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ABSTRACT

Low-frequency radio observations are revealing an increasing number of diffuse synchrotron sources from galaxy clusters, dominantly
in the form of radio halos or radio relics. The existence of this diffuse synchrotron emission indicates the presence of relativistic
particles and magnetic fields. It is still an open question what mechanisms exactly are responsible for the population of relativistic
electrons driving this synchrotron emission. The LOFAR Two-metre Sky Survey Deep Fields offer a unique view of this problem.
Reaching noise levels below 30 pJy/beam, these are the deepest images made at the low frequency of 144 MHz. This paper presents a
search for diffuse emission in galaxy clusters in the first data release of the LOFAR Deep Fields. We detect a new high-redshift radio
halo with a flux density of 8.9 + 1.0 mJy and corresponding luminosity of P, = (3.6 = 0.6) x 10> W Hz™! in an X-ray detected
cluster at z = 0.77 with a mass estimate of M5 = 3.31; x 10" M. Deep upper limits are placed on clusters with non-detections. We
compare the results to the correlation between halo luminosity and cluster mass derived for radio halos found in the literature. This
study is one of few to find diffuse emission in low mass (Msy < 5x 10'*M,) systems and shows that deep low-frequency observations
of galaxy clusters are fundamental for opening up a new part of parameter space in the study of non-thermal phenomena in galaxy
clusters.

Key words. galaxies: clusters: general — galaxies: clusters: intracluster medium — radiation mechanism: non-thermal — radio contin-

©ESO 2020

11.08249v1 [astro-ph.HE] 16 Nov 2020

uum: general

e
5
=
=
o
Q.
c
o
=
(]
=

Galaxy clusters are the largest virialised conglomerations of
baryons and dark matter in the Universe as well as the dens-

- est parts of the large-scale matter structure of the Universe. An

o

increasing number of galaxy clusters are revealing diffuse syn-
chrotron radio emission, which indicates the presence of mag-
netic fields and a pool of relativistic electrons in the intra-cluster
medium (ICM) (van Weeren et al.|2019). The properties and ori-
gin of the pool of relativistic electrons are still not fully clear
(Brunetti & Jones|2014), and neither are the exact properties of
the magnetic fields of galaxy clusters (Donnert et al.|2018]).

The diffuse radio emission in merging galaxy clusters has
been broadly classified into two main classes: radio halos and
radio relics (Feretti et al.|[2012; lvan Weeren et al.|/[2019). Radio
halos are diffuse radio structures that roughly follow the ther-
mal ICM distribution as observed by X-ray observations. Ra-
dio relics, also called radio shocks, are elongated and polar-
ized structures found in the outskirts of galaxy clusters that are

tracing merger-induced shock waves (Brunetti & Jones||[2014;
Briiggen et al.[2012).

The currently favoured model for radio halos is the turbulent
re-acceleration model, which poses that merger-induced turbu-
lence (re-)accelerates cosmic-ray electrons which produce the
radio halo (e.g., Brunetti & Lazarian||2007; [Paul et al|2011}
Miniati|2015). The turbulent re-acceleration model is supported
by observations that show that radio halos are generally found
in merging systems (e.g., (Cassano|[2010; |Cassano et al.| 2013}
Wen & Hanl2013; [Kale et al.|[2015; |Cuciti et al.|2015}; |[Eckert
et al.|2017). A possible contribution may come from the hadronic
model, which states that relativistic electrons are products of
hadronic collisions between relativistic protons and thermal ions
(e.g.,Blasi & Colafrancesco|1999; |Dolag & Enf31in/2000). How-
ever, upper limits to gamma-ray emission expected from the de-
cay products, in particular upper limits on the Coma cluster (e.g.,
Jeltema & Profumo|201 1} Zandanel & Ando|2014;|Brunetti et al.
2012, 2017), and the very steep spectra observed in a fraction of
radio halos (e.g., [Brunetti et al.[|[2008} [Wilber et al.|2017) rule
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out a dominant contribution from this channel, although a sce-
nario where secondaries are re-accelerated by turbulence is not
excluded (e.g., Brunetti & Lazarian|[2011} [Pinzke et al.[[2017
Brunetti et al.[2017).

Radio halos are more commonly found in higher-mass clus-
ters, owing to the known scaling relation between the radio
power and host cluster X-ray luminosity or mass (Liang et al.
2000; |Cassano et al.|[2013} [Birzan et al.|[2019)). This scaling re-
lation was found to exhibit a bi-modal behaviour, with merging
systems lying on the correlation and with more relaxed systems
generally being less luminous or undetected in the radio band
at a level significantly below the correlation (e.g.,|Cassano et al.
2013} |Cuciti et al.|2015). This behaviour corroborates the idea
that the kinetic energy dissipated during merger events powers
radio halos.

Some exceptions to the scaling relation and merger connec-
tion have been found. There are a few cases of over-luminous
radio halos (i.e., halos found in low X-ray luminosity clusters)
(e.g., |Giovannini et al.[|[2009, [2011)), although with only a few
detections, the classification of these sources remains uncertain.
Radio halos have also been found to be present in (semi-) re-
laxed clusters (Bonafede et al.[2014; [Sommer et al.[2017; Savini
et al.|[2019), suggesting that minor mergers in massive clusters
might also have the potential to dissipate enough energy to power
cluster-scale emission, although again, these are only a few ex-
amples.

Most radio halos observed at GHz frequencies have spectral
indices slightly lower than @ = —1 (where S, o v*) (Giovan-
nini et al.|2009; |[Feretti et al.|2012). In a number of cases ultra-
steep (@ < —1.6) spectrum radio halos (USSRH) have been ob-
served (e.g., Dallacasa et al.[2009; [Macario et al.|[2013} Wilber
et al|[2017). The turbulent re-acceleration model predicts that
less energetic mergers, often associated with lower mass sys-
tems, could generate halos with lower synchrotron break fre-
quencies (< 1GHz) (Cassano|2010). Observing radio halos close
to the break frequency leads to finding steeper spectrum halos.
Because USSRHs are expected to be discovered at low frequen-
cies, and to be associated mainly to low mass clusters, the cor-
relation between the radio halo luminosity at 120 MHz and the
X-ray luminosity of the cluster is predicted to be steeper and
more scattered than at higher radio frequencies (Cassano|2010).

There are still many open questions relating to the origin
and formation of radio halos. Due to the higher occurrence rate
and radio luminosity of halos with increasing cluster mass (Cas-
sano et al.|2013} |Cuciti et al.|2015)), most of the understanding
has been built on studies of relatively massive (> 5 x 10" M)
galaxy clusters. However, it is important to study radio halos in
low mass systems to understand their origin. Only a few radio
halos have been detected below cluster masses of 5 x 104 M,
with the lowest mass cluster being A3562 (Venturi et al.|[2003)
at 2.44f8:§}‘ x 10" M, (see Birzan et al.|2019, for a recent com-
pilation of halos from the literature).

The fact that the turbulent re-acceleration model predicts that
an increasing fraction of halos in lower mass clusters should
have a steep spectrum implies that lower mass systems should
be more easily detected at lower frequencies (e.g.,/Cassano/2010;
Brunetti & Jones|2014). Furthermore, less massive clusters have
a smaller turbulent energy budget, which implies that the effect
of turbulent re-acceleration may become less dominant at lower
cluster masses. Consequently, a possible transition from turbu-
lent halos to halos powered by hadronic interactions is predicted
(e.g.,/Cassano et al.[2012; Brunetti & Jones|2014)). The transition
depends on the amount of cosmic ray protons available in galaxy
clusters, which is still not understood.
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The LOFAR Deep Fields (Tasse et al. [2020; [Sabater et
al.|[2020; Kondapally et al.|[2020; Duncan et al|[2020) are a
set of deep LOFAR observations on three fields which have
high-quality multi-wavelength ancillary data available. These
fields provide a unique opportunity to study radio halos in the
low-mass and low luminosity regime due to the low-frequency
and large depth of the observations. This relatively unexplored
regime can elucidate mechanisms of halo formation in low mass
clusters that exhibit lower levels of turbulent motions. In this
paper, we present a search for diffuse emission associated with
galaxy clusters in the LOFAR Deep Fields. Throughout, we
assume a flat ACDM cosmology with Hy = 70kms™'Mpc~!,
Q,,=0.3 and Q5 = 0.7. We define the spectral nature of the radio
emission as S, oc v* where S, is the measured flux density at the
frequency v and « is the spectral index.

2. Data

The LOFAR surveys key science project aims to survey the
Northern sky at 120-168 MHz at several depth tiers with the LO-
FAR High Band Antenna. The wide survey aims to reach a sen-
sitivity of 100 uJy beam™' over the entire northern sky (Shimwell
et al.|2017, 2019), while the Deep Fields are a set of deeper
images of a few selected fields. This paper makes use of the
first data release of the LOFAR Two Metre Sky Survey (LoTSS)
Deep Fields (Tasse et al.||2020; [Sabater et al.|[2020; [Kondapally
et al.|2020; [Duncan et al.||2020), which currently consists of
three fields with a wealth of multi-wavelength data available: the
European Large-Area ISO Survey-North 1 (ELAIS-N1; [Oliver|
et al.[[2000), Bootes (Jannuzi & Dey||[1999) and the Lockman
Hole (Lockman et al.||1986)), which cover a combined area of
> 50 deg”. The final aim of the LoTSS Deep Fields is to reach
noise levels of 10 — 15uJy beam™! (Tasse et al.|[2020) near the
pointing centre.

In the first data release, the Lockman Hole and Bodtes field
were observed for 80 and 112 hours, reaching noise levels in the
centre of the fields of ~ 22 and 32 uJy beam™! respectively. The
observations and data reduction process of these two fields are
described in detail by Tasse et al.| (2020). The ELAIS-N1 field
was observed for 170 hours, reaching noise levels of ~ 20 uly
beam™'. This field required a custom data reduction strategy due
to a different observing setup and bandwidth coverage, which is
detailed by Sabater et al.[(2020).

3. Methods

We identified all clusters within 2.5 degrees of the pointing cen-
tre in the ELAIS-N1 and Lockman Hole fields that were present
in the second Planck catalogue of Sunyaev-Zel’dovich detected
sources (PSZ2; Planck Collaboration et al./|2016a), the Meta-
Catalogue of X-ray detected Clusters of galaxies (MCXC; |Pif-
faretti et al.|[2011)) or the Combined Planck-RASS catalogue of
X-ray-SZ clusters (ComPRASS; Tarrio et al.|2019). Seven clus-
ters in the aforementioned catalogues are present in the deep
fields, of which the details are given in Table[I] We also checked
the optically (SDSS data) selected cluster catalogue WHL (Wen
et al.|2012)) for clusters showing signs of diffuse emission and
visually identified three more clusters that show hints of dif-
fuse emission, although these are more likely to be AGN-related
extended emission. Finally, we also add the SpARCS1049+56
cluster to our sample, which was identified by |Webb et al.|(2015)
to be a very high redshift (z = 1.71) cluster in the Lockman
Hole field. As a fortuitous bonus, the cluster SDSSC4-3094 iden-
tified in the Sloan Digital Sky Survey (Miller et al.|2005) at
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Table 1: Sample of sources extracted from the LOFAR Deep Fields. The mass, redshift and Rsyy are obtained from the PSZ2
catalogue (Planck Collaboration et al.|2016a) or from the MCXC catalogue (Piffaretti et al.|2011) if the source was not present in
the former catalogue, unless otherwise noted. For the WHL clusters M5y was estimated from the richness, as detailed in Section
Mass uncertainties are not available for MCXC clusters.

Source Name Field Redshift  Msp (10'*My)  Rspo (Mpc)  Radio classification
MCXC J1033.8+5703 Lockman 0.0463 0.128 0.35 No detection
MCXC J1036.1+5713 Lockman 0.7699 3.25 0.78 Halo

MCXC J1053.3+5720 Lockman 0.34 0.487 0.49 No detection

PSZ2 G147.88+53.24 Lockman 0.60 6.47 = 0.60 1.06 Halo

PSZ2 G149.22+54.18 Lockman 0.1369 5.87f8:§g 1.22 Halo
SpARCS1049+56 Lockman 1.711 2.52 + 0.862 0.51 AGN
SDSSC4-3094 Lockman 0.046323 AGN

PSZRX G084.01+46.28 ELAIS-N1  0.0675 l.37f0233 0.77 No detection

PSZ2 G084.69+42.28 ELAIS-N1 0.13 2.70j(8éz 0.94 Uncertain

WHL J160439.5+543139 ELAIS-N1  0.2655 2.95 +0.50 0.93 Detection uncertain
WHL J161135.9+541635 ELAIS-N1  0.3407 3.40 +0.58 0.94 No detection

WHL J161420.1+544254 ELAIS-N1 0.3273 2.85+0.48 0.89 Detection uncertain

I (Webb et al|2015)

2 Derived from Mag given in |Finner et al.|(2020), see Section

3 (Miller et al.|2005)

Compact sources subtracted

Original Compact sourcesg only

0.8 =
16/ /!

16'00.0 0.6 &
S =
= 14'00.0" 0.4 =
= E)
g 12100.0” 0.2 £
j=}
g
+57°1000.0” s

0.0
0.8 =
2/ /! .
16'00.0 06 =
S =
= 14/00.0” 0.4~
= )
g 12'00.0” 0.2 ?
=)
S S
+57°10/00.0” - 400 kpe 00 A

24.00° 10"36™00.00° 24.00°  10"36™00.00° 24.00° 10"36™00.00°
RA (J2000) RA (J2000) RA (J2000)

Fig. 1: The compact source subtraction process for the cluster MCXCJ1036.1+5713. The left column shows the original image, the
middle column the image containing only the compact emission, and the right column shows the final compact source subtracted
image. All images are made with the same parameters, except the uv-cut for the central image. The top compact source only image
was made with a uv-cut of 25474 (i.e., 600 kpc at the cluster redshift) while the bottom image was made with a uv-cut of 38201
(i.e., 400 kpc). The restoring beam size is 9”X5”.

z = 0.04632 + 0.00083 lies in the same region of the sky as sion from cluster objects was picked up from visual identifica-
SpARCS1049+56 and is therefore added to the sample. Details tion of the field, including the 12 spectroscopically confirmed
on the total of 12 clusters are given in Table seven and five of  clusters at z > 1 found by |[Eisenhardt et al.| (2008)).

which are in Lockman and ELAIS-NI1 respectively. The Bootes

deep field observations do not overlap with any clusters from the

PSZ2, MCXC or ComPRASS catalogues. No clear diffuse emis-
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3.1. Target extraction and imaging

Once identified, we follow an ‘extract and subtract’ procedure to
optimise the sensitivity of the deep images to diffuse emission in
the direction of the cluster by allowing for easy re-imaging. First,
we make small (~ 0.3°%x0.3°) boxes around the identified targets.
The uv-data corresponding to this box is extracted from the full
dataset with the following method. A direction-dependent cali-
brated model, from the pipeline described in Tasse et al.| (2020);
Sabater et al.| (2020), of all components outside the boxed region
is subtracted from the model data. This leaves visibilities that
contain only sources in the boxed region. We then phase-shift to
the center of the extracted region, average the data in time and
frequency to reduce the size and perform 7 rounds of direction
dependent self calibration with the DDF pipelineﬂ (Tasse|[2014;
Smirnov & Tasse|2015} [Tasse et al.|2018) to improve the quality
of the extracted image compared to that in the original deep field
maps. In the original deep field maps, the facets used for direc-
tion dependent calibration are larger as the distance to the point-
ing center increases, causing more calibration errors related to
the assumed constant beam model and ionosphere over a single
facet. This extraction procedure mitigates these errors by manu-
ally defining a smaller sub-region than the original facet around
the target of interest. The primary beam correction on these ex-
tracted and self-calibrated visibilities is done by multiplication
with a constant factor of the primary beam response at the centre
of the extracted region, which is a good assumption, since the ex-
traction region is much smaller than the size of the LOFAR pri-
mary beam (full width at half maximum ~ 2.5°). The details of
the extraction process are described in \van Weeren et al.| (2020)
and the method has been used with various other LOFAR obser-
vations (e.g.,[Hardcastle et al.|2019; Mandal et al.[2020; Botteon
et al.[2020alc).

To properly disentangle the extended diffuse emission from
compact sources, compact sources are subtracted. This is done as
follows: first, an image of the compact sources only is made by
ignoring short baselines that are sensitive to extended emission.
The inner uv-cut is initially calculated such that it corresponds
to emission of a certain largest linear physical size at the cluster
redshift, based on the mass of the cluster. As an example, for the
low mass system MCXCJ1036.14+5713 we found that the uv-cut
of 25471 (i.e., 600 kpc at z = 0.76991) was too small to properly
exclude all diffuse emission. A uv-cut of 38204 (i.e., 400 kpc)
shows better separation of diffuse emission and compact sources,
as shown in Figure|l} As higher mass clusters often have larger
radio halos, it makes sense to have lower uv-cuts (in kpc) with
lower cluster mass.

The clean component model of the compact image is sub-
tracted from the visibilities of the extracted dataset, leaving
only the visibilities corresponding to the diffuse extended emis-
sion. This emission is imaged with a Gaussian taper correspond-
ing to 50 kpc at the cluster redshift, using multi-scale clean,
with WSClean (version 2.7.3) (Offringa et al.|[2014; (Offringa
& Smirnov|2017) to properly deconvolve the diffuse emission.
The complete compact source subtraction process is illustrated
in Figure [T)for the cluster MCXCJ1036.1+5713 as an example.

3.2. Measuring radio halo properties

To measure the properties of the diffuse emission, we fit the radio
halos with an exponential profile. This has a few advantages over
manually defining the halo region. Commonly, the radio halo

! https://github.com/mhardcastle/ddf-pipeline
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flux density is measured by integrating the surface brightness
over an area bounded by isophotes (e.g., 30~ contours). How-
ever, this causes the resulting flux density to be dependent on the
sensitivity of the observations. It is more rigorous to fit the halos
with a profile and analytically integrate that profile up to a certain
radius. It has been shown that exponential profiles can provide
characteristic scales relatively independent of the sensitivity of
the radio observations (Murgia et al.[2009). In this work we con-
sider the simplest, spherically symmetric, exponential profile for
most of the halos, which has been found to be representative of
radio halos (Murgia et al.|2009)), although in some cases observa-
tions of radio halos have shown strong deviations from spherical
symmetry (e.g.,\van Weeren et al|2016; [Wang et al.|[2018). The
surface brightness model is given by
I(r) = Ipe™"", (1)
where [y and r, are the central surface brightness and the e-
folding radius, respectively. To compare the e-folding radii of the
halos to the radii of the halos that are normally quoted in the lit-
erature (ry), we assume ry /r, = 2.6, as was found by Bonafede
et al.[(2017) for 8 clusters with measured ry within 30 isophotes
and fitted r,.

The presented fitting of Equation (1]) and halo radio flux den-
sity estimations were done with a newly developed algorith
The algorithm is described in detail by Boxelaar et al.| (2020),
and we briefly explain it here. The fitting algorithm is based on
fitting methods first presented by Murgia et al.| (2009). The dif-
ference here is that profiles are fitted to a two-dimensional im-
age directly rather than to a radially averaged one-dimensional
data array. This allows fitting of a non-circular model as well,
although for simplicity we assume a circular model in this work.
Theoretically, one could fit both a circular and a non-circular
model and compare a goodness of fit statistic (e.g., reduced y?)
of both models to determine which model is a better fit. However,
the determination of the morphology of the diffuse emission is
beyond the goal of this paper and requires high signal-to-noise
data to determine statistically significant differences in the good-
ness of fit statistic.

The total flux density S of the fitted radio emission is ob-
tained by integrating Eq. (I). The analytical expression for the
total flux density is § = 2n10r§ (1 —e(d + 1)), where d denotes
the radius (in e-folding radii) up to which is being integrated.
Here we choose to integrate up to 2.6r,, following Bonafede
et al.| (2017). For comparison, integrating up to 2.6r, results in
a total flux density that is 73% of the flux density found when
integrating the model to infinity.

The best-fit estimates for the peak surface brightness and e-
folding radius are found through Bayesian inference and maxi-
mum likelihood estimation. To sample the likelihood function,
we use a Monte Carlo Markov Chain, implemented within the
emcee module (Foreman-Mackey et al.|2013). This method al-
lows us to find the full posterior distribution for the model pa-
rameters. Given observed data V(r;) (which represents the ra-
dio surface brightness at position r;) and fit parameter vector
6 = (Iy, r.), we assume that all the compact source subtracted
images can be expressed as V(r;) = I(r;) + € where I(r) is de-
fined in Eq. (I) and the underlying noise ¢ is independent and
identically distributed as N'(0, o2.,). Independence of individual
pixels is assured through re-gridding the images such that the
pixel area approximately equals the beam area, while preserv-
ing the total flux. The probability density function f(r;; @) for an

2 https://github.com/JortBox/Halo-FDCA
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observation then reads

(V(r) = I(r;;0))°
f(ri;0) = eXp(— : @)
V270 ms 207 s
This results in a log likelihood function which is given by
1 n
In £6) = =1l V210, = == > (V) = 1050)7, ()

rms j=|

where the sum is taken over the n re-gridded pixels. Maximising
the log-likelihood function for 6 allows us to find the best-fit
model parameter vector 6.

The uncertainty of the total flux density of the halos fy is
calculated by adding the uncertainty due to map noise (i.e., the
uncertainty on best-fit parameters o), the absolute flux density
scale 0., and compact source subtraction o, in quadrature (cf.
Cassano et al.|[2013)).

0y = Gl + 0% + 0% 4)
The uncertainty on the best-fit parameters o, is given by the
16th and 84th percentile of the converged MCMC chain (i.e.,
1) and we assume a 10% error on the absolute flux scale of
the LOFAR images 6.4 (Sabater et al.[2020) and a 1% error on
the compact source subtraction process oyp. The latter error is
calculated as 1% of the flux contained in the compact sources
only image within 2.6r, of the center of the fitted halo. This 1%
error is consistent with measuring the residual flux in the com-
pact source subtracted images at the location of bright compact
sources.

For determining the upper limits in the case of non-
detections, we use a similar method to that of Bonafede et al.
(2017), which injects mock halos into the visibility data (see also
Brunetti et al.|2007} [Venturi et al.|2008). We inject mock halos
following the exponential profile in Eq. (I)). Following [Bonafede
et al.| (2017), we add power spectrum fluctuations of the form
P(A) oc A", where A is the spatial scale, to account for surface
brightness fluctuations observed in real radio halos. We set A
between 10-250 kpc and n = 11/3 (Govoni et al.| 2005, [2006;
Bonafede et al.|2017).

The initial value of Iy and r, are chosen such that the ex-
pected radio power of the halo follows the Py 4gu, — Msoo cor-
relation by (Cassano et al.|(2013)). Specifically, we first calculate
Pi 461, from the cluster mass, then set r, according to the cor-
relation between P 4gu, — 7. given by Murgia et al.| (2009) and
finally scale [ such that the exponential model integrates up to
the expected radio power of the halo. The resulting model is in-
jected (i.e., Fourier transformed and added) into the visibility
data at a location close to the cluster but absent of contaminating
radio sources. The data is then cleaned and imaged in the same
way as the original image. We define the halo as detected if the
30 ms contours cover at least 3 beams. Provided the halo is de-
tected, the Iy is gradually lowered by steps of oms to find a more
stringent upper limit on the radio power. Conversely, if the halo
is not detected, the /j is gradually increased until it is detected.
We inject halos close to the clusters instead of on the center of
the clusters to avoid being biased low on the upper limits. Resid-
ual emission from point sources or an undetected halo near the
cluster center might otherwise contribute to flux measurement of
the injected halos. Off cluster injection does assume, however,
that there are no calibration artefacts due to bright sources in the
cluster.

4. Verification on simulated halos

When determining the properties of diffuse radio emission, it is
important to not only keep track of the statistical uncertainties,
but to also consider additional sources of error. We test in this
section two main effects. The first is the effect of the limited uv
coverage of radio telescopes, particularly at shorter baselines,
which may cause resolving out some diffuse emission. The sec-
ond is the point source subtraction process, which may also erro-
neously subtract some diffuse emission, depending on the uv-cut
used.

To test the fitting procedure, the sensitivity of the LOFAR
observations to different scales of emission and the point source
subtraction process, we inject mock halos with different /, and
r. into a single LOFAR observation (~ 8 hours of data) of the
Lockman Hole field. The full observations are not used for this
test due to the computational intensity of the imaging and point-
source subtraction process on the full dataset. The local rms at
the region of injection is around 100 uJy beam™!. We assume a
redshift of z = 0.20 for the conversion of the e-folding radius
to angular size. We then compare the injected properties with
the properties derived from fitting. Six different halos have been
injected into the data, which are shown in Fig.[2]

We subtract point sources by employing a uv-cut of 200 kpc,
corresponding to 34434. The compact source subtracted images
are then fitted following the procedure outlined in Section [3.2]
The resulting best-fit parameters and injected parameters are
given in Table 2] We find that we generally recover the cor-
rect flux density within the 68% uncertainty, although we are
biased slightly higher than the injected flux density. This is be-
cause some of the central brightness structure of the mock halos
is subtracted out by the compact source subtraction process. This
causes generally underestimated I, and overestimated r,, which
also causes generally slightly overestimated S, of about 10%,
because the integrated flux density scales with r2. This bias is
important to keep in mind throughout the rest of the paper. The
test does show that LOFAR is sensitive to the extended emis-
sion of halos following an exponential profile, since we are not
resolving out a significant amount of flux. This is in line with
what for example Hoang et al.[(2018)) and [Botteon et al.| (2020b)
have found for the injection of larger halos into LOFAR obser-
vations. The full observations are about a factor of ~ 3 deeper
than the single pointing used here, so we do not expect signifi-
cant difference from these results for halos with a central surface
brightness down as low as I ~ 4uJy arcsec™.

5. Results

Here we report the results of the fitting procedure for each clus-
ter. Unless otherwise stated, we have performed the fitting on the
compact source subtracted images tapered to a resolution corre-
sponding to 50 kpc at the cluster redshift. To calculate the radio
luminosity, we assume a spectral index of @ = —1.5+0.2 for clus-
ters where spectral index estimates are not available. We choose
this range to cover the typical spectra of halos, including steep-
spectrum halos (van Weeren et al.|2019). The azimuthally aver-
aged surface brightness profiles and corner plots of the MCMC
chain can be found in Appendix II.

5.1. PSZ2G147.88+53.24

PSZ2 G147.88+53.24 is a massive, high-redshift (z = 0.6;
Planck Collaboration et al.|2016a) galaxy cluster. Diffuse emis-
sion has been recently reported by D1 Gennaro et al.| (2020),
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Fig. 2: Six mock halos injected into a single 8 hour LOFAR observation of the Lockman Hole field. The different properties of the

halos are given in the title figures.

Table 2: Results of fitting exponential profiles to mock halos of different properties. The injected flux density and resulting flux
density are defined as the flux fitted within 2.6r,. Note that the uncertainty in the flux density here does not include an absolute flux
scale uncertainty, since the injected halo flux densities would change accordingly.

Iy inject [pdy arcsec?] r, inject [kpc] S, inject [mJy]

Iy observed [uly arcsec™?]

r. observed [kpc] S, observed [mJy]

12.0 65 20.9 8.679 828 23.7+3.5
24.0 65 41.9 17.3409 79%) 44.5+5.0
36.0 65 62.8 263709 779 63.8 + 6.8
12.0 80 31.7 10.2°08 9477 36.7 + 4.7
12.0 100 49.6 10,0708 11877 57.9+6.9
12.0 120 71.4 102703 140* 83.2+9.4

where the emission was classified as a giant radio halo. |Di Gen-
naro et al.|(2020) measured a total flux density of 14.4 +2.3 mJy
at 144 MHz by arithmetically subtracting the radio galaxies flux
densities from the total flux density at low-resolution. The dif-
fuse emission has a largest linear size of around 700 kpc. We
employ a uv-cut corresponding to 400 kpc at the cluster redshift
(3447 2) for the compact source subtraction process. We confirm
the detection of [Di Gennaro et al.| (2020) in our deeper image,
which is shown in Figure [3] where we show the low-resolution
compact source subtracted radio contours overlaid on the g, r,z
optical image from the Legacy survey (Dey et al|2019). The
high-resolution radio emission is shown the right panel of Fig-
ure [3} The source to the north-west of the central radio galaxy
in Figure 3| might be contributing to the low-resolution (compact
source subtracted) radio contours, given the peculiar feature that
is present in the low-resolution contours. Therefore, we decide to
fit the halo with and without a mask covering the north-western
source. The masked region is shown as the green region in Figure

Bl
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we find best-fit parameters Iy = 4.5 + 0.3 uly arcsec™>

As this cluster is at a high redshift, 50 kpc corresponds al-
most to the high-resolution beam size (at z = 0.6, 50 kpc corre-
sponds to 7.5”). Therefore, we taper to lower resolution, using a
10” Gaussian taper, to make the fitting procedure converge bet-
ter. The full width at half maximum of the restoring beam of
the low-resolution image is 21.3"” x 18.5”. Without any mask-
ing, the best-fit parameters are I, = 4.4 + 0.3 uly arcsec™?,
r.=194 = 10 kpc. Integrating the model in Equation (I)) up to
2.6r, with the best-fit parameters leads to a flux density at 144
MHz of 16.9 + 2.0 mJy. This corresponds to a 1.4 GHz power of
Plach, = (1.1 £0.4) x 10%*W Hz™! assuming @ = —1.5 + 0.2.
When employing the mask shown in the right panel of Figure
and
r. = 186 = 11 kpc, which correspond to a consistent integrated
flux density of 16.0 + 2.0 mJy at 144 MHz.

The resulting flux densities are a bit higher, but consistent
within the error bounds with the value of 14.4 +2.3 mJy reported
by [Di Gennaro et al.|(2020). This is to be expected, because our
observations are deeper and Section 4| showed that we are likely
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Fig. 3: Low-resolution LOFAR diffuse emission from the cluster PSZ2G147.88+53.24 overlaid on grz filters from the Legacy survey
(Dey et al.[2019)) (left) and overlaid on the high resolution radio intensity image (right). The contours are plotted at [3, 6, 12]o-, where
o = 83uly beam™!. The restoring beam sizes are 21” X 19” and 9” x 5" for the low-resolution and high-resolution radio images
respectively. The green region marks the region masked from the fitting procedure.
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Fig. 4: High-resolution (9" x5"") LOFAR radio intensity image of
Abell 1132 with low-resolution compact source subtracted con-
tours at [3,6, 12, ..]o, where o = 149uly beam™!. The beam size
of the low-resolution contours is 28" x 24”. The green box indi-
cates the region that is masked from the fitting procedure.

biased a bit high on the flux density values due to the compact
source subtraction process. Manually measuring the flux within
30 contours results in a bit better agreement with a flux density
of 14.7 £ 1.6 mJy.

5.2. PSZ2G149.22+54.18

PSZ2G149.22+54.18, or Abell 1132 is a quite massive cluster,
with a mass of 5.87f8:§g x 10" M, (Planck Collaboration et al.
2016a)) that is undergoing a merging event (Cuciti et al.[2015). Tt
is located at a redshift of z = 0.1369 (Struble & Rood|1991)). Dif-
fuse emission was not picked up by previous VLA observations
at 1.4 GHz (Giovannini & Feretti|2000), but was clearly detected
by previous observations with LOFAR (Wilber et al.|[2017). The
central diffuse emission was classified as an ultra steep spectrum
radio halo with @ = —1.75 + 0.19 between 144 and 325 MHz.
The connection between the diffuse emission in the halo and the
diffuse emission at the edge of the giant tailed radio galaxy was
tentatively raised by [Wilber et al.[|(2017), and is now clearly ob-
served in the low-resolution contours shown in Figure[d] We note
that the halo size seems larger than previously determined, with
the size inside the 30~ contours being ~ 1.0 Mpc x0.9 Mpc in the
east-west and north-south direction, respectively.

To allow for a better comparison to the previous LOFAR ob-
servations, the compact source subtraction was done by using
a uv-cut corresponding to 500 kpc at the cluster redshift (i.e.,
10004 in the uv plane). Since the giant head-tail radio galaxy
blends in with the emission of the halo, we manually mask the
tail from the fitting procedure. The mask is shown in the green
box in Figure

The best-fit parameters are 5.7 + 0.1 uJy arcsec™” and r, =
235 + 4 kpc. These correspond to a total flux density of the
halo of 244.9 + 29.7 mJy at 144 MHz, translating to Pj gy, =
(2.5+0.3)x 102W Hz™!, assuming @ = —1.75, which is in agree-
ment with the value reported by Wilber et al.|(2017). The extent
of the halo within the 30~ contour level is larger in our deep image
than in the image of |Wilber et al.| (2017), which again points out
that fitting the halo provides more robust flux density measure-
ments than measuring the flux density within certain isophotes.
Manually measuring the flux in the 30 contours (without a mask)
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results in a flux density of 261 +31 mJy, which is consistent with
the flux from integrating the best-fit radial profile up to 2.6r,. Al-
though the halo is a bit more elongated in the east-west direction
than in the north-south direction, the comparison with the manu-
ally measured flux density within 30~ contours indicates that the
circular model is still a reasonable assumption.

5.3. PSZ2G084.69+42.28

PSZ2G084.69+42.28 or Abell 2201, is a relatively low mass
(2.67*037 x 10" M {Planck Collaboration et al|2016a) galaxy
cluster at a redshift of 0.13 (La Franca et al.[[2002)), which has
not been studied extensively. This cluster has the lowest mass
estimate in our sample of PSZ clusters with a detection. We pick
up weak diffuse emission from the cluster centre. This emission
is visible in the low-resolution compact source subtracted con-
tours overlaid on the high-resolution image in the left panel of
Figure[5] The optical image overlay is shown in the right panel,
which shows that the diffuse emission surrounds the brightest
cluster galaxy (BCG).

Since the diffuse emission is very small in size, we employ a
uv cut of 23904, corresponding to 200 kpc at the cluster redshift.
Because the emission is relatively small in size, it is possible
that it is AGN-related. We enforce that the spherical profile is
only fit in a region of approximately 400 kpc by masking out
the outer regions, because the emission is only barely picked up
above the noise. This mask is shown in the right panel of Fig.
The best-fit values are found to be Iy = 2.0fg:g uly arcsec™>

and r, = 57*1% kpc. Integrating the analytical model up to 2.6r,
results in a total flux density of 5.5 + 1.6 mJy at 144 MHz or
a radio luminosity at 144 MHz of (2.6 + 0.8) x 10> W Hz!.
Assuming a spectral index of @ = —1.5 £ 0.2, we obtain a radio
power of Py cu, = (8.6 +4.5) x 10>'W Hz™!,

Assuming ry/r, = 2.6 (Bonafede et al.|2017), the radius of
the diffuse emission is about 150 kpc, which is much smaller
than typical radio halos and would imply a ratio Ry /Rso9 = 0.16
that falls in the typical range of mini-halos (Giacintucci et al.
2017). Thus based on the size we would identify this as AGN-
related emission or a mini-halo. However, according to (Cassano
et al.|(2007) radio halos do not follow a self-similar scaling, with
their size decreasing more rapidly than that of the hosting cluster
with decreasing mass (see also Murgia et al.|2009). Thus, it is not
unexpected that a radio halo would be smaller than halos found
in high mass systems.

5.4. MCXCJ1036.1+5713

This cluster was detected by the 400 deg> ROSAT PSPC Galaxy
Cluster Survey (Burenin et al.|[2007) and lies at a redshift of
z = 0.203 according to Piffaretti et al.| (2011)). However, the op-
tical image shown in Figure [6] does not show a clear overden-
sity of low-redshift galaxies, but rather shows an overdensity of
small, red galaxies, which suggests that the detected cluster lies
at higher redshift. Figure[7|shows the SDSS photometric redshift
estimates (Ahumada et al.|[2020) of galaxies within a radius of
roughly 1.5/ from the central radio source, and indeed an over-
density is apparent at z = 0.6 — 0.7 rather than at z = 0.2 — 0.3.
The optical counterpart to the central bright radio source shown
in the high resolution contours (denoted by the green box) has
a spectroscopic redshift of z = 0.76991 (Ahumada et al.|2020).
Another nearby source, which looks to be in the same cluster,
also has a spectroscopic redshift of z = 0.76391. For these rea-
sons, we adopt a redshift of z = 0.76991 for this cluster.
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Correcting the X-ray luminosity given by the MCXC for
this change in redshift, we find a mass estimate of Msyy =
3.3*11x10" M. using the relation between Lsog and Msoo found
by |Arnaud et al.|(2010). The one sigma error reported is under-
estimated, as this only takes into account the intrinsic scatter in
the Ly — M relation.

While masses derived from X-ray luminosity are generally
less well constrained than masses derived from the Sunyaev-
Zel’dovich effect, the fact that the cluster is not present in
the Planck Sunyaev Zel’dovich catalogue (Planck Collaboration
et al.|2016a) can also be used to constrain the mass. From visual
inspection of the Compton parameter maps released by [Planck
Collaboration et al.|(2016bl), we note that there are various detec-
tions in a region of four degrees around this cluster, which makes
it likely that the non-detection of this cluster is simply due to a
low signal-to-noise ratio and thus low mass of the cluster. The
completeness of the PSZ2 catalogue as a function of mass and
redshift (Fig. 26 in |Planck Collaboration et al.|2016a)) indicates
that for the cluster redshift of z = 0.76991, the catalogue is 50%
and 80% complete for masses of ~ 6.0 and ~ 7.5 x10'*M, re-
spectively. This provides us a fiducial upper limit to the mass of
the cluster of ~ 7.5 x 10'“My,).

The compact source subtraction process for this cluster is
shown in Figure[T] The final panel shows a clear detection of ex-
tended diffuse radio emission, which can be best observed from
the radio-optical overlay given in Figure[6] Because of the large
size of this emission (> 800 kpc), we classify this source as a
radio halo.

We find best-fit parameters Iy = 7.7 + 0.5uJy arcsec™ and
ro = 124 + 7 kpc. Integrating the analytical profile given in Eq.
[T] results in a flux density of 9.8 + 1.1 mJy. Assuming a spec-
tral index of —1.5 + 0.2, this translates to a radio luminosity of
Piach, = (1.2 +0.4) x 10> W Hz ! at 1.4 GHzﬂ

5.5. SPARCS1049+56

SpARCS1049+56 is a very high redshift (z = 1.71) cluster
where star formation is actively taking place in the core, at
a rate of 860 + 130 M, yr‘1 (Webb et al.[|)2015). The mass
of the cluster was determined via infrared weak lensing to be
Moo = (3.5 £ 1.2) x 10" M, (Finner et al./[2020).

We pick up some diffuse emission from this cluster. The
compact source subtracted radio contours overlaid on the high-
resolution radio map are shown in Fig. [§] The radio-optical
overlay is shown in Appendix II, Figure 23] As the cluster is
located at such a high redshift, it is difficult to properly sub-
tract the compact sources from the diffuse component. It is clear
that there is still some AGN-related emission contributing to the
low-resolution contours, given the correlation between compact
source locations and the location of the diffuse emission.

We believe that the emission that is being picked up in the
core is most likely AGN related, also because radio halos are ex-
pected to be intrinsically less luminous (by a factor of B/ B%MB)
with higher redshift due to inverse Compton losses (e.g., Enllin
& Rottgering| |2002; (Cassano et al.| 2006, 2019). Even assum-
ing a magnetic field of a few uG for the cluster at z = 1.71
(e.g.,|[Dominguez-Fernandez et al.[2019), the synchrotron radia-
tion would be reduced by about two orders of magnitude, making
the detection of such a halo extremely unlikely by simple ener-
getic arguments.

3 For completeness we note that assuming a redshift of z=0.203 would
give a mass of Msy = 0.88x10'*M,, and a radio luminosity of P 46, =
(3.8+1.7) x 10** W Hz!
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Fig. 5: Low-resolution LOFAR diffuse emission from the cluster PSZ2G084.69+42.28 overlaid on grz filters from the Legacy

Survey (left) and overlaid on the high resolution radio intensity image (right). The contours are at [2,4]o, where o
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within the region of the image contained by the green circle.
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Fig. 6: Optical image (grz filters) of the cluster MCXCJ1036.1+5713 from the Legacy Survey with compact source subtracted
low-resolution (22" x 19””) LOFAR contours overlaid (left) and high resolution compact source contours overlaid (right). Contours
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available.

5.6. SDSSC4-3094

A nearby galaxy cluster, SDSSC4-3094, identified in the Sloan
Digital Sky Survey (Miller et al.|2005) at z 0.04632 +
0.00083 happens to be located in the same extracted region as
SpARCS1049+56. The radio-optical overlay is shown in Ap-
pendix II (Figure [24). From this cluster we detect diffuse emis-
sion shown in Fig. [9] to the southwest of the BCG. This emis-
sion is not following the radio galaxy distribution and seems like

respectively. The green boxes denote the galaxies with SDSS spectra

genuine diffuse emission. However, it is likely not a radio halo,
given the one-sided morphology. to the south-east. We classify
this emission as remnant AGN emission due to this morphology
and low surface brightness.
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Fig. 7: SDSS photometric redshifts of galaxies within a radius
of roughly 1.5/ from the central radio source of the cluster
MCXCJ1036.1+5713.

SpARCS1049+56

43'00.0”

42/00.0"

41'00.0"

Dec (J2000)

10'00.0”

Intensity (mJy/beam)

39'00.0”

+56°38'00.0" 0.0

10"49™10.00°

10.00° 30.00° 20.00°

RA (J2000)

Fig. 8: High-resolution (9” x 5”) LOFAR radio intensity image
of SpARCS1049+56 with low-resolution (14" X 9”) compact
source subtracted contours showing diffuse emission at [3, 6]c,
where o = 48uJy beam™!. The white cross marks the location of
the brightest cluster galaxy.

5.7. Upper limits on non-detections

The three WHL clusters that we identified showing possible dif-
fuse emission are fairly unknown clusters. All radio-optical over-
lays for the WHL clusters are shown in Appendix II. Since these
are optically detected clusters, we can estimate their mass from
the richness. We use the relation given by [Wen et al.|(2012)

log Magy = (—1.49 + 0.05) + (1.17 = 0.03) log R;- 5)

where R;- is the cluster richness as reported in Wen et al.
(2012) and My is the mass in units of 10'*M,. To convert
the masses to Msgyp we use Msqy = 0.72 M>y, which assumes
a Navarro—Frenk—White profile with a concentration parameter
¢ = 5 for the cluster scale dark matter halo (Navarro et al.|1996;
Pierpaoli et al.|2003). The results of the subtract and extract pro-
cedure are briefly stated per cluster.
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Fig. 9: SDSSC4-3094 LOFAR radio intensity map with a restor-
ing beam of 9” x 5”, with low-resolution (21”7 x 19”) com-
pact source subtracted contours showing diffuse emission at
[3,6,12..]0, where o = 74uly beam™'. The white cross marks
the location of the brightest cluster galaxy.
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Fig. 10: WHLJ160439.5+543139 high-resolution (7" x 5”") LO-
FAR radio intensity image with low-resolution (17" X 15”") com-
pact source subtracted contours at [3,6,12,..]Jo, where o =

72uJy beam™!.

WHLJ160439.5+543139 This cluster is located at a redshift
of z = 0.2655 and shows a head-tail radio galaxy to the south-
east of the likely BCG (Fig.[I0). From the richness we estimate
amass Msgy = (2.95+0.50)x 10" M. We tentatively detect dif-
fuse emission surrounding the BCG, but due to the complexity
of the emission from a head-tail radio galaxy, the AGN emis-
sion cannot be fully subtracted. To provide an upper limit on a
halo detection, we inject halos slightly east of the cluster, in a
region without contaminating radio sources. Following the cor-
relations mentioned in Section we initially set Iy = 7.7uly
arcsec2and r, = 65 kpc. We find that the halo is easily detected
for these values, as shown in the first panel of Figure[IT] The re-
sulting upper limit is found for Iy = 2.4uJy arcsec™?, as is shown
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Fig. 11: The injected mock halos with decreasing surface brightness near the cluster WHLJ160439.5+543139. The contours are
plotted at 30, where o~ = 25uJy beam™'. The halo is still defined as detected in the bottom left panel, but not defined as detected in

the bottom right panel.

in the bottom left panel of Figure[TT] This results in an integrated
flux density of 3.0 mJy, which translates to an upper limit on the
radio power at 144 MHz of P4y, = 7.4 X 102 W Hz ™!,

WHLJ161135.9+541635 This cluster lies at a redshift of z =
0.3407, with an estimated mass of Msoy = (3.4 = 0.6) x 10'*M,,
and was selected visually because there seemed to be diffuse
emission around the likely BCG in the wide-field image. How-
ever, after extraction and subtraction, no diffuse emission was
detected, as shown in Figure [T2] For this cluster we find an up-
per limit for the values I, = 3.5uJy arcsecand r, = 80 kpc,
corresponding to a total flux density of 4.4 mlJy. This translates
to an upper limit of Pyqmp, = 2.0 X 10%* W Hz ™.

WHLJ161420.1+544254 This WHL cluster also has a
rather complex radio morphology, which combined with the left-
over calibration artefacts prohibited the clear separation of AGN
and diffuse emission (Fig. [I3). The cluster lies at a redshift of
z = 0.3273 with a mass of Msg = (2.85 + 0.50) x 10'*M,,. For
this cluster we find an upper limit for the values Iy = 3.1uly
arcsec2and r, = 64 kpc, corresponding to an integrated flux
denslity of 2.6 mJy and a radio power of Paavy, = 1.1 X 10*W
Hz™.

PSZRX G084.01+46.28 or Abell 2149 is quoted to have a
redshift of 0.1068 in the PSZ2 and MCXC catalogues, however
it has been identified as a duplicate cluster with a redshift mea-
surement discrepancy of more than 10 per cent in the MCXC
catalogue (see table B.1. of Piffaretti et al.[2011). Rines & Di-
aferio| (2006) also noted the discrepancy between the redshift of
0.1068 quoted by the NORAS catalogue (Bohringer et al.[2000)

WHLJ161135.9+541635
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Fig. 12: WHLJ161135.9+541635 high-resolution (7 x 5”) LO-
FAR radio intensity image with low-resolution (20" x 18") com-
pact source subtracted contours at [3,6,12,..]Jo, where o =
62uJy beam™

and z = 0.0675 in the eBCS catalogue (Ebeling et al.[2000). They
noticed that the X-ray peak of the RASS image lies near an ap-
parent BCG at the lower redshift. We adopt for this source the
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WHLJ161420.14544254
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Fig. 13: WHLJ161420.1+544254 high-resolution (7" x 5”) LO-
FAR radio intensity image with low-resolution (16" x 13"") com-
pact source subtracted contours at [3,6,12,..]c, where o =
66uJy beam™!

PSZRXG084.014-46.2
5900.0" g ] S

58/00.0"
5700.0" G
56/00.0" fe

55'00.0”

Dec (J2000)

54°00.0" @

53/00.0”

+53°52/00.0”

50.00° 40.00° 30.00° 10.00°  1601™00.00°

20.00°
RA (J2000)

Fig. 14: Optical (grz filters) image from the Legacy survey
with high-resolution (7" x 5””) LOFAR radio contours overlaid
for the cluster PSZRXG084.01+46.28. Contours are spaced at
[3,6,12,..]0 where o = 39uJy beam™!.

lower redshift of 0.0675 as well, since, as is shown in Figure[_I_Z]
the radio emission is also concentrated around the brightest clus-
ter galaxy (BCG; at coordinates 16h01m?28.10s +53°56m:50.8s)
which is located at a redshift of z = 0.06544 (Ahn et al.|[2013)).

Since the redshift was overestimated, the mass of this clus-
ter is overestimated as well. We calculate the corrected mass
by assuming z = 0.0675 and interpolating the mass-redshift
degeneracy curve given by the ComPRASS catalogue (Tarrio
et al.[2019). This results in a corrected cluster mass of M5y =
1.371’83; x 10" M.

This cluster is a difficult case since there is extended AGN
emission surrounding the BCG, with a peculiar, bull head-like
shape. Therefore, the central part of a radio halo would be ob-
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MCXCJ1033.84-5703

06'00.0”

05'00.0”

04'00.0”
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01'00.0”

+57°0000.0”

10"33™36.00°

12.00° 34™00.00° 48.00°

RA (J2000)

Fig. 15: Optical (grz filters) image from the Legacy survey
with high-resolution (9” x 5”) LOFAR radio contours over-
laid for the cluster MCXCJ1033.8+5703. Contours are spaced
at [3,6,12,..]o where o = 48uJy beam™!.

scured. However, the bull-head feature is quite narrow and we
see no clear extended emission outside of it. We derive an upper
limit by injection of a mock halo close to the cluster. The value
of r, found by following the correlations mentioned in Section
is only 25 kpc because of the low mass of this cluster. We
choose to set r, = 65 kpc, as diffuse sources with an r, of 25
kpc would generally not be classified as a radio halo. Setting a
larger e-folding radius results a more conservative upper limit.
The upper limit for the peak surface brightness I is found to be
2.5u)y arcsec™2, which results in a total flux density of 29 mJy
or a radio power of Piysmpz = 3.3 X 108 W Hz .

MCXC J1033.84+5703 No diffuse emission is picked up
from this cluster (Fig. [I5]shows the optical emission with over-
laid radio contours), which is not unexpected given the low mass
of Msyy = 0.128 x 10'*M,, (Piffaretti et al.[2011). If the mass is
correct, this particular source is closer to a galaxy group than a
galaxy cluster. Some galaxy groups have detected extended syn-
chrotron emission, but their origin is not fully clear (e.g., Giacin-
tucci et al.|2011; Nikiel-Wroczynski et al.[2017}2019). Because
is it unknown whether such low mass configurations of galaxies
can host radio halos, we do not provide an upper limit for this
cluster.

MCXC J1053.3+5720 This cluster is quite a low mass clus-
ter according to the MCXC derived mass of Msoy = 0.487 X
1014M@ (Piffaretti et al.2011). It shows no diffuse emission, as
is expected from such a low mass cluster. Although the mass is
at least above a few times 10'>M,, the MCXC derived mass is
still about a factor of five lower than the lowest mass cluster with
a halo detection. Therefore, we do not consider it informative to
provide an upper limit on such a cluster.

6. Discussion

To quantify the robustness of the fitting procedure used to esti-
mate the flux density of the diffuse emission in this paper, we
compare the fitted flux densities to flux densities measured in
various other ways. Table |3 shows the best-fit values of I, and
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Table 3: Resulting best-fit values for Iy and r,, as well as the total flux density S from integrating the spherical model with the
best-fit values. Parameter d denotes half of the largest linear size of the 30~ contours in e-folding radii, and S is the flux density
obtained by integrating up to that value of d. S is the flux density measured within 30~ (20~ for PSZ2G084.69+42.28) contours

and S2° is the flux density measured in a spherical region with a radius of 2.6r,.

Source Name Io[pdy arcsec™®]  r[kpc] STt d St § 3 5 26re Xia
PSZ2G147.88+53.24 4.4f§;§ 194%1? 169+£20 25 164+20  147+16  160+18  0.79
PSZ2G147.88+53.24 (mask) 4.5“_'8;% 1867, 16.0+2.0 22 14017 13014 15517 0.79
PSZ2G149.22+54.18 5'7t8:1/ 235f§ 2449 +£29.7 25 236.8+290 261.0+30.6 271.3+31.7 1.24
PSZ2G084.69+42.28 2.Of816 57”_’{3 55+1.6 1.9 43+12 34+0.5 47+0.8 0.05
MCXCJ1036.1+5713 7.7:’012 124fz) 9.8+ 1.1 36 11.7x13 99+ 1.1 8.6+0.9 0.57
MCXCJ1053.3+5720 |
2300.0" ) = Tk ] — Best fit by Cassano+2013 o “
’ 102 4 4~ Literature —= .
1 4 Literature (upper lim)
H - 2]
: This work :
22'00.0" g f 1024; 4 This work (upper lim) ey _.:':F -
= ] :
= E 14 T
S 21/00.0” = 1 o ’
= < 1074
g S AR
2 :
20/00.0” ] I
1022 -
+57°19'00.0" 1o

18.00° 06.00°10"53™00.00°

RA (J2000)

24.00%

12.00°

36.00°  30.00°

Fig. 16: Optical (grz filters) image from the Legacy survey
with high-resolution (9” x 5””) LOFAR radio contours over-
laid for the cluster MCXCJ1053.3+5720. Contours are spaced
at [3,6, 12, ..]Jo where o = 32uly beam™!.

r., as well as a comparison with the flux density measured within
30 contours (S 3”) and the flux density measured in a spherical

region with a radius of 2.6r, (S 3'6”). We find generally good
agreement of the flux density measured within 30~ contours and
the flux density from integrating the best-fit model, indicating
that setting d = 2.6 and using a circular model are reasonable
choices for the clusters presented here. The only outlier is the
source MCXCJ1036.1+5713, where the 30 contours extend be-
yond 2.6e-folding radii, and the actual flux density of the diffuse
emission is thus slightly larger than the value of 9.8 + 1.1 that is
found by integration of the best-fit model. Integrating the model
up to the value of d = 3.6 results in a flux density of 11.7 + 1.3
mly.

We have found diffuse emission from three galaxy clusters
in this study. One cluster hosts a new high-redshift radio halo,
PSZ2G084.69+42.28, and two have been observed previously
with shallower LOFAR observations, PSZ2 G147.88+53.24
and PSZ2 G149.22+54.18. We tentatively detect diffuse emis-
sion from the cluster PSZ2G084.69+42.28, but this has to be
confirmed with upcoming deeper data releases. Upper lim-
its have been put on the clusters PSZRX G084.01+46.28,
WHL J160439.5+543139, WHL J161135.9+541635 and WHL
J161420.1+544254. These results are compared to the well-

Mass [Mg)]

Fig. 17: The radio halo power - mass diagram for the clusters in
this work and a sample of clusters from|van Weeren et al.|(2019)
(Fig. 9) and references therein. The best-fit relation for radio ha-
los, with the shaded 95% confidence region, from|Cassano et al.
(2013) is shown in green. Note that individual halos can easily
scatter outside of the shaded region due to the intrinsic scatter
of host cluster properties. For the sources in this work where the
spectral index is unknown, we have assumed @ = —1.5 £ 0.2.

known scaling relation between radio halo power and cluster
mass from |Cassano et al.| (2013)) derived for massive (Msgg >
5 x 10') clusters. This is shown in Figure We find that
the radio power of the diffuse emission in the low mass clus-
ters PSZ2G084.69+42.28 and MCXCJ1036.1+5713 are incon-
sistent with the statistical error on the the best fit radio halo
power - cluster mass correlation observed for higher mass sys-
tems. However, given the fact that radio halos are expected to
scatter intrinsically around the correlation due to the different
intrinsic properties of galaxy clusters and the different proper-
ties of mergers (Brunetti et al.|2009), two data points are not yet
enough to conclude a significant deviation.

The turbulent re-acceleration model states that radio halos
are caused by merger-induced turbulence in the intra-cluster
medium (ICM) which re-accelerates relativistic electrons. A key
prediction of this model is that lower mass clusters have less
energetic merger events and thus less turbulent energy is being
transferred to accelerate particles, leading to less powerful and
steeper spectra radio halos (Brunetti & Jones|2014). These halos
can only be picked up by sensitive low-frequency instruments.
Calculations based on the turbulent re-acceleration model pre-
dict 1000-3000 halos with an integrated flux density at 150 MHz
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of 10 mJy in the whole sky (Cassano et al.[2006; |Li et al.|2019).
The three fields considered in this work cover an area of about 60
deg?, thus we would expect about 3 radio halo detections above
an integrated flux density of 10 mJy. The results presented in this
work are in line with these predictions.

Our study shows the potential of deep LOFAR observations
to detect diffuse emission from galaxy clusters with masses be-
low 5 x 10" M, thus entering a poorly explored territory. In
the 8 hour LOFAR observations from the LOFAR Two Me-
tre Sky Survey (Shimwell et al.|2019), the diffuse emission in
PSZ2G084.69+42.28 is undetected and the diffuse emission in
MCXCJ1036.1+5713 is barely detectable. Diffuse emission in a
few other low mass clusters have been detected previously with
LOFAR (e.g.,|Shimwell et al.|2016; Hoang et al.|[2019} Botteon
et al.[[2019; Mandal et al.|2020). The diffuse emission found
in PSZ2G084.69+42.28 and MCXCJ1036.14+5713 are important
additions to the sparse sample of low mass (< 5 x 10" M) clus-
ters.

Theoretically, due to the lower turbulent energy budget in
these low mass systems, the contribution from secondary elec-
trons from hadronic collisions may become the dominant mech-
anism for powering radio halos (e.g.,|Cassano et al.|[2012). The
transition from re-acceleration to hadronic halos depends on sev-
eral unknowns, such as the energy budget of cosmic-ray protons
(CRp) in clusters and the extension of the regions where turbu-
lent energy is dissipated into re-acceleration of particles. Models
that assume that the energy budget of CRp is at the levels con-
strained by Fermi-LAT upper limits and that turbulence is dis-
sipated in Mpc? regions (independent of cluster mass) predict a
transition to hadronic halos at typical 150 MHz luminosities of
~ 10**W Hz! (e.g.,/Cassano et al./2012). This value is similar to
the radio luminosity found in PSZ2G084.69+42.28 and the up-
per limits obtained in this study, showing that deep observations
with LOFAR can potentially constrain this transition.

To investigate the possibility of a transition observationally,
it is important to determine the dynamical state of the studied
clusters. If radio halos in low mass clusters are still strongly
connected to merger events, then that would suggest that the re-
acceleration model still plays the dominant role, with implica-
tions on the extension of the turbulent regions and on the energy
budget of CRp. The dynamical state of PSZ2G084.69+42.28 is
also important to properly classify the diffuse emission.

Higher frequency follow-up observations are useful to differ-
entiate between the two particle acceleration mechanisms. We
have checked the ancillary 610 MHz GMRT observations of
the ELAIS-N1 and Lockman Hole fields taken by |Garn et al.
(2008alb), but unfortunately all PSZ2 and MCXC sources are
just outside of the field-of-view of the GMRT observations. The
WHL sources are observed, but show no sign of diffuse emis-
sion in the GMRT images. If, in future studies the spectral in-
dex of radio halos in low-mass sources is found to be very steep
a < —1.5 a significant hadronic contribution will be ruled out
(e.g.,[Pfrommer & EnBlin|2004} Brunetti et al.|2008)).

The discovery of a radio halo in MCXCJ1036.1+5713 is par-
ticularly intriguing due to the combination of relatively low mass
(Mspo ~ 3.3% 10'*) and high redshift (z = 0.76991). Models pre-
dict a gradual decline of the fraction of clusters with radio halos
at high redshift (e.g.,|Cassano et al.|2006)). The observed decline
is less prominent at low frequencies due to the increasing popu-
lation of very steep spectrum halos that are expected to be more
common at high redshift. Depending on the clusters magnetic
field strength, a fraction of halos up to 10-25% in clusters with
Msy ~ (3 — 4) x 10'*My, at a redshift of 0.7 is predicted to be
observed with LOFAR (Cassano et al.|2019). Better X-ray data
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with modern telescopes are needed to obtain a good estimate of
the cluster mass and dynamical state.

Finally, our deeper images confirm that
PS7Z2G149.22+54.18 (Abell 1132) is hosting an under-
luminous and steep-spectrum radio halo, which supports the
idea that Abell 1132 is in a late merger state with weak turbu-
lence (Wilber et al.||2017). Due to the high sensitivity of the
current data, we see the halo emission blending with the outer
edge of the giant head-tail radio galaxy. The possibility has been
raised that gently re-energized tails (GreETs; |de Gasperin et al.
2017) can provide a seed population of relativistic electrons
for the generation of the cluster-scale emission. The interplay
between the giant head-tail radio galaxy and radio halo seems
to corroborate this scenario, although observations at different
frequencies are needed to properly map the spectral index
over the western edge of the tail to identify whether gentle
re-energization is indeed powering the diffuse emission from
the tail. This connection between head-tail radio galaxies and
halo emission has been observed in a few other clusters as
well (e.g., Rajpurohit et al.|[2018; [Mandal et al.|[2019). We
also identify a sharp front in the halo, annotated in Figure [4]
This could be indicating a shock or shear motions in the ICM,
although it is not visible in the X-ray image presented in Wilber
et al.| (2017). It might also be a magnetic filament or a region
of higher turbulence seen in projection. Filamentary emission
has been identified in halos before (e.g., in Abell 2255;|Govoni
et al.[[2005} Botteon et al.[|2020b). To investigate the possible
polarization of the filament, deep higher frequency observations
are required.

7. Conclusion

This study presented a search for diffuse emission in the deepest
LOFAR 144 MHz observations ever taken. All Planck Sunyaev-
Zel’dovich detected clusters (PSZ2; ComPRASS; [Planck Col-
laboration et al.|2016a; Tarrio et al.|[2019) and clusters from the
Meta Catalogue of X-ray detected Clusters (MCXC; |Piffaretti
et al. 2011) that overlap with the Deep Fields were inspected.
The halos were systematically fitted with spherically symmetri-
cal exponential profiles using Markov Chain Monte Carlo sam-
pling to sample the likelihood function.

We have found a new radio halo in the low mass, high-
redshift cluster MCXCJ1036.1+5713 (z = 0.77) and ten-
tatively detect diffuse emission from the low mass cluster
PSZ2G084.69+42.28 (z = 0.13). We have set deep up-
per limits on diffuse emission from clusters with a non-
detection and for two clusters previously observed with LOFAR,
PSZ72G147.88+53.24 and PSZ2G149.22+54.18, we confirm re-
sults in the literature.

This study has detected diffuse emission in a largely unex-
plored region of parameter space for galaxy clusters. The results
were compared to the radio luminosity - cluster mass relation for
radio halos found in the literature, and we found that this small
sample of clusters is consistent with the correlation extrapolated
to lower masses.

The results presented here underline the importance of deep
low-frequency observations of galaxy clusters. As the LOFAR
Deep Fields reach their final depths of 10-15 uJy beam™!, we ex-
pect more low-mass clusters to show radio halos and to put more
stringent upper limits on the radio luminosity of lower mass clus-
ters, which will begin to allow a statistical study of a sample of
radio halos in low mass clusters.

In the future, international baseline data will additionally be
imaged, resulting in sub-arcsecond resolution images at the same
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depth, allowing better separation of AGN and diffuse emission,
especially for mini-halos and high-redshift clusters.
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Appendix | - Surface Brightness Fits
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Fig. 18: Azimuthally averaged surface brightness profiles for the
clusters presented in this work. The inset images show the con-
centric annuli where the profile has been calculated, the width of
the annuli is equal to the semi-major axis of the restoring beam.
The dashed gray line indicates the best-fit e-folding radius.
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Fig. 19: Corner plots of the fitted parameters given by the
MCMC chain. The dashed lines indicate the 16, 50th and 84th
percentiles of the chain and the solid line indicates the initial
value found by a least-square fit.
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Appendix Il - Radio Optical overlays
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Fig. 20: Optical (grz) image of WHLJ160439.5+54139 from the
Legacy Survey with compact source subtracted low-resolution

LOFAR contours overlaid. The beam size is 17" x 15”. Contours
at [3,6,12,..]o, where o = 72uly beam™!.
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Fig. 21: Optical (grz) image of WHLJ161135.9+541635 from
the Legacy Survey with compact source subtracted low-
resolution LOFAR contours overlaid. The beam size is 20" x18".

Contours at [3,6, 12, ..]o, where o = 62u]y beam™'.
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Fig. 22: Optical (grz) image of WHLJ161420.1+544254 from
the Legacy Survey with compact source subtracted low-
resolution LOFAR contours overlaid. The beam size is X16 X

13”. Contours at [3,6, 12, ..]o-, where o = 66ul]y beam™.
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Fig. 23: Optical (grz) image of SpARCS1049+56 from the
Legacy Survey with compact source subtracted low-resolution
LOFAR contours overlaid. The beam size is 14" x 9”. Contours

at [3, 6], where o = 48uJy beam™!.
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Fig. 24: Optical (grz) image of SDSSC4-3094 from the Legacy
Survey with compact source subtracted low-resolution LOFAR
contours overlaid. The beam size is 21”7 x 19”. Contours at
[3,6,12,..]o, where o = 74uly beam™'.
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