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Abstract

Radio-mode feedback associated with the active galactic nuclei
(AGN) at the cores of galaxy clusters injects large amount of
energy into the intracluster medium (ICM), offsetting radiative
losses through X-ray emission. This mechanism prevents the ICM
from rapidly cooling down and fueling extreme starburst activ-
ity as it accretes onto the central galaxies, and is therefore a key
ingredient in the evolution of galaxy clusters. However, the in-
fluence and mode of feedback at high redshifts (z ∼ 1) remains
largely unknown. Low-frequency sub-arcsecond resolution radio
observations taken with the International LOFAR Telescope have
demonstrated their ability to assist X-ray observations with con-
straining the energy output from the AGNs (or "cavity power") in
galaxy clusters, thereby enabling research at higher redshifts than
before. In this pilot project, we test this hybrid method on a high
redshift (0.6 < z < 1.3) sample of 13 galaxy clusters for the first
time with the aim of verifying the performance of this method
at these redshifts and providing the first estimates of the cavity
power associated with the central AGN for a sample of distant
clusters. We were able to detect clear radio lobes in three out of
thirteen galaxy clusters, and use these detections in combination
with ICM pressures obtained from X-ray observations to calculate
the corresponding cavity powers of the AGNs. By combining our
results with the literature, the current data appear to suggest that
the average cavity power peaked at a redshift of z ∼ 0.4 and slowly
decreases toward higher redshifts. However, we require more and
tighter constraints on the cavity volume and a better understand-
ing of our observational systematics to confirm any deviation of
the cavity power trend from a constant level.
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5.1 Introduction
A feedback cycle is created when supermassive black holes (SMBHs) in the cores
of (proto-)cluster galaxies accrete cooling gas and accelerate relativistic jets into
their environment. This re-energizes the cooling gas, and is therefore understood
to play a critical role in the formation and evolution of galaxy clusters (e.g., Mc-
Namara & Nulsen 2007; Fabian 2012; Gitti et al. 2012a). However, observational
constraints have limited our knowledge about this feedback process mainly to the
local Universe, leaving a Gyr-scale blind spot on one of the most influential epochs
in which this process took place: the formation and early evolution of our present-
day galaxy clusters.

As the hot and diffuse intracluster medium (ICM) permeating a cluster of
galaxies cools down through the emission of X-rays, it sinks down toward the
gravitational center of the cluster in the form of a “cooling flow” (Fabian 1994).
There, it accretes onto the central brightest cluster galaxy (BCG), which typically
dominates the core of the cluster, where it is expected to lead to an extremely high
star-formation rate. However, as this cooling flow also feeds the central SMBH,
it creates an active galactic nucleus (AGN), which releases a significant fraction
of the mass-energy of the accreting gas into the cluster environment in the form
of radiation (“quasar-mode” feedback) and two relativistic jets (“radio-mode” or
mechanical feedback, Croton et al. 2006). This prevents the ICM from rapidly
cooling down and suppresses star-formation in the central galaxies.

If the AGN accretes gas at a low fraction of its Eddington rate, it primarily
provides radio-mode feedback (e.g., Russell et al. 2013). The two relativistic jets
which inflate large radio lobes in the cluster environment, excavate regions within
the ICM. This interaction re-energizes the ICM, and enables the energy output of
the AGN to be measured (e.g., McNamara et al. 2000; Nulsen et al. 2002; Bîrzan
et al. 2004; Rafferty et al. 2006). Based on the internal energy of the radio lobes
and the work required to excavate the lobe volume against the external pressure of
the ICM, the total energy required to produce the radio lobes can be determined,
which in combination with an estimate of the age of the lobes can be used to
measure the average energy output of the AGN during its active phase.

Due to the demanding observational requirements of performing these mea-
surements, the high-redshift (z > 0.6) regime has largely remained out of reach.
The diffuse relativistic plasma of the radio lobes is primarily bright toward low ra-
dio frequencies. However, as the angular resolution of a radio interferometer scales
with frequency, until recently low-frequency observations only provided a low an-
gular resolution, making it difficult to resolve the structure of the radio lobes.
Diverting to higher frequencies, where the angular resolution improves, presents
the problem that the old steep-spectrum emission tends to fall below the detection
limit of the instrument. Likewise, X-ray observations, which reveal “cavities” in
the ICM coincident with the radio lobes, require infeasibly long exposure times for
high-redshift clusters to reach the photon count statistics needed to identify and
constrain the dimensions of the cavities.

The recent breakthrough in the calibration of LOw Frequency ARray (LO-
FAR, Van Haarlem et al. 2013) data solves the challenges presented by the strong
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Figure 5.1: High-resolution LOFAR images of all detected BCGs in the galaxy clusters
in our sample. The radio source 4C 67.46 was added as this galaxy of RX J1716+6708
is a prominent member of the cluster at radio wavelengths and may be confused with
the BCG at low angular resolutions. The color maps range from three times the rms
noise level to the peak brightness. The scale bar in the bottom right corner of each panel
measures the listed physical length at the redshift of the respective clusters. The size of
the beam is indicated by the black ellipse in the bottom left corner of each panel.

ionospheric effects at low frequencies, the heterogeneous dipole arrays and the
terabyte-scale data volumes to enable the use of the international baselines (Mora-
bito et al. 2022; Sweijen et al. 2022). Compared to the Dutch part of LOFAR,
which offers an angular resolution of θ ≈ 6 arcseconds at 144 MHz, the Interna-
tional LOFAR Telescope (ILT) is an order-of-magnitude improvement by achieving
an angular resolution of θ ≈ 0.3 arcseconds at the same frequency. This provides
the combination of angular resolution and sensitivity required to study the radio
lobes in detail at high redshifts, opening the observational window for high-redshift
measurements of the amount of radio-mode feedback (Timmerman et al. 2022a).

To take advantage of this new observational frontier, we use a sample of high-
resolution dedicated observations taken with the ILT to explore the feasibility of
accurately measuring the amount of AGN feedback using the hybrid cavity power
method at high redshifts (z > 0.6). The aim is to reveal the AGN energy output
of a limited sample of high-redshift galaxy clusters for the first time.

In this paper, we adopt a ΛCDM cosmology with a Hubble parameter of H0 =
70 km s−1 Mpc−1, a matter density parameter of Ωm = 0.3, and a dark energy
density parameter of ΩΛ = 0.7. We define our spectral indices α according to
Sν ∝ να, where Sν is flux density and ν is frequency. All uncertainties denote the
68.3%=1σ confidence interval.
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5.2 Methodology
The gold standard for estimating the amount of energy injected by the central
AGN into the cluster environment is computing the cavity power. In short, as the
radio jets from the AGN slow down within the cluster environment, they expand
against the external pressure from the ICM. In X-ray observations, which are
primarily sensitive to the hot ICM, this results in surface brightness depressions at
the location of the radio lobes, also known as cavities. The total energy associated
with this radio lobe is the sum of both the work required to inflate the volume of
the radio lobes against the external pressure and the internal energy of the radio
lobes. Assuming the radio lobes consist of relativistic gas, the total enthalpy of a
radio lobe or X-ray cavity (Ecav) can be calculated as

Ecav = 4pV, (5.1)

where p is the pressure within the ICM and V is the volume of the radio lobe.
Finally, the average power output of the AGN can be obtained by dividing this
total enthalpy by the age of the structures. As the radio lobes are less dense than
their surrounding ICM, these can be assumed to rise away from the central AGN
buoyantly. This gives an age estimate of the radio lobes of

tbuoy = R

√
SC

2gV
, (5.2)

where R is the distance between the AGN and the center of the radio lobe, S

is the cross-sectional area of the radio lobe, C is the drag coefficient which by
simulations is estimated to be around 0.75 (Churazov et al. 2001), and g is the
local gravitational acceleration. Following Bîrzan et al. (2004), we assume that
the local acceleration is mainly the result of the mass of the BCG, and therefore
we use the approximation of a isothermal sphere, such that

g = 2σ2

R
, (5.3)

where σ is the stellar velocity dispersion (Binney & Tremaine 1987). As the
stellar velocity dispersion is difficult to estimate at high redshifts based on shallow
photometry, but typically does not strongly vary, we adopt an estimate of σ =
289 km/s, following Bîrzan et al. (2004).

The two key unknowns in this method are the dimensions of the radio lobes or
cavities, and the pressure within the ICM. In the hybrid approach demonstrated
in Timmerman et al. (2022a), high-resolution low-frequency radio observations
are used to determine the dimensions and positions of the radio lobes, and X-ray
observations are used to constrain the pressure within the ICM. The advantage of
using radio observations to measure the size of the radio lobes rather than X-ray
observations to measure the size of the cavities is that cavities are only visible
as a surface brightness depression relative to the rest of the ICM. This means
that it can take infeasibly long observation times for X-ray telescopes to reach
the sensitivity required to detect the cavities. Additionally, cavities tend to be
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poorly constrained toward large radii, as the ICM also features a decreasing surface
brightness profile. This is largely resolved by the ability of low-frequency radio
observations to detect the old electron population of radio lobes, which typically
trace the complete volume of the structure relatively well. However, currently
the only instrument which has the demonstrated combination of resolution and
sensitivity to the radio lobes is the ILT. By relying on radio observations to provide
the volume measurements, X-ray observations only need to provide the pressure
in the ICM, which requires less sensitivity.

The dimensions of the radio lobes forms the primary cause of uncertainty on
the final cavity power estimates. The main uncertainty is the projection angle. To
obtain the best estimate for the cavity volume, we use a Monte Carlo method to
guess a random projection angle and calculate the corresponding true dimensions
of the radio lobe assuming an ellipsoidal shape, the distance to the AGN core
and ICM pressure. The best estimates and uncertainties are then taken as the
median and 68.3% confidence interval, respectively. Contrary to in Timmerman
et al. (2022a), we also include the pressure profile in the Monte Carlo simulation.
This was previously not possible as only the ICM pressure at the cavity position
was available in literature.

We note that further uncertainties are introduced by inaccuracies in, for in-
stance, the assumption for the pressure profile, the possibility of radio emission
extending below the detection limit and the deviation of the radio lobe morphol-
ogy from an ellipsoid. However, quantifying these uncertainties is not within the
scope of this project.

5.3 Sample
The sample analyzed in this pilot project is based on the high-redshift (z > 0.6)
galaxy cluster samples of Santos et al. (2008), Santos et al. (2010) and Pascut &
Ponman (2015). For all 88 clusters in these samples, their dynamical state was es-
timated based on X-ray observations. In particular, the concentration parameters
of the X-ray surface brightness profile (cSB), which is estimated using the ICM
column density, was measured for each of the clusters. Following Santos et al.
(2008), we classify non-cool core clusters as cSB < 0.075, weak cool-core clusters
as 0.075 <= cSB < 0.155 and strong cool-core clusters as 0.155 < cSB. As previous
work, which forms the foundation of this project, is primarily focused on cool-core
clusters, we disregard non-cool core clusters for high-resolution observations in
this pilot project. However, we do intend to explore the non-cool core regime in
a follow-up project. Finally, we can only consider galaxy clusters located in the
Northern Hemisphere due to the observational constraints of LOFAR. These se-
lection criteria lead to the sample of thirteen galaxy clusters summarized in Table
5.1.

To derive the cavity power associated with the central AGNs of these clus-
ters, high-resolution LOFAR observations have been carried out. As process-
ing such observations is computationally expensive, we only proceeded to ana-
lyze galaxy clusters which are sufficiently bright (>5 mJy at 144 MHz) in the
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Figure 5.2: Optical images of the three BCGs in our sample for which radio lobes
have been detected with LOFAR. The optical images for the two EXSXG clusters were
obtained from the DESI Legacy Imaging Survey g, r and z bands (Dey et al. 2019),
whereas for RX J1226+3333 the optical image was obtained from Hubble Space Telescope
observations with the ACS/WFC detector in F850LP, F625W and F435W filters. The
white contours indicate the radio emission at 144 MHz and are drawn at 4σrms and
increase in factors of 2. The blue contours indicate the 0.5–7 keV X-ray emission as
detected by the Chandra X-Ray Observatory. The scale bar in the bottom right corner
of each panel measures the listed length at the redshift of the respective cluster.

LOFAR Two-Metre Sky Survey (LoTSS, Shimwell et al. 2017, 2019, 2022) to
potentially provide a significant result. Sources outside of the current LoTSS
coverage were also included if the flux densities observed in the TIFR Giant Me-
trewave Radio Telescope Sky Survey (TGSS, Intema et al. 2017) and the Very
Large Array Sky Survey (VLASS, Lacy et al. 2020) suggest that they would
likely exceed 5 mJy in brightness at 144 MHz. This final subsample consists of
EGSXG J1420.5+5308, RX J1716+6708, EGSXG J1416.2+5205, RX J1226+3333,
CCDGS54 and CL J1415+3612.

5.4 Observations and data reduction

5.4.1 Radio - LOFAR
The sources selected for high-resolution observations were observed with LOFAR
for a duration of 8 hours each in the frequency range between 120 and 168 MHz
(Project codes LC15_031 and LC16_015, PI: R. Timmerman). To be able to
perform the clock and bandpass calibration, a calibrator source was observed for
10 minutes before and after the target observation. As a first step, the data
were reduced using the standard LOFAR calibration Prefactor software package
(Van Weeren et al. 2016; Williams et al. 2016; de Gasperin et al. 2019). This step
includes flagging radio-frequency interference (RFI) using AOFlagger (Offringa
et al. 2013, 2015). Next, a model of the calibrator source was compared to the data
to calculate corrections for the delays between the two polarizations per station,
the Faraday rotation due to magnetic fields in Earth’s ionosphere, the bandpass
and the clock offsets between the different LOFAR stations. With these corrections
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applied to the target data, RFI was again flagged from these data before these are
averaged to a time resolution of 8 seconds per integration and 98 kHz of bandwidth
per frequency channel. Finally, the data from the Dutch part of LOFAR were
compared to a TGSS sky model to perform the initial phase-only calibration of
these visibilities.

Following the standard LOFAR calibration pipelines, we proceeded with the
LOFAR-VLBI pipeline developed by Morabito et al. (2022). This pipeline starts by
applying the previously derived calibration solutions to all LOFAR stations. Next,
LOFAR’s core stations were phased up to form a single large virtual station with
a narrow field of view, thereby reducing the interference from unrelated nearby
radio sources on the target. Then, dispersive phase corrections and residual gain
corrections were derived by self-calibrating on a bright and compact source from
the Long-Baseline Calibrator Survey (LBCS, Jackson et al. 2016, 2022) near the
target. Finally, after all calibration solutions were applied to the target, a final self-
calibration routine of total electron content (TEC) and phase fitting using DP3
mode ’tecandphase’ was performed on the target source. This accounts for the
direction dependence of the previously derived calibration solutions (Van Weeren
et al. 2021).

5.4.2 X-rays - Chandra
We queried the Chandra data archive1 and downloaded the Chandra Advanced
CCD Imaging Spectrometer (ACIS) observations of the targets in our sample that
show clear radio lobes (Fig. 5.1 and Table 5.2) to obtain X-ray images of the ther-
mal gas emission. We retrieved data for EGSXG J1420.5+5308 (ObsIDs: 5845,
5846, 6214, 6215, 9450, 9451, 9452, 9720, 9721, 9722, 9723, 9724, 9725, 9726, 9793,
9794, 9795, 9796, 9797, 9842, 9843, 9844, 9863, 9866, 9870, 9873, 9876), EGSXG
J1416.2+5205 (ObsIDs: 5853, 5854, 6222, 6222, 6366), and RX J1226+3333 (Ob-
sIDs: 932, 3180, 5014). All data were reduced using CIAO v4.12 tools following
standard procedures, adopting the CALDB v4.9.0 (see also our previous work,
Timmerman et al. 2022a). Multiple ObsIDs for the same target were mosaiced
into a single image in the 0.5-7.0 keV band for the subsequent analysis.

5.5 Results

5.5.1 Imaging
To derive the cavity power associated with the AGNs in our high-redshift galaxy
cluster sample, we produced high-resolution (∼0.3 arcseconds) images at 144 MHz
using the calibrated data sets of all sources in our sample using WSClean (Of-
fringa et al. 2014; Offringa & Smirnov 2017). Of these images, only CDGS54
resulted in a non-detection, suggesting that this source contains mostly emission
on angular scales significantly larger than 0.3 arcseconds. The other galaxy clus-
ters are shown in Fig. 5.1. We included the radio source 4C 67.26 in this figure as

1https://cda.harvard.edu/chaser/
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it was identified to be a member galaxy of RX J1716+6708 (Gioia et al. 1999) and
it dominates the region at radio wavelengths.

Our images reveal sets of clear radio lobes in EGSXG J1420.5+5308 and 4C 67.26.
Additionally, we detect a further two sets of radio lobes in EGSXG J1416.2+5205
and RX J1226+3333, but it is unclear whether we have revealed the full physical
extent of these radio lobes. The radio source 4C 67.26 shows a strong and undis-
turbed FR II-like morphology, but as this member galaxy is located far outside
of the cluster center and therefore not part of the feedback cycle, it will be dis-
regarded from further analysis. Optical overlays of the remaining three sources
with detected radio lobes are shown in Fig. 5.2, along with their respective X-ray
emission.

The radio structure of EGSXG J1416.2+5205 consists of two equally bright
components, which are assumed to be the radio lobes of the BCG, but due to
the barely resolved structure, this remains uncertain. The BCG associated with
EGSXG J1416.2+5205 is located directly in between the two radio lobes. Simi-
larly, RX J1226+3333 also features uncertain radio lobes. Given that the BCG
is detected directly in between the eastern-most structures, these are considered
to be two radio lobes located toward the North and South of the BCG, with the
western-most emission likely being unrelated. However, due to the low brightness
of the radio lobes, it is unclear if the full extent of these structures is detected.

The BCG of RX J1716+6708 shows radio lobes bending toward the East. This
aligns with the direction of the distribution of members galaxies (Henry et al.
1997), suggesting that the galaxy cluster may be in the late stage of a merger
event, consistent with its relatively low concentration parameter of cSB = 0.082.
Finally, CL J1415+3612 shows a single compact radio component coincident with
the BCG in the core of the cluster.

5.5.2 Analysis
From our radio images, we estimate the volume of the radio lobes we have de-
tected assuming an ellipsoidal shape. We note that we consider our observa-
tion of EGSXG J1420.5+5308 to allow a reliable radio lobe volume measurements,
and consider these measurements to be tentative for EGSXG J1416.2+5205 and
RX J1226+3333.

As our sample is selected to be at high redshifts, the X-ray observations do
not contain sufficient photon counts to obtain pressure profiles for the individual
clusters. Therefore, we use the average pressure profile of a sample of galaxy
clusters at high redshift (0.6 < z < 1.2) from McDonald et al. (2014), which is
normalized by P500 and r500, to estimate the ICM thermal pressure at the distance
where we observe the radio lobes in our clusters. For EGSXG J1420.5+5308 and
EGSXG J1416.2+5205, we use the M500 reported in Table 5.1 to compute the
P500 expected in the standard self-similar model (e.g., Nagai et al. 2007). For
RX 1226+3333, instead the pressure profile of the ICM was determined by Romero
et al. (2018) using Sunyaev-Zel’dovich (SZ) observations and therefore we directly
adopt the value measured via SZ.

Using the measured volumes of the radio lobes, the ICM pressure estimates
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and our assumption for the stellar velocity dispersion of the BCGs, we calculate
the final cavity power as the ratio between the cavity enthalpy and the buoy-
ancy timescale. Our measurements for the radio lobe dimensions and local ICM
pressures are summarized together with the resulting cavity powers in Table 5.2.
We find that EGSXG J1420.5+5308 and RX J1226+3333 contain the most radio-
mode feedback of our sample, with cavity powers of around 84.3 × 1042 erg/s
and 155 × 1042 erg/s, respectively. Meanwhile, the small radio lobes detected in
EGSXG J1416.2+5205 only correspond to a cavity power of around 0.77 × 1042

erg/s in total.

5.6 Discussion
The operation of radio-mode feedback has remained poorly quantified at high
redshifts (z > 0.6). Although significant progress has been made using X-ray
observations (e.g., Hlavacek-Larrondo et al. 2015), the observational requirement
to clearly detect cavities in the ICM at high redshifts forms a bottleneck. In
Timmerman et al. (2022a), we verified at low redshifts that high-resolution low-
frequency radio observations taken with the ILT can be used in conjunction with
X-ray observation to measure the output power of the AGN, thereby making these
measurements more feasible. In this paper, we have applied this method for the
first time on a high-redshift sample of galaxy clusters to test the feasibility on
this hybrid method in this regime and obtain the first measurements of the energy
injected by the AGN into its cluster environment for these systems.

5.6.1 Radio lobe detections
Of the original high-redshift sample of 13 cool-core galaxy clusters compiled by
Santos et al. (2008), Santos et al. (2010) and Pascut & Ponman (2015), 6 had
previously been detected at radio wavelengths and were therefore selected for high-
resolution imaging. Of these 6 clusters, we detected radio lobes associated with 3
BCGs and one additional cluster member. This corresponds to a 23% detection
rate of radio lobes, which is significantly higher than the 4.7% detection rate
(2 out of 43) previously achieved using X-ray observations of the SPT-SZ sample
within the same redshift range (McDonald et al. 2013; Bleem et al. 2015; Hlavacek-
Larrondo et al. 2015; Bocquet et al. 2019). However, we note that two of our
systems were not bright enough to confirm whether or not the radio lobes extend
below the sensitivity limit of our observations. Therefore, the radio lobe volumes
and therefore also the associated cavity powers can conservatively be considered
to form lower limits on the true cavity volume and hence power.

In Timmerman et al. (2022a), we stated that radio lobes could be expected
to be reliably detected in systems brighter than approximately ∼ 100 mJy at
144 MHz. Our clear detection of radio lobes in EGSXG J1420.5+5308 with a
total flux density of 81 mJy is consistent with this rough previous estimate. Ad-
ditionally, our radio lobe detections in EGSXG J1416.2+5205 with 17 mJy and
RX J1226+3333 with 28 mJy demonstrate that it is possible to detect compact
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radio lobes at lower flux densities. However, a lack of radio lobe detections in
RX J1226+3333, CL J1415+3612 and CDGS54 also demonstrate the sensitivity
limitation for 8-hour ILT observation, even for relaxed clusters (e.g., cSB = 0.151
for CL J1415+3612) and decent flux densities (e.g., 51 mJy for RX J1226+3333).

To probe the range of cavity powers accessible to the angular resolution of ILT
observations at high redshifts, assuming the sensitivity of an 8-hour observation,
we calculate the approximate smallest radio lobe which the ILT can resolve. This
defines the lowest cavity power to which the ILT is sensitive. We assume a radio
lobe size similar to the angular size of the synthesized beam of the ILT, a distance
between the radio lobe and the AGN of two beams to provide a clear identification
as a radio lobe, and a pressure profile corresponding to a low-mass galaxy cluster
of 1014 M⊙. For comparison, we perform the same calculation for the standard
6-arcsecond angular resolution observations of only the Dutch part of the ILT.
Both exclusion regions are plotted in Fig. 5.3. This shows that the ILT at high
redshifts is sensitive to cavity powers on the order of 1042 erg/s or more, which
enables it to reach even the low-power AGNs in the cores of high-redshift galaxy
clusters.

5.6.2 Pressure profiles
Measuring the pressure profiles on a per-cluster basis is impossible due to the low-
count statistics of the available X-ray observations. To obtain the ICM pressure
at the position of the radio lobes, we used the average pressure profiles from
McDonald et al. (2014) derived for a sample of high-redshift clusters. Although
this enabled us to determine the cavity power of the AGNs in our sample using
shallower X-ray observations compared to also having to determine the cavity
volume, we note that obtaining the ICM pressure is still affected by significant
uncertainties. In addition to the intrinsic scatter among pressure profiles, the
standard pressure profiles from McDonald et al. (2014) depend on M500, which in
turn is typically derived based on scaling relations such as the temperature–mass
relation (e.g., Sun et al. 2009). SZ observations can relieve some of this uncertainty
by providing directly pressure profiles of the ICM. For this reason, we suggest that
the combination of X-ray and high-resolution SZ observations with instruments
such as MUSTANG and NIKA should be employed at higher redshifts if possible.

5.6.3 Comparison to previous detections
Cavity powers within our redshift regime have only previously been published by
Hlavacek-Larrondo et al. (2015), who used deep X-ray observations of the SPT-
SZ sample. They detected clear cavities at z = 0.6838 and potential cavities at
z = 0.7019. Additionally, they report marginally convincing cavities at z = 1.075
and z = 1.2. This is largely in agreement with our radio lobe detections at z =
0.734, z = 0.823 and z = 0.890, which simultaneously almost double the amount
of measurements at z > 0.6 and establish a new highest redshift at which the
cavity power is constrained using radio observations. To compare our cavity power
measurements with the results from Hlavacek-Larrondo et al. (2015), we have
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Figure 5.3: Cavity power per galaxy cluster as a function of redshift. The blue data
points indicate the three radio lobe systems detected in our sample, and the black data
points indicate the cavity power estimates published by Rafferty et al. (2006), Hlavacek-
Larrondo et al. (2012), Hlavacek-Larrondo et al. (2015) and Timmerman et al. (2022a).
Cavity/radio lobe systems which were indicated to be low significance are indicated with
open data points, whereas reliable detections are indicated with solid data points. The
light red region indicates the approximate region which is not accessible by 6-arcsecond
observations, such as those taken with only the Dutch part of LOFAR. The darker red
region indicates the approximate region which is not accessible by 0.3-arcsecond obser-
vations, such at those taken with the complete ILT.

plotted these measurements together with additional low-redshift measurements
in Fig. 5.3. Our measurements are largely in line with the general trend of cavity
power as a function of redshift as probed by Rafferty et al. (2006), Hlavacek-
Larrondo et al. (2012) and Hlavacek-Larrondo et al. (2015). The current data,
though still consistent with a constant cavity power level, appear to suggest that
the average cavity power peaked at a redshift of z ∼ 0.4 and slowly decreases
toward higher redshifts. However, we both require more and tighter constraints
on the cavity volume and a better understanding of our observational systematics
to confirm any deviation of the cavity power trend from a constant level.

5.6.4 Future projection
As we have demonstrated in Timmerman et al. (2022a) and this pilot project, it
is feasible to investigate samples of galaxy clusters with the ILT. For the purpose
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of this pilot project, we have only considered cool-core galaxy clusters. However,
this simultaneously limited the sample to previously well-studied clusters and ex-
cluded a significant fraction of all clusters from this analysis. It would be a logical
next step to investigate a wider selection of galaxy clusters at high redshifts. For
instance, the catalogs compiled by Wen et al. (2018), Wen & Han (2021) and Wen
& Han (2022) provide a valuable sample of optically-selected high-redshift galaxy
clusters in the Northern hemisphere, which can be observed by the ILT. Addi-
tionally, the recently launched Euclid mission is projected to detect more than
105 galaxy clusters up to a redshift of z = 2 (Euclid Collaboration 2019). Finally,
future SZ surveys in the Northern hemisphere would be critical to ensure that we
also investigate the low cluster mass regime at high redshifts.

5.7 Conclusions
In this paper, we have applied the hybrid method of measuring cavity powers
(Timmerman et al. 2022a) using combined radio and X-ray observations to a high-
redshift (z > 0.6) sample of cool-core galaxy clusters. Out of the 13 galaxy clusters
within our sample, we were able to detect radio lobes associated with the BCG
of three clusters and resolve these using LOFAR’s international baselines. Using
the pressure profiles by McDonald et al. (2014), we estimated the ICM pressure
surrounding the radio lobes. Combined, these measurements provided the first
cavity power estimates of three high-redshift galaxy clusters, adding to a very
limited sample of these measurements at high redshifts. This demonstrates that
the hybrid method of measuring cavity powers is indeed viable at high redshifts
using the ILT, which encourages further work in this epoch.

Our cavity power measurements of radio-mode feedback at z > 0.6, do fall on
the relatively low side compared to the population at lower redshifts. However,
not enough measurements are currently present to provide meaningful statistics,
which encourages further investigation of larger samples.
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