).

Appendix B: Spectral age fits

Model vs Observed Flux as a Function of Frequency Model vs Observed Flux as a Function of Frequency Model vs Observed Flux as a Function of Frequency
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Fig. B.1. Example of spectral fits for three individual pixels belonging to the three different regions analysed: B1/B2 (left), C1/C2 (middle), and
D3 (right). See Sect. 3.7 for a full description of the modelling approach.
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