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Abstract

In this Letter, we report the discovery of a radio halo in the high-redshift galaxy cluster PSZ2 G099.86+58.45
(z = 0.616) with the LOw Frequency ARray (LOFAR) at 120-168 MHz. This is one of the most distant radio
halos discovered so far. The diffuse emission extends over ~1 Mpc and has a morphology similar to that of the
X-ray emission as revealed by XMM-Newton data. The halo is very faint at higher frequencies and is barely
detected by follow-up 1-2 GHz Karl G. Jansky Very Large Array observations, which enable us to constrain the
radio spectral index to be o < 1.5-1.6, i.e., with properties between canonical and ultra-steep spectrum radio
halos. Radio halos are currently explained as synchrotron radiation from relativistic electrons that are re-accelerated
in the intracluster medium by turbulence driven by energetic mergers. We show that in such a framework radio
halos are expected to be relatively common at ~150 MHz (~30%—-60%) in clusters with mass and redshift similar
to PSZ2 G099.86+58.45; however, at least two-thirds of these radio halos should have a steep spectrum and thus
be very faint above ~1 GHz frequencies. Furthermore, because the luminosity of radio halos at high redshift
depends strongly on the magnetic field strength in the hosting clusters, future LOFAR observations will also
provide vital information on the origin and amplification of magnetic fields in galaxy clusters.
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1. Introduction
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Cluster-scale (~Mpc-scale), diffuse synchrotron emission is
frequently found in high-mass (Msqo > 5 x 10" M) merging
galaxy clusters in the form of so- called giant radio halos (RHs),
apparently unpolarized emission that fills large cluster volumes
(e.g., van Weeren et al. 2019). These sources are characterized
by low surface brightnesses and steep spectra (o > 1, with
S, oc v~%; this is the convention that we adopt here). Their
properties and connection with cluster mergers support the idea
that they trace turbulent regions in the intracluster medium
(ICM) where relativistic particles are trapped and re-accelerated
during cluster—cluster mergers (e.g., Brunetti & Jones 2014).

Present statistical studies are limited to relatively low-
redshift systems (z < 0.35-0.4; e.g., Venturi et al. 2007, 2008;
Cuciti et al. 2015; Kale et al. 2015), with only a handful of
halos discovered at z >~ 0.5-0.6 (Giovannini & Feretti 2000;
Bonafede et al. 2009, 2012; van Weeren et al. 2009) and only
two at higher redshift: one located in the El Gordo galaxy
cluster, an exceptionally massive object at z = 0.87 (Lindner
et al. 2014), and one in PLCKG147.32-16.59, a cluster at
z=0.65 (van Weeren et al. 2014). At high redshift an
increasing fraction of the energy that is dumped into the
acceleration of relativistic electrons in RHs is radiated away in

the form of inverse Compton (IC) emission, dE/dt o (1 + z)*.
This is expected to cause a decline of the fraction of RHs in
high-z galaxy clusters with respect to their low-z counterparts
(Cassano et al. 2006). In particular, the fraction of clusters
hosting RHs at higher z is also expected to be very sensitive to
the magnetic fields in these systems.

The discovery of high-redshift RHs has been limited by the
need for radio observations with high sensitivity to steep
spectrum emission and high resolution in order to adequately
distinguish the emission from contaminating sources. The
advent of the LOw Frequency ARray (LOFAR; van Haarlem
et al. 2013), which can produce deep, high-resolution, high-
fidelity, low-frequency radio images, has opened up the
possibility to study RHs at low frequencies with unprecedented
detail and sensitivity (e.g., Shimwell et al. 2016; van Weeren
et al. 2016a; Bonafede et al. 2018; Botteon et al. 2018, 2019;
Hoang et al. 2018, 2019a, 2019b; Wilber et al. 2018, 2019).

In this Letter, we report on the discovery of a radio halo in
the high-redshift galaxy cluster PSZ2 G099.86+58.45 (PSZ2
G099), which was observed as part of the LOFAR Two-meter
Sky Survey (LoTSS). LoTSS is an ongoing sensitive
~100 pJy beam ™, high-resolution, ~6”, 120168 MHz survey
of the entire northern sky (Shimwell et al. 2017, 2019).
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PSZ2 G099 is a massive, Msgo = (6.84 + 0.48) x 10'* M.,
(Planck Collaboration et al. 2016) and hot, kT = 8.9 3% keV
(Sereno et al. 2018), cluster discovered through its Sunyaev—
Zel’dovich (SZ) signal by the Planck satellite. Recently, the
gravitational lensing signal of this cluster has been traced up to
30 Mpc from its center, implying that it sits in a very high-
density environment, about six times denser than the average
ACDM prediction at this redshift (Sereno et al. 2018). The
expected complex dynamics around this cluster make the
discovery of a RH in this cluster particularly interesting.

Hereafter, we adopt a ACDM cosmology with
Hy=70kms ' Mpc ', Q, =0.3, and Q, = 0.7. With the
adopted cosmology, 1”7 corresponds to a length scale of
6.766 kpc at z = 0.616.

2. Observations and Data Reduction

The LoTSS pointings consist of 8 hr observations in the
120-168 MHz band, which are typically separated by ~2°6.
PSZ2 G099 is located at ~15’ from the center of pointing P214
+55 (in the region of the HETDEX Spring Field), acquired on
2015 May 14 (ObsID L343224). Data reduction of this
pointing was performed with the pipeline described by
Shimwell et al. (2019), which performs direction-independent
and dependent calibration and imaging of the full LOFAR field
of view, using PREFACTOR (van Weeren et al. 2016b; Williams
et al. 2016; Mechev et al. 2018; de Gasperin et al. 2019),
KILLMS (Tasse 2014a, 2014b; Smirnov & Tasse 2015) and
DDFACET (Tasse et al. 2018). To improve the image quality in
the direction of PSZ2 G099, we used the products of the
pipeline, subtracted all the sources outside a region of
15’ x 15’ surrounding the target, and performed extra phase
and amplitude self-calibration loops in this sub-field (more
details by R. J. van Weeren et al. 2019, in preparation). The
LOFAR images shown in this Letter were produced with
WSClean v2.6 (Offringa et al. 2014) and have a central
frequency of 144 MHz. Uncertainties on the LOFAR integrated
flux densities are dominated by errors in the absolute flux scale,
which is conservatively set to 20%, in line with LoTSS
measurements (Shimwell et al. 2019).

A follow-up observation of PSZ2 G099 was carried out with
the Karl G. Jansky Very Large Array (JVLA) in the L-band (
i.e., 1-2 GHz) in C- and D-configurations, for a total time of
4 hr. Following the procedure described by Di Gennaro et al.
(2018), we calibrated the antenna delays, bandpass, cross-hand
delays, and polarization leakage and angles using the primary
calibrators 3C286 and 3C147. The calibration solutions were
then applied to the target, and self-calibration on the single data
set was performed to refine its amplitude and phase solutions.
During the final self-calibration on the combined data set we
also employed an additional self-calibration on a bright source
located at the edge of the primary beam, whose side lobes
affect the cluster radio emission. All the images in this Letter
were produced with CASA v5.0 (McMullin et al. 2007) using
w-projection (Cornwell et al. 2005, 2008), Briggs weighting
with robust=0, nterms=3 (Rau & Cornwell 2011) and are
corrected for the primary beam attenuation.

PSZ2 G099 was observed three times with XMM-Newton
(ObsID: 0693660601, 0693662701, 0723780301) for a total
exposure time of 63 ks. Periods of the observations that were
affected by soft proton flares are excluded during the analysis
by using the Scientific Analysis System tasks. The displayed
image is a background-subtracted and exposure-corrected

Cassano et al.

50

49'

S a8

o

o

o

C

S ar

-+

©

=

S

(0]

e 46"
+54°45'

500 kpc
14h14m30s

50s 7 40s
Right Ascension (J2000)

Figure 1. CFHTLenS g-, r-, and i-band composite images of PSZ2 G099 with
overlaid the LOFAR 144 MHz high-resolution (8”3 x 4//3) contours (white),
the XMM-Newton contours (yellow), and light density contours of the cluster
member galaxies (red dashed). Contours are spaced by a factor of 3 starting
from 5¢ for LOFAR (where ¢ = 70 uJy beam™ ') and by a factor of 2 starting
from 5.0 x 107 counts s~ pixel ™' for XMM-Newton (see Figure 2, center).
The LOFAR beam is shown in the lower left corner. Labels and numbers show
the position of the radio sources (see Section 3 for details).

mosaic image in the 0.5-2.0keV band of the three ObsIDs
where MOS and pn camera images are combined.

3. Results

A multi-wavelength view of PSZ2 G099 is reported in
Figure 1 where the LOFAR high-resolution contours are
overlaid on the Canada—France-Hawaii Telescope Lensing
Survey (CFHTLenS; Heymans et al. 2012) image highlighting
the presence of the compact radio sources in the direction of the
cluster. The X-ray contours from XMM-Newton are also
reported to show the distribution of the thermal gas. The red
contours follow the average surface density of the cluster
member galaxies selected in the optical i-band. We select 3058
galaxies from the CFHTLenS image with photometric redshift
within £0.06(1 + z;) of the cluster redshift, comparable to the
survey photo-z uncertainty. The distribution was smoothed
with a Gaussian kernel with a standard deviation of 50 kpc 4~ ".
The double-peaked average surface density and the elongated
X-ray emission indicate that PSZ2 G099 is in a merging phase.

At medium resolution (Figure 2, left panel), LOFAR clearly
reveals extended diffuse emission at the center of the galaxy
cluster. Subtracting the emission from point sources and
tapering down to ~20” resolution (middle panel) we find a
total extent of ~3 x 1/5 in the east-west and north-south
direction, respectively, corresponding to a physical extent of
~1.2 x 0.6 Mpc. We classify this emission as an RH due to its
extension, morphology, and location in the cluster. The
integrated flux density of the sources labeled A, B, and C
located in the RH region (Figure 1) is reported in Table 1.
Among these only source B is detected in the JVLA image and
has a spectral index o ~ 1.5 (see Figure 2, right panel),
meaning that source A and C are very steep spectrum sources
(av > 1.8). In the high-resolution LOFAR image, another three
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Figure 2. Left panel: LOFAR 144 MHz medium resolution (1379 x 977, rms noise o = 90 ;Jy beam'). Middle panel: XMM-Newton image in the 0.5-2.0 keV
band smoothed with a 3 pixel Gaussian kernel (1 pixel = 2”5) with low-resolution source-subtracted LOFAR contours (21”6 x 19”4, o = 200 pJy beam ') spaced
by a factor of 2 starting from 2¢. In both panels, —2¢ contours are displayed in dashed lines, while the beam shapes are shown in the bottom-left corners. Right panel:
1-2 GHz high-resolution (1771 x 11”2, ¢ = 20 puJy beam™') JVLA image with 2.50 and 5¢ low-resolution source-subtracted JVLA contours (2475 x 20”8,
o = 36 uJy beam ™ '). Numbers in the right panel show the position of the three blobs that are also highlighted in Figure 1.

Table 1
RH Properties

Shato,144 Mz (JY)" 253 £ 5.7
Shalo, 1500 MHz (MJY) ~1.5+0.5
Phato,1.4 ar, (107 W Hz )" 2.85 £ 0.95
Halo size (Mpc) 0.6-1.2
144 MHz compact source fluxes (mJy) 7.0+ 1.4 (A)

30.9 + 6.2 (B)

74+ 1.5 ()

Notes.
 Integrated (within 20,,,,) RH flux density.
b Assuming a spectral index of o = 1.2 for the halo emission, k-corrected.

blobs of emission are detected at S0 (numbered from 1 to 3 in
Figure 1), which account for a small total flux density of
S144 Muz ~ 3 mJy. These are also detected at high frequency,
as seen in Figure 2 (right panel).

To disentangle the contribution of the point sources and
provide a reliable measurement of the RH flux density, we
create an image of diffuse emission only (Figure 2, middle
panel) by subtracting the clean components of the sources A, B,
and C from the visibilities obtained by applying an inner uv-cut
of 3.5k (corresponding to a linear size of about 400 kpc at
z = 0.616) to the data. The flux density of the halo measured
within the LOFAR 20 contour iS Sj44 mp, = 25.3 £ 5.7 mly
(this excludes the 3 mJy flux of the three blobs). We verified
that the subtraction of the three point sources using uv-cuts in
the range 2.0-5.5 kA (corresponding to scales of ~700-250 kpc
at the cluster redshift) corresponds to variations of the RH flux
density of ~27.2-31.6 mlJy, which is within the calibration
error. The diffuse flux density is ~15% lower if emission above
the 30 level is considered.

In Figure 2 (right panel) we show the JVLA high-resolution
(17”1 x 11”2) image with the 2.50 contours from the JVLA
low-resolution source-subtracted image. The latter image has
been obtained after the subtraction of the clean components of
the point sources in the field (including those outside the cluster
region) using an uv-cut of 1.3 kA (corresponding to ~500 kpc)
and robust = —0.5, and than tapering at ~20" resolution.
The rms noise of this map is 36 xJy beam ', Diffuse emission
from the RH region is barely detected (the halo is not clearly

detected at 30) but shows some similarity with the RH seen by
LOFAR. However, the JVLA image appears to be contami-
nated by residuals of radio emission by individual sources.
Indeed, from the un-tapered map in which point sources have
been subtracted, we estimate that a residual contribution of
~1 mly can still be attributed to point sources, which leads to a
residual RH flux density of 1.5 mJy within 20. Because of the
very low brightness of the halo we evaluated the statistics of
the diffuse flux extracted from similar regions around the RH
measuring residual flux densities, which range between
~—0.3mlJ]y and +0.6 mJy. This provides an uncertainty in
the determination of the RH flux of ~4-0.5 mJy at 1.5 GHz.

4. Discussion

Observing high-z RHs provides unique information about
the physics of these sources in an extreme environment. In fact,
models for the origin of RHs at such early times are challenged
by the strong IC-losses of relativistic electrons
(dE/dt < E*(1 + z)*), which would compete and hamper
the acceleration of high-energy electrons and reduce the
synchrotron luminosity that is generated by a factor B2/B2,
Under these conditions the maximum synchrotron frequency
emitted by the electrons accelerated in RHs depends on B/B2,,
(Cassano et al. 2006) and thus the magnetic field sets the
frequency window where the emission can be observed.

To investigate this point, we derive the formation probability
of RHs in a cluster with mass and redshift similar to PSZ2
G099 using the statistical model developed by Cassano &
Brunetti (2005; see also Cassano et al. 2006, 2010), which is
based on the turbulent re-acceleration scenario. These models
match the observed fraction of clusters with RHs derived in
mass-selected cluster sample at low-z (Cuciti et al. 2015). In
such a framework, the synchrotron spectra of RHs steepen at
high frequencies because turbulent re-acceleration is balanced
by radiative losses of relativistic electrons. This steepening
makes it difficult to detect RHs at frequencies higher than the
frequency v, at which the steepening becomes severe.'® As a
simplified approach to estimating the occurrence of RHs at a

13 v, is defined as the frequency where the synchrotron spectrum is o = 1.9,

with « calculated between v,/2.5 and v (see Cassano et al. 2010, for details).
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Figure 3. Probability of forming RHs with v, > 120 MHz (solid curves) and
with v, 2 1400 MHz (dashed curves) as a function of the cluster virial mass in

~

the redshift range 0.6-0.7, for B = 1 uG (black curve) and B = 4.8 ;G (blue
lines). For the latter case, the 1o uncertainty derived through Monte Carlo
calculations is also shown (blue shadowed regions; see the text).

given frequency 1, we assume that only halos with vy > 1y
can be observed at 1. Massive merging clusters should
statistically have larger values of v, making them detectable at
relatively high frequencies (~GHz), while less energetic
mergers are expected to produce RHs with lower v, which
are only detectable at low frequencies (< few 100 MHz). The
latter are referred to as ultra-steep spectrum RHs (USSRHs'%)
and are predicted to be the dominant class of RHs in low-
frequency radio surveys, such as LoTSS (Brunetti et al. 2008;
Cassano et al. 2010; Wilber et al. 2018). Theoretically, the two
classes of RHs, the canonical and USSRHs, mark the extremes
of a continuous distribution of properties of these radio sources.

In Figure 3, we show the probability to form RHs with
vy 2 120MHz (solid curves) and with v, 2 1400 MHz
(dashed curves) for clusters in the redshift range 0.6-0.7. We
assume two values for the average magnetic field strength in
the RH region: ~1 uG (black line) and B = 4.8 uG (blue line).
The latter value corresponds to the magnetic field that
maximizes the lifetime of relativistic electrons radiating at a
given observing frequency at the redshift of the system (i.e.,
B ~ Bop /N3 ~ 4.8 1G), and thus it should be considered an
upper limit for the model expectations. For the case
B = 4.8 uG, we also report the resulting probabilities derived
by 1000 Monte Carlo extractions of galaxy cluster samples
from the pool of simulated merger trees (shadowed blue
regions). Considering the virial mass of PSZ2 G099,
M, ~ (1.35 & 0.57) x 10" M, (Sereno et al. 2017), we find
that at low frequency the probability of forming an RH in such
a cluster is at most 40%—60%, and this drops to about 30%
when considering B ~ 1 ©G. We conclude that RHs in clusters
that are similar to PSZ2 G099 should be fairly common in

' RHs with « > 1.5are considered USSRHs (see the discussion in
Brunetti 2004; Brunetti et al. 2008).

Cassano et al.

LOFAR surveys. On the other hand, the probability of forming
RHs in these systems at high frequencies (v, ~ 1400 MHz) is
found to depend critically on the magnetic field in the emitting
volume. The maximum probability (B = 4.8 uG) is about 20%,
whereas a very small probability (below the percent level, not
visible in Figure 3) is obtained considering B = 1 uG. The
drop in probability between low and high frequencies is
essentially due to the presence of USSRHs that glows up
preferentially at lower frequencies.

For the specific case of PSZ2 G099 the spectrum is not
measured well; however, our constraint « < 1.5-1.6 implies
that we can exclude the case of an RH with an extremely steep
spectrum, and that the radio properties of PSZ2 G099 could be
intermediate between those of canonical and USSRHs. We
measure an RH flux density at 1.5 GHz of ~1.5 4+ 0.5 mJy,
implying a 14GHz radio power  (k-corrected)
P4~ (2.85 + 0.95) x 10%* W Hz ', which is consistent with
the P;4—Msq correlation observed in intermediate-redshift
clusters (Cassano et al. 2013). This provides information on the
magnetic field in the RH volume. The expected radio
luminosity is Ry, nre](pv,3 /Linj) / (1 + (Bemp/B)?) (where
N1 accounts for the fraction of turbulence dissipated in particle
acceleration). Although the turbulent dissipation rate (pv? / Lipj,
where p is gas density, v, is turbulent velocity, and Li,; is the
turbulence injection scale) can be larger in dynamically young
high-z clusters than in low-z ones, the fact that the radio power
of PSZ2 G099 is similar to its lower-z counterparts suggests
that B in this cluster is at least similar to that in low-z ones.

This finding provides important information for models of
amplification of B in galaxy clusters, in particular on the origin
of the seed field that is stirred and amplified by turbulence and
small-scale dynamo (Dolag et al. 2005; Donnert et al. 2018;
Vazza et al. 2018). Because the dynamo mechanism is a slow
process that requires several turbulent eddy-turnover times
(several Gyr, e.g., Vazza et al. 2018, and references therein) our
observations suggest an important role of active galactic nuclei
and galactic winds in setting a significant seed field in the ICM
at high redshift.

At the same time it should be stressed that PSZ2 G099 is
sitting in a special region of the universe, which was found to
be about six times denser than the average density of the
universe at that redshift (Sereno et al. 2018); therefore, its RH
could be unique. The effect of the large-scale environment
(environment-bias; see Mao et al. 2018, and references therein)
can trigger the formation of an RH: in such a place more
merger/accretion episodes are expected to bias the halo growth
with respect to a cluster of similar mass in less denser regions
of the universe. As a consequence, future analysis of LOFAR
surveys will be very important to constrain the formation rate
of RHs at high-z and the origin of magnetic fields in these
systems.

5. Conclusions

We report on the discovery of a ~ Mpc (total extent) RH in
the PSZ2 G099 cluster using LOFAR observations at
120-168 MHz carried out for the LoTSS. At a redshift of
~0.616, it is among the most distant RHs discovered so far,
and the furthest away to have been discovered by LOFAR
to date.

The halo is also barely detected by 1-2 GHz follow-up
JVLA observations that constrain the radio spectral index to be
a < 1.5-1.6, i.e., with properties between canonical and ultra-
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steep spectrum radio halos. The estimated 1.4 GHz radio power
locates the halo on the observed P;4—Msy correlation,
meaning that the magnetic field strength in this cluster should
be not much different from that of other low- to intermediate-
redshift halos in clusters with similar mass.

We show that current turbulent re-acceleration models
predict that RHs in clusters similar to PSZ2 G099 should be
common (~30%-60%) at low frequencies; however, at least
two-thirds of these RHs should be USSRHs and thus be very
faint at high frequencies. This shows the power of LOFAR as a
unique machine to discover RHs at high-z.

Furthermore, because the fraction of clusters with RHs (and
with USSRHs) at high-z and their luminosity depend on the
magnetic field in these systems, we claim that LOFAR
statistical studies of high-z RHs will provide vital information
on the origin of magnetic fields in galaxy clusters.

This Letter is based on data obtained from the International
LOFAR Telescope (ILT) under project code LC3_008.
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 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 Nether-
lands; The Science and Technology Facilities Council, UK;
Ministry of Science and Higher Education, Poland; Istituto
Nazionale di Astrofisica (INAF), Italy. This research made use
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