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ABSTRACT

The Perseus cluster is a nearby cool-core galaxy cluster that hosts an archetypal radio mini-halo. Recent Low Frequency Array
(LOFAR) High Band Antenna (HBA) observations at 120—168 MHz have revealed the presence of a giant radio halo within the
cluster with a size of 1.1 Mpc enveloping the mini-halo. By exploring the spectral properties of the radio emission at low frequencies,
we can gain deeper insights into the nature of this emission and improve our understanding of its origin. Here we present LOFAR
Low Band Antenna (LBA) images of the cluster between 30.0-57.7 MHz, with a resolution of 19.2” X 15.0” and a r.m.s. noise of
3.7 mJy beam™'. In our images, we detect both the mini-halo and giant radio halo. We measured the spectral indices between 44 and
144 MHz of the mini-halo and giant radio halo to be —1.34 + 0.10, and —1.01 + 0.11, respectively. An alternative and more direct
measurement of the spectrum of the giant radio halo results in a spectral index of —1.28 + 0.15. The discrepancy between both values
is caused by the poor ionospheric conditions. In addition, we study two X-ray ‘ghost cavities’ in the cluster. These cavities are thought
to have been produced by an older outburst from the central AGN 3C 84. We measure a spectral index between 44 and 144 MHz
for the radio plasma in these cavities of —1.86 + 0.12 and —1.90 + 0.12 for the northwest and southern ghost cavities, respectively.
Furthermore, by including VLA 352 MHz data, we find that the spectrum steepens at higher frequencies. These results are consistent
with the ghost cavities being filled with old and aged radio plasma. We also detect the tailed radio galaxies NGC 1265 and IC 310. In

our analysis, these sources show signs of spectral steepening along their tails.
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1. Introduction

The Perseus galaxy cluster is a nearby (z = 0.01767,;
Sanders et al. 2020) cool-core galaxy cluster. Its proximity and
thus its large angular size and brightness make it one of the
most studied galaxy clusters across many different wavelength
ranges, from radio (e.g. Braude 1966; Soboleva et al. 1983;
Brentjens 2011; Gendron-Marsolais et al. 2017, 2020) and opti-
cal (e.g. Kluge et al. 2025; Harris & Mulholland 2017) to X-
rays (e.g. Fabian et al. 2000, 2006, 2011) and gamma rays (e.g.
Perkins et al. 2006; Acciari et al. 2009; Aleksic et al. 2010). The
Perseus galaxy cluster is a prime example of the feedback
between the central active galactic nucleus (AGN) and the intr-
acluster medium (ICM). Accretion onto the supermassive black
hole in the AGN drives the ejection of material via relativistic
jets, which deposit energy into the surrounding ICM and cluster
core. This feedback mechanism is essential for preventing a run-
away cooling flow, as the radiative cooling time in the centre of
cool-core clusters is shorter than the Hubble time (Fabian 2012;
McNamara & Nulsen 2012).

Observationally, feedback can manifest itself as cavities
in the ICM, which are revealed by high-resolution X-ray
observations (e.g. Boehringer et al. 1993; Carilli et al. 1994;
Churazov et al. 2000; Fabian et al. 2002). These cavities often
coincide with the relativistic plasma originating from the radio
AGN. This relativistic plasma can then excavate depressions in
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the ICM that subsequently rise buoyantly (McNamara & Nulsen
2007). Some X-ray cavities do not appear to be filled with
radio-emitting plasma, and they are referred to as ‘ghost cavi-
ties’. The idea is that these cavities are older and contain rel-
ativistic plasma from previous AGN outbursts that do not emit
at high radio frequencies because the high-energy cosmic rays
have aged through synchrotron and inverse Compton energy
losses. Indeed, radio emission is detected in some of these
cavities only through low-frequency radio observations (e.g.
Fabian et al. 2002; McNamara et al. 2001; Clarke et al. 2005;
Wise et al. 2007; Kokotanekov et al. 2017; Birzan et al. 2020).

The Perseus cluster hosts two pronounced X-ray cavi-
ties associated with the radio AGN 3C84 from the bright-
est cluster galaxy NGC 1275 (e.g. Branduardi-Raymont et al.
1981; Fabian et al. 1981; Boehringer et al. 1993; Churazov et al.
2000). These two cavities are coincident with the radio lobes
of the central AGN. In addition, two ghost cavities have
been detected at a larger distance from the central AGN (e.g.
Fabian et al. 2006). At 74 MHz, the Very Large Array (VLA),
however, showed the presence of steep-spectrum radio emission
in the direction of these cavities (Blundell et al. 2002). Further
depressions in the X-ray emission have also been tentatively
identified (Fabian et al. 2011).

In addition, the Perseus cluster hosts a so-called radio
mini-halo (e.g. Miley & Perola 1975; Noordam & de Bruyn
1982; Soboleva et al. 1983; Pedlar et al. 1990; Burns et al. 1992;
Gitti et al. 2002; Gendron-Marsolais et al. 2017). Mini-halos are
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extended radio sources found in the centre of some relaxed clus-
ters (Feretti et al. 2012; Giacintucci et al. 2017), with typical lin-
ear sizes of up to 0.2R500" (Giacintucci et al. 2019). The origin of
radio mini-halos is still poorly understood. The relativistic elec-
trons from AGN outbursts have a significantly shorter radiative
cooling time compared to the time required to diffuse over a vol-
ume with a size of several hundreds of kiloparsecs. Therefore,
two models have been proposed where electrons are acceler-
ated to highly relativistic energies in situ. One model invokes
in situ re-acceleration of relativistic seed electrons (Gitti et al.
2002, 2004) by sloshing-driven turbulence, and the other model
assumes that the emission is produced by secondary electrons
due to proton-proton collisions in the ICM (Pfrommer & Enflin
2004; Keshet 2024). Simulations (e.g. ZuHone et al. 2013) have
shown that turbulence generated by sloshing motions of the cool
gas in the cluster core, induced by a minor cluster merger event,
is sufficient to generate turbulence capable of re-accelerating
electrons to the required relativistic energies. Radio mini-halos
are then confined inside cold fronts caused by the sloshing
motions. Alternatively, it is possible that feedback from the cen-
tral AGN can re-accelerate an old population of cosmic ray elec-
trons (Richard-Laferriere et al. 2020). It remains unclear what
the source of the underlying seed population of low-energy (but
still relativistic) electrons is, although the central AGN is a likely
candidate (Fujita et al. 2007; Cassano et al. 2008). The alterna-
tive is the ‘hadronic’ model, where the relativistic electrons are
produced as a byproduct of collisions of relativistic protons with
thermal protons. Studying the hadronic model is challenging,
but the Perseus cluster is one of the best laboratories, primarily
due to the proximity of the cluster (Pinzke & Pfrommer 2010;
Aleksic¢ et al. 2010). Recent work on gamma rays with energies
of 100 GeV-TeV based on observations from the Major Atmo-
spheric Gamma-ray Imaging Cherenkov (MAGIC) telescope has
put significant constraints on the hadronic model, but the work
was unable to rule it out (Aleksic¢ et al. 2012; Ahnen et al. 2016).

Recently, van Weeren et al. (2024) presented 120—168 MHz
observations of the Perseus cluster by the Dutch LOw Fre-
quency ARray (LOFAR), revealing diffuse emission on scales
exceeding the range of the earlier detected mini-halo. This dif-
fuse emission beyond the radio mini-halo has the characteris-
tics of a giant radio halo. Giant radio halos (for a review see
van Weeren et al. 2019) are typically associated with dynami-
cally disturbed systems (Buote 2001; Cassano et al. 2010), but
modern instruments are starting to unveil large-scale diffuse
emission also in cool-core clusters with only a mild indica-
tion of disturbance. In the case of the Perseus cluster, the giant
radio halo was interpreted as originating from turbulence from
a past off-axis merger event (HyeongHan et al. 2025) that pre-
served the cool-core. Recent other examples of diffuse emis-
sion beyond the scale of mini-halos indicate that this extended
emission has on average steeper spectra than the central mini-
halo (Venturi et al. 2017; Biava et al. 2021; Bruno et al. 2023;
Riseley et al. 2024). To confirm if this also holds in the Perseus
galaxy cluster, observations at lower frequencies than those pre-
sented in van Weeren et al. (2024) are crucial, as the giant halo
is too faint to be detected with the Westerbork Synthesis Radio
Telescope (WSRT) and VLA at higher frequencies. Furthermore,
van Weeren et al. (2024) detected radio emission from the two
ghost cavities, showing that these cavities are filled with low-
frequency radio-emitting plasma. To better understand the cos-
mic ray energetics associated with the ghost cavities, spectral
studies at even lower frequencies are crucial.

' We note that Rsoy denotes the radius within which the mean density
is 500 times the critical density: p(Rsop) = 5000y
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In this work, we present LOFAR Low Band Antenna (LBA)
observations (30.0-57.7 MHz) of the Perseus cluster. In addi-
tion, for spectral mapping, we employed VLA P-band (225.4—
478.4 MHz) data of the core of the Perseus cluster presented
by Gendron-Marsolais et al. (2017) as well as WSRT (323.9-
330.1 MHz) data from Brentjens (2011). In Sect. 2 we describe
the observations and data reduction performed on the LOFAR
LBA data. Section 3 presents our measurements of the mini-
halo and giant halo, the spectral properties of the emission in the
ghost cavities, and an analysis of the tailed radio galaxies NGC
1265 and IC 310. The discussion and conclusions are provided in
Sects. 4 and 5, respectively. This paper assumes a Lambda cold
dark matter cosmology (Hy = 57.7 km/s/Mpc; Q,, = 0.310),
according to Planck Collaboration VI (2020). At the redshift of
the Perseus cluster (z = 0.01767), 1 kpc corresponds to 2.7”.

2. Methods

We observed the Perseus cluster with the LOFAR LBA sys-
tem. We used two observations, one from January 30, 2021, and
another from December 29, 2020 (project code LC15_027, PI:
Osinga for both observations). The observations employed a stan-
dard setup with 64 frequency channels per 195.3 kHz subband and
a 1 sintegration time, recording all four polarization products. The
subbands covered a frequency range between 10.4 and 57.7 MHz.
During the observation, the primary calibrator source 3C 196 was
observed simultaneously using a second station beam. For the
observation on December 29, 2020, the total integration time was
8 hr, and for the observation on January 30, 2021, the total integra-
tion time was 4 hr. For this work, we only use the subbands above
30.0 MHz. Subbands at lower frequencies were discarded due to
challenging ionospheric conditions (see below for further details).
This resulted in an effective bandwidth of 27.6 MHz, correspond-
ing to data between 30.0 and 57.7 MHz. The visibility data were
compressed using Dysco (Offringa 2016).

The data reduction started with the removal of the bright
sources Cassiopeia A and Cygnus A from visibilities using
the demixing procedure (van der Tol et al. 2007) and flagging
of radio frequency interference with AOFlagger (Offringa et al.
2010; Offringa 2010). Next, instrumental corrections (bandpass,
polarization offset) were derived from the calibrator 3C 196
using the method outlined in de Gasperin et al. (2019). These
corrections were transferred from the calibrator source to the
target. The flux density scale of 3C 196 was set to that of
Scaife & Heald (2012). Subsequently, the target field was self-
calibrated using direction-independent calibration, and this was
followed by direction-dependent calibration.

For the direction-independent (self-)calibration we used a
starting model derived from the TIFR GMRT Sky Survey alter-
native data release 1 (TGSS ADRI; Intema et al. 2017). In addi-
tion, we included an extra round of radio frequency interference
flagging on the StokesV visibility products with AOFlagger.
The self-calibration was performed in a circular correlation
basis so that differential Faraday rotation by the ionosphere
only manifests itself as a phase difference between the right
(RR) and left (LL) handed correlations (Smirnov 2011a,b). Both
observations were calibrated individually during the direction-
independent self-calibration step. Due to the presence of the
bright radio source 3C 84 at the centre of the field, the direction-
independent calibration mostly optimises the image quality for
this source, while other (fainter) sources away from 3C 84 still
suffer from direction-dependent calibration artefacts caused by
the ionosphere. After the direction-independent calibration step,
we discarded data where the ionosphere was restrictively active,
which was determined by manual inspection of the direction-
independent solutions, leaving 2 hours of the observation from
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Table 1. Overview of the images used in this paper.

Instrument Frequency range (MHz) Gaussian taper Restoring beam .m.S. noise Reference
LOFAR LBA 30.0-57.7 - 19.2”x 15.0” 2.3 mJy beam™!  This work
60" 67.8”x 66.5” 7.7 mlJybeam™!  This work
120" 145.0”x 145" 15 mly beam™'  This work
LOFAR HBA 120.2 - 167.1 - 8.2”"x 4.8” 94.0 wJy beam™! €))
60” 90.1”x 70.2” 823 Wy beam™! €))
60" 145" % 145" 1.46 mJy beam™! €))
VLA P-band (A Array) 2254 -478.4 17.7"x 15.0” 1.5 mJy beam™! 2)
WSRT 323.9 - 330.1 96.0”x 74.0”  1.65 mJy beam™! 3)

Notes. The HBA image at a resolution of 145 arcsecond was smoothed from the 60 arcsecond tapered image. (1): van Weeren et al. (2024) ;

(2): Gendron-Marsolais et al. (2017); (3): Brentjens (2011).

January 30, 2021, and 4 hours of the observation from December
29, 2020.

For the direction-dependent calibration, we initially cal-
ibrated both observations separately with facetselfcal”
(van Weeren et al. 2021), using a strategy tailored specifically
to a such a bright source as 3C84. Based on the direction-
independent image, the field was divided into ten facets, centred
on the locations of bright sources in the field of view. The
direction-dependent calibration involved multiple iterations of
scalarphase calibration, using varying time intervals and smooth-
ness settings for the core and remote stations. After completing
the calibration steps, additional flagging was performed on the
residual visibility data. These residual data were created by
predicting the model (clean component images), corrupting it
with the derived direction-dependent calibration solutions, and
subtracting the resulting ‘corrupted sky visibilities’ from the
uncorrected visibilities. Following this flagging step, another
round of direction-dependent calibration was carried out using
the same strategy, including a final flagging pass on the updated
residual data. Subsequently, both observations were calibrated
together after applying the final flags, which ensured that only
good data were used for the subsequent self-calibration.

The final images were made using WSClean? (Offringa et al.
2014; Offringa & Smirnov 2017). We used a multi-scale bias of
0.75 for the multi-scale clean. An overview of the images and
their properties is given in Table 1. The LOFAR images we
used to compare across frequencies were made with an inner
uv cut of 304, which corresponds to the minimal baseline of
LOFAR HBA. The VLA images have larger minimum base-
lines, but as these images are only used to study smaller-scale
emission and not the large-scale diffuse emission in the giant
radio halo, the lack of short baselines is not a significant limi-
tation for our VLA images. The highest resolution LBA image
was made with a robust weighting of —0.5 and ten facets. Two
additional images at a lower resolution were made using Gaus-
sian uv tapers of 60" and 120”. This resulted in a beam size of
67.1” and 127.3”, respectively, when taking the average of the
minor and major axes (see Figure 2). We also include the LOFAR
HBA maps from van Weeren et al. (2024). To make spectral index
maps, we re-gridded and smoothed these maps to the same reso-
lution as the LBA maps and used the same inner uv cut. In addi-
tion to the LOFAR images, we also used the VLA P-band data
from Gendron-Marsolais et al. (2017, PI: Hlavacek-Larrondo)
and WSRT (323.9-330.1 MHz) data from Brentjens (2011).

For the radial profiles, we made source subtracted images by
first masking out regions with diffuse emission in the model of

2 https://github.com/rvweeren/lofar_facet_selfcal
3 https://gitlab.com/aroffringa/wsclean, v3.6

our original image, then predicting this model, and finally sub-
tracting the model from our data. The data were re-imaged with a
60"taper, resulting in a resolution of 67.8”by 66.4”and an inner
uv cut of 304 to match the same inner uv cut used for the LOFAR
HBA data in van Weeren et al. (2024). The image is presented in
Fig. A.1.

The LBA flux density scale has been shown to be accurate
to a level of about 6% to 10% (de Gasperin et al. 2021, 2023).
As an additional check, we verified the flux density scale of
our LOFAR LBA image by comparing the flux density of nine
bright sources in the full field of view of the observation with
literature values. The results are shown in Fig. B.1. The nine
sources are marked in Fig. B.2. From these results, it appears
that in four out of the nine sources, the integrated radio spec-
tra are close to a simple power law shape. Four sources dis-
play a spectral turnover (3C 82, 2MASX J03302713+4101418,
4C39.11 and NVSS J032136+435923), and one source (NVSS
J032707+421925) shows an indication of spectral flattening at
low frequencies. The four sources with a spectral turnover are
all located in the periphery of the field of view of the LOFAR
image and are at a large distance from the pointing centre. The
LBA flux density of the sources are unexpectedly low based on a
simple extrapolation from the higher frequency data points. This
might have been caused by a poor calibration quality near the
edge of the field of view, affecting the flux density of the source.
However, as our science targets are located near the centre of the
field of view, we do not expect this to impact our measurements.
NVSS J032707+421925 also shows hints of flattening at slightly
higher frequencies, which indicates that this spectrum is regular.
In conclusion, based on this additional check of the flux density
scale, we do not find evidence of any global systematic offsets
in the pointing centre. Given the challenging calibration and the
perturbing effects of 3C 84, we adopted the more conservative
value of 10% for the flux density scale uncertainty.

3. Results

The full-resolution LOFAR LBA image of the cluster core is pre-
sented in Fig. 1. This image still shows minimal signs of scin-
tillation and resulting dynamic range limitations around 3C 84,
which are visible as radial artefact patterns that are mainly
present in the high-resolution image. Lower-resolution images of
the cluster are shown in Fig. 2, with the 67" resolution image dis-
played in the left panel and the 131" resolution in the right panel.
Below, we describe the various sources of emission detected in
the LOFAR LBA image: the radio mini-halo and the giant radio
halo, the ghost cavities near 3C 84, and the tailed radio galaxies
NGC 1265 and IC 310.
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3.1. Mini-halo and giant radio halo

The most prominent source of diffuse radio emission in the centre
of the cluster is the well-studied radio mini-halo (Miley & Perola
1975; Sobolevaetal. 1983; Gendron-Marsolais etal. 2017).
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In our LOFAR LBA images, the radio mini-halo is clearly
detected, and it displays an overall similar morphology as in
van Weeren et al. (2024), with a pronounced region of diffuse
emission surrounding the brightest cluster galaxy NGC 1275
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Fig. 3. Radial surface brightness profile of the diffuse radio emission in
the Perseus cluster. The dashed lines represent two exponential profiles
that add up to the continuous line (Eq. 1). The model was fitted using
the extracted radial profile of the Perseus image, with point sources
subtracted and residual sources masked out, starting from 43 kpc from
the centre to 650 kpc. We note that the error bars do not include the
10% uncertainty on the adopted flux density scale, as this uncertainty
is identical between all data points. In the bottom panel, the spectral
index between LOFAR LBA (43 MHz) and LOFAR HBA (144 MHz)
is shown with error bars (which do not include the 10% uncertainty). We
note that at larger radial distances from 3C 84, the error on the spectral
index drastically increases.

and the associated radio source 3C84. Some of the struc-
tures that are detected in van Weeren et al. (2024) and in
Gendron-Marsolais et al. (2017) are also visible in the LOFAR
LBA map, namely, the “Northern extension” and “Eastern
spur S”, which are marked in Fig. 1. To the east of the core
of the cluster, several filament-like structures can be seen,
similar to van Weeren et al. (2024). However, these structures
appear affected by calibration artefacts from 3C 84, which
limit the dynamic range of the image. Most of the filamentary
substructures and sharp surface brightness edges in this emission
reported in van Weeren et al. (2024) are not detected in the LBA
image. This can be explained by the lower sensitivity and more
challenging ionospheric conditions of the LBA observations.

On scales beyond the mini-halo, we noted the presence of
faint diffuse emission in our 67” and 131" resolution LBA
images (see Fig. 2). This emission was identified as a giant radio
halo by van Weeren et al. (2024). The giant radio halo becomes
dominant over the mini-halo at a distance of 0.2Rs5q9 ~ 260 kpc
(van Weeren et al. 2024), and it has not been detected in previous
VLA, GMRT, and WSRT observations, possibly due to the lim-
ited sensitivity of these telescopes to large-scale diffuse emission
in combination with a steep radio spectrum.

To quantify the two different radio halo components and their
radial brightness distribution, we fitted a two-component expo-
nential function to the radio emission in the 68" LOFAR LBA
map, with point sources subtracted (see Fig. A.1). The LOFAR
LBA image is worse in terms of residual ionospheric effects
compared to the LOFAR HBA image. Therefore, we fixed the
radius of the inner (MH) component and the outer (GRH) com-
ponent to the values obtained in van Weeren et al. (2024). The

results are presented in Fig. 3, where we fitted the following dou-
ble exponential profile to the data:

! ) )
Ve out

Here, 1,9, and r.;, respectively refer to the central bright-
ness and e-folding radius of the inner component (likely corre-
sponding to the minihalo), whereas I, oy and r, oy respectively
refer to the central brightness and e-folding radius of the outer
component (likely corresponding to the giant radio halo). We set
Fein = 30.4 £ 0.2kpc and 7, oy = 156 + 2kpc. After fitting this
profile, we obtained the following values:

r
+ Iv,O,ouleXp -

e,in

Iv,tot(r) = 1y,0,in€Xp (_

I0in = 3.0 = 0.31 mJy arcsec ™

Loow =35 +£3.6Wly arcsec™>

The two-component model provides a good description of
the observed radial profile. To compare the total power of the
mini-halo and the giant radio halo, we integrated the intensity
of the inner component to a radius of 150 kpc and the intensity
of the outer component to a radius of 750 kpc, corresponding
to 5 X r,, using the value of r, as reported in (van Weeren et al.
2024). The values for the flux density and the uncertainties are
reported in Table 2.

The inner mini-halo component has an integrated flux den-
sity of 126.7 = 13.4 Jy. For the outer giant radio halo component,
we found an integrated flux density of 21.4 + 2.4 Jy. Combining
the LBA measured flux densities with the published HBA profile
fitting results, the mini-halo in the Perseus cluster has a spectral
index of @y g = —1.34+0.11, which is slightly steeper compared
to earlier measurements of the spectral index of the mini-halo
(=1.10+0.05 between 143 MHz and 352 MHz, van Weeren et al.
2024; and —1.21 £ 0.05 between 325 MHz and 1.4 GHz, Sijbring
1993; Giacintucci et al. 2014). The detection of the giant radio
halo in both the LBA and HBA observations of the Perseus clus-
ter allowed us to determine the spectral index of the giant radio
halo for the first time. The spectral index of the giant radio halo
between 43 MHz and 144 MHz is aggry = —1.01 £ 0.11. The
errors on these spectral indices include the 10% flux density scale
uncertainty, as discussed in Sect. 2. This result shows that it is
unlikely that the giant radio halo in the Perseus cluster is an ultra-
steep spectrum radio halo. Regarding the difference in the spec-
tral index between the mini-halo and giant radio halo, we found
Ay = agry — ayy = 0.33 £ 0.062. In this case, the uncertainty
on the difference in the spectral indices does not use the 10% flux
density scale uncertainty, as we are comparing the spectral indices
of two spatially different objects (and the flux density uncertainty
is correlated one-to-one between the mini-halo and the giant radio
halo). However, it is important to note that due to ionospheric dis-
tortions, the diffuse emission could be contaminated by imper-
fect point source subtraction. Observations under more favourable
ionospheric conditions will likely allow us to investigate the spec-
tral properties of the giant radio halo in more detail.

The spectral index of the giant halo and mini-halo can also
be calculated via an alternative method without fitting the double
exponential profile. For this, we computed the spectral index in
two annuli: one with an inner cut of 58 kpc and an outer cut of
90 kpc (corresponding to the region where the mini-halo domi-
nates the diffuse radio emission) and the other with an inner cut
of 200 kpc and outer cut of 350 kpc (corresponding to the giant
radio halo). This calculation gave us an integrated spectral index
of @ = —1.25 + 0.12 for the mini-halo and & = —1.28 + 0.15 for
the giant radio halo. For the radio mini-halo, this measurement
of the spectral index is consistent with the measurement based
on fitting two profiles. For the giant radio halo, the measurement

A64, page 5 of 15



Groeneveld, C., et al.: A&A, 709, A64 (2026)

Table 2. Integrated flux densities of the diffuse components in the Perseus cluster.

LBA (43 MHz) HBA (144 MHz) a
Mini-halo 126.7+4.2+13.4Jy 253+0.67+141Jy -134+0.10
GRH 214+10+24J)y 634+£026+041Jy -1.01=+0.11

Notes. Integrated flux densities are determined in this work and van Weeren et al. (2024). Uncertainties are twofold: The first uncertainty represents
the one reported by the Chi-squared fit (Eq. 1) and is based on the r.m.s. map noise, and the second refers to the systematic 10% flux density scale
uncertainty. The error on the spectral indices in this table includes both uncertainties. The uncertainties on the spectral indices without the 10%
flux density uncertainties are +0.035 for the mini-halo and +0.051 for the giant radio halo.
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Fig. 4. Comparison between radio emission detected with LOFAR LBA
(native resolution) and X-ray emission (with a radially smooth profile
subtracted). Radio contours are drawn at the levels labelled in the image.

differs (A = 0.27 + 0.12) in a statistically significant way. This
discrepancy is probably caused by imperfect source subtraction
or interference due to the Milky Way.

3.2. Ghost cavities

X-ray observations (e.g. Boehringer et al. 1993; Churazov et
al. 2000; Fabian etal. 1981, 2003, 2006, 2011) have previ-
ously revealed two cavities in the X-ray emission in the cen-
tre of the Perseus cluster without any corresponding gigahertz
radio emission (i.e. so-called ghost cavities; Blundell et al. 2002;
Kassim et al. 2007). In Fig. 4, we present a fractional difference
X-ray map from Chandra with LOFAR LBA contours (at native
resolution) similar to van Weeren et al. (2024) and X-ray data
processed by Fabian et al. (2011). The fractional difference X-
ray map shows a total of four cavities: two cavities located
near 3C 84 and two ghost cavities located further from the cen-
tral AGN. Our LBA image reveals that the radio emission in
the core has spurs in the direction of the X-ray ghost cavi-
ties and that there is emission filling the cavities, similar to
(van Weeren et al. 2024). To determine the spectral properties of
the ghost cavities, we measured the flux densities in the ghost
cavities in a circular region centred on the cavity, marked with
ared circle in Fig. 5. Within the circle, the northwest cavity has
an integrated flux density of 4.2 + 0.42Jy, while the southern
region has an integrated flux density of 2.6 + 0.26Jy. In addi-
tion, when comparing the left image of Fig. 4 with the spectral
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Fig. 5. Spectral index map of the minihalo of the Perseus cluster
between 44 and 144 MHz. The HBA map has been smoothed to the
resolution of the native LBA map. The associated spectral index uncer-
tainty map is displayed in Fig. C.2. We note that 3C 84 is located at the
centre, and it has been blanked out for clarity. The red circles refer to
the ghost cavities whose spectra are shown in Fig. 6. The noise in this
image is higher than the noise reported in Table 1 due to the proximity
of 3C 84.

index map of the inner region of the cluster presented in Fig. 5,
we observed that the radio emission in the X-ray cavities has
a steep spectrum with @« = —1.86 + 0.12 in the northwest cav-
ity and @ = —1.90 = 0.12 in the southern cavity, as measured
by integrating the flux densities within the red circles in Fig. 5.
Using the VLA P-band (central frequency of 352 MHz) image
as presented in Gendron-Marsolais et al. (2017) and the LOFAR
HBA image, we found @ = —2.59 + 0.16 for the northwest ghost
cavity and @ = —2.43 + 0.16 for the southern ghost cavity. For
both ghost cavities, this means that the spectrum steepens signif-
icantly (Agnw = 0.73+£0.2; Ay s = 0.53+0.2) between 352 MHz
and 43 MHz, as can be seen in Fig. 6.

3.3. NGC 1265 and IC 310

Apart from the mini-halo, giant halo, and 3C 84, the Perseus
cluster hosts two other extended radio sources that are promi-
nently detected in our LOFAR LBA images: NGC 1265 and
IC 310. These sources are annotated in Fig. 2. In addition, a spec-
tral index map of the Perseus cluster including NGC 1265 and
IC 310 is shown in Fig. 7.
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Fig. 6. Radio spectrum of the ghost cavities within the regions marked
by circles in Fig. 5. Piecewise spectral indices are given between the
LOFAR LBA, HBA, and VLA P-band observations.

The source NGC 1265 is a narrow-angle tail radio galaxy
with a peculiar morphology. A full-resolution image of this tail
is shown in the left panel of Fig. 8. The source has two jets
extending in the northern direction, and they merge to become
one tail moving in the northwestern direction. Subsequently, the
tail bends to the east and eventually south, and it then becomes
much fainter. In Fig. 9 (left panel), we present the spectral index
of NGC 1265 along the tail. Spectral indices are measured in cir-
cles of 1.8"(40 kpc) spaced 4.5’(100 kpc) apart on the tail (based
on the cluster redshift). Flux densities were measured from the
43 MHz LBA, 144 MHz HBA, and 352 MHz WSRT images.

The spectral index between LOFAR LBA (43 MHz) and
LOFAR HBA (144 MHz) stays roughly constant (around —0.8)
up to about 200 kpc, where it subsequently becomes significantly
steeper, with @ ~ —1.2. This transition corresponds to the break
between the initial northwestern tail and the east and southern
extension, as can be seen in Fig. 7. We found a similar evolu-
tion of the spectral index between HBA and WSRT frequencies.
We did not detect any significant spectral curvature along the
tail. Interestingly, NGC 1265 appears to host an inverted spec-
trum close to the head of the radio galaxy, although this is only
marginally significant.

The source IC 310 is a narrow-angle tail radio galaxy in
the Perseus cluster (Miller & Owen 2001; Tully et al. 2016)
that is likely radially infalling (Gendron-Marsolais et al. 2020).
It has been suggested that IC 310 is a low-luminosity FRI
galaxy whose jets are aligned towards our line of sight
(Rector et al. 1999; Gendron-Marsolais et al. 2020). We present
a full-resolution image of IC 310 in the right panel of Fig. 8.
Spectral indices were measured in circles of 1.5"(33 kpc) spaced
2.7'(60 kpc) apart on the tail. IC 310 displays a straight tail with
a sharp bend towards the centre of the cluster at around 200 kpc
(Gendron-Marsolais et al. 2020).

Similar to NGC 1265, IC310 appears to host an inverted
spectrum near the tip. This could also be the head of the radio
galaxy. van Weeren et al. (2024) has shown that the emission of
IC 310 continues after this bend until it is fully blended with the
diffuse emission in the cluster centre.

In our work, we detected IC 310 as a 12’ elongated source
(corresponding to 250 kpc). The spectral index profile (Fig. 9,

right panel) shows that the spectral index steepens along the
tail, from around —0.75 at the beginning of the tail to —1.25 at
240 kpc. The spectral index steepens linearly along the source
(Fig. 7). We observed some evidence of the earlier mentioned
bend in IC 310, but it is significantly less pronounced compared
to the HBA image. Similar to NGC 1265, IC 310 appears to host
an inverted spectrum near the head of the radio galaxy.

4. Discussion

4.1. Large-scale diffuse emission

The classical picture of cluster-scale diffuse emission associates
radio mini-halos with cool core (relaxed) clusters and giant radio
halos to disturbed systems (e.g. Feretti et al. 2012; Cassano et al.
2010). However, observations have revealed that some clusters
that appear to be in an intermediate stage between a cool core
and a non-cool core cluster can host both a mini-halo and large-
scale extended emission (Bonafede et al. 2014; Venturi et al.
2017; Biava et al. 2021; Knowles et al. 2022; Bruno et al. 2023;
Lusetti et al. 2024). In addition, Biava et al. (2024) have found
indications that sloshing features in the cluster core, typically
associated with radio mini-halos, are related to the presence of
larger-scale emission beyond the scales of mini-halos.

A weak lensing analysis of the Perseus cluster has shown
that the cluster is undergoing a major merger (mass ratio 3:1)
with alarge impact parameter (HyeongHan et al. 2025). This indi-
cates that the Perseus cluster is in an intermediate phase. Due
to the merger, cosmic rays in the cluster periphery could expe-
rience turbulent re-acceleration, giving rise to a giant radio halo
commonly associated with disturbed systems. The centre of the
Perseus cluster, however, remains unperturbed for the time being,
and here gas sloshing motions are re-accelerating cosmic rays
to form the mini-halo (associated with non-disturbed systems).
This has also been seen in similar cases where despite evidence
of a merger, the cool-core of the galaxy cluster remains intact
(Douglass et al. 2018; Rossetti & Molendi 2010). Alternatively,
the mini-halo could trace cosmic ray electrons from hadronic
interactions.

We measured a low-frequency spectral index of @ = —1.34 +
0.10 for the radio mini-halo, consistent with previous measure-
ments at higher frequencies within the uncertainties (Sijbring
1993; Gendron-Marsolais et al. 2021; van Weeren et al. 2024).
For the giant radio halo, the measured spectral index of @ =
—1.01 £ 0.12 is not in line with the expectation from turbulent
re-acceleration models that giant radio halos in such intermediate
phase clusters have a relatively steep spectral index (Venturi et al.
2017; Savini et al. 2018; Biava et al. 2021; Bruno et al. 2023;
Riseley et al. 2024). We note, however, that our measurements
may suffer from interference from the Milky Way, as the Perseus
cluster has a relatively low galactic latitude (I = —13°), and the
spectral index of the large-scale diffuse emission from the Milky
Way is ultra steep (@ = —2.5; Zheng et al. 2017; Irfan & Puglisi
2026). In addition, itis possible that the spectrum of the giant radio
halo flattens at a lower frequency, and we are observing this flatter
regime (e.g. as is the case with the Coma cluster Thierbach et al.
2003). Sensitive observations at higher frequencies, such as with
the MeerK AT telescope, could potentially detect the steeper part
of the integrated spectrum of the giant radio halo. Based on the
LOFAR HBA data, and assuming a spectral index of —1.5, we
expect the giant radio halo to have a radio intensity at 800 MHz
(UHF) and at 2r, of 12.4 uJy beam™".

This work has been unable to probe most filaments and
edges in the radio-mini halo detected in previous studies.
Gendron-Marsolais et al. (2017), van Weeren et al. (2024) has
shown that there are several filaments and edges present in the
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Fig. 7. LBA-HBA spectral index maps of the Perseus cluster, including the tailed radio galaxies NGC 1265 and IC 310, between LOFAR LBA and
LOFAR HBA frequencies. The images have been smoothed and re-gridded to the same resolution. Left: Spectral index map at 67" resolution. The
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black cross marks the centre of the cluster. For more detail about these images, see Table 1. The corresponding spectral index uncertainty maps

are shown in Fig. C.1.
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Fig. 8. Zoomed-in full resolution LBA images of NGC 1265 (left) and IC 310 (right).

mini-halo of the Perseus cluster. The lack of a detection in our
LBA image can be attributed to the relatively low signal-to-
noise ratio and resolution achieved for the radio mini-halo. These
properties are due to the limited image fidelity and challenging
ionospheric conditions. To better study the mini-halo morphol-
ogy, the giant radio halo, and their spectral index distributions,
significantly more integration time is required under better iono-
spheric conditions and ideally with an improved resolution such
that point sources can be better subtracted from the data. How-
ever, the ‘Northern extension’ (as marked in Fig. 1) is clearly
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visible in LBA, which suggests that this filament has a relatively
steep spectrum (as can be seen in Fig. 7).

Incorporating the European baselines of LOFAR would
enable more accurate subtraction of 3C 84 and thereby improve
the dynamic range in the cluster core, as demonstrated in
van Weeren et al. (2024). For LBA, narrowband observations
have already been taken of the Perseus cluster (Boxelaar et al.
2025), but calibration of international baselines is currently still
restrictively difficult (e.g. Morabito et al. 2016; Groeneveld et al.
2022). Additionally, achieving more precise spectral index
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(relevant for comparing the spectral index between different frequencies).

maps will require a broader frequency baseline. However,
this poses challenges due to the limited sensitivity achievable
with LOFAR’s decameter-band observations (Groeneveld et al.
2024) or higher-frequency P-band VLA and uGMRT obser-
vations. The VLA offers limited P-band sensitivity to steep-
spectrum emission, and the giant radio halo was not detected
by Gendron-Marsolais et al. (2017). Observations from the
upgraded Giant Metrewave Radio Telescope (uGMRT) Band 3
face significant challenges due to the high dynamic range needed
for 3C 84 and the limited number of short baselines available to
capture the very extended emission of the giant radio halo.

4.2. Ghost cavities

Through our LBA images, we confirm the presence of steep
spectrum emission in the ghost cavities near 3C 84. It is expected
that these ghost cavities contain aged AGN plasma originat-
ing from jets of 3C 84 that initially inflated two cavities that
subsequently drifted buoyantly to their current locations (e.g.
Churazov et al. 2001; Briiggen & Kaiser 2002; Briiggen 2003;
Mathews & Brighenti 2008).

The above scenario would imply that the emission in the
ghost cavities is steeper than the radio emission associated
with the inner pair of X-ray cavities. Indeed, HBA observations
(van Weeren et al. 2024) have shown this to be the case. In our
work, we have established that the radio spectral index is lower
between 144 and 352 MHz compared to 44 and 144 MHz. This
spectral steepening towards higher frequencies is expected if the
plasma in the ghost cavities has undergone spectral aging. Future
LBA observations with European baselines would be important
to carry out detailed resolved studies of the ghost and cavity pairs
of 3C 84.

5. Conclusions

This paper presents the deepest and highest resolution obser-
vations of the Perseus galaxy cluster below 100 MHz to date.
Using LOFAR LBA observations spanning 30.0-57.7 MHz with
a resolution of 19.2” x 15.0”, we investigated the diffuse emis-
sion in the core of the Perseus cluster as well as the two tailed
radio galaxies, NGC 1265 and IC 310. Additionally, we pro-
duced lower angular resolution images to analyse the radio emis-
sion on larger angular scales. Below we list the main conclusions
of our work:

— We detected both the radio mini-halo, which has been stud-
ied extensively at higher frequencies, and the recently dis-
covered giant radio halo. Combining our LBA images with
previously published LOFAR HBA observations, we mea-
sured an integrated spectral index of —1.34 + 0.10 between
144 and 44 MHz for the radio mini-halo. For the giant radio
halo, we found a spectral index of —1.01+0.12 when measur-
ing the spectral index with a radial fit and a spectral index of
—1.28 + 0.15 when measuring the spectral index in an annu-
lus between 200 and 350 kpc. The discrepancy is probably
caused by ionospheric distortions, which can cause compli-
cations for source subtraction.

— We detected steep spectrum radio emission in the two X-ray
ghost cavities in the core of the Perseus cluster. Between 44
and 144 MHz, we measured spectral indices of —1.86 + 0.12
and —1.90+0.12 for the northwestern and southern ghost cav-
ity, respectively. Combining LBA, HBA, and VLA P-band
observations, we characterised the radio spectral shape and
found evidence of the steepening of the radio spectrum
towards higher frequencies.

— In the LBA observations, we detected two tailed radio galax-
ies in the outskirts of the Perseus cluster, NGC 1265 and
IC310. Including HBA observations, both sources show an
indication of spectral steepening along the tails. After bend-
ing, the second fainter part of the NGC 1265 tail shows a
relatively constant steep spectral index of = —1.2.

This work emphasises the importance of sub-100-MHz LBA
observations of galaxy clusters with LOFAR, as they comple-
ment LOFAR HBA observations for spectral studies. Future
LBA observations of the Perseus cluster with improved uv cov-
erage and longer integration times — beyond the currently used
6 hours — will be crucial for detecting substructures in the
mini-halo and reducing the uncertainty on the spectral index
of the giant radio halo and will thus provide better constraints
on its origin. Similarly, a detection at frequencies higher than
the HBA band will be important. However, this will be chal-
lenging with current telescopes. For instance, the VLA offers
limited P-band sensitivity to steep-spectrum emission, while
uGMRT also faces significant challenges due to the very high
dynamic range requirements needed for 3C 84 and the lim-
ited number of short baselines of uGMRT necessary to cap-
ture the very extended emission of the giant halo. Finally,
extending the frequency coverage to the decameter band would
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enable better characterisation of the spectral shape of the radio
emission.

Data availability

The LBA images are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/709/A64
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Appendix A: Masked regions
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Fig. A.1. LOFAR LBA image of the Perseus cluster tapered to 68" and with compact sources subtracted. The red areas indicate regions that were
excluded due to the presence of contaminating sources, for constructing the radial radio surface brightness profile. The yellow circle (154" radius,
58 kpc) indicates the region that is affected by the presence of 3C 84. The double-exponential fit for radio surface brightness profile was performed

on the data between the yellow circle and the dashed teal circle at 650 kpc radius.
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Appendix B: Flux density reference sources
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Fig. B.1. Integrated flux densities of nine bright sources between 44 MHz and 1.4 GHz in the field of view of the LOFAR observation of the
Perseus cluster. The sources in this figure are marked with a circle in Fig. B.2. The lowest frequency point is the flux density measured in this
work. The other surveys used in this figure are (in order of increasing frequency) are: VLSSr (74 MHz; Lane et al. 2014); TGSS ADR1 (150 MHz;
Intema et al. 2017), WENSS (330 MHz; Rengelink et al. 1997) and, NVSS (1.4 GHz; Condon et al. 1998).
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Fig. B.2. Wide-field image of our observation of the Perseus cluster. The marked sources are used in Fig. B.1 to check the accuracy of the flux
density scale. The angular distance () to the Perseus cluster (i.e. pointing) centre is indicated near each source on the image. The dotted red circle
indicates the extend of the Rsy of the Perseus cluster. The giant radio halo extends a bit beyond half the Rs, so we do not expect any flux scale
issues due to direction dependent effects.
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Appendix C: Spectral index error maps
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Fig. C.1. Spectral index uncertainty maps corresponding to spectral index maps presented in Fig. 7 at 60” (left) and 120" (right) resolution.

T
41°32' [ — ]
- -
S st —
S I ]
3 L 4
S I ]
8 L 4
30" - —
29' - —
: TR BT T MR BT S T R :

3h19m555 508 45° 408
RA (J2000)
HE S 2 2 2 e
0.0 0.1 0.2 0.3 0.4 0.5

Spectral index

Fig. C.2. Spectral index uncertainty map corresponding to spectral index map presented in Fig. 5.
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Appendix D: Cutouts of tailed radio galaxies
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Fig. D.1. Cutout of NGC 1265. The circles indicate the regions used for measuring the spectral index along the tails in Fig. 9.
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Fig. D.2. Cutout of IC 310. The circles indicate the regions used for measuring the spectral index along the tails in Fig. 9
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