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Meudon, France.
17 USN, Observatoire de Paris, CNRS, PSL, UO, Nançay, France.
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Active Galactic Nuclei (AGN) inject large amounts of energy into their host
galaxies and surrounding environment, shaping their properties and evolution
[1, 2]. In particular, AGN jets inflate cosmic-ray lobes, which can rise buoyantly
as light ‘bubbles’ in the surrounding medium [3], displacing and heating the en-
countered thermal gas and thus halting its spontaneous cooling. These bubbles
have been identified in a wide range of systems [4, 5]. However, due to the short
synchrotron lifetime of electrons, the most advanced phases of their evolution
have remained observationally unconstrained, preventing us to fully understand
their coupling with the external medium, and thus AGN feedback. Simple sub-
sonic hydrodynamic models [6, 7] predict that the pressure gradients, naturally
present around the buoyantly rising bubbles, transform them into toroidal struc-
tures, resembling mushroom clouds in a stratified atmosphere. The way and
timescales on which these tori will eventually disrupt depend on various factors
including magnetic fields and plasma viscosity [8, 9]. Here we report observations
below 200 MHz, sensitive to the oldest radio-emitting particles, showing the late
evolution of multiple generations of cosmic-ray AGN bubbles in a galaxy group
with unprecedented level of detail. The bubbles’ buoyancy power can efficiently
offset the radiative cooling of the intragroup medium. However, the bubbles
have still not thoroughly mixed with the thermal gas, after hundreds of million
years, likely under the action of magnetic fields.

The galaxy group is named ‘Nest200047’ and was first identified by [10] (see Supplemen-
tary section for more details). At its center lies the massive elliptical galaxy MCG+05-10-007,
with spectroscopic redshift z = 0.01795±0.00015 [ref. 11] (see Supplementary Figure 2). We
first discovered the system in the radio band through the Low Frequency Array (LOFAR, [12])
Two-meter Sky Survey (LoTSS, [13]) at 144 MHz thanks to the bizarre morphology of its
radio emission (see Figure 1 and Supplementary Figure 1). It was then further investigated
using follow-up LOFAR observations at 53 MHz and X-ray observations performed with the
extended ROentgen Survey with an Imaging Telescope Array (eROSITA) [14] on board of the
Spectrum-Roentgen-Gamma (SRG) mission (Sunyaev et al., in prep.). The X-ray emission
of the group in the 0.5-2 keV band was clearly detected for the first time by eROSITA (see
Figure 2 and Supplementary Figure 3), and appears to be nicely centred at the position of
MCG+05-10-007. We estimated that the temperature of the intragroup medium (IGrM) is
kTX ∼ 2 ± 0.5 keV and its luminosity is LX = 5 − 10 × 1042 erg s−1. The total mass of the
system, lies in the range M500 = 3− 7× 1013M�, placing Nest200047 among typical groups
of galaxies, consistent with the initial classification [10].

Our new LOFAR images at 53 MHz and 144 MHz reveal that the galaxy group is
permeated by non-thermal plasma with complex morphology extending up to ∼200 kpc
from the center. In particular, the central galaxy shows AGN activity in the form of two
nearly-symmetric radio jets about 25-kpc long. These jets have a radio luminosity equal to
L144MHz = 1.7 × 1023 WHz−1 (marked as A in Figure 1, top panels) and a spectral index
typical for freshly injected plasma (α144MHz

53MHz (A) '0.6±0.18, S ∝ ν−α, where S is the flux
density and ν is the frequency, see Figure 3). As shown in Figure 1, top-right panel, in the
innermost regions of the jets we observe two symmetric very compact components, suggesting
that the AGN is recurrently inflating new bubbles of radio-emitting plasma. This scenario
is also supported by the presence of two extra pairs of low surface brightness lobes located
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beyond the inner jets (marked as B and C in Figure 1, top panels). These can be interpreted
as remnant lobes of past AGN-jet outbursts [15] or, as a series of bubbles of plasma, which
regularly detach from a continuously operating jet. The spectral index gradient observed in
these three pairs of lobes (α144MHz

53MHz (B) '0.8±0.18 and α144MHz
53MHz (C) '1.2±0.18) is consistent

with electrons being older at larger distances from the central AGN. At a distance of about
200 kpc from the center of the galaxy group, we detect a complex array of filamentary radio-
emitting structures connected to the AGN lobes C1 and C2 by bridges of radio emission.
These filaments are oriented in various directions and often show sharp bends and double-
strands of very narrow emission. Particularly striking are the ‘box-shaped’ filament in the
North and the main filament (D2), which extends in the East-West direction for ∼350 kpc
and has a width of a few kpc, probing the presence of magnetic field coherence on very large
scales. A similar, elongated structure is present in the South too, although much fainter and
with less defined morphology (marked as D1). Moreover, the LOFAR images at 25 arcsec
resolution reveal the presence of diffuse extended emission embedding the filaments, with
increasing radio spectral indices (up to α144MHz

53MHz ' 2.5± 0.3), i.e. older emission, towards the
source periphery.

The presence of multiple generations of AGN lobes and their clear morphological con-
nection with the filamentary structures on larger scales, together with some tentative signs
of an X-ray/radio anticorrelation on scales ∼ 100 kpc, suggest that the recurrent AGN-jet
activity is responsible for the creation of the entire observed emission in Nest200047. The
edge-brightened rim partly filled with radio-emitting plasma observed in the X-ray image
(Figure 2) strongly resembles other AGN feedback-driven objects, such as M84 [16]. In par-
ticular, the morphology of the non-thermal plasma in the northern region of the group has
a strong resemblance with the ‘mushroom-shaped’ structure observed in M87 [17, 18], as
well as with X-ray cavities in their late phases of evolution as predicted by hydrodynamical
simulations (e.g. [19]). Based on this, we interpret the radio-bright structures D2 and D3
as tori of plasma (i.e. vortex rings) expanding in the IGrM as seen approximately edge-on
and caught at a much more advanced stage of evolution with respect to M87. The spectral
index in the ring D2, reaching values as flat as α144MHz

53MHz ∼ 0.75± 0.2, might also suggest that
a mild compression of the plasma in this region is occurring, for example, as a result of a
weak shock launched by a subsequent AGN outburst or of the group dynamics. The effect of
this compression would indeed be to increase the synchrotron spectral break frequency by a
factor ∼ 2.5 [ref. 20], moving it above the currently observed frequency range. Moreover, this
might contribute to shaping the morphology of the large-scale emission and to creating the
observed filaments, rings and eddies [21]. We note that the morphology of D1 and D2 may
remind of radio relics in galaxy clusters [22]. However, the optical (see Sect. 1 in SI) and
X-ray data (see Sect. 3 and 4 in Methods) of the system do not support the presence of an
ongoing major merger. Furthermore, their spectral index distribution differs from classical
relics [22] and their luminosity falls above the classical correlations found for relics [23], im-
plying an implausible-high particle acceleration efficiency. All this makes the AGN scenario
more likely.

Guided by other systems with cavities, we assume that the bubble C2 and D3 were
initially formed close to the central AGN and are now rising buoyantly, i.e. subsonically, in
the IGrM. The estimated buoyancy ages for these two structures are tbuoy,C2 &170 Myr and
tbuoy,D3 & 350 Myr. These are consistent with age estimates based on pure particle radiative

3



losses equal to trad,C2 < 350 Myr, trad,D3 < 400 Myr or shorter if adiabatic losses are also
taken into account. Such high ages have only been found in the Hydra cluster so far [24],
and are about a factor 10 above the mean cavity ages found in galaxy clusters and groups
[25].

Using the buoyancy timescales we estimated the mechanical power deposited into the
thermal gas by the bubbles C2 and D3 equal to Pbubble,D3 = 1−4×1042 erg/s and Pbubble,C2 =
3× 1041− 1× 1042 erg/s. The power of the bubble D3 is compatible with the observed X-ray
luminosity implying that it might be effective at counterbalancing the IGrM cooling. The
lower power of the bubble C2 suggests instead that not all AGN outbursts may have the
same energetic impact on the system.

A comparison between the thermal pressure of the IGrM as derived from the X-ray
emission (from pth ∼ 2− 4× 10−12 dyne cm−2 in the core, down to ∼ 10−12 dyne cm−2 near
structures D2, D3) and the non-thermal pressure of the radio-emitting plasma as derived
from the minimum energy conditions assuming an electron/positron composition, (pnth ∼
4× 10−13 dyne cm−2 in the core, down to ∼ 2× 10−13 dyne cm−2 in D2, D3), suggests that
a non-negligible energetic contribution from non-radiating protons in these structures might
be present. However, such contribution cannot exceed that of radio-emitting electrons by a
factor larger than ∼ 10 if the structures are in pressure balance.

From hydrodynamic numerical simulations we know that, for a given environment, perfect
vortex rings can travel much larger distances with respect to amorphous structures, which
tend instead to get shredded after crossing a distance comparable to their size [26]. We
suggest therefore that the observed diffuse emission might be interpreted as the leftover
of disrupted bubbles, possibly combined with some level of turbulence, likely injected in
the ambient medium by the AGN itself. The radio filaments show major distortions on
100-kpc scales. This might probe shear motions in the IGrM, which eventually cascade
into turbulence. Under this assumption we estimate that the energy flux dissipated by the
turbulence into IGrM heat is ∼ 4×1041 g s−3. This suggests that a fraction between 1/10 and
1/3 of the bubble pV work (where p is the bubble pressure and V is the volume) is converted
into IGrM turbulence, consistent also with turbulence dissipation fractions in merging galaxy
clusters [27]. The presence of many thin two-filament structures throughout the system is also
consistent with a partially turbulent medium. Indeed, on small scales, magnetohydrodynamic
(MHD) turbulence can form a complex network of filamentary structures in field and density
fluctuations, which are characterized by dissipative sheet-like structures with magnetic field
lines along the long axis confining transverse, tangential shear layers [28]. At these scales,
the anisotropic mixing naturally leads to the formation of density filaments along the field
lines [29].

However, the fact that the bubbles and filaments have managed to maintain their integrity
over a travelled distance of 100-200 kpc and timescales of hundreds of Myr might challenge the
presence of a turbulent IGrM. One could expect indeed that the observed narrow filaments
(width h ∼ 2−10 kpc) should have been destroyed by random, turbulent motions if their (1D)
velocities vh at scale ∼ h were much larger than h/tbuoy ∼ 10 − 20 km s−1. For comparison,
3D-velocities of ∼ 50 km s−1 on scales of ∼ 10 kpc would be needed to balance cooling by
turbulent dissipation [30]. However, we note that thin filaments can survive in turbulent
environments due to the Reynolds stress of magnetic fields that make MHD turbulence
anisotropic. The physical scale at which the magnetic tension starts to play a role in turbulent
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dynamics is the Alfven scale, which we estimate for this system to be in the range lA = 1 ∼ 5
kpc, consistent with the width of the filaments. This suggests that magnetic fields might
be playing a major role in the stability of the tori/bubbles observed in Nest200047, as also
proposed by simulations of magnetised vortex rings [26, 31].

Nest200047 clearly offers a rare opportunity to study the evolution of AGN bubbles in
a galaxy group over hundreds of Myr, from the ‘inception’ of the youngest pair of lobes all
the way to the break-up of the oldest generation of bubbles into the IGrM. Interestingly,
despite a long and apparently rather complicated evolution, even the oldest radio plasma is
not yet thoroughly mixed with the thermal plasma, neither by diffusion nor by small-scale
mixing. However, this lack of mixing by no means reduces the efficiency of the AGN feedback,
since the energy exchange between the bubbles and the IGrM can proceed without a thermal
coupling of these phases. Thanks to its unprecedented level of detail Nest200047 represents a
unique piece of evidence for AGN feedback models and can provide new empirical constraints
to magneto-hydrodynamical simulations investigating the coupling between AGN cosmic-ray
bubbles and IGrM.
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Figure 1: LOFAR images showing the complex non-thermal radio emission in the
galaxy group Nest200047. Panel (a): LOFAR image at 144 MHz with resolution of 4.3
arcsec × 8.6 arcsec and noise of σ = 0.166 mJy beam−1. Letters mark the most relevant
morphological features as described in the text. Panel (b): Zoom-in on the central AGN
at 144 MHz and resolution of 4.3 arcsec × 8.6 arcsec. Contours are drawn at -3, 3, 5, 10,
15, 20, 30, 100 ×σ. Panel (c): LOFAR image at 144 MHz with resolution of 28.3 arcsec ×
30.5 arcsec and noise of σ = 0.57 mJy beam−1. Contours are drawn at -3, 3, 5, 10, 20, 40,
100, 180 ×σ. Panel (d): LOFAR image at 53 MHz with resolution of 32 arcsec and noise of
σ = 2.3 mJy beam−1. Contours are drawn at -3, 3, 5, 10, 20, 40, 100, 180 ×σ. The beam
size of each map is shown in the bottom left corner of each panel.
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bar edge-brightened
cavity

Figure 2: Lightly smoothed 0.5-2.3 keV eROSITA X-ray image of the galaxy group
Nest200047 showing the fine X-ray substructure in the core of the group. The
shape of the smoothing kernel corresponds to the point spread function (PSF) of the telescope
(30 arcsec half-power diameter). Overlaid in blue is the 3σ radio contour of the LOFAR 144-
MHz map at a resolution of 4.3 arcsec × 8.6 arcsec (as shown in Figure 1). In the core of
the galaxy group (central 1 arcmin), an X-ray-bright bar is seen, which is orthogonal to the
orientation of the inner radio jets (see red arrow). On slightly larger scales ∼ 5 arcmin, to
the southwest of the nucleus, a limb-brightened X-ray cavity is present (see red line), which
is partly filled with the radio lobe C1. The inner 100-kpc region is qualitatively similar to
other AGN feedback-driven objects, like, e.g., M84 in the Virgo cluster (e.g., [16])
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Figure 3: Spectral index map in the range 53-144 MHz of the galaxy group
Nest200047. The image shows an increasing spectral steepening of the non-thermal plasma
towards the system peripheries, implying increasing radiative ages. The map is produced
using LOFAR images with uniform weighting scheme, a gaussian uv-taper of 25 arcsec and
a restoring beam of 25 arcsec. Only pixels with surface brightness above 3σ in both maps
have been used. Contour levels represent the emission at 53 MHz and are drawn at -3, 3, 5,
10, 20, 35, 100 ×σ levels, with σ=2.7 mJy beam−1. The beam size is shown in the bottom
left corner of the image.
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Methods

1. LOFAR observations, data reduction and radio images. The galaxy group
Nest200047 was observed with the LOFAR High-Band Antennas (HBA) with a central fre-
quency of 144 MHz for a total of 16 hours. The observations were performed as part of the
LOFAR Two-meter SKy Survey (LoTSS, [13]) and pointed in the direction of the two grid
pointings P061+29 and P060+31. These have a field of view with full-width at half-maximum
(FWHM) of 3.96 deg at 144 MHz [12] and their centers lie at 1.44 and 1.32 degrees away
from the target position, respectively. The observation setup followed the standard LoTSS
strategy, whose main details are summarised in Supplementary Table 1. The data were first
flagged for radio frequency interference (RFI) and averaged by a factor 4 in frequency by
the observatory before being ingested into the LOFAR long term archive. The archived
data were then corrected for direction-independent effects such as ionospheric Faraday rota-
tion, phase offset between stations correlations (with polarizations XX and YY) and clock
offsets (see [32]) using the PreFactor pipeline (for more details see https://github.com/lofar-
astron/prefactor) as described by [33] and [34]. To correct for ionospheric distortions and
errors in the beam model, a direction dependent self-calibration was then performed us-
ing DDF-pipeline (for more details see https://github.com/mhardcastle/ddf-pipeline). This
pipeline is described by [13, 35] and uses KillMS ([36], [37]) to derive direction dependent
calibration solutions, which are then applied during imaging with DDFacet [38]. Finally, to
refine the calibration of the ionosphere and beam in the direction of the target, and to al-
low for quicker re-imaging, we made use of the post processing procedure described in [39].
Following this, we subtracted from the visibilities all sources outside a box with side=0.5
deg centred on the target and performed a final direction independent self-calibration of the
data. The final high resolution image was produced with WSClean (version 2.7, [40]) using
a Briggs weighting scheme with robust=-0.5. An inner uv-cut at 40λ was also applied to
discard very large-scale emission (& 1.5 deg), which is unrelated to the target and typically
affected by severe RFI and poorly calibrated. The final image has a resolution of 4.3 arcsec
× 8.6 arcsec and an rms of 0.166 mJy beam−1 (see Figure 1, top panels). In order to enhance
the large-scale diffuse emission of the target, the data were also imaged at lower resolution,
using a Briggs weighting scheme with robust=-0.5 and a gaussian uv-taper of 25 arcsesc.
The final image has a resolution of 28.5 arcsec × 32 arcsec and rms of 0.57 mJy beam−1 (see
Figure 1, bottom-left panel).

The target was observed with LOFAR using the Low-Band Antennas (LBA), as part of a
Director’s Discretionary Time Proposal. We observed for 8 hrs in the frequency range 30−78
MHz with one beam pointed at the calibrator 3C196 and one on the target field. The data
were taken at 1s integration time and at frequency resolution of 64 channels per SB (sub
band, 0.196 MHz). A summary of the observation setup can be found in Supplementary
Table 1. Data affected by RFI were flagged using AOflagger [41] and subsequently averaged
to the time resolution of 2s and the frequency resolution of 0.049 MHz. The calibrator data
were reduced following [32]. This procedure isolated some systematic effect (polarisation
alignment, the bandpass, and the clock drifts), which we transferred to the target data.
For the initial direction independent calibration of the target field we followed [42]. This
procedure removes three systematic effects, averaging them across the entire field of view: the
ionospheric delay, the Faraday rotation, and the corrections on the beam variation with time
and frequency on top of the LOFAR beam model. The result of this process is a direction-
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independent calibrated image that reached 3 mJy beam−1 rms noise at the resolution of 45
arcsec. Due to direction-dependent errors, largely driven by ionospheric corruption [43, 44],
this image shows numerous artefacts, especially around bright sources, which compromise
its fidelity. To correct these errors we performed a direction-dependent calibration. The
procedure followed the idea outlined in [33], where a series of local “direction-dependent”
calibrators is located across the field of view. We isolated 7 bright calibrators, including the
target source. For each of these sources we did several cycle of phase-only self-calibration.
The bright calibrators are finally subtracted from the data accounting for the effect of the
ionosphere in their direction. The target direction was processed last and a few cycles of
slow amplitude corrections were also performed. As for the higher frequency data we imaged
the data with WSClean (version 2.7, [40]) using a Briggs weighting scheme with robust=-
0.5, an inner uv-cut at 40λ, and a restoring beam of 32 arcsec. The image rms noise is 2.7
mJybeam−1 (see Figure 1, bottom-right panel).

The flux scale of both images were checked using as a reference the brightest sources in
the field. The flux densities of these sources from all publicly available surveys were used to
extrapolate the expected flux densities at the frequencies of interest and these were compared
with the measured values. Following this procedure we did not find any systematic offset in
the flux scale of any of the two images.

2. Radio flux densities and spectral indices. To measure the radio flux density of the
source and to investigate its spectral behaviour we have re-imaged both the 53-MHz and
the 144-Hz datasets using a common inner uv-cut at 40λ, uniform weighting scheme and a
gaussian uv-taper of 25 arcsec. The total flux density of the source (measured using the 3σ
contours as a reference) and the flux densities of the major features within the source (mea-
sured using the regions drawn in Figure 1, bottom-left panel) at both frequencies are listed
in Supplementary Table 2, together with their respective luminosities and global spectral
indices. The total errors on the flux densities were computed by combining in quadrature
the flux scale errors (10% at 53 MHz, [45] and 15% at 144 MHz [13]) and the image noise
multiplied by the flux density integration area. Flux densities of the main compact sources
present in the field (see Supplementary Figure 4) are also reported in Supplementary Table
3. To produce the spectral index map shown in Figure 3, the spectrum of each pixel was
fitted with a power-law and only pixels above 3σ were included. The errors on the global
spectral indices and on the spectral index map (see Supplementary Figure 5) were obtained
using the following formula:

αerr =
1

ln 53
144

√(
∆S53

S53

)2

+

(
∆S144

S144

)2

(1)

where S53 and S144 are the flux density (surface brightness) values at the respective fre-
quencies and ∆S53 and ∆S144 their corresponding errors. The adopted cosmology is ΛCDM
cosmology, with Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1Mpc−1.

3. SRG/eROSITA observations, data reduction and images. The region where the
galaxy group Nest200047 is located was routinely scanned by the SRGobservatory (Sunyaev
et al. in prep.), observatory, featuring the eROSITA telescope [14], in March and September
2020, and February 2021 for a total of ∼ 645 seconds in the course of the two half-year all-sky
surveys. The eROSITA 0.5-2.3 keV images are shown in Figure 2 and Supplementary Figure
3.
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In these images, we can clearly see that the diffuse X-ray emission is approximately
spherical and centered at the position of MCG+05-10-007, suggesting that the system is
in an overall dynamically relaxed state. The X-ray emission in merging systems is indeed
expected to show an elongated and/or double-peaked morphology along the merger axis (e.g.
[22]) and is centered on the brightest central galaxy only in rare cases with peculiar projection
effects [46].

We note that the brightest central patch of the X-ray emission (better seen in Figure 2)
is clearly extended in the direction perpendicular to the orientation of the inner radio jets.
Similar structures formed by the cool gas have also been found in the cores of giant elliptical
galaxies affected by AGN feedback (see, e.g., [16] for X-ray image of M84).

The proximity of Nest200047 to the Galactic plane (Galactic latitude b ≈ −16◦) has
to be considered when interpreting these data. Indeed, the distribution of neutral gas and
dust [47, 48, 49] suggests (i) variable low-energy photoelectric absorption across the field (see
Supplementary Figure 3) and (ii) variable contribution of the Galactic diffuse emission. Both
factors can affect the appearance of the diffuse emission, especially on scales � 10 arcmin.
On scales less than 10-20 arcmin, the impact of these effects on the 0.5-2.3 keV data is rather
modest, but not negligible. This limits the accuracy of the total flux estimates by a factor
∼ 2.

4. X-ray surface brightness profile, luminosity and mass. Using the eROSITA map
described above we derived the radial profile of the X-ray emission as shown in Supplementary
Figure 6. From the plot we can see that the diffuse X-ray emission can be traced up to ∼20-30
arcmin from the group center and that an excess in the central regions is present with respect
to a beta-model. While deeper observations are required to quantify a possible contribution
of the central AGN to this excess, this trend points to the presence of a cool core.

For the spectral analysis we have selected a 13 arcmin circle around the central AGN.
Given the complexity of the foreground and low-energy absorption discussed in Sect. 3,
we have experimented with different regions to estimate and subtract the contribution of
the foreground spectra. We have concluded that a 13 − 29 arcmin annulus is a reasonable
choice for the ‘background’ region. The spectra were fitted with the AtomDB/APEC thermal
plasma emission model (see http://atomdb.org; [50]). From the X-ray spectra and the optical
observations (see Section 1 in SI) the effective hydrogen column density was found to be
NH ∼ 5 × 1021 cm−2. The best-fitting value of the gas temperature is kTX ∼ 2 keV. As
expected, this value depends on the choice of the background region and lies in the range
1.5-2.5 keV. The 0.5-2 keV X-ray luminosity of the group within a 30-arcmin circle (after
correction for Milky Way absorption) is LX ∼ (5− 10)× 1042 erg s−1.

Using the β-model fit to the surface brightness profile (core-radius rc ≈ 7 arcmin, corre-
sponding to a physical size of ∼140 kpc, and β = 0.64; see Supplementary Figure 6), one can
estimate the gas mass of the group. For a gas metallicity varying between 0.3 and 1 times
the solar value and for an absorption column density of ∼ 5× 1021 cm−2, the resulting Mgas

varies from 2 × 1012M� to 5 × 1012M�. Assuming the gas mass fraction within R500 to be
fgas ' 0.07 typical for galaxy groups (e.g. [51]), the total mass (M500) of the Nest200047
group is then 3×1013M� to 7×1013M�, about a factor of a few lower than the mass derived
from the infrared luminosity of the system (see Section 1 in SI).

5. Pressure derivation. To investigate the pressure balance between the non-thermal
radio-emitting plasma and its surrounding thermal IGrM we used the following approach. For
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the non-thermal plasma we made the classical assumption of minimum energy and assumed
the magnetic field to be uniformly distributed across the considered volume – moderate devi-
ations from magnetic field or electron uniformity make little difference to these calculations
[52]. For the calculation we used pysynch (see https://github.com/mhardcastle/pysynch),
which provides a Python interface to the code of [53]. We adopted a Jaffe-Perola [54] aged
electron spectrum, with a minimum Lorentz factor γmin = 1 and a low-energy injection energy
index q = 2α+1 = 2.2, which matches the observed low-frequency spectral index in the inner
jets, marked as A, as well as being in agreement with observations of Fanaroff-Riley I radio
galaxies [55]. The spectrum was given a radiative age of 250 Myr, assuming a self-consistent
loss field strength of 4 µG and inverse-Compton losses appropriate to the redshift of the
source, which gives an approximate fit to the spectral index observed between 53 and 144
MHz for these components (see further spectral ageing analysis below). For true minimum
energy we assume an electron-positron plasma, so that there are no non-radiating particles.
Volumes are computed assuming a prolate ellipsoidal geometry (V = 4/3πa2b, where a and
b are the ellipsoid semi-axes). We stress, however, that the final pressure values do not sig-
nificantly depend on the assumed volume (as pressure scales with the volume as p ∝ V4/7).
The final values of volume, magnetic field and pressure are reported in Supplementary Table
4.

We then computed the IGrM thermal pressure using the relation pth ≈ 1.9nekT . If we
consider an electron density in the core ne ∼ 0.5×10−3 cm−3 and a temperature in the range
kT = 1.5− 2.5 keV, as derived from the X-ray data, we get a thermal pressure in the range
pth ' (2 − 4) × 10−12 dyne cm−2. At the position of the structures D2, D3 (approximately
150 kpc from the group center) we expect that the IGrM pressure should drop by a factor of
∼2 to about pth ∼ 10−12 dyne cm−2.

Overall, the thermal pressure is about an order of magnitude above the non-thermal
minimum pressure values shown in Supplementary Table 4, which is similar to the typical
ratio of minimum pressure to external thermal pressure seen in FRI radio galaxies [56].
Since the radio structures cannot in reality be underpressured, this implies a non-negligible
contribution from non-radiating particles (e.g. protons) which dominate the energetics of
the large-scale structures. We note, however, that if the plasma is in pressure balance with
the external medium, any possible deviation from equipartition would imply a tighter upper
limit on the contribution of non-radiating particles.

6. Timescales and powers. To investigate the age of the non-thermal plasma we estimated
the rising time and the radiative age of the two main bubbles C2 and D3.

We computed the rising time using the standard approach t=H/v, where v is the bubble
velocity and H is its (projected) height from the group center (e.g. [25]). An upper limit to
the bubble velocity is provided by the sound speed, which can be approached in case the size
of the bubble is comparable to the scale-height of the atmosphere. This can be computed as:

vcs =

√
Γ
kT

µmp

, (2)

where kT is the average IGrM temperature equal to kTX ∼ 2 keV as obtained from the
X-ray analysis (see Sect. 4), µ=0.62 is the mean molecular weight, Γ=5/3 is the adiabatic
index and mp is the proton mass. The derived sound speed is equal to vcs=720 km s−1,
implying minimum rising times equal to ∼120 Myr for the bubble C2 and ∼240 Myr for the
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bubble D3, if HC2 ∼ 90 kpc and HD3 ∼ 170 kpc are assumed.
A more realistic speed value can be obtained based on buoyancy arguments using the

following relation:

vbuoy =

√
2gV

SC
, (3)

where g is the gravitational acceleration, V the volume of the bubble, Φ the cross section
(ΦC2 = πa2; ΦD3 = πab) of the bubble and C the drag coefficient. We assumed C=0.75
[ref. 18] and g = (2σ2)/H [57], where the velocity dispersion is set to σ=421 km s−1 (see
Sect. 1 in SI). The derived buoyancy speeds are vbuoy,C2 ∼670 km s−1 and vbuoy,D3 ∼500 km
s−1, implying rising times of tbuoy,C2 ∼130 Myr for the bubble C2 and tbuoy,D3 ∼350 Myr for
the bubble D3. A summary of the bubble properties is presented in Supplementary Table
5. Of course, these age values should be considered as first order estimates. For example,
in the case of non-spherical bubbles, the buoyancy speed is expected to be a factor of a few
lower than in the idealised case of a spherical shape [58]. Bubble transport times can further
increase in case other processes, such as turbulence and magneto-thermal instabilities play a
role in the system. Overall, the presented buoyancy time estimates can safely be considered
as lower limits on the bubble age.

Based on the bubble age estimates presented above, the bubble power is calculated as
Pbubble = pthV/tbuoy. Assuming pressure values in the range pth = 1− 4× 10−12 dyne cm−2

(see Section 5) we obtain Pbubble,C2 = 3× 1041 − 1× 1042 erg/s and Pbubble,D3 = 1− 4× 1042

erg/s.

Using the observed spectral index trend shown in Figure 3, we also derived upper limits
to the radiative age of the plasma in the different regions of the source. In particular, we
used the BRATS software [59], which can model radio spectra by integrating numerically
the radiative age equations (including the radiative losses of the plasma through synchrotron
emission and inverse-Compton scattering with the cosmic microwave background, CMB). We
simulated spectra at many age steps using a Jaffe-Perola model [54] and fixing the magnetic
field to the conservative value of B = 1/

√
(3) · BCMB = 1.95 µG (which corresponds to the

minimum radiative losses allowed for a plasma at a given redshift) and the injection index to
the conservative value of αinj = 0.5 (the lowest allowed by the Fermi theory). By comparing
the spectral index in the frequency range 53-144 MHz for each modelled spectrum (each
representing a different age) with the empirical spectral index in the same frequency range
shown in Figure 3, we inferred that it takes a maximum of 200-300 Myr for the plasma to
get a spectral index in the range α53MHz

144MHz = 0.75 ∼ 1 (as observed in D2), 400 Myr to get
α53MHz

144MHz ∼ 1.4 (as observed in D3) and 350 Myr to get α53MHz
144MHz ∼ 1.2 (as observed in C2).

As the aforementioned values are computed assuming minimum values of magnetic field and
injection index they can be considered as upper limits, which can further reduce if adiabatic
losses are taken into account. The radiative values can therefore be considered consistent
with the dynamical age presented above.

7. Turbulence and energy flux. If we assume that the curvature observed in the fila-
ments over scales of L ∼100 kpc is originated by the shear velocity field, and assuming this
corresponds to the turbulence injection scale, we can derive that the turbulence velocity at
such scales is dv0 = L/tbuoy ' 280 km/s (assuming tbuoy=350 Myr), which corresponds to a
Mach number M = dv0/vcs '0.4. The turbulence velocity at a scale equal to the filaments
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height (l∼10 kpc) is then:

dv(l) = dv0 × (l/L)1/3 ' 130 km/s (4)

When dv(l) reaches the Alfven velocity vA the tension produced by the magnetic fields is
no longer negligible. In the case of a Kolmogorov cascade the Alfven scale is lA = L×M−3

A ,
where MA = dv0/vA is the Alfven Mach number. The Alfven scale can be then written as:

lA = 2 kpc× (t/350 Myr)3 × (L/100 kpc)−2 × (βpl/100)−3/2. (5)

where t is the time, L is the length-scale and the plasma beta βpl = pth/pnth = (6/5) ·
(vcs/vA)2. Assuming t=350 Myr, L=100 kpc and βpl=50-200 we find that below a scale of
1∼5 kpc we enter the MHD regime and magnetic fields can play a role in preventing the
filaments from bending.

Finally the energy flux of the turbulence can be computed by using the following expres-
sion:

f = 1/2× ρ× dv3
0/L× V (6)

From this and assuming the volume of the bubble D3, a velocity of dv0 =280 km/s, a
density of ρ = ne ·mp with ne = 0.5× 10−3, and a scale of L=100 kpc, we get that the energy
flux dissipated by the turbulence into IGrM heat is f ∼4 ×1041 g s−3.
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Overview of Nest200047

The galaxy group ‘Nest200047’ consists of 17 galaxies, has a velocity dispersion of 421 km s−1

and a total mass equal to 1.46 × 1014 M�(adjusted to our cosmology) based on the Ks-
band luminosities of the galaxy members [10]. At the center of the system lies the massive
elliptical galaxy MCG+05-10-007 with k-band magnitude equal to mk=8.87 and mass equal
to logM∗/M�=11.56. The second most luminous elliptical galaxy within the radius r500
of the group according to [10] is located at RA 61.9248, DEC 30.2627 and has a k-band
magnitude equal to mk=9.9. The observed magnitude gap equal to ∆mk = 1.03 between
the two brightest ellipticals suggests that the system has not undergone recent major merger
events.

From the large errors on the optical line ratios [NII]/Hα [OIII]/Hβ derived by [60], we
infer that MCG+05-10-007 does not show strong and clear emission lines in its optical spec-
trum. This was confirmed by dedicated spectroscopic observations with the 1.5-m RTT-150
optical telescope on September 28/29, 2020. The lack of signs of the AGN emission is not
surprising, given that Nest200047 is ∼5 times more distant than the Virgo cluster. By using
the extinction-corrected flux we have determined the luminosity integrated within the slit
aperture of 2.4 arcsec × 4.9 arcsec (corresponding to the 0.9 kpc × 1.8 kpc at the 75.5 Mpc
distance, and 366 parsec/arcsec scale) equal to ∼ 1.2× 1043 erg/s. The physical size of that
region is much larger than the central 16 pc × 16 pc around the black hole in studied in
M87 [61, 62]. As the result, the observed V-band optical emission in MCG+05-10-007 is
dominated by some ∼4 billions solar type cool stars, which can completely outshine a low
luminosity AGN similar to the M87 nucleus.

All this suggests a classification of this radio galaxy as a Low Excitation Galaxy (LEG).
The infrared magnitudes of the galaxy in the Wide-Field Infrared Survey Explorer (WISE,
[63]) are W1=10.116, W2=10.163 and W3=9.655 at 3.4, 4.6 and 12 µm, respectively. This
implies infrared colors equal to W1−W2=−0.047 and W2-W3=0.508, which locate the galaxy
in the region of the WISE color-color plot occupied by low-excitation radio galaxies [64].
Since the Nest200047 is located close to the Galactic plane, the interstellar reddening in this
direction is substantial. We derived E(B-V)=0.6 mag by comparing RTT-150 spectrum of
MCG+05-10-007 with the template spectrum of a similar type elliptical galaxy with a very
small reddening. This E(B-V) value corresponds to N (HI) = 5.3 × 1021cm−2, in excellent
agreement with N(HI) derived from eROSITA X-ray data.

To date, no dedicated radio observations of Nest 200047 are available in the archives
of other telescopes. Most of the major public radio surveys cover this area, such as the
VLA Low-Frequency Sky Survey at 74 MHz, (VLSSr, beam=74 arcsec × 74 arcsec, σlocal =
90 mJy beam−1; [65, 66]), the Westerbork Northern Sky Survey at 325 MHz (WENSS,
beam=74 arcsec × 107 arcsec, σlocal = 5 mJy beam−1; [67]), NVSS at 1400 MHz (beam=
45 arcsec × 45 arcsec, σlocal = 0.6 mJy beam−1) and the GaLactic and Extragalactic All-sky
MWA survey in the frequency range 72-231 MHz (GLEAM,beam=3.5 arcmin × 2.3 arcmin,
at 200 MHz, σlocal = 50 mJy beam−1; [68]). However, due to their low angular resolution and
sensitivity, these images do not resolve the extended radio emission observed in the group
or they only recover central radio galaxy. Only in WENSS clear hints of the structures D1,
D2, D3 are visible at low signal-to-noise, but the quality of the image does not allow us to
perform a detailed analysis of these.
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Supplementary Figure 1: Composite image of the galaxy group Nest200047.
Radio data are shown in red (LOFAR image at 144 MHz with a resolution of 4.3 arcsec ×
8 arcsec), X-ray data are shown in blue (SRG/eROSITA image at 0.5-2.3 keV) and optical
data are shown in background (r-band, g-band and i-band Pan-STARRS images). A reference
scale is shown in the bottom-left corner.
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Supplementary Figure 2: Zoom-in on the galaxy MCG+05-10-007 located at
the centre of the galaxy group Nest200047. LOFAR emission at 144-MHz with a
resolution of 4.3 arcsec × 8.6 arcsec is shown with contours at -3, 3, 5, 10, 15, 20 ×σ
(σ = 0.166 mJy beam−1) overlaid on the Pan-STARRS r-band image. MCG+05-10-007 is
marked with a yellow cross and letters indicate the different morphological features of the
radio galaxy as presented in the main text.

Supplementary Table 1: Details of the LOFAR observational setup at 144 MHz
and 53 MHz. Note that the target is located at ∼1.4 degrees from the pointing center in
the 144-MHz observations, while it lies at the pointing center in the 53-MHz observations.

53 MHz 144 MHz

Observing dates 18-04-2020 28-06-2019, 03-07-2020
Bandwdith [MHz] 30-78 MHz 120-168
Channel width [kHz] 12.2 12.2
Observing time [hr] 8 8×2
Integration time [s] 1 1
Polarisations 4 4
Flux calibrator 3C196 3C196, 3C48
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Supplementary Figure 3: 0.5-2.3 keV eROSITA image smoothed with a filter
equal to σ = 40 arcsec to emphasize the diffuse X-ray emission of the NEST200047
group on large scales. The emission can be traced up to ∼ 10 arcmin from the core and
is centered on the central galaxy MCG+05-10-007, which is visible as a yellow bright spot at
RA 04:06:38, DEC 30:22:34. Note that due to the proximity of Nest200047 to the Galactic
plane, variable low-energy photoelectric absorption across the field and variable contribution
of the Galactic foreground diffuse emission might affect the appearance of this image on large
scales. This is illustrated with the cyan contours, which show the values of E(B-V) from [69].
The contours start at 0.25 (the lowest values in the NW corner of the image) with 0.25
increment. The highest E(B-V) value ∼1.6 (corresponding to NH∼ 1.4×1022 cm−2) is at the
Southern edge of the image. Such E(B-V) values introduce variations of the photoelectric
absorption for extragalactic sources at 0.7 keV between 0.3 and 10−3 across the image shown.
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Supplementary Table 2: Flux densities, luminosities and global spectral indices
of different source regions. Measurements have been performed using the LOFAR images
at 53 MHz and 144 MHz with 25-arcsec resolution using the boxes shown in Figure 1, bottom-
left panel.

Region S53MHz L53MHz S144MHz L144MHz α53MHz
144MHz

[mJy] [×1024 W/Hz] [mJy] [×1024 W/Hz]

Total 25000±2000 18±2 6800±700 4.8±0.5 1.3±0.1
A+B1+B2 2100±200 1.5±0.2 900±100 0.9±0.1 0.8±0.2

C1 1300±130 0.9±0.1 370±60 0.3±0.1 1.2±0.2
C2 1100±100 0.8±0.1 350±50 0.2±0.1 1.2±0.2
D1 2100±200 1.5±0.2 520±80 0.4±0.1 1.4±0.2
D2 4800±500 3.4±0.4 1500±200 1.0±0.2 1.2±0.2
D3 2200±200 1.5±0.2 560±80 0.4±0.1 1.4±0.2

Supplementary Figure 4: LOFAR image of the galaxy group Nest200047 at 144
MHz highlighting compact sources present in the field. The LOFAR image has a
resolution of 4.3 arcsec × 8.6 arcsec and a noise of σ = 0.166 mJy beam−1. Numbers mark
all compact sources reported in Supplementary Table 3.
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Supplementary Table 3: Flux densities of compact sources (above 5σ) present in
the field as measured from the high resolution image at 144 MHz. All sources are
marked in Supplementary Figure 4 with their respective label.

Label RA DEC S144MHz

[J2000] [J2000] [mJy]

1 04:07:24 +30:28:58 17±3
2 04:07:25 +30:23:45 240±40
3 04:07:15 +30:25:46 3.2±0.6
4 04:07:06 +30:25:59 1.6±0.5
5 04:06:57 +30:26:47 1.6±0.5
6 04:06:58 +30:24:20 1.2±0.5
7 04:06:44 +30:26:38 5±1
8 04:06:44 +30:33:07 4±1
9 04:06:34 +30:33:20 3±1
10 04:06:50 +30:20:28 3±1
11 04:06:58 +30:11:12 120±20
12 04:06:34 +30:14:39 3±1
13 04:06:19 +30:15:43 30±5
14 04:06:19 +30:14:20 1.6±0.5
15 04:06:16 +30:14:56 6±1
16 04:05:42 +30:12:00 4±1
17 04:05:39 +30:15:27 1.2±0.5
18 04:05:38 +30:19:41 2.2±0.5
19 04:05:50 +30:18:19 3±1
20 04:06:03 +30:19:13 2.2±0.5
21 04:06:13 +30:19:45 1.5±0.5
22 04:06:09 +30:19:57 1.5±0.5
23 04:06:19 +30:22:33 1.9±0.5
24 04:06:13 +30:23:40 17±3
25 04:06:01 +30:26:17 110±20
26 04:05:52 +30:24:56 1.4±0.5
27 04:05:43 +30:22:57 400±60
28 04:05:51 +30:21:28 10±2
29 04:05:55 +30:22:18 2.8±0.6
30 04:06:00 +30:22:21 1.7±0.5
31 04:06:12 +30:29:38 7±1
32 04:06:39 +30:30:12 5±1
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Supplementary Figure 5: Spectral index 1σ error map of the galaxy group
Nest200047 obtained using the LOFAR images at 53 MHz and 144 MHz at 25
arcsec resolution. Contour levels represent the emission at 53 MHz and are drawn at -3, 3,
5, 10, 20, 35, 100 ×σ levels, with σ=2.7 mJy beam−1. The beam size is shown in the bottom
left corner of the image.

Supplementary Table 4: Physical properties of the main structures of the source.
Column 1: region name; columns 2-3; ellipsoidal semiminor and semimajor axis used to
compute the volume; column 4: volume; column 5-6: magnetic field and non-thermal pressure
computed assuming minimum energy condition.

Region a b Volume Bmin pnth

[kpc] [kpc] [cm3] [µG] [dyne cm−2]

C1 16 31 1×1069 4.2 4.3× 10−13

C2 16 31 1×1069 4.2 4.2× 10−13

D1 24 100 7.5×1069 3.0 2.1× 10−13

D2 17 158 6×1069 3.9 3.7× 10−13

D3 35 75 1×1070 2.8 1.8× 10−13
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Supplementary Figure 6: Surface brightness profile of the galaxy group
Nest200047 in the 0.5-2.3 keV band (black points). The blue curve shows the best-
fitting β-model plus a constant background (depicted with horizontal dashed line). The red
points show the same data from which the contribution of the background has been sub-
tracted. For the black and red points, the vertical uncertainties correspond to 1σ statistical
errors. For comparison, the dotted black line shows the pure β-model. The bar-like asym-
metric X-ray structure near the center (see Figure 2) has been excluded from the fit (left
from the dotted vertical line).

Supplementary Table 5: Bubble properties. Column 1: bubble name; column 2:
projected distance of the bubble from the group center; column 3: bubble volume assuming
ellipsoidal geometry; column 4: sound-speed time; column 5: buoyancy time; colum 6: bubble
power computed as pthV/tbuoy, with pth = 1− 4× 10−12 dyne cm−2.

Bubble H V tcs tbuoy Pbubble
[kpc] [cm3] [Myr] [Myr] [erg/s]

C2 90 1×1069 120 130 3×1041 - 1×1042

D3 170 1×1070 240 350 1-4×1042
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E. Orrú, R. Pizzo, A. Simionescu, A. Stroe, S. van der Tol, and G. J. White. LOFAR
Facet Calibration. ApJS, 223:2, March 2016.

[34] W. L. Williams, R. J. van Weeren, H. J. A. Röttgering, P. Best, T. J. Dijkema, F. de
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