Fast magnetic field amplification in distant galaxy clusters
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In the present-day Universe, magnetic fields pervade galaxy clusters [1], with
strengths of a few microGauss obtained from Faraday Rotation [2]. Evidence for
cluster magnetic fields is also provided by Megaparsec-scale radio emission, namely
radio halos and relics [3]. These are commonly found in merging systems [4] and
are characterized by a steep radio spectrum (↵ < 1, where S⌫ / ⌫ ↵ ). It is widely
believed that magneto-hydrodynamical turbulence and shock-waves (re-)accelerate
cosmic rays [5], producing halos and relics. The origin and the amplification of magnetic fields in clusters is not well understood. It has been proposed that turbulence
drives a small-scale dynamo [6; 7; 8; 9; 10; 11] that amplifies seed magnetic fields
(primordial and/or injected by galactic outflows, as active galactic nuclei, starbursts,
or winds [12]). At high redshift, radio halos are expected to be faint, due to the
Inverse Compton losses and dimming eﬀect with distance. Moreover, Faraday Rotation measurements are diﬃcult to obtain. If detected, distant radio halos provide an
alternative tool to investigate magnetic field amplification. Here, we report LOFAR
observations which reveal diﬀuse radio emission in massive clusters when the Universe was only half of its present age, with a sample occurrence fraction of about 50%.
The high radio luminosities indicate that these clusters have similar magnetic field
strengths to those in nearby clusters, and suggest that magnetic field amplification is
fast during the first phases of cluster formation.
To investigate this unexplored territory, we present a systematic investigation of magnetic fields
in distant galaxy clusters, using the low-frequency radio telescope LOFAR [13]. Our observations
were taken from the LOFAR Two-metre Sky Survey (LoTSS [14]). The 120–168 MHz LoTSS
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Figure 1: Examples of observed radio emission in our high-z galaxy cluster sample. In
colorscale we show the full-resolution LOFAR images, while radio contours show the low-resolution
emission after the subtraction of compact sources, displayed at the [ 2, 2, 3, 4, 5, 8, 16] ⇥ rms level
(with rms the individual map noise; the negative contour levels are indicated with a short-dashed
line style). The full- and low-resolution LOFAR beams are displayed in the bottom left corner (in
pink and grey colors, respectively). In the header of each image, the galaxy cluster name, mass
and redshift are reported.
survey has a spatial resolution of approximately 600 and reaches a median sensitivity of about 70 µJy
beam 1 [14]. Currently, LoTSS covers about 40% of the Northern sky. The clusters were selected
from the latest Planck Sunyaev-Zel’dovich (SZ) PSZ2 catalog [15], at redshift aboveR 0.6 and
declination above 20 degrees. The advantage of SZ-selection is that the SZ-signal (y / ne Te dl,
i.e. the line of sight integral of the product of the electron number density, ne , and the electron
temperature, Te ) does not suﬀer from redshift dimming and the integrated cluster’s SZ-signal is
closely related to the cluster mass (MSZ,500 ). The cluster masses are taken from the Planck catalog,
and are obtained from the integrated cluster’s SZ-signal within R500 , where R500 is the radius with
a density 500 times the critical density of the Universe at the given redshift.
Using this selection and taking the available LoTSS observations, we obtain a sample of
19 galaxy clusters in a redshift range of ⇠ 0.6 0.9 and with masses MSZ,500 ⇠ 4 8 ⇥ 1014
M . These objects are among the most massive structures at these redshifts. In Figure 1, we
show a number of full-resolution (i.e. about 600 ) LOFAR images of the detected diﬀuse radio
sources from our sample, with radio contours tracing the low-resolution (approximately 1500 ) emission, without compact sources (for the full sample, see Extended Data Figure 1). We find that at
least nine out of the 19 clusters host diﬀuse radio emission (see Table 1). The diﬀuse emission is
mostly centrally located in the clusters, with an overall roundish shape, and extending over scales
spanning from few hundreds of kiloparsec to about one Megaparsec. In those systems that have
targeted X-ray observations, the radio emission follows the thermal radiation, see Figure 2 (for
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Figure 2: X-ray images of a sub-sample of Figure 1. LOFAR radio contours are drawn as
Figure 1, with the LOFAR beam displayed in the bottom left corner. The dashed white circle in
each map shows the R = 0.5RSZ,500 region, obtained from MSZ,500 . In the header of each image,
the galaxy cluster name is reported.
the full sample, see Extended Data Figure 2). We therefore classify these diﬀuse sources as radio
halos. From the X-ray images, most clusters look dynamically disturbed. Particularly noteworthy
among the clusters in our sample are PSZ2 G091.83+26.11 at z = 0.822, where a very bright
Megaparsec-sized radio halo and relic are present, and PSZ2 G160.83+81.66 at z = 0.888, which
hosts the most distant radio halo discovered to date, with a size of 0.7 Mpc.
Based on the radio flux density measurements and assuming ↵ = 1.5 ± 0.3, we compute
radio luminosities in the range P1.4GHz ⇠ 0.7 14 ⇥ 1024 W Hz 1 (Table 1). Although most of
the radiation in high-redshift halos is expected to be emitted via Inverse Compton (IC), the radio
luminosities of these halos fall surprisingly within the scatter of those observed in nearby (median
value z ⇠ 0.2 [16]) galaxy clusters of the same mass range (see Figure 3a).
For synchrotron emission, the similar radio luminosities imply that the product of the number
of the radio-emitting electrons and magnetic field (Ne ⇥ B 2 ) in high-redshift clusters is similar
to that in lower-redshift systems of comparable mass. Furthermore, this key observable may
also suggests that both the magnetic field strength and the number of electrons in high-redshift
clusters are comparable to those in low-z systems, otherwise the energetics of the halos would be
very diﬀerent while generating similar radio luminosities.
In re-acceleration models, the synchrotron luminosity is [17; 18]
Prad / ⌘rel

⇢vt3
B2
,
2
Linj B 2 + BCMB

(1)

where ⇢vt3 /Linj is the turbulent energy flux (with ⇢ the gas density, and vt and Linj the turbulent
velocity and injection scale, respectively), ⌘rel is the fraction of the turbulent energy flux that is
dissipated in the re-acceleration of seed relativistic electrons, B is the magnetic field averaged
over the halo volume and BCMB = 3.25(1 + z)2 µG is the CMB equivalent magnetic field strength.
B2
The ratio B 2 +B
sets the fraction of non-thermal luminosity that is emitted into synchrotron
2
CMB
radiation. The stronger energy losses due to IC (dE/dt / (1 + z)4 ) are expected to balance
the eﬀect of a potentially larger injection rate of electrons at higher redshift (due to enhanced
activity of active galactic nuclei and/or star-forming galaxies). For this reason we can assume
that the budget of seed particles that accumulate in the ICM at high redshift is similar to that at
lower redshift (as detailed in the Methods). For a fixed budget of seed particles to re-accelerate,
⌘rel depends only on the interplay between turbulence and particles [5], and we assume it is
3

Table 1: Integrated flux density and radio luminosity of the galaxy clusters observed
with LOFAR. Column 1: Planck cluster name. Column 2: Cluster redshift. Column 3: Largest
linear size (LLS) of the diﬀuse radio emission. Column 4: Classification of the diﬀuse radio
emission. Column 5: Integrated flux density of the diﬀuse emission (compact sources removed).
Column 6: 1.4 GHz (k-corrected) radio luminosity.
Planck (PSZ) name

z

PSZ2G045.87+57.70
PSZ2G070.89+49.26
PSZ2G084.10+58.72
PSZ2G086.28+74.76
PSZ2G086.93+53.18
PSZ2G087.39+50.92
PSZ2G089.39+69.36

0.611
0.610
0.731
0.699
0.675
0.748
0.680

PSZ2G091.83+26.11

0.822

PSZ2G092.69+59.92 0.848
PSZ2G099.86+58.45 0.616
PSZ2G104.74+40.42 0.690
PSZ2G126.28+65.62 0.820
PSZ2G127.01+26.21 0.630
PSZ2G139.00+50.92 0.600
PSZ2G141.77+14.19 0.830
PSZ2G141.98+69.31 0.714
PLCKG147.3–16.6
0.645
PSZ2G147.88+53.24 0.600
PSZ2G160.83+81.66 0.888

LLS Classification
S144MHz
[Mpc]
[mJy]
–
Uncertain
–
–
–
Uncertain
–
Uncertain
0.5
Halo
7.2 ± 1.5
–
–
1.0
Halo
12.5 ± 1.9
1.2
Halo
84.3 ± 12.7
1.2
Relic
259.4 ± 38.9
–
–
1.2
Halo
27.8 ± 4.3
–
Uncertain
0.8
Halo
8.8 ± 1.7
–
Uncertain
–
–
0.6
Halo
8.8 ± 1.4
–
–
0.8
Halo
22.5 ± 3.7
0.6
Halo
14.4 ± 2.3
0.7
Halo
13.0 ± 2.1

P1.4GHz
[1024 W Hz 1 ]

0.7 ± 0.4
1.3 ± 0.7
13.8 ± 8.4
2.2 ± 1.3
1.4 ± 0.6
1.4 ± 0.7
6.4 ± 3.4?
0.9 ± 0.5
2.7 ± 1.5

Note: Uncertainties on the 1.4 GHz radio luminosity include the flux density and spectral index
uncertainties, assuming a Gaussian distribution of spectral indices (↵ = 1.5 ± 0.3), see Method.
?
We used the spectral index obtained combining our LOFAR observation with literature GRMT
flux measurement ([19] see the Supplementary).
independent of redshift. From the comparison of their radio luminosities, and taking into account
that mergers at z ⇠ 0.7 0.8 generate more turbulent energy flux compared to the z = 0.2 sample
(by a factor ⇠ 3, see Methods), we find that the magnetic field in high-z halos has to be similar to
that observed for local clusters, i.e. B 1 µG. This suggests that the magnetic field amplification
has been surprisingly eﬃcient, producing a microGauss-level field in a Mpc3 volume already at
z ⇠ 0.7, i.e. within few Gyr from cluster formation (see Figure 3b). This result provides important
insights on the origin and evolution of magnetic fields in galaxy clusters.
It is widely accepted that the small-scale turbulent dynamo plays a role in the amplification of
the initial magnetic field from primordial seeds or galactic outflows [12]. Initially, the amplification
operates in a kinematic regime, where the magnetic field grows exponentially with time (B 2 (t) ⇠
B02 exp(t )). The competition of turbulent stretching and diﬀusion makes this phase initially very
slow, with a growth time-scale 1 = 30Linj /(Re1/2 vt ) [21; 22], where Re is the Reynolds number.
4

(a)

(b)

Figure 3: Cluster magnetic field estimation and theoretical magnetic field evolution.
Panel (a): P1.4GHz –M500 diagram for nearby (median(z) ⇠ 0.2, black dots [16]) and distant
(median(z) ⇠ 0.7, yellow starts) radio halos, including that in El Gordo (z = 0.87 [20], yellow
square). Error bars on the yellow stars are obtained with 100 Monte Carlo realization of the radio
luminosity, including flux density and spectral index uncertainties, while error bars on the black
dots and yellow square are given by the literature. The black solid line represents the best-fit
relation from the low-redshift sample, with the 95% level confidence (grey area). The blue dashed
lines represent, from light to darker colors, the theoretical relations at high-z taking magnetic
field strengths of 3.0, 2.0, 1.0 and 0.5 µG (assuming a typical local cluster magnetic field of 2
µG). Panel (b): Magnetic field growth since the start of the turbulence, based on the small-scale
dynamo theory. The initial fields, B0 , are set at 1 nG (solid orange lines; from light to darker
colors: Re = [100, 2 ⇥ 104 , 4 ⇥ 104 , 105 ]) and 0.1 µG (dashed green lines; from light to darker
colors: Re = [100, 2 ⇥ 103 , 5 ⇥ 103 , 104 ]). The horizontal blue dot-dashed line sets the lower
limit of the magnetic field strength in distant galaxy clusters (see panel (a)). The vertical black
dot-dashed line shows the upper limit on the approximate time available for the magnetic field
growth (see Methods).
When the magnetic and the kinetic energy densities become comparable at the viscous dissipation
scale, the turbulent dynamo becomes faster and transits to a phase where the magnetic field grows
linearly with time. During this phase, the magnetic field reaches equipartition with the kinetic
turbulent energy at increasingly larger scales, and saturates after several eddy turnover times
(several Gyrs). In this scenario, our observations then require a fast magnetic amplification during
the initial exponential phase, as it needs to be much shorter than a few Gyrs. This constrains
the initial field and the ICM Reynolds number, being Re > 4 ⇥ 104 and > 5 ⇥ 103 for B0 ⇠ 1
nG and ⇠ 0.1 µG, respectively, assuming a continuous injection of turbulence with vt = 500 km
s 1 at the injection scale Linj = 1 Mpc [6; 12; 23], the ICM number density of n = 3 ⇥ 10 3
5

cm 3 [24], and a time available for the magnetic field amplification of ⇠ 3.7 Gyr (see Figure 3b
and Methods). These values of the Reynolds number are much larger than the classical value
obtained assuming Coulomb collisions (⇡ 100 [25; 21]), and would suggest that kinetic eﬀects and
instabilities play an important role in the weakly-collisional magnetized ICM [26]. This is also
in line with recent X-ray observations in the ICM of local systems that have suggested a much
smaller viscosity than the isotropic value obtained only considering Coulomb collisions [27]. In
case of a smaller Reynolds number, our observations would require that the activity of galactic
outflows and AGN in high redshift clusters is suﬃcient to generate microGauss fields spread on
> 100 kpc scales [28]. This would generate a clumpier distribution of the radio emission in the
cluster volume. This can be tested with deeper observations, in combination with predictions of
the spatial distribution of radio emission from cosmological magneto-hydrodynamic simulations
that explore diﬀerent magnetogenesis scenarios.

6

References
[1] Carilli, C. L. & Taylor, G. B. Cluster Magnetic Fields. Annnual Review Astron. Astrophys.
40, 319 (2002).
[2] Bonafede, A., Feretti, L., Murgia, M., Govoni, F., Giovannini, G. et al. The Coma cluster
magnetic field from Faraday rotation measures. Astron. Astrophys 513, 30 (2010).
[3] van Weeren, R. J., de Gasperin, F., Akamatsu, H., Brüggen, M., Feretti, L. et al. Diﬀuse
Radio Emission from Galaxy Clusters. Space Sci. Rev. 215, 16 (2019).
[4] Cassano, R., Ettori, S., Giacintucci, S., Brunetti, G., Markevitch, M. et al. On the Connection
Between Giant Radio Halos and Cluster Mergers. Astrophys. J. 721, 82–85 (2010).
[5] Brunetti, G. & Jones, T. W. Cosmic Rays in Galaxy Clusters and Their Nonthermal Emission.
Int. J. Mod. Phys. D. 23 1430007–98 (2014).
[6] Dolag, K., Grasso, D., Springel, V. & Tkachev, I. Constrained simulations of the magnetic
field in the local Universe and the propagation of ultrahigh energy cosmic rays. Journal of
Cosmology and Astropart. Phys. 2005, 9 (2005).
[7] Subramanian, K., Shukurov, A. & Haugen, N. E. L. Evolving turbulence and magnetic fields
in galaxy clusters. Mon. Not. R. Astron. Soc 366, 1437–1454 (2006).
[8] Ryu, D., Kang, H., Cho, J. & Das, S. Turbulence and Magnetic Fields in the Large-Scale
Structure of the Universe. Science 320, (5878):909 (2008).
[9] Miniati, F. & Beresnyak, A. Self-similar energetics in large clusters of galaxies. Nature 523,
(7558):59–62 (2015).
[10] Vazza, F., Brunetti, G., Brüggen, M. & Bonafede, A. Resolved magnetic dynamo action in
the simulated intracluster medium. Mon. Not. R. Astron. Soc 474, 1672–1687 (2018).
[11] Domínguez-Fernández, P., Vazza, F., Brüggen, M. & Brunetti, G. Dynamical evolution of
magnetic fields in the intracluster medium. Mon. Not. R. Astron. Soc 486, 623–638 (2019).
[12] Donnert, J., Vazza, F., Brüggen, M. & ZuHone, J. Magnetic Field Amplification in Galaxy
Clusters and Its Simulation. Space Sci. Rev. 214, 122 (2018).
[13] van Haarlem, M. P., Wise, M. W., Gunst, A. W., Heald, G., McKean, J. P. et al. LOFAR:
The LOw-Frequency ARray. Astron. Astrophys 556, 2 (2013).
[14] Shimwell, T. W. , Tasse, C., Hardcastle, M. J., Mechev, A. P., Williams, W. L. et al. The
LOFAR Two-metre Sky Survey. II. First data release. Astron. Astrophys 622, 1 (2019).
[15] Planck Collaboration: Ade, P. A. R., Aghanim, N., Arnaud, M., Ashdown, M., Aumont, J. et
al. Planck 2015 results. XXVII. The second Planck catalogue of Sunyaev-Zeldovich sources.
Astron. Astrophys 594, 27 (2016).

7

[16] Cassano, R., Ettori, S., Brunetti, G., Giacintucci, S., Pratt, G. W. et al. Revisiting Scaling
Relations for Giant Radio Halos in Galaxy Clusters. Astrophys. J. 777, 141 (2013).
[17] Cassano, R., Botteon, A., Di Gennaro, G., Brunetti, G., Sereno, M. et al. LOFAR Discovery
of a Radio Halo in the High-redshift Galaxy Cluster PSZ2 G099.86+58.45. Astrophys. J. 881,
18 (2019).
[18] Brunetti, G. & Vazza, F. econd-order Fermi Reacceleration Mechanisms and Large-Scale
Synchrotron Radio Emission in Intracluster Bridges. Phys. Rev. Lett. 124, 051101 (2020).
[19] van Weeren, R. J., Intema, H. T., Lal, D. V., Bonafede, A., Jones, C. et al. The Discovery of
a Radio Halo in PLCK G147.3-16.6 at z = 0.65. Astrophys. J., 781 32 (2014).
[20] Lindner, R. R., Baker, A. J., Hughes, J. P., Battaglia, N., Gupta, N. et al. The Radio Relics
and Halo of El Gordo, a Massive z = 0.870 Cluster Merger. Astrophys. J. 786, 49 (2014).
[21] Cho, J. Origin of Magnetic Field in the Intracluster Medium: Primordial or Astrophysical?
Astrophys. J. 797, 133 (2014).
[22] Beresnyak, A. & Miniati, F. Turbulent Amplification and Structure of the Intracluster Magnetic Field. Astrophys. J. 817, 127 (2016).
[23] Hitomi Collaboration: Aharonian, F., Akamatsu, H., Akimoto, F., Allen, S. W., Angelini, L.
et al. Atmospheric gas dynamics in thePerseus cluster observed with Hitomi. Publ. Astron.
Soc. Japan 70, 9 (2018).
[24] Markevitch, M. & Vikhlinin, A. Shocks and cold fronts in galaxy clusters. Physics Reports
443, 1-53 (2007).
[25] Brunetti, G. & Lazarian. A. Compressible turbulence in galaxy clusters: physics and stochastic particle re-acceleration. Mon. Not. R. Astron. Soc 378 245–275 (2007).
[26] Schekochihin, A. A. & Cowley, S. C. Turbulence, magnetic fields, and plasma physics in
clusters of galaxies. Phys. Plasmas 13, 056501–056501 (2006).
[27] Zhuravleva, I., Churazov, E., Schekochihin, A. A., Allen, S. W., Vikhlinin, A. et al. Suppresse
deﬀective viscosity in the bulk intergalactic plasma. Nat. Astron. 3, 832–837 (2019).
[28] Xu, H., Li, H., Collins, D. C., Li, S. & Norman, M. L. Evolution and Distribution of Magnetic
Fields from Active Galactic Nuclei in Galaxy Clusters. II. The Eﬀects of Cluster Size and
Dynamical State. Astrophys. J. 739, 77 (2011).

8

Correspondence. Correspondence and requests for materials should be addressed to G.D.G.
(digennaro@strw.leidenuniv.nl)
Acknowledgements. The authors thank C. Giocoli and his team for the discussion on the
cosmological derivations in the manuscript. This manuscript is based on data obtained with
the International LOFAR Telescope (ILT). LOFAR (van Haarlem et al. 2013) is the Low
Frequency Array designed and constructed by ASTRON. It has observing, data processing,
and data storage facilities in several countries, which are owned by various parties (each with
their own funding sources), and which are collectively operated by the ILT foundation under a
joint scientific policy. The ILT resources have benefited from the following recent major funding sources: CNRS-INSU, Observatoire de Paris and Université d’Orléans, France; BMBF,
MIWF-NRW, MPG, Germany; Science Foundation Ireland (SFI), Department of Business,
Enterprise and Innovation (DBEI), Ireland; NWO, The Netherlands; The Science and Technology Facilities Council, UK; Ministry of Science and Higher Education, Poland; The Istituto Nazionale di Astrofisica (INAF), Italy. This research made use of the Dutch national
e-infrastructure with support of the SURF Cooperative (e-infra 180169) and the LOFAR einfra group. The Jülich LOFAR Long Term Archive and the German LOFAR network are
both coordinated and operated by the Jülich Supercomputing Centre (JSC), and computing
resources on the supercomputer JUWELS at JSC were provided by the Gauss Centre for Supercomputing e.V. (grant CHTB00) through the John von Neumann Institute for Computing
(NIC). This research made use of the University of Hertfordshire high-performance computing
facility and the LOFAR-UK computing facility located at the University of Hertfordshire and
supported by STFC [ST/P000096/1], and of the Italian LOFAR IT computing infrastructure
supported and operated by INAF, and by the Physics Department of Turin university (under
an agreement with Consorzio Interuniversitario per la Fisica Spaziale) at the C3S Supercomputing Centre, Italy. The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated Universities, Inc.
This work is based on observations obtained with XMM–Newton, an ESA science mission with
instruments and contributions directly funded by ESA Member States and NASA. The scientific results reported in this manuscript are based in part on data obtained from the Chandra
Data Archive. The Pan-STARRS1 Surveys (PS1) and the PS1 public science archive have
been made possible through contributions by the Institute for Astronomy, the University of
Hawaii, the Pan-STARRS Project Oﬃce, the Max-Planck Society and its participating institutes, the Max Planck Institute for Astronomy, Heidelberg and the Max Planck Institute for
Extraterrestrial Physics, Garching, The Johns Hopkins University, Durham University, the
University of Edinburgh, the Queen’s University Belfast, the Harvard-Smithsonian Center
for Astrophysics, the Las Cumbres Observatory Global Telescope Network Incorporated, the
National Central University of Taiwan, the Space Telescope Science Institute, the National
Aeronautics and Space Administration under Grant No. NNX08AR22G issued through the
Planetary Science Division of the NASA Science Mission Directorate, the National Science
Foundation Grant No. AST-1238877, the University of Maryland, Eotvos Lorand University
(ELTE), the Los Alamos National Laboratory, and the Gordon and Betty Moore Foundation. G.D.G. and R.J.v.W. acknowledge support from the ERC Starting Grant ClusterWeb
804208. G.B., R.C., F.G., M.R. acknowledge support from INAF through the mainstream
project “Galaxy clusters science with LOFAR”. A.Bot. and R.J.v.W. acknowledge support
from the VIDI research programme with project number 639.042.729, which is financed by
9

the Netherlands Organisation for Scientific Research (NWO). H.J.A.R. acknowledge support
from the ERC Advanced Investigator programme NewClusters 32127. A. Bon. acknowledges
support from the ERC Stg “DRANOEL” no. 714245 and from the MIUR grant FARE “SMS”.
Author Contributions. G.D.G. coordinated the research, performed the radio imaging,
reduced the VLA and Chandra data and wrote the manuscript. R.J.v.W., A.Bot., and F.d.G.
performed the additional calibration on the LOFAR data and wrote the data reduction software. G.B. and R.C. performed the magnetic field evolution modeling. R.J.v.W., G.B. and
R.C. helped with the writing of the manuscript. M.B. and M.H. helped with the interpretation of the radio and modeling results and provided extensive feedback on the manuscript.
H.J.A.R. and T.W.S. lead the LoTSS survey and coordinated the LOFAR data reduction.
A.S. carried out the XMM-Newton data reduction. F.G. and M.R. helped with the interpretation of the X-ray data and sample selection. A.Bon. helped with designing the experiment
and observing proposal. V.C., D.D., P.D.F., T.A.E. and S.M., helped with the interpretation
of the radio and modeling results, and gave feedback on the manuscript. All the authors of
this manuscript are members of the LOFAR Surveys Key Science Project.
Competing interests. The authors declare no competing financial interests.

10

Method
Galaxy cluster sample selection. We construct our sample of high-z galaxy clusters using
the latest Planck Sunyaev-Zel’dovich (SZ) catalog, i.e. PSZ2 [15]. This catalog provides a
reliable cluster mass estimation for galaxy clusters up to z ⇠ 1. Although the exact eﬀect of
selection biases is still being debated and may overestimate the observed fraction of clusters
with radio halos, there is no clear consensus in the literature that suggests the SZ sample
chosen here disproportionately favours merging over relaxed clusters [29; 30; 31]. We select all
the objects at DEC 20 , to match the part of the sky with the best LOFAR sensitivity, and
z 0.6. No mass-threshold has been applied in our cluster selection. These selection criteria
result in a sample of 30 objects (see Supplementary Table 1). The sample includes clusters
where precise redshift measurements became available recently [32; 33; 34; 35; 36; 37; 38]
and a previous-discovered Planck cluster, i.e. PLCK G147.3–16.6 [19]. We used the optical
images from the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS
[39]) to refine the accuracy of the cluster center coordinates, using the brightest cluster
galaxy (BCG), when detected, or approximately the center of the distribution of the galaxies.
We also inspected the Chandra and/or XMM-Newton X-ray image, when available, to verify
the correspondence of the cluster coordinates with the center of the thermal gas distribution.
Among these 30 Planck clusters, 21 objects were already covered as part of the LOFAR Twometre Sky Survey (LoTSS [14]). From these 21 clusters one was aﬀected by bad ionospheric
observing conditions (i.e. PSZ2 G088.98+55.07) and one lays on the same line of sight of a
cluster at z = 0.3 (i.e. PSZ2 G097.52+51.70). Those are therefore excluded from the final
sample (see Extended Data Figure 1), consisting of 19 objects at median redshift of z = 0.7.
LOFAR observations, data reduction, images and flux measurements. The LOFAR
observations were carried out together with the LOFAR Two-metre Sky Survey (LoTSS [14])
in the 120–168 MHz frequency range. The survey consists in 8 hours of observation for each
pointing, with a field of view of ⇠ 2.6 , full resolution of about 600 , and median noise of about
70 µJy beam 1 . Given the large sky coverage already achieved by the survey, our targets
were often observed by more than one pointing (see Supplementary Table 2), which further
improved our signal to noise. For each LoTSS pointing, we performed standard data reduction [14], which includes direction-independent and dependent calibration, and imaging of
the full LOFAR field of view using prefactor [40; 41; 42], killMS [43; 44] and DDFacet [45].
We additionally improved the quality of the calibration, using the products of the pipeline,
subtracting all the sources outside a region of ⇠ 150 ⇥ 150 surrounding the target, and performing extra phase and amplitude self-calibration loops in each target sub-field. To verify the
quality of the calibration, each pointing is imaged independently using WSClean [46], with the
wideband deconvolution mode (channelsout=6). For all our imaging, we employ automatic
clean masks for the deconvolution. We utilize a 3 rms masking threshold, with rms the local
map noise, and cleaning down to the 1 rms level inside the mask. The images have a central
frequency of 144 MHz, and are provided in the Extended Data Figure 1.
All the clusters in our sample were carefully visually inspected in the full-resolution image to
search for extended radio emission. To emphasize the presence of diﬀuse radio emission, we
also produced low-resolution source-subtracted images. We first applied an uv-cut to the data,
to filter out emission associated to linear sizes larger than 500 kiloparsecat the cluster redshift
and to create a clean component model of the compact sources. For PSZ2 G089.39+69.36 we
1

apply an uv-cut corresponding to 400 kpc. During this step, we employed multiscale deconvolution [47], using scales of [0, 4, 8, 16] ⇥ pixelscale (with the pixel size of 1.500 ) to properly
include and subtract somewhat extended radio galaxies. In addition, for the automatic deconvolution we lower the mask threshold to 1 rms to subtract the faintest contaminating sources
(see Supplementary Figure 1). Finally, we subtracted the compact sources model from the visibilities and tapered the uv-data to ⇠ 1500 resolution. It is important to note that in case of an
extended radio galaxy, with linear size & 500 kpc, this method cannot properly subtract the
radio emission from the uv-data. For that reason, the extended double-lobed radio galaxy just
north of PLCKG147.3–16.6 has been manually excluded and blanked in the low-resolution
source-subtracted image (Figure 1 and Extended Data Figure 1).
We used these low-resolution source-subtracted images to define the largest linear size (LLS)
of the diﬀuse radio emission, following the 2 rms contour. Systems with LLS < 500 kpc were
not included in our statistics. Roundish, centrally-located significantly detected sources (see
the next paragraph) that follow the ICM distribution were classified as radio halos; elongated,
peripheral structures were classified as radio relics. We did not identify clear examples of fossil
radio plasma sources (i.e. “radio phoenices”), these typically have small sizes (i.e. 200 kpc or
smaller), irregular shapes, and are not centered on the cluster center [48; 49]. Similarly, we
did not find clear examples of “mini-halos”, as these diﬀuse sources usually have LLS smaller
than 500 kpc and are located in dynamically relaxed systems [50]. Uncertain classifications,
due to contamination from extended radio galaxies in the cluster region and/or ambiguous
shapes, were excluded from our final statistical analysis. If we measure the LLS following the
3 rms contour, we would classify 8 radio halos instead of 9 (see Supplementary Table 3).
To determine the integrated flux densities for the radio halos, we first measured the total
cluster radio flux densities (i.e. compact sources and diﬀuse emission) from the low-resolution
image, following the 2 rms radio contour to fully cover the extension of the diﬀuse radio
emission (see Extended Data Figure 1). In the Supplementary Table 3, we also report the
integrated flux density measurements following the 3 rms radio contour. We then mathematically subtracted the flux densities of the compact sources within the cluster region, measured
in the full-resolution uv-cut image, to obtain the flux density associated to the diﬀuse radio
sources [17]. For PSZ2 G091.83+21.16, which also hosts a bright radio relic, we visually separated it from the radio halo region (see Supplementary Figure 2). The uncertainties on the
flux densities are estimated adding in quadrature the rms statistical uncertainty, the 15%
systematic error associated to the LOFAR flux scale calibration, fcal [14], and the uncertainty
due to the source subtraction in the cluster region, sub [16], according the following Equation:
q
2
2 N
S = (fcal S144MHz )2 + rms
(2)
beam,h + sub .
P
2
2
Here, sub
= i rms
Nbeam,si , and Nbeam,h and Nbeam,si are the number of beams covering the
halo and the subtracted i sources, respectively. Uncertainties associated to possibly missed
faint compact sources are not included, but these should be smaller than the systematic
error associated to the LOFAR flux scale calibration. We confirmed the presence of diﬀuse
radio emission when the measured integrated radio flux density is larger than five times the
flux uncertainty, i.e. S144MHz
5 (see Column 5 in Table 1). Flux density measurements
S
directly obtained from the low-resolution source-subtracted images are also provided in the
Supplementary.
2

Finally, we calculated the k-corrected radio luminosity at 1.4 GHz:
P1.4GHz = 4⇡DL2

S1.4GHz
,
(1 + z)↵+1

(3)

with DL the luminosity distance assuming standard ⇤CDM cosmology (i.e. H0 =
1.4GHz ↵
70 km s 1 Mpc 1 , ⌦m = 0.3, and ⌦⇤ = 0.7) and S1.4GHz = S144MHz 144MHz
. Since the
spectral indices of the radio halos are not measured, we assume a Gaussian distribution of
spectral indices ↵ with mean value 1.5 and scatter 0.3 for computing the radio luminosity.
These values were chosen to encompass the typical range of spectral indices found in radio
halos [3], and to take into account that they could be steeper than local systems [51]. Only for
PLCK G147.3–16.6, we used the spectral index obtained combining our observations with the
GMRT literature data [19] (see Supplementary). The radio luminosities are listed in Table 1,
whose uncertainties are obtained by performing Monte Carlo simulations including the flux
density uncertainties and the spectral index uncertainty.
X-ray observations and data reduction. Twelve clusters among our LOFAR sample have
also Chandra and/or XMM-Newton observations (see Supplementary Table 4 and Extended
Data Figure 2).
Chandra data were reduced using the chav software package (http://hea-www.harvard.
edu/~alexey/CHAV/) with CIAO v4.6 and applying the CALDB v4.7.6 calibration files [52].
The processing includes the application of gain maps to calibrate photon energies, filtering out
counts with ASCA grade 1, 5, or 7 and bad pixels, and a correction for the position-dependent
charge transfer ineﬃciency (CTI). Periods with count rates with a factor of 1.2 above and 0.8
below the mean count rate in the 6–12 keV band were also removed. Standard blank-sky files
were used for background subtraction. The final exposure-corrected images were made in the
0.5–2.0 keV band using a pixel binning of a factor of 4 (i.e 200 ) and combining the diﬀerent
ObsIDs together where relevant (i.e., PSZ2 G160.83+81.66).
XMM-Newton observations were reduced using version 17.0.0 of the dedicated Science Analysis System (SAS). After converting the observation data files to unfiltered event lists, we
extracted light curves in bins of 100 seconds in the energy ranges 10–12 keV for the MOS and
10–14 keV for the pn detectors onboard. Good time intervals were created excluding periods
when the mean count rates in these light curves were diﬀerent from the corresponding mean
by more than 2 standard deviations. Images were extracted in the 0.4–7.0 keV band, using
only the highest quality (FLAG==0) single to quadruple MOS events (PATTERN12) and
single to double pn events (PATTERN4). Images were weighted by the respective exposure
maps for each detector and combined, accounting for a factor ⇠2.5 diﬀerence between the
typical expected count rates for MOS and pn at a given source flux (due to the slightly diﬀerent eﬀective areas and the fact that the light focused by two of the XMM-Newton telescopes
is split evenly between the MOS and RGS detectors). Since we are interested mostly in the
morphology of high-redshift, thus relatively compact, clusters positioned close to the aim
point, the eﬀects of vignetting and instrumental particle background are minimal and have
not been corrected for this analysis.
Turbulent energy flux at high redshift. According to re-acceleration models, relativistic
electrons in radio halos are re-accelerated by turbulence. Assuming that turbulence in the
ICM is mainly injected by cluster mergers, then the turbulence injection rate is ⇢vi3 /Linj [53],
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with vi the impact velocity between the two merging clusters, ⇢ the cluster mean density
and Linj the injection scale of turbulence (which can be assumed to be of the same order of
the cluster size, about 1 Mpc at both z = 0.2 and z = 0.7). The relative impact velocity of
two subclusters with virial masses Mv and Mv which collide (at a distance Rv between the
centers) starting from an initial distance d0 with zero velocity is given by [54]:
s
✓
◆
(Mv + Mv )
1
vi ' 2G
1
.
(4)
Rv
⌘v
1/3

+ M
Here, d0 = ⌘v Rv , ⌘v ' 4 MvM
, and Rv is the virial radius of the main cluster, i.e., the
v
radius at which the ratio between the average density in the cluster and the mean cosmic
density at the redshift of the cluster is given by [55]:
c (z)

where !(z) ⌘ ⌦f (z)

1

= 18⇡ 2 (1 + 0.4093 !(z)0.9052 ) ,

(5)

1 with:
⌦f (z) =

⌦m,0 (1 + z)3
.
⌦m,0 (1 + z)3 + ⌦⇤

(6)

The virial mass, Mv , and the virial radius are thus related by:


3Mv
Rv =
4⇡ c (z)⇢m (z)

1/3

(7)

where ⇢m (z) = 2.78 ⇥ 1011 ⌦m,0 (1 + z)3 h2 M Mpc 3 is the mean mass density of the
Universe at redshift z. The ratio of the gas density at high and low redshift can be assumed
)3
to scale as the ratio of the two virial densities, i.e., ⇢⇢v,z=0.7
= (RMv,z=0.7)3 ⇥ (RMv,z=0.2
. In the case
v,z=0.2
v,z=0.2
v,z=0.7

Mv,z=0.7 = Mv,z=0.2 , the density ratio becomes simply proportional to (Rv,z=0.2 /Rv,z=0.7 )3 .
Specifically, considering both at low and high-z Mv ' 1.0 ⇥ 1015 M and Mv ' Mv /3, the
above equations give a ratio (vi,z=0.7 /vi,z=0.2 )3 ⇠ 1.5 and ⇢v,z=0.7 /⇢v,z=0.2 ⇠ 2.2. The resulting
ratio of turbulent energy flux derived at high and low redshift is then ⇠ 3.3.
The above calculation is approximate, because we only took kinematic eﬀects and ⇤CDM
cosmology into account. We thus also use simulations in [53] to calculate the injection of turbulence during simulated cluster merging histories, and derived the turbulent energy injected
in the volume swept by the infalling subcluster. We found that in this case the distributions
of the turbulent energy fluxes derived for clusters with Mv ' 0.9 1.4 ⇥ 1015 M in the two
redshift ranges 0.2 0.3 and 0.7 0.8 diﬀer by a factor of ⇠ 3 4, in a good agreement with
the simpler derivation reported above.
Radiative lifetime and electrons acceleration in high-z clusters. In the paper we have
assumed that ⌘rel , i.e. the fraction of turbulent energy flux that is absorbed by relativistic electrons (Eq. 1), is constant with redshift. This depends on the energy budget of the population
of re-accelerated seed electrons, and on the microphysics of the nonlinear interaction between
turbulence and particles. The latter is assumed to be redshift-independent (e.g. [25]). Thus,
a constant ⌘rel implies a similar energy budget of the seed electrons that are accumulated in
high- and low-z ICM.
4

More specifically, we used Eq. 1 to infer a lower limit to the ratio of the magnetic field in
high- and low-z radio halos, thus our conclusions may change in the case that clusters at
higher redshift host a population of seed electrons with a much larger energy budget. In this
section we show that this possibility is very unlikely, as the higher injection rate of electrons
in the ICM expected from high-redshift sources is balanced by the stronger electron energy
losses.
The budget of seed electrons that accumulate in the ICM can be estimated as Ne / Qe ⇥ Tmax
(with Qe the injection rate and Tmax the maximum electron lifetime). The lifetime of relativistic electrons in the ICM, which is determined by the energy losses due to Coulomb interaction
with the thermal plasma and to Inverse Compton scattering with the CMB photons and synchrotron losses, can be expressed as [5]:
⇢

✓ ◆
1
1
ñ
1
˜
T =4
˜ z+
1.2 +
ln
,
(8)
3
˜
75
ñ
2

B
where we put ˜ = /300, ñ = n/10 3 , z = 3.2
+ (1 + z)4 . Here, is the Lorentz factor, n
3
the number density in cm and B the magnetic field strength in µG. This lifetime increases
with the energy of relativistic electrons at lower energy, it reaches a maximum and then
decreases as a function of .
q
3ñ
The maximum of T is obtained for ˜ ⇡
. For B < BCMB , it is determined by the
z
combination of IC and Coulomb losses. Replacing this in Eq. 8 gives the typical lifetime
of relativistic electrons that can be accumulated in the ICM on cluster lifetime and then
re-accelerated during mergers:

Tmax [Gyr] = 4

(
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Considering that between z = 0.2 and z = 0.7 the virial density (and hence the thermal gas
density n) increases by a factor of ⇠ 2, the maximum lifetime ratio for electrons radiating at
these two redshifts is ⇠ 2.7, considering B ⇠ 1 2 µG.
Several sources can inject electrons in the ICM including AGN, galaxies (galactic winds, GW)
and cosmological shocks. Most of the energy of the relativistic plasma of GW and shocks is
in the form of supra-thermal and relativistic protons with only a negligible fraction in the
form of electrons (e.g. [5]).
AGN are thought to be the dominant sources of relativistic electrons in the ICM (e.g. [5]);
this hypothesis is also supported by recent LOFAR observations, where sources of fossil
radio plasma from old AGN-electrons are commonly found in galaxy clusters [48; 49]. The
injection rate of electrons from a number of AGN in clusters, NAGN , is Qe ⇠ NAGN nrel V /⇥,
where nrel is the number density of radio-emitting electrons in the jets and lobes, V is the
volume of the radio plasma and ⇥ is the AGN life-time. The number density of radio-emitting
electrons in the AGN lobespcan be estimated assuming equipartition between particles and
magnetic
p fields, i.e. nrel / Lsyn /V , with Lsyn the AGN synchrotron luminosity. This gives
Qe / Lsyn V NAGN /⇥. The linear size of radio galaxies is observed to decline with redshift,
probably due to the higher density of the medium in which radio lobes and jets expand [56; 57].
Thus we attempt to account for the expected change of V with redshift assuming approximate
5

pressure
pequilibrium of the lobes with the surrounding medium. This would imply PICM /
nrel / Lsyn /V and consequently Qe / Lsyn NAGN /(PICM ⇥) ⇡ ⇢L (1 + z)3 /(PICM ⇥), where
⇢L is the luminosity density of radio AGN per comoving-volume. The luminosity density
increases by a factor ⇠ 2 2.5 from z ⇠ 0.2 to z ⇠ 0.7 ([58] their Fig. 5). The increase of
v Mv
PICM with redshift can be estimated using virial quantities, i.e. PICM / nICM TICM / M
,
Rv3 Rv
implying that pressure increases by a factor ⇠ 2.5 from z ⇠ 0.2 to z ⇠ 0.7 for clusters with
the same virial mass. We find that Qe is only about 2-3 times larger in clusters at z ⇠ 0.7
if we assume that the life-time of AGN does not change much with redshift. Combining this
result with the maximum lifetime of the radiating electrons, that is ⇠ 2.7 times longer at
lower redshift, suggests that the budget of seed electrons at low and high redshift is similar.
Seed electrons in the ICM can also be generated by the decay chain of inelastic proton-proton
collisions (e.g. [59; 60]). The importance of this channel depends on the energy budget of
CR in the ICM, which is poorly known. A relevant contribution of re-accelerated secondary
particles to radio halos is still allowed by current gamma-ray limits from FERMI-LAT (e.g.
[61]). For this reason, we also compare the budget of secondary electrons accumulated in
galaxy clusters at low and high redshift considering cosmological shocks as the main sources
of relativistic protons. In this case, numerical simulations suggest the ratio of CR to thermal
ICM pressures (X = PCR /PICM ) in high-z clusters is generally smaller than that at low
redshift (e.g. [62]). The ratio of the energy budget of secondary electrons at high and low
redshift can be approximately estimated as:
Ne,z=0.7
Xz=0.7 nICM,z=0.7 PICM,z=0.7 Tmax,z=0.7
⇠
,
Ne,z=0.2
Xz=0.2 nICM,z=0.2 PICM,z=0.2 Tmax,z=0.2

(10)

implying Ne,z=0.7 /Ne,z=0.2 ⇠ 0.4 1.8 if we assume typical CR pressure ratios measured in
simulations, i.e. ⇠ 0.2 1 ([63; 62], Figs. 14 and Fig. 12 respectively), and the ratios between
physical quantities as derived above: Tmax,z=0.7 /Tmax,z=0.2 ⇠ 1/2.7, PICM,z=0.7 /PICM,z=0.2 ⇠ 2.5
and nICM,z=0.7 /nICM,z=0.2 ⇠ 2. Similarly to the case of AGN, this implies that the budget of
secondary particles that is available at higher redshift is very similar to that at low redshift.
Reynolds number estimation. In Figure 3b we have used a simple model of magnetic field
amplification to infer combined constraints on the initial magnetic field and on the Reynolds
number.
We follow the method as outlined in [64]. We assume that the amplification initially operates
in a kinematic regime, where the magnetic field grows exponentially with time:
B 2 (t) ⇠ B02 exp (t ) ,

(11)

where the time-scale of the magnetic growth is 1 ⇠ 30Ld / vd . This depends on the turbulent
eddy turnover time at the viscous dissipation scale, Ld ⇠ Linj Re 3/4 , vd ⇠ vt (Ld /Linj )1/3 .
The factor ⇠ 30 is derived from simulations [21; 22], and accounts for the less eﬀective
stretching of the field lines due to the turbulent diﬀusion. When the magnetic and the kinetic
energy densities become comparable at the viscous dissipation scale (B(t)2 /8⇡ ⇠ 1/2⇢ vd2 ),
the turbulent dynamo transits to a phase where the magnetic field grows linearly with time.
This phase is known as the non-linear regime because the magnetic field (Reynolds stress)
becomes dynamically important. From Eq. 11, this transition occurs at a time:
6

Linj
t⇤ ⇠ 60
Re
vt

1/2

ln

✓

B⇤
B0

◆

(12)
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p
where B⇤ ⇠ 4⇡⇢ vt Re 1/4 . According to simulations, in the non-linear regime, i.e. for time
t t⇤ , we assume that a constant fraction of the turbulent kinetic energy flux, ⌘B , is channeled
into magnetic field energy (⌘B = 0.05 [64]). Therefore, the evolution of the magnetic field with
time is:
B 2 (t) ⇠ B⇤2 + 4⇡

⇢vt3
⌘B (t
Linj

In the calculations shown in Figure 3b, we assume a continuous injection of turbulence with
vt = 500 km s 1 at the injection scale Linj = 1 Mpc, and n = ⇢/mp = 3 ⇥ 10 3 cm 3 (with
mp the proton mass). We note that a situation of continuous injection of turbulence with
these parameters is appropriate for a dynamically active and massive cluster [6; 12; 23; 24]
and consequently calculations would overestimate the magnetic field strength if extrapolated
for a time scale that is much larger than that of a typical merger.
An important parameter in the model is the time when the turbulent dynamo starts, as it
fixes the time available for magnetic field amplification up to the epoch of observation. Here,
we assume that the turbulent dynamo starts when the clusters have formed a quarter of their
mass. This implies that the time available for the amplification is of about 3.7 Gyr [65; 66].
Assuming a turbulent velocity of vt = 500 km s 1 at an earlier stage in the cluster life-time is
optimistic, as the cluster would be too small. Since the turbulent energy flux is proportional
to vt3 , the eﬀect of much weaker turbulence at earlier epochs is not relevant for the magnetic
field evolution. Conversely, if we assume that the dynamo started later in the cluster life-time,
e.g. when it has assembled half of its mass, it results in more stringent Reynolds numbers,
since the time available for the amplification is shorter (about 2.7 Gyr). Lower turbulent
velocities and lower number densities would imply higher values of the Reynolds number. On
the other hand, higher turbulent velocities would imply a smaller value of Re. However, even
if we consider vt = 800 km s 1 [6; 12], i.e. the case of a large turbulent pressure of about
30–40% the ICM pressure, we obtain Reynolds numbers that are only three times smaller
than the case with vt = 500 km s 1 . We also mention that in real clusters turbulence is
induced in a medium that is highly stratified due to gravity [67]. In this case, the transport of
magnetised turbulent eddies toward the outskirts could make the turbulent dynamo slightly
less eﬃcient than in our model, implying that our constraints on the Reynolds number are
conservative.
Data availability. The radio observations are available in the LOFAR Long Term Archive
(LTA; https://lta.lofar.eu/) and in the VLA archive (https://archive.nrao.edu/
archive/advquery.jsp, project code 15A_270). The X-ray observations are available in
XMM and Chandra data archives (http://nxsa.esac.esa.int/nxsa-web/#search and
https://cda.harvard.edu/chaser/). The data that support the plots within this paper
and other findings of this study are available from the corresponding author upon reasonable
request.
Codes availability. The codes that support the plots within this paper and other findings
of this study are available from the corresponding author upon reasonable request.
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