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UGMRT OBSERVATIONS OF THE GIANT FOSSIL RADIO LOBE IN THE
OPHIUCHUS GALAXY CLUSTER

S. Giacintucci', M. Markevitch?, and T. E. Clarke!

RESUMEN

El aumento de la temperatura en el nicleo galdctico activo (AGN) central es el mecanismo principal para evitar
el enfriamiento radiativo sin control del gas en los centros de los cimulos de galaxias. Este mecanismo requiere
que los jets del AGN transfieran su energia mecénica al gas del intracimulo de forma suave y autorregulada.
El cimulo Ophiuchus ofrece un ejemplo extraordinario fuera del escenario de retroalimentacién suave de AGN.
Alberga una enorme cavidad de rayos X f6sil de espectro pronunciado descubierta a bajas frecuencias en
ondas de radio. Debe haber sido alimentado por el estallido mas potente de un AGN conocido hasta ahora
en un cumulo de galaxias, el cual debe haber destruido el ntucleo frio del cimulo. Aqui presentamos nuevas
observaciones de este 16bulo f6sil en ondas de radio a bajas frecuencias tomadas con el Giant Metrewave Radio
Telescope en su versién mejorada. Nuestras imagenes revelan una red de filamentos en radio de origen incierto,

con un espectro (o ~ 2 — 3) mas pronunciado que la emisién circundante (o ~ 1 — 2). En el ei{pectro en radio
de la regién maés brillante del 16bulo, encontramos una brecha espectral producida por las pérdidas de energia

radiativa. A partir de esta brecha, estimamos que el estallido del AGN se produjo hace aproximadamente 200
Myr.

ABSTRACT

Heating from the central active galactic nucleus (AGN) is the favored mechanism to prevent runaway radiative
cooling of the gas in the cores of galaxy clusters. This mechanism requires the AGN jets to transfer their
mechanical energy to the intracluster gas in a gentle and self-regulated manner. The Ophiuchus cluster offers
a dramatic example outside the gentle AGN feedback scenario. It hosts an enormous X-ray cavity filled by a
steep-spectrum fossil radio lobe discovered at low radio frequencies. It should have been inflated by the most
powerful AGN outburst known in a galaxy cluster, which should have destroyed the cluster cool core. Here,
we present new observations of this fossil radio lobe at low frequencies with the upgraded Giant Metrewave
Radio Telescope. Our images reveal a network of radio filaments of uncertain origin, with a radio spectrum

(a ~ 2 — 3) steeper than the surrounding diffuse emission (o ~ 1 —2). In the radio spectrum of the brightest
region of the lobe, we find a spectral break driven by radiative energy losses. From this break, we estimate

that the AGN outburst has occurred approximately 200 Myr ago.

Key Words: galaxies: clusters: general — galaxies: clusters: individual (Ophiuchus) — radio continuum: general —

radio continuum: galaxies

1. INTRODUCTION ters with sharply peaked density profiles, marked
by giant c¢D galaxies (e.g., Jones & Forman 1984;
Peres et al. 1998), which constitute roughly a third
of all clusters. In these systems, the plasma temper-
ature within the inner r ~ 100 kpc region (~ 5% of
the cluster virial radius) drops rapidly inward (e.g.,
Vikhlinin et al. 2005), while the density sharply in-

creases. This makes for a very X-ray luminous core,

Clusters of galaxies — the most massive
gravitationally-bound systems in the Universe — are
filled with hot (7'~ 1078 K or kT ~ 1 —10 keV) X-
ray emitting plasma, called the intracluster medium
(ICM), which is their dominant baryonic component,
with the mass several times that of the galaxies.

Through most of the cluster volume, the radiative
cooling time of the ICM is much longer than the age
of the cluster. An exception is the cores of clus-
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with a radiative cooling time shorter than the clus-
ter’s age. Such a core is thermally unstable — as the
plasma cools, it gets denser to maintain the pressure,
and cools ever more rapidly. Eventually it should
turn into molecular gas and stars at a rate up to a
thousand Mg /yr. While observational evidence for
molecular clouds and filaments condensing out of the
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hot phase is growing (e.g., Edge 2001; Salomé et al.
2006; Pulido et al. 2018; Vantyghem et al. 2019),
the mass of “warm” gas just below kT ~ 1 keV
in clusters with some of the highest cooling rates
is only a few percent of the amount predicted by
the above simple physical picture (e.g., Peterson &
Fabian 2006).

Since X-ray cooling is directly observed by the X-
ray telescopes, a compensatory steady heating mech-
anism is required to prevent the formation of such
thermal instability. The currently preferred mecha-
nism is the “radio-mode” feedback from the active
galactic nucleus (AGN) hosted by the cluster central
galaxy (see e.g., Hlavacek-Larrondo et al. 2022, for a
review). In this scenario, the mechanical energy re-
leased by AGN jet activity, which is fed by the cool-
ing gas, inflates radio bubbles and cavities in the X-
ray gas, providing a gentle, steady, and self-regulated
heating of the cool gas (e.g., Fabian 2012; McNa-
mara, & Nulsen 2012; Voit et al. 2015; Gaspari et al.
2017). The precise mechanism by which the AGN
transfers energy to the ICM throughout the cool core
is still poorly understood. It is also unclear whether
AGN heating always occurs “gently.” In some sys-
tems, in fact, there is evidence for episodes of violent
AGN heating, e.g., via large-scale shocks, with no-
table examples in Hydra A (Nulsen et al. 2005; Wise
et al. 2007) and MS 0735.647421 (McNamara et al.
2005). Furthermore, violent AGN outbursts, such as
Hydra A and MS0735.6+7421, appear to have de-
posited most of their enormous mechanical energy
(1090 — 10! ergs) well beyond the central cooling re-
gion, raising the question of how these extraordinary
events fit into the AGN feedback scenario to stabi-
lize the cluster cores — it is the central, densest gas
that is the most problematic.

The Ophiuchus cluster — the second brightest
X-ray cluster in the sky — offers an even more dra-
matic example outside the gentle AGN feedback sce-
nario. The Chandra X-ray image of the cluster re-
vealed a prominent concave surface brightness edge
just outside the cool core (Werner et al. 2016, here-
after W16). It appears to be an inner wall of an
enormous X-ray cavity ~ 400 — 500 kpc in diam-
eter. Using high-sensitivity radio observations at
low frequencies from the Giant Metrewave Radio
Telescope (GMRT) and images from the Murchison
Widefield Array (MWA) GLEAM survey?, Giacin-
tucci et al. (2020; hereafter G20) discovered a giant,
steep-spectrum fossil radio lobe that fills this puta-
tive X-ray supercavity. The most likely explanation

3Galactic and Extragalactic All-sky MWA survey (Hurley-
Walker et al. 2017).

offered by G20 is the past outburst of the AGN in the
center of the Ophiuchus cluster. The energy required
to displace the gas and create this cavity would be
several 10%1 erg (W16), making it the most powerful
AGN outburst seen in any galaxy cluster (G20).

A set of our recent XMM-Newton X-ray observa-
tions of that region revealed a candidate weak shock
front in the ICM on the outer side of the cavity,
presumably driven by the expansion of the radio
lobe as it inflated the giant cavity (Giacintucci et
al. in preparation). As in other big cavity systems
with associated large-scale shocks (e.g., Hydra A,
MS0735.6+7421), this detection indicates a rather
violent interaction between the AGN and ICM, rais-
ing the question of how the cool core may have sur-
vived such a strong episode of AGN heating (G20).

Here, we present a deep radio follow-up of
this enormous fossil using the upgraded GMRT
(uGMRT). The new observations allow us to map
the faintest radio emission in the cavity, study the
radio spectral properties of the lobe, and estimate
its age using the radio spectrum.

We use a ACDM cosmology with Hy=70 km s~*
Mpc!, Q,, = 0.3 and Q4 = 0.7. At the redshift of
Ophiuchus (z = 0.028), 1” = 0.562 kpc. All errors
are quoted at the 68% confidence level. The radio
spectral index « is defined according to S, o« v~¢,
where S, is the flux density at the frequency v.

2. RADIO OBSERVATIONS

We observed Ophiuchus with the uGMRT in
Band 2 (B2, 125-250 MHz) and Band 3 (B3, 300-
500 MHz) in May 2018, for a total of 9 hours (7.5
hours on target) in each band. The data were
recorded with a bandwidth of 200 MHz, 8192 fre-
quency channels and an integration time of 4 sec-
onds. We reduced the data using the Source Peel-
ing and Atmospheric Modeling (SPAM) pipeline
(Intema et al. 2017) adopting a standard calibra-
tion scheme of bandpass and gain calibration and
direction-independent self-calibration, followed by
direction-dependent self-calibration. The flux den-
sity scale was set using 3C48 and Scaife & Heald
(2012). Final images were made at the central fre-
quencies of 147, 210 and 400 MHz using joint-channel
and multi-scale deconvolution in WSClean (Offringa
et al. 2014). Primary beam correction was applied
following the GMRT guidelines for B3* and for the
images at 147 and 210 MHz®. The systematic am-

“http://www.ncra.tifr.res.in/ncra/gmrt/gnrt-users/
observing-help/ugmrt-primary-beam-shape

Shttp://www.ncra.tifr.res.in:8081/~ngk/
primarybeam/beam.html
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Fig. 1. uGMRT 400 MHz image of the Ophiuchus cluster.
The region is 25’ x 25’ (0.8 Mpc?) and the cluster center
is marked by a cross. The dashed arc traces the X-ray
edge (W16, G20). The beam size is 18" (bottom-left
corner) and the noise is 1o = 25 pJy beam™!. Contours
are spaced by a factor of 2 starting from +50.

plitude uncertainty was assumed to be 15% at all
frequencies.

3. RADIO IMAGES

Our new deep uGMRT image at 400 MHz is pre-
sented in Fig. 1. The region is 25’ x 25’ in size, cor-
responding to 0.8 Mpc?. The cluster core is entirely
filled by a faint, diffuse radio minihalo (Govoni et
al. 2009; Murgia et al. 2010; Giacintucci et al. 2019,
G20). Minihalos are found in the cool cores of many
massive galaxy clusters (e.g., review by van Weeren
et al. 2019). Their radio emission likely arises from
the reacceleration of old relativistic particles in the
ICM by plasma turbulence generated by the slosh-
ing motions within the cool cores (ZuHone et al.
2013; Brunetti & Jones 2014). North of the core,
a bright elongated source is believed to be a radio
phoeniz (W16, G20), i.e., fossil radio plasma (e.g.,
from past AGN activity) that has been adiabatically
compressed and re-energized by the interaction with
a shock wave travelling through the ICM (Enfilin &
Gopal-Krishna 2001). In these new data, we find
that the phoenix and the minihalo seem connected
by a faint radio bridge, which suggests a physical link
between them — the phoenix may be the source of

—~~

Fig. 2. uGMRT high-resolution images of the fossil lobe
at 210 MHz. The cross marks the cluster center and the
dashed arc traces the X-ray edge. Filamentary structures
within the relic lobe are labelled. The beam is 16" x 9”

(bottom-left corner) and noise is 1o = 0.3 mJy beam™'.

aged electrons that are reaccelerated in the sloshing
core.

The magenta arc in Fig. 1 traces the boundary
of the cavity detected in the Chandra and XMM-
Newton X-ray images (W16, G20). The fossil radio
lobe is seen inside the X-ray edge. Fig. 2 presents a
high-resolution 210 MHz image of the innermost and
brightest region of the lobe, near the X-ray edge,
which exhibits a complex and irregular radio mor-
phology. In particular, a network of narrow (~ 5—10
kpc) and long (~ 70 — 100 kpc) filaments are embed-
ded in projection within the lobe diffuse emission,
with the most prominent labelled {1, {2 and 3. These
filaments are also detected in high-resolution images
at 147 and 400 MHz (not shown here).

In Fig. 3, we show a lower-resolution image at
400 MHz (black contours) to emphasize the extended
emission. Compact sources were identified at the
highest resolution (~ 6”; not shown) and subtracted
from the uv data. The high sensitivity of the image
in Fig. 3 allows us to trace the faintest emission from
the fossil lobe out to a distance of ~ 700 kpc from
the X-ray edge (~ 820 kpc from the cluster center).
Extended emission to a similar radius is also detected
by the MWA GLEAM images at lower frequencies
(G20). Ome of the GLEAM images, for the central
frequency of 76 MHz, is also shown in Fig. 3.
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Fig. 3. uGMRT 400 MHz low-resolution contours (black)
of the extended emission after subtraction of compact
sources from the wv data. The uGMRT contours are
overlaid on the GLEAM 76 MHz image (gray scale and
the white contour at 200 mJy beam™'). Beams are 2’
(uGMRT, black circle) and 5 (GLEAM, white circle).
The uGMRT contours scale by a factor 2 from 30 = 2.3

mJy beam ™.

4. RADIO SPECTRAL ANALYSIS

An integrated radio spectrum of the fossil lobe
was presented by G20. It was found it to be well
described by a power law with a very steep slope
ot = 2.4. In Fig. 4, we show an updated spectrum
that includes our new measurements at 210 MHz and
400 MHz (blue data points) within the same region
of the lobe as in G20. The solid line is the best-fit
power law with slope oo = 2.37f8&g, in agreement
with the best-fit slope in G20.

We also computed the integrated spectrum of the
innermost region of the lobe using a set of images at
147,194 and 227 MHz (from the B2 data) and at 333,
416 and 469 MHz (from B3). All images were made
with a common wv range (0.04 — 14 k) and resolu-
tion (24”). The flux density of the inner lobe region
was measured within the black polygon in Fig. 5(a).
The white boxes were used to measure the flux den-
sity in the bright filament regions. In Figure 5(b),
we show the spectrum of the lobe with filaments in-
cluded (red) and masked out (black). Both spectra
have curved shape with ajow = 1.14+0.5 between 147
MHz and 227 MHz (0.8+0.5, if the filaments are ex-
cised) and amigh = 2.3+ 0.3 (2.1 £0.3) in the range
227-469 MHz. The filaments account for ~ 30%
of the total emission at 147 MHz, their contribu-
tion gradually decreasing with increasing frequency,

104
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Fig. 4. Integrated radio spectrum of the fossil lobe be-
tween 74 MHz and 1477 MHz, adapted from G20. The
new uGMRT points at 210 MHz and 400 MHz are in blue.
The solid line is the best-fit power law, whose slope is also
reported. All flux densities were re-scaled to a common
flux scale using the Perley & Butler (2017) scale.

from ~ 18% at 194 MHz to ~ 2% at 469 MHz. This
is reflected in a flattening of the spectral index of
the lobe when the filaments are masked out. Corre-
spondingly, the filaments have a spectral index sig-
nificantly steeper than that of the diffuse lobe, with
Qow = 1.4+0.5 (f1), 1.9+ 0.7 (f2) and 2.3 +0.5 (f3)
between 147 and 227 MHz and amign = 3.04+0.3 (f1),
3.24+0.5 (f2) and 2.7+ 0.4 (f3) between 227 and 469
MHz.

We modeled both spectra of the lobe inner region
in Fig. 5(b) using a Jaffe-Parola synchrotron model
(JP; Jaffe & Perola 1973), which assumes a single in-
jection of relativistic electrons with an initial power-
law distribution. After the initial injection event, as
the radiating electrons undergo energy losses, a cut-
off develops in their energy spectrum, which leads to
an exponential cut-off in the emitted spectrum be-
yond a break frequency vy,,. It is assumed that the
radiative energy losses are dominant with respect to
other processes (e.g., adiabatic losses), that electron
density and magnetic field are homogeneous within
the emitting volume and that the electron pitch an-
gle is isotropic only on short timescales relative to
the radiative lifetime (i.e., the synchrotron losses are
statistically the same for all electrons). The JP best
fits are shown as solid lines in Fig. 5(b). We adopted
an injection spectral index of ajnj = 0.5. The model
fits well both spectra (xfed = 0.5) and provides a
break frequency vy, = 286733 MHz (with filaments)
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Fig. 5. (a) 210 MHz image of the lobe inner region at 24" resolution (bottom-right corner). The filaments are labelled.
The black polygon marks the region used to compute the spectra shown in (b). The white regions are used to measure
the flux density of the filaments. Two compact sources are masked out. The white cross marks the cluster center. (b)
Integrated radio spectrum of the lobe inner region between 147 MHz and 469 MHz, computed using the black region
shown in (a) and with filaments included (red) and subtracted (black). The solid curves are the best-fit JP models (see

text). The best-fit break frequencies are also reported.

and 234732 MHz (without filaments).
5. AGE OF THE FOSSIL LOBE

An estimate of the synchrotron (or “spectral”)
age of a radio source can be estimated from the break
frequency vy, in the radio spectrum, which arises
because of the radiative energy loss (e.g., Eq. 4 in
the review paper by Hardcastle & Croston 2020).

As discussed in G20 and above, the integrated ra-
dio spectrum of the Ophiuchus fossil lobe is a single
power law between 74 and 1477 MHz, with no evi-
dence for a spectral break. However, exploiting the
wide band and high sensitivity of our new uGMRT
observations, we were able to measure and model
the spectrum of its innermost region (within ~ 200
kpc from the X-ray edge) between 147 and 469 MHz
(Fig. 5) and find a spectral break at ~ 230 — 290
MHz. From this value, and assuming a magnetic
field strength of B ~ 5 uG®, we derive an age
trad ~ 180 — 200 Myr. Since we assumed that the
observed steepening in the spectrum is merely due
to electron aging in a magnetic field that is constant
and uniform across the lobe and neglected the effects
of any expansion/compression of the radio plasma,
re-acceleration and mixing with the ICM, the age
calculated above is very approximate (e.g., Blundell

6The inverse Compton equivalent magnetic field is By =
3.25(1 + 2)2? = 3.43 uG at the redshift of Ophiuchus.

& Rawlings 2001). A detailed calculation that in-
cludes these effects is beyond the scope of the present
work. However, this estimate supports the interpre-
tation that the radio plasma in the giant X-ray cavity
is very old.

The age of the Ophiuchus lobe is at the high end
of the range of spectral ages typically inferred for dy-
ing/remnant radio galaxies (e.g., Parma et al. 2007;
Jamrozy et al. 2004; Giacintucci et al. 2007; Murgia
et al. 2011; Shulevski et al. 2017; Brienza et al. 2018;
Maccagni et al. 2020). Recently, similarly long ra-
diative ages (~ 250 — 350 Myr) have been reported
for AGN remnant plasma that was discovered at
low radio frequencies in the galaxy groups NGC 507
(Brienza et al. 2022) and Nest200047 (Brienza et
al. 2021) and in the cluster A 2877 (Hodgson et al.
2021). Such long ages raise the question of how the
radio emission can still be detectable by radio tele-
scopes. The radiative losses, combined with adia-
batic expansion, would lead the fossil plasma to fade
out of the radio band on a relatively short timescale
(few 107 years; e.g., English et al. 2019). A possible
reason is that the radio plasma in these objects and
in Ophiuchus is confined by the surrounding ICM,
which limits its adiabatic expansion.
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6. ORIGIN OF THE FILAMENTS

Filamentary features are often seen within the
extended lobes of radio galaxies (e.g., Perley et al.
1984; Owen et al. 2000; Laing et al. 2011; Wykes et
al. 2014; Hardcastle et al. 2019; Gendron-Marsolais
et al. 2021; Maccagni et al. 2020; Brienza et al. 2021).
These structures may be tracing magnetic field varia-
tions within the lobes and/or irregularities in the dis-
tribution of the relativistic electrons (e.g., Hardcastle
2013). Magneto-hydrodynamical (MHD) turbulence
and plasma instabilities within the lobes may also
lead to a filamentary structure in synchrotron emis-
sion (e.g. Eilek 1989; Hardcastle 2013; Wykes et
al. 2013, Jun & Norman 1995; Ryu, Jones & Frank
2000).

In the Ophiuchus lobe, the radio filaments appear
as narrow (5-10 kpc) and long (70-100 kpc) strands
embedded inside the inner region of the fossil lobe.
Their spectral index is extremely steep (o ~ 2 — 3),
steeper than the underlying smoother lobe emission
(¢ ~ 1 —2). This is different from what is gen-
erally seen in other radio galaxies, where the fila-
ments usually have a flatter spectrum compared to
that of the surrounding plasma (e.g., Hercules A,
Timmerman et al. 2022). A striking example is the
remnant radio galaxy in Nest200047 (Brienza et al.
2021), whose fossil lobes (with « as steep as 2.5) con-
tain a network of flatter-spectrum filaments (down to
a ~ 0.8). A flatter spectral index may indicate com-
pression of the radio-emitting plasma inside the fila-
ments, e.g., by ICM motions or weak shocks. Com-
pression would, in fact, increase the synchrotron lu-
minosity and cause a shift of the spectral cut-off to
higher frequencies with respect to simple radiative
aging predictions. A flatter spectral index would also
be expected if the filaments were merely mapping the
regions of enhanced magnetic field (Tribble 1994).
The steeper index of the filaments in the Ophiuchus
lobe is not consistent with these interpretations.

A notable case that may be somewhat similar
to Ophiuchus is the Centaurus A, where a complex
structures of bright 30 — 50 kpc long filaments is em-
bedded within the giant lobes of the radio galaxy
(e.g. Feain et al. 2011). The spectral index of the
filaments (o ~ 0.8) is slightly steeper than the spec-
trum of the lobe emission (o ~ 0.5 — 0.7; Wykes et
al. 2014). The steeper index of the filaments appears
to rule out scenarios in which the higher synchrotron
emissivity in the filaments is driven by large-scale ef-
ficient particle acceleration (e.g., via strong shocks).
It was instead argued that the filaments may be gen-
erated by MHD turbulence within the lobe volume,
possibly driven by current (or recently stopped) jet

activity (Wykes et al. 2014). Numerical simulations
show that MHD turbulence can lead to the formation
of filaments in which the magnetic field is stretched
and amplified (e.g., Tregillis, Jones & Ryu 2005,
Schekochihin et al. 2004, Hardcastle 2013). Given
the very steep spectral index and large spectral age
of the fossil lobe in Ophiuchus, the jet activity has
presumably stopped a long time ago. In this case,
the development of turbulence within the buoyant
fossil lobe may be related to the hydrodynamics of
the bubble rising and/or expanding into the ICM.
However, such turbulence would also lead to the dis-
ruption of the bubble, which we do not observe.

7. CONCLUSIONS

New high-sensitivity, high-resolution observa-
tions of the Ophiuchus fossil radio lobe at low fre-
quencies with uGMRT reveal intricate spatial struc-
ture. We find narrow radio filaments of uncertain
origin with a spectrum steeper than the surrounding
diffuse emission. The spectrum of the brightest re-
gion of the radio lobe exhibits a break, from which
we estimate an age of the radio source of ~ 200 Myr
— this is when this most powerful known AGN ex-
plosion has occurred.

The Ophiuchus fossil may be an early example of
a new radio phenomenon, waiting to be uncovered in
other galaxy clusters by the ongoing high-sensitivity
surveys at frequencies of ~ 1 GHz and below (e.g.,
with LOFAR, MWA, MeerKAT, ASKAP) and by
future sensitive radio telescopes, such as the Square
Kilometre Array. Their associated cavities in the
cluster X-ray gas are large and have very low X-
ray surface brightness contrast, since they will be
located outside the bright central core. Their de-
tection would require observations with X-ray tele-
scopes with high angular resolution and large collect-
ing area for the needed photon statistics. The future
Athena’s Wide-Field Imager and NASA’s prospec-
tive AXIS Probe and STAR-X Explorer should be
able to detect such low-contrast X-ray cavities out-
side the cluster cores.
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