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ABSTRACT

Context. A fraction of galaxy clusters harbor diffuse radio sources known as radio halos. The prevailing theory regarding their
formation is based on second-order Fermi reacceleration of seed electrons caused by merger-driven turbulence in the intra-cluster
medium. This mechanism is expected to be inefficient, which implies that a significant fraction of halos should have very steep energy
spectra (@ < —1.5).

Aims. We start investigating the potential and current limitations of the combination of the two surveys conducted by LOFAR, LoTSS
(144 MHz) and LoLSS (54 MHz), to probe the origin of radio halos.

Methods. We followed up the 20 radio halos detected in Data Release 1 of LoTSS, which covers the HETDEX field, with the LoLSS
survey, and we studied their spectral properties between 54 and 144 MHz.

Results. After removing compact sources, nine halos were excluded due to unreliable halo flux density measurements at 54 MHz.
Our main finding is that 7 out of 11 (~64%) exhibit an ultra-steep spectrum (o < —1.5), which is a key prediction of turbulent
reacceleration models. We also note a tentative trend for more massive systems to host flatter halos, although the currently poor
statistics do not allow for a deeper analysis.

Conclusions. Our sample suffers from low angular resolution at 54 MHz, which limits the accuracy of the compact-source subtraction.
Nevertheless, this study is the first step toward providing compelling evidence for the existence of a large fraction of radio halos with
a very steep spectrum, which is a fundamental prediction of turbulent reacceleration models. In this regard, the forthcoming second
data release of LoLSS, along with the integration of LOFAR international stations and the instrumental upgrade to LOFAR2.0, will
improve both the statistics and the low-frequency angular resolution, allowing us to determine the origin of radio halos in galaxy

clusters conclusively.

Key words. instrumentation: interferometers — galaxies: clusters: general

1. Introduction

Radio halos are diffuse sources observed in the central regions
of disturbed galaxy clusters (Willson 1970; van Weeren et al.
2019). They trace synchrotron emission by relativistic cosmic-
ray (CR) electrons in the presence of magnetic fields in the intra-
cluster medium (ICM, Briiggen et al. 2012; Brunetti & Jones
2014), the hot (~10’-10%K) plasma that permeates galaxy
clusters. The synchrotron spectrum of radio halos can be
described to a first approximation by a power-law, S, o V%,
with S, the flux density at a frequency v, and a the spectral
index. Given their (usually) megaparsec-scale size, the elec-
trons producing the radio emission need to be re-energized
or injected in situ since they cannot fill the emitting volume
within their synchrotron cooling time (Jaffe 1977). Their ori-
gin has been attributed to either reacceleration by merger-driven
subsonic turbulence (turbulent models, Brunetti et al. 2001;

* Corresponding author; thomas.pasini@inaf.it

Petrosian 2001; Cassano & Brunetti 2005; Brunetti & Lazarian
2007; Beresnyak et al. 2013; Donnert & Brunetti 2014; Miniati
2015) or the injection of secondary electrons in situ by
proton-proton collisions (hadronic models, Dolag & Enflin
2000; Pfrommer et al. 2008; EnBlin & Pfrommer 2011). The
observed correlation between radio halos and the dynami-
cal status of galaxy clusters indicates that halos are typically
associated with more dynamically disturbed systems rather
than more relaxed clusters (Buote 2001; Cassano et al. 2010b;
Cuciti et al. 2021; Cassano et al. 2023). This correlation, along
with gamma-ray constraints (Brunetti et al. 2017; Adam et al.
2021) and arguments based on the CR proton (CRp) energy
budget in the case of steep-spectrum radio halos (Brunetti et al.
2008; Brunetti & Jones 2014; Bruno et al. 2021), supports the
turbulent reacceleration scenario. Therefore, purely hadronic
models are currently disfavored, but they might still play a
role (Brunetti & Lazarian 2011; Pinzke et al. 2017; Adam et al.
2021; Nishiwaki et al. 2021).
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Turbulent reacceleration models assume that mergers
between galaxy clusters can generate turbulence in the ICM,
which amplifies seed magnetic fields (Dolagetal. 2005)
and reaccelerates relativistic particles via second-order Fermi
mechanisms (Brunetti et al. 2001; Cassano & Brunetti 2005;
Brunetti & Lazarian 2007; Pinzke et al. 2017; Nishiwaki et al.
2021). However, due to the low efficiency of this mechanism
(see, e.g., Brunetti & Lazarian 2011), these models predict the
existence of a large population of radio halos with very steep
spectra (Cassano et al. 2006; Brunetti et al. 2008). Specifically,
due to synchrotron and inverse Compton (IC) losses, the maxi-
mum energy of electrons that are reaccelerated by second-order
mechanisms in the ICM is generally estimated to be in the
range 1-10GeV, implying a maximum synchrotron frequency
(v, break frequency) in the radio band and a gradual steepening
of the synchrotron spectrum above this frequency (Cassano et al.
2010a), which is proportional to the ICM acceleration efficiency
x (Cassano et al. 2006):

B)(2

« 2 2 2’
(B* + BCMB)

ey

Vb

where B represents the cluster magnetic field, while Beypg =
3.2(1 + z)> uG is the equivalent magnetic field strength of the
cosmic microwave background (CMB) at redshift z. In this sce-
nario, the acceleration efficiency depends on the specific accel-
eration mechanism and turbulent properties of the ICM. Accel-
eration efficiency is generally expected to increase with cluster
mass, as the turbulent energy budget and turbulent energy flux
in more massive clusters are larger (e.g., y o M*3, with M
the mass of the main cluster undergoing the merger'; see also
Eq. (3) of Cassano et al. 2010a). This leads to the prediction of
turbulent models that less energetic merger events, that is, minor
mergers or mergers in less massive systems, generate radio halos
with steeper spectra (Cassano et al. 2006; Brunetti & Lazarian
2007; Brunetti et al. 2008). Since the vast majority of mergers
in the Universe involve low-mass systems, these models predict
the existence of a vast population of radio halos with very steep
spectra (Cassano et al. 2010a). These radio halos, referred to as
ultra-steep-spectrum radio halos (USSRH), are predicted to have
synchrotron spectral indices @ < —1.5. This is steeper than the
typical @ ~ —1.2 to —1.3 found in radio halos observed in high-
frequency radio surveys (e.g., Giovannini et al. 1999), which are
usually associated with more massive clusters.

Thus, observations of USSRH constitute a unique tool for
constraining the origin of radio halos. In recent years, a growing
number of USSRH have been found through single-target stud-
ies of galaxy clusters (e.g., Brunetti et al. 2008; Bonafede et al.
2012; Wilber et al. 2018; Di Gennaro et al. 2021; Bruno et al.
2021; Edler et al. 2022). The existence of these systems has also
been used to further challenge the hadronic origin of giant radio
halos (Brunetti et al. 2008; Bruno et al. 2021). However, it is still
unclear whether they are hints of the emergence of a large popu-
lation or if they constitute peculiar cases.

In this article, we explore the potential of the two radio sur-
veys that are being carried out by the LOw Frequency ARray
(LOFAR, van Haarlem et al. 2013) for the study of the spec-
tral properties of radio halos in galaxy clusters. We present
the results based on the currently available data, demonstrat-
ing their potential impact and presenting their weaknesses. Our
results will also be put into context with state-of-the-art theo-
retical models for the origin of radio halos, with the caveat that

' This comes from the proportionality between break frequency and
mass; see e.g., Cassano & Brunetti (2005).
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the present data do not allow us to derive any conclusions about
their nature. Throughout this work, we adopt a A cold dark mat-
ter (ACDM) cosmology with Hy = 70kms~' Mpc™!, Q4 = 0.7,
and QM =1 —QA =0.3.

2. Sample and spectral index measurement

We used the Data Release 1 (DR1) of the LOFAR LBA Sky
Survey (LoLSS, de Gasperin et al. 2021, 2023), performed at
a central frequency of 54 MHz, together with the DR2 of the
LOFAR Two-Metre Sky Survey (LoTSS, Shimwell et al. 2017,
2019, 2022) at 144 MHz. We examined emission from galaxy
clusters in the HETDEX Spring field?, which has been mapped
by both surveys for a total area of 650deg®. Our aim is to
measure the spectral index of radio halos in the largest pos-
sible sample of systems, estimate the fraction of USSRH, and
thereby constrain theoretical models. We started with the all-sky
Planck Sunyaev-Zeldovich 2 (PSZ2) catalog of galaxy clusters
(Planck Collaboration XXVII 2016), which provides Sunyaev-
Zeldovich (SZ) masses, and matched them to LoLSS DRI. If
a system is covered by at least one pointing and the primary
beam response at its position is above 30%, 144 MHz LoTSS
observations were also retrieved and the cluster was included
in our initial sample. This sample contains 49 PSZ2 galaxy
clusters with observations at both 54 and 144 MHz. We also
retrieved archival X-ray observations with either Chandra or
XMM-Newton (Botteon et al. 2022; Zhang et al. 2023) for 33
of these systems. The calibration strategy for LOFAR data is
described in Appendix A, while a discussion of possible selec-
tion effects and biases is provided in Appendix D. After calibra-
tion, we produced 54 and 144 MHz images at multiple angular
resolutions for all galaxy clusters in our sample. To avoid spuri-
ous emission from active galactic nuclei (AGNs), we subtracted
compact sources from the uv data by removing all sources in the
field of the target with a largest linear size (LLS) smaller than
250 kpc at each cluster redshift. Additional details can be found
in Appendix A.

We then carefully inspected the 54 MHz images of our ini-
tial sample and compared them with the 144 MHz LoTSS cata-
logs of radio halos by Botteon et al. (2022) and van Weeren et al.
(2021), where a first classification of diffuse emission had
already been performed. Among the 49 clusters of our sam-
ple, 19 also described in these studies were reported to host
either a confirmed or a candidate’® radio halo, with one system
(PSZ2G107.10+65.32, i.e., A1758) already known to host two
(Botteon et al. 2018). At 54 MHz, we were able to confirm the
presence of diffuse emission even at low frequency in all of these
19 clusters (20 halos in total). X-ray observations were eventu-
ally exploited to confirm the detection when available. We did
not detect diffuse emission at 54 MHz in clusters for which no
radio halos had previously been found at 144 MHz.

Since our aim was to include only radio halos whose clas-
sification and spectral index can be accurately determined, we
decided to exclude a number of systems whose diffuse emission
was too complicated to disentangle from spurious sources. This
is primarily due to complex compact-source subtraction, uncer-
tain classification at 54 MHz, and contamination by AGN emis-
sion. Furthermore, most of these systems did not have a conclu-
sive classification at 144 MHz in van Weeren et al. (2021) and

2 RA: 11h to 16h and Dec: 45° to 62°, Hill et al. (2008).
3 i.e., radio emission detected but no X-ray observation available, as
defined in Botteon et al. (2022).



Pasini, T., et al.: A&A, 689, A218 (2024)

Table 1. Flux density and spectral indeces of our sample of radio halos

Cluster name S ?‘r‘}’[HZ S JAMHz S i‘r‘:‘MHZ S Ja4MHz ay,, @30 Image
(mJy] (mJy] [mJy] (mJy]

PSZ2G086.93+53.18 6+3 25+7 0.7+0.2 3.1+0.5 -2.20+0.61 -2.15+0.32 T90 (=150kpc)
PS72G096.83+52.49 122 +21 288+43 20.8+2.2 43.8+4.5 -1.80+0.30 -1.92+0.17 T100kpc
PSZ2G099.86+58.45 34+5 22+4 6.5+0.8 43+0.6 -1.67+0.26 -1.66=0.27 T50 kpc
PS7Z2G107.10+65.32N  205+14 1084 +69 655+6.6 3148+315 -1.16+024 -1.26+0.04 T100kpc
PS7Z2G107.10+65.32S 78 +15 248 +33  24.8+29 83.7+8.9 -1.17+046 -1.11+0.26 T50kpc
PSZ2G111.75+70.37 37+7 205 +26 51+0.6 27+3.0 -2.02+0.27 -2.07+0.14 T100 kpc
PS72G114.31+64.89 149+12 324+23 239+24 432+44 -1.87+0.16 -2.05+0.05 T50kpce
PS7Z2G133.60+69.04 318+33 590+54 62.7+63 1158+12.1 -1.66+020 -1.66+0.11 T50kpc
PSZ2G135.17+65.43 36+8 50+10 10.7+1.2 16.6 £ 1.8 -1.24+047 -1.12+0.39 T50 kpc
PSZ2G139.18+56.37 303+£20 1249+82 96.5+9.7 2923+293 -1.17+024 -1.48+0.04 T50kpc
PS72G143.26+65.24 33+6 115+ 14 73+1.0 28.3+3.0 -1.54+0.35 -143+0.19 T100kpc

Notes. The table lists, from first to last column: cluster name, 54 MHz halo flux density estimated within 1 e-folding radius and within 30
144 MHz contours, 144 MHz halo flux density estimated within 1 e-folding radius and within 30~ 144 MHz contours, spectral index estimated
within 1 e-folding radius and within 30~ 144 MHz contours, source-subtracted image used for flux density measurement (T50 kpc = taper 50 kpc,

T100 kpc = taper 100 kpc, T90 = taper 90”).

Botteon et al. (2022), and were labeled as candidate halos*. The
masses of the excluded systems cover the entire mass range of
our initial sample. Additionally, our selection criteria are inde-
pendent of cluster mass and are solely dictated by instrumen-
tal limitations. In addition, we also applied a cut in redshift at
z < 0.7. This was motivated by the fact that, at higher red-
shifts, a ~250kpc diffuse source (which is the threshold of our
compact-source subtraction) would be smaller than ~30”, which
is roughly one-third of the lowest image beam used to detect our
radio halos. Therefore, at this redshift, it would not be possible
to distinguish diffuse emission from spurious sources (e.g., rem-
nant AGN plasma, leftovers of source subtraction, etc.). Because
of this threshold, one system (PSZ2G084.10+58.72, z = 0.731)
was excluded from the final sample. In Table B.1, we provide a
complete list of all the initial 19 systems that host diffuse emis-
sion, specifying whether they were included or excluded in the
final sample and, in the latter case, we briefly explain the main
reason. These limitations significantly affect our analysis and
have a much higher impact in LoLSS than in LoTSS, where the
higher resolution allows for a more accurate subtraction of spu-
rious emission.

After this cut, the final sample includes ten galaxy clusters
with halos, including A1758, which hosts two, for a total of 11
radio halos. The complete list can be found in Table 1. We then
measured the flux density of our radio halos at 54 and 144 MHz,
and calculated their integrated spectral index. The measurement
was taken from circular regions centered on the peak of the
halo as detected at 144 MHz in Botteon et al. (2022), and with
a radius corresponding to one e-folding radius (r.) as estimated
at 144 MHz. We also tested the accuracy of this method by
performing an additional flux density estimate at both frequen-
cies within 30 contours derived at 144 MHz. A thorough and
detailed discussion of all these measurements, their motivations,
and their impact on our results can be found in Appendix C.
The k-corrected flux densities of our halos derived within r. and
within 30~ contours, and the resulting spectral indices> are listed
in Table 1.

4 Although this was purely based on the lack of X-ray observations,
which prevented them from being able to confirm their nature.
3> see Appendix C for more details.

5
4.—
3.—
=2
2.—
1.—
0——=1 -13 -15 -17 -19 -21 -23
a144MHZ
54 MHz

Fig. 1. Spectral index distribution of the study sample of 11 radio halos,
estimated within a region centered on the halo and with radius 1.

3. Results and discussion

In Fig. 1, we show the spectral index distribution for our sam-
ple. Out of 11 halos, seven (~64%) exhibit @« < —1.5. There-
fore, with the currently available data and techniques, a large
fraction of the low-frequency (<150 MHz) radio halo popula-
tion seems to show an ultra-steep spectrum, in line with predic-
tions from, for example, Cassano et al. (2010a), who argued that
more than half of radio halos that would have been observed
with LOFAR would have an ultra-steep spectral index. This key
prediction is tied to the fact that the spectra of radio halos are
expected to become statistically steeper in radio halos gener-
ated in less massive systems (Cassano et al. 2006; Cuciti et al.
2021). Sunyaev-Zeldovich (SZ) mass estimates are available for
our entire sample: the vast majority of these systems (>80%)
has M < 7 x 10" M, suggesting that a large fraction should
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host steep spectrum halos, which is consistent with our findings.
While previous single-target studies (see Sect. 1) had already
found a number of halos with steep spectra, this is the first time
that this can be confirmed through a larger (albeit still small),
self-consistent sample. Our results suggest that previous giga-
hertz surveys may have only begun to uncover the full extent
of the halo population. These surveys were capable of detect-
ing only those halos with sufficiently flat spectra (@ ~ —1.2)
to be visible at relatively high frequencies. However, consid-
ering these findings, the vast majority of the halo population
could instead exhibit ultra-steep spectra, which leads to very
strong constraints on their origin. As thoroughly discussed in
Brunetti et al. (2008), it is difficult to explain the formation of
such sources using hadronic models since this would imply a
steep spectral energy distribution for protons and, as a conse-
quence, a domination of nonthermal protons in clusters. On the
other hand, the existence of USSRH is naturally predicted from
turbulent models, as already discussed in Sect. 1. That said, it is
important to note the limitations and potential sources of errors
in our method.

First, the starting sample of 20 radio halos has been signifi-
cantly reduced to a point where the statistics, although still rel-
evant, are too poor to derive any conclusive results. With the
currently available data, there is no way to improve our analy-
sis without including systems previously excluded due to uncer-
tain spectral index measurements. However, doing so would
introduce different types of uncertainties into our results. In the
immediate future, LoLSS DR2 will, however, enable an increase
in the number of detectable radio halos. Botteon et al. (2022)
find a total of 80 galaxy clusters hosting radio halos in the DR2
of LoTSS. When combining it with LoLSS, it is likely that we
will still be forced to exclude a number of systems because of the
same issues that impacted this work (low resolution, poor com-
plex source subtraction, etc.). If we assume that a similar fraction
(around 50%) of clusters is lost, 40 radio halos will still consti-
tute a significantly large sample, and the results will be consider-
ably more robust. High-resolution observations to be conducted
using LOFAR International Stations (IS) and LOFAR2.0 in the
coming years will significantly enhance the accuracy of compact
source subtraction.

Finally, it is worth noting that a potential tendency is detected
for less massive systems in our sample to host halos with steeper
spectra, while massive clusters seem to exhibit flatter halos.
While this is a crucial prediction of turbulent models, the statis-
tics are too poor to allow for a deeper analysis. Thus, we reserve
this discussion for future work, where we will exploit the full
DR2 of LoLSS to significantly increase the sample of halos. This
is essential since, if confirmed, this would be robust proof that
radio halos with very steep spectra are common in radio surveys
at low frequencies. The results would clearly support the cur-
rently prevalent theoretical picture, which assumes that relativis-
tic electrons in the ICM originate from reacceleration mecha-
nisms activated by cluster merger-driven turbulence, rather than
from hadronic processes. Finally, it would conclusively prove
that a fraction of the kinetic energy associated with the motions
of the matter on large scales is channelled into electromagnetic
fluctuations in the plasma and on nonthermal components.

4. Conclusions

In this paper, we have combined data from currently available
observations of the two LOFAR surveys, LoTSS and LoLSS, to
derive integrated spectral indices for a sample of radio halos.
We have discussed our results, including the potential sources of
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errors and limitations and their impact on formation models of
halos. Our results can be summarized as follows:

— We have followed up with LoLSS a sample of 20 radio halos
that were first observed with LoTSS. All of these sources are
also detected at 54 MHz. After compact-source subtraction,
we excluded nine halos because of leftover AGN or com-
pact emission, resulting from the relatively low resolution of
LoLSS, which does not always allow for the accurate sub-
traction of spurious sources.

— We measured the halo spectral index between 54 and
144 MHz for all of the remaining 11 radio halos. We find
that seven of them (~64%) have an ultra-steep spectrum
(¢ < —1.5). This is in line with theoretical expectations
based on turbulent reacceleration models, which predict a
high fraction of ultra-steep spectrum halos at low frequency.

— We observe a tentative trend indicating that more massive
clusters tend to host flatter radio halos. However, due to the
currently limited statistical data, we defer a detailed discus-
sion of this observation to future work that will utilize a
much larger sample.

— We have discussed the limitations of our study. The current
status of LoLSS and its relatively low-resolution result in
low statistics, which cannot be used to conclusively deter-
mine the origin of radio halos. LoLSS DR2 will significantly
increase the sample, as did LoTSS, whose DR2 contains
around 80 new radio halos. Combined with the increased
resolution provided by LOFAR international stations, it will
finally elucidate the role of turbulent reacceleration in the
origin of radio halos in galaxy clusters.
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Appendix A: Data calibration
A.1. LBA observations and calibration procedure

Our clusters were observed as part of the LoLSS survey. LoLSS
is performed by observing different pointings so that the north-
ern sky at Dec. >24° is covered with a sensitivity that is close
to uniform (see de Gasperin et al. 2021 and de Gasperin et al.
2023 for more detail). Each pointing is independently calibrated
using the automated Pipeline for LOFAR LBA (PiLL®). Since all
the details are thoroughly discussed in de Gasperin et al. (2021)
and de Gasperin et al. (2023), here we only summarize the main
steps. Phase and bandpass solutions are derived through the
default pre-processing pipeline (DP3, van Diepen et al. 2018)
from calibrators that are simultaneously observed with the tar-
gets (making use of the multi-beam capability of LOFAR) and
transferred to the target field. Faraday rotation, second-order
beam errors, and direction-averaged ionospheric delays are then
corrected through direction-independent calibration. To correct
for direction-dependent errors, all sources are subtracted from
the visibilities, and then only the brightest source is re-added
(DD calibrator). Calibration solutions are derived from this
source through self-calibration in DP3, then subtracted again
the DD calibrator more accurately. This process is performed
on every sufficiently bright source in the field of view (FoV).
The FoV is then divided into facets depending on the positions
of all DD sources, calibrating each facet using the solutions of
the corresponding DD source. This process is performed through
DDFacet (Tasse et al. 2021).

A.2. Extraction and imaging

Each cluster of our sample is covered by one or more sur-
vey pointings, which have been calibrated following the stan-
dard procedure described above. However, survey images are
often affected by issues such as calibration artefacts, smear-
ing (i.e., elongation or blurring of sources) and reduction in
dynamic range. These effects occur due to beam errors and iono-
spheric disturbances, which can be relevant, especially in the
case of wide-field images. To improve the image fidelity and
dynamic range, we post-process LoLSS data by exploiting a
strategy that has already been applied successfully to both 144
MHz observations (van Weeren et al. 2021; Botteon et al. 2022)
and 54 MHz observations (e.g., Edler et al. 2022; Cuciti et al.
2022; Pasini et al. 2022). The corresponding workflow is sum-
marized in van Weeren et al. (2021) for 144 MHz data, while
we already described our 54 MHz implementation in detail in
Pasini et al. (2022). Here we summarize the main steps, which
involve an algorithm that has been suitably improved to deal
with all current and future LoLSS observations. A region was
chosen around the target source in each pointing with beam sen-
sitivity at the target position above 30%. The choice is based on
the flux density within this region, which typically has an extent
of 15" —20’. All sources outside this extraction region were sub-
tracted, shifting the phase center to the region’s center and aver-
aging all data in time and frequency. Pointings with higher beam
sensitivity contribute more to the final combined dataset. Self-
calibration was then performed through WSClean (Offringa et al.
2014) and DP3. The accuracy of the flux density scale was com-
pared to LoLSS to check for correctness. The extraction pipeline
is included in the Library for Low Frequency (LiLF) package’.

% Publicly available at https://github.com/revoltek/LiLF
7 https://github.com/revoltek/LiLF/tree/master/
pipelines
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For each target, we produced images at nominal and high res-
olution, setting Briggs 0 and Briggs -0.6, respectively. We
also produced a number of images at low resolution. This was
done by setting Briggs -0.3, but tapering visibilities at 30”
and 90” and to an angular scale corresponding to 50 and 100
kpc at the cluster redshift. In addition, we subtracted compact
sources using the following procedure to highlight the diffuse
emission better. First, we produced a high-resolution image by
setting Briggs -1 and by cutting visibilities below a certain
threshold so that everything with the largest linear size (LLS)
below 250 kpc gets removed. Therefore, the angular size of the
threshold depends on the cluster redshift. We also tested dif-
ferent values, including 350 and 400 kpc, since extended AGN
emission (e.g., remnant plasma from past AGN outbursts) likely
constitutes the dominant contaminating factor, especially at 54
MHz, when studying diffuse emission. We find that 250 kpc
works best for our purposes since it removes the vast majority
of AGN emission and leaves diffuse emission intact. The clean
components of this high-resolution image that constitute our
model were then subtracted from the overall visibilities, leaving
only the diffuse emission. We separately produced multiple low-
resolution images for these source-subtracted datasets by apply-
ing the same tapering discussed above. The typical rms noise
is ~1.5, ~2.5, and ~4 mly beam~! for nominal resolution, 30”'-
, and 90”-tapered images, respectively, while tapering visibili-
ties at 50 and 100 kpc usually leads to 1.5 and 1.7 mJy beam™.
Images of the whole sample at both 54 and 144 MHz can be
found in Appendix E.

A.3. HBA observations

We exploited the 144 MHz LoTSS observations of our clus-
ters discussed in van Weeren et al. (2021) to estimate the syn-
chrotron spectral index. In particular, we used the same data
that was previously extracted and calibrated in Botteon et al.
(2022)%. All targets have undergone a similar procedure to what
was described above for 54 MHz, including a consistent, com-
pact source subtraction. We refer the reader to van Weeren et al.
(2021) and Botteon et al. (2022) for further details.

A.4. X-ray observations

Since radio halos are known to be spatially and physically
correlated (Cassano et al. 2010b) with thermal emission from
the ICM, we used the same X-ray observations exploited
in Botteon et al. (2022) and Zhang et al. (2023) to check the
presence of halos at 54 MHz. These are typically archival
Chandra or XMM-Newton observations processed with CIAO
4.11 using CalDB v4.8.2 and SAS v16.1.0 following the stan-
dard data reduction procedure for the two instruments. We refer
to van Weeren et al. (2021) for further calibration details and to
Botteon et al. (2022) for the combination with 144 MHz obser-
vations.

Appendix B: Initial sample

Table B.1 provides a complete table of the initial sample of PSZ
galaxy clusters analyzed in this work.

8 https://lofar-surveys.org/planck_dr2.html


https://github.com/revoltek/LiLF
https://github.com/revoltek/LiLF/tree/master/pipelines
https://github.com/revoltek/LiLF/tree/master/pipelines
https://lofar-surveys.org/planck_dr2.html

Pasini, T., et al.: A&A, 689, A218 (2024)

Table B.1. Properties of the initial sample of PSZ galaxy clusters

PSZ2 Name Abell Name z Mass Included Reason for exclusion

(10" Mo]
PSZ2G080.16+57.65 A2018 0.0878 2.51+0.21 No Halo emission mixed with old plasma
PSZ2G080.70+48.31 A2136 0.235 320+041 No Small-scale emission (mini-halo?)
PSZ2G081.02+50.57 / 0.501 4.69+0.54 No Complex source subtraction
PSZ2G084.10+58.72 / 0.731 540+0.62 No High redshift
PSZ2G086.93+53.18 / 0.6752 545 +0.51 Yes /
PSZ72G096.83+52.49 A1995 0.318 492+037 Yes /
PSZ2G099.86+58.45 / 0.616  6.85+0.49 Yes /
PSZ2G106.61+66.71 / 0.3314 4.67 £0.56 No Complex source subtraction
PSZ2G107.10+65.32N  A1758N 0.2799 8.00 £0.50 Yes /
PSZ2G107.10+65.32S  A1758S 0.2799 5.10+£0.40 Yes /
PSZ2G111.75+70.37 A1697 0.183  434+033 Yes /
PSZ2G112.48+56.99 A1767 0.070 299+0.15 No Complex source subtraction
PSZ2G114.31+64.89 A1703 0.2836 6.76 £ 0.37 Yes /
PSZ2G118.34+68.79 / 0.2549 3.77+049 No Complex source subtraction
PSZ2G133.60+69.04 A1550 0.254  5.88+0.40 Yes /
PSZ2G135.17+65.43 / 0.5436  6.01 £0.60 Yes /
PSZ2G139.18+56.37 A1351 0.322  6.87+0.38 Yes /
PSZ2G143.26+65.24 A1430 0.3634 7.65+0.43 Yes /
PSZ2G150.56+58.32 / 0466  7.55+0.51 No Complex source subtraction
PSZ2G156.26+59.64 / 0.6175 6.77 £0.60 No Complex source subtraction

Notes. The table lists our initial sample of PSZ2 galaxy clusters hosting either confirmed or candidate radio halos, following the classification of
(Botteon et al. 2022), together with their Abell name, redshift and mass. The last two columns report whether the cluster was included in the final

sample and, if not, the main reason for the exclusion.

Appendix C: Flux density and spectral index
measurement

To calculate the spectral indices of these 11 halos, we measured
their flux density at 54 and 144 MHz. This was done for each
system at the highest resolution at which the combination of
image quality, source subtraction, and halo visibility was best. To
measure the halo flux density, recent studies (e.g., Osinga et al.
2021; Botteon et al. 2022; Bruno et al. 2023) have exploited the
Halo-FDCA algorithm (Boxelaar et al. 2021), which fits the sur-
face brightness radial profile of radio halos with an exponen-
tial function. However, the low S/N of most radio halos at 54
MHz does not allow a reliable fit with this procedure. Further-
more, the algorithm is currently not able to simultaneously fit
the surface brightness at the two frequencies (see Botteon et al.
2022 for a discussion of the algorithm limitations). This restric-
tion impacts our analysis since performing independent fits at
the two frequencies would likely lead us to sample (slightly) dif-
ferent areas of diffuse emission, which would translate into an
erroneous spectral index value.

Hence, the calculation of the halo flux density at each fre-
quency is done from circular regions centered on the peak
of the halo as detected at 144 MHz in Botteon et al. (2022)°,
with a radius corresponding to one e-folding radius (r.) as esti-
mated at 144 MHz. This is motivated by the fact that r., which
describes the size of the radio halo through an exponential pro-
file I(r) oc e7"/™, is defined as the radius at which the halo sur-
face brightness goes down by a factor of 1/e (and thus is roughly
one-third of the emission peak). Therefore, it yields a constant
fraction S, ~ 30% of the total flux density (e.g., Bruno et al.

° Spurious sources which are not part of the halo emission (e.g., left-
overs of the source subtraction, old and diffuse AGN plasma) were
excluded from the flux density calculation when clearly distinguishable.

2023; Cassano et al. 2023). Typically, 3r. is used as a refer-
ence, which recovers ~80% of the total flux density. However,
we decided to use 17, to exclude any contamination by spurious
sources as much as possible. In some of our systems, using 37,
would have implied making wide use of masks, which we tried to
avoid to provide a consistent, easily reproducible measurement.
Even though we might miss halo flux in the outskirts, it should
still provide accurate estimates of the integrated spectral index.
Currently, only a few known cases of radio halos show gradi-
ents in the synchrotron spectrum steepness moving from the halo
center toward the periphery. One of these is the halo hosted in
Coma, which is the closest known to date (Brunetti et al. 2001;
Bonafede et al. 2022). Nevertheless, we expect the integrated
spectral index to be barely affected by any gradient, as it is
weighted by the flux density.

Uncertainties on the flux density, S, were then derived
using
0% = ]vbf:amso-2 + O-sub + (f X S)2 5

rms

(C.1)

where f = 0.1 for 144 MHz data and f = 0.06 for 54 MHz
data is the absolute flux-scale uncertainty (Shimwell et al. 2019,
2022; de Gasperin et al. 2023), Npeams the number of beams cov-
ering the halo (within 1 r.), os the image noise, and o, the
uncertainty due to compact source subtraction. The latter is given
by

2 2
T2 = " NocamsiTome: (C2)
i

where the sum is taken over all the i sources that were subtracted
within the region in which the flux density is estimated.
Residual images were carefully inspected to check for the
presence of non-deconvolved emission, which could lead to over-
estimating the flux density. For all our systems, the flux density
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within the same region (i.e., acircle with radius = 17, ) as measured
from residual images was consistent with 0, as expected.

In addition, as an independent check, we also calculated
the spectral index by measuring the flux density of each halo
at the two frequencies within the 30~ contours derived at 144
MHz. With this method, we might mistakenly include spuri-
ous emission that was not completely subtracted by our pro-
cedure, but for the majority of the sample, we should still be
able to get a good spectral index estimate. With this alterna-
tive measurement, our aim is to confirm that using 1r. did
not yield any bias due, for example, to the relatively small
dimensions of the region. Finally, we checked the literature
for the few systems for which a spectral index (within the
same or a different frequency interval) had already been mea-
sured (Botteon et al. 2020; Di Gennaro et al. 2021; Hoeft et al.
2021; Pasini et al. 2022). We find consistent values for the spec-
tral index with all three methods, the only exception being
PSZ2G099.86+58.45. In this system, Di Gennaro et al. (2021)
reports an overall integrated spectral index of @§3) = 1.00+0.13
(measured on the whole halo extent). With our data, we find
instead @ = —1.67 + 0.26 between 54 and 144 MHz (within
17.). The discrepancy is most likely due to the combination
of a relatively high redshift (z =0.616), the complex morphol-
ogy of the source, and a large number of radio AGN located
within the halo (see also Fig. A.4 of Di Gennaro et al. (2021)),
which all make the subtraction of compact sources significantly
harder, especially at 54 MHz where the S/N is lower and the
image beam larger. It is also worth noting that Di Gennaro et al.
(2021) reports regions with a significantly steeper spectral index
(@ ~ —1.6) in the central part of the halo. Although deeper obser-
vations would be beneficial in shedding more light on this issue,
we still chose to include the system in our sample so as not to
introduce a selection effect.

Finally, the spectral index and associated error were esti-
mated by using

2, InS;—InS, N 1 (ﬂ) +(2) , (C.3)

' lnvy—Ilnv; ~ lnv, —Inv; V\S, S,

where S| and S, are the flux densities at frequencies v; and v»,
respectively, while o is the corresponding error.

Appendix D: Selection bias

In this section, we discuss the possibility that the detection of
a significant population of USSRH in Fig. 1 might be driven
by selection effects that originate from the different sensitivity
of LoTSS and LoLSS at their respective frequency. First of all,
a straightforward calculation (see also de Gasperin et al. 2023)
shows that, if we take into account the reported sensitivity of
the two surveys (~0.1 and ~1 mJy beam™' at 144 and 54 MHz,
respectively), and we rescale them to the same beam, the spec-
tral index between them is ~-0.5. This means that sources on
the edge of LoTSS sensitivity might not be detected in LoLSS
if their spectrum is flatter than this value since their emission at
54 MHz would fall below its sensitivity limit. On the other hand,
we should detect all sources with a spectrum steeper than -0.5,
including all radio halos.

We also compared the radio power of our halos as a function
of the redshift with the sensitivity curves of LoTSS and LoLSS.
First we used Eq. 2 from (Cassano et al. 2023) to derive the min-
imum luminosity detectable at 54 MHz by LoLSS by assuming
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Fig. D.1. Radio power at 54 MHz of radio halos vs. redshift (red cir-
cles). The purple curve represents the 50% PSZ2 completeness line
converted to 54 MHz radio power following the power-mass correla-
tion of (Cassano et al. 2023) and assuming @ = —1.5. The blue curve
is the minimum luminosity detectable at 54 MHz by LOFAR following
Eq. 2 of (Cassano et al. 2023), estimated assuming 7. = 150 kpc and a
resolution of 100 kpc. The red, green, and yellow curves report instead
the minimum luminosity detectable at 144 MHz by LOFAR under the
same assumptions, converted to 54 MHz assuming @ = -2,-1.5, and
—1, respectively.

re = 150 kpc'? at a resolution of 100 kpc (converted into arc-
seconds at the cluster redshift), which is the typical resolution of
the images that we have used to detect radio halos. We assumed a
conservative rms noise of 3 mJy/beam, which is the highest noise
we find among the images of our halos at that resolution. We
did the same for LoTSS, converting the 144 MHz luminosity to
54 MHz by assuming different spectral indices: -1, -1.5, and -2.
Finally, we sampled the PSZ2 selection effect, similarly to what
was done in (Cassano et al. 2023). We estimated the 150 MHz
radio power corresponding to the 50% PSZ2 completeness curve
(M, z) in Fig. 1 of (Cassano et al. 2023), using the radio power-
cluster mass correlation found for LoTSS-DR2 radio halos (see
Eq. 1 of (Cassano et al. 2023)). We then converted the 150 MHz
radio power to 54 MHz by assuming a spectral index @ = —1.5.
The result is shown in Fig. D.1.

The plot clearly shows that, within the redshift range of our
clusters (0.18 < z < 0.7), the detection of radio halos is not dom-
inated by the sensitivity of either LoTSS or LoLSS, as the vast
majority of our systems lie above or are consistent with their
minimum luminosity curves. This is also supported by the fact
that all our radio halos detected in LoTSS are also observed
in LoLSS. The distribution of our clusters in the radio power-
redshift plane of Fig. D.1 is determined by the PSZ2 complete-
ness curve, which dominates over the sensitivity of the two sur-
veys. One system (PSZ2G086.93+53.18) lies well below the
sensitivity curves. However, the corresponding images are char-
acterized by a lower rms noise than the sensitivity curve (~3
mlJy/beam), and it is the only halo that we detected by tapering
visibilities to 90”". We can thus conclude that our results are not
substantially driven by selection effects that could prevent the
detection of radio halos with different spectral properties, such
as the LOFAR sensitivity at the two frequencies.

10 rescaled to angular size at a given redshift, and correspondent to 6,

in Eq. 2.
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Appendix E: Images

In this section, we show high- and source-subtracted low-resolution images at 54 and 144 MHz of our sample of radio halos. For
each target, the low-resolution images are at the resolution from which the halo flux density was estimated. Images of the whole
initial sample of clusters, as well as X-ray maps, can be found at https://lofar-surveys.org/planck_dr2.html.

52952 52°52' 5252 52°52'

ned:non
De(l:non
Decl:non
Decl:non

4 4 v a4 a4
100 kpe 100 kpc

100 kpe

15"14730° 15° 00° 13745° 30°

] 3
15"14730°  15° 00° 13m45° 30° 15"4730°  15° 00° 13m45¢ 30° 15"4m30°  15° 00° 13m45¢ 30°
Right Ascension Right Ascension Right Ascension Right Ascension

Fig. E.1. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G086.93+53.18. Low-resolution images were produced by tapering visibilities at 90”. Their rms noise is ~5 and ~1 mJy beam™" at 54
and 144 MHz, respectively. The yellow circle denotes 1 ..
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Fig. E.2. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ72G096.83+52.49. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 100 kpc at the clus-
ter redshift. Their 7ms noise is ~4 and ~0.15 mJy beam™" at 54 and 144 MHz, respectively. The yellow circle denotes 1 7.
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Fig. E.3. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G099.86+58.45. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 50 kpc at the cluster
redshift. Their rms noise is ~1.7 and ~0.1 mJy beam™! at 54 and 144 MHz, respectively. The yellow circle denotes 1 7.
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Fig. EA4. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of

PSZ2G107.10+65.32. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 100 kpc at the clus-
ter redshift. Their rms noise is ~2.5 and ~0.18 mJy beam™' at 54 and 144 MHz, respectively. The yellow circles denote 1 r, for both halos.
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Fig. E.5. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G111.75+70.37. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 100 kpc at the clus-
ter redshift. Their 7ms noise is ~4.4 and ~0.22 mJy beam™' at 54 and 144 MHz, respectively. The yellow circle denotes 1 r..
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Fig. E.6. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G114.31+64.89. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 50 kpc at the cluster
redshift. Their rms noise is ~2.4 and ~0.1 mJy beam™' at 54 and 144 MHz, respectively. The yellow circle denotes 1 r..
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Fig. E.7. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ72G133.60+69.04. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 50 kpc at the cluster
redshift. Their 7ms noise is ~1.5 and ~0.12 mJy beam™' at 54 and 144 MHz, respectively. The yellow circle denotes 1 r,.
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Fig. E8. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G135.17+65.43. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 50 kpc at the cluster
redshift. Their rms noise is ~1.5 and ~0.11 mJy beam™! at 54 and 144 MHz, respectively. The yellow circle denotes 1 r,.
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Fig. E9. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G139.18+56.37. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 50 kpc at the cluster
redshift. Their 7ms noise is ~2.3 and ~0.09 mJy beam™' at 54 and 144 MHz, respectively. The yellow circle denotes 1 r..
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Fig. E10. From left to right: 54 MHz briggs, 144 MHz briggs, 54 MHz low-resolution, and 144 MHz low-resolution images of
PSZ2G143.26+65.24. Low-resolution images were produced by tapering visibilities at an angular scale corresponding to 100 kpc at the clus-
ter redshift. Their 7ms noise is ~1.8 and ~0.17 mJy beam™! at 54 and 144 MHz, respectively. The yellow circle denotes 1 7.
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