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ABSTRACT

Context. Radio halos and relics are Mpc-scale diffuse radio sources in galaxy clusters, with a steep spectral index α > 1 (defined as
S ∝ ν−α). It has been proposed that halos and relics arise from particle acceleration induced by turbulence and weak shocks, injected
in the intracluster medium (ICM) during mergers.
Aims. MACS J1149.5+2223 (MACS J1149) is a high redshift (z = 0.544) galaxy cluster possibly hosting a radio halo and a relic.
We analysed LOw Frequency Array (LOFAR), Giant Metrewave Radio Telescope (GMRT), and Karl G. Jansky Very Large Array
(JVLA) radio data at 144, 323, 1500 MHz, and Chandra X-ray data to characterise the thermal and non-thermal properties of the
cluster.
Methods. We obtained radio images at different frequencies to investigate the spectral properties of the radio halo. We used Chandra
X-ray images to constrain the thermal properties of the cluster and to search for discontinuities (due to cold fronts or shock fronts)
in the surface brightness of the ICM. By combining radio and X-ray images, we carried out a point-to-point analysis to study the
connection between the thermal and non-thermal emission.
Results. We measured a steep spectrum of the halo, which can be described by a power law with α = 1.49 ± 0.12 between 144
and 1500 MHz. The radio surface brightness distribution across the halo is found to correlate with the X-ray brightness of the ICM.
The derived correlation shows a sub-linear slope in the range 0.4 to 0.6. We also report two possible cold fronts in north-east and
north-west, but deeper X-ray observations are required to firmly constrain the properties of the upstream emission.
Conclusions. We show that the combination of high redshift, steep radio spectrum, and sub-linear radio-X scaling of the halo rules
out hadronic models. An old (∼ 1 Gyr ago) major merger likely induced the formation of the halo through stochastic re-acceleration of
relativistic electrons. We suggest that the two possible X-ray discontinuities may actually be part of the same cold front. In this case,
the coolest gas pushed towards the north-west might be associated with the cool core of a sub-cluster involved in the major merger.
The peculiar orientation of the south-east relic might indicate a different nature of this source and requires further investigation.

Key words. radiation mechanisms: thermal – radiation mechanisms: non-thermal – acceleration of particles – large-scale structure
of Universe – galaxies: clusters: individual: MACS J1149.5+2223

1. Introduction

Galaxy clusters are luminous sources in the X-ray band (LX ∼

1043 − 1045 erg s−1) due to the thermal bremsstrahlung emis-
sion from the intracluster medium (ICM), i.e. the hot (temper-
ature T ∼ 107 − 108 K) and rarefied (electron density number
ne ∼ 10−2 − 10−4 cm−3) gas that fills the whole cluster (Sarazin
1986). A fraction of dynamically disturbed clusters hosts diffuse
synchrotron radio emission, which is primarily classified into ra-
dio halos and radio relics, and probes that relativistic particles
and magnetic fields co-exist with the thermal gas (van Weeren
et al. 2019, for a recent review). Radio halos extend to Mpc-
scales, roughly following the ICM distribution, and they exhibit
steep radio spectra1, with α & 1. Relics are elongated and arc-

1 We define the spectral index α through S ∝ ν−α, where S is the radio
flux density at the frequency ν.

shaped structures in the peripheral regions of the cluster, char-
acterised by a spectral index gradient towards the cluster centre,
and by a high polarisation fraction.

Observations indicate that complex processes activated by
the cluster dynamics operate into the ICM and drain energy into
relativistic particles and magnetic fields (see Brunetti & Jones
2014, for a review). Radio halos are thought to originate from re-
acceleration mechanisms driven by merger-induced turbulence
(Brunetti et al. 2001; Petrosian 2001; Brunetti & Lazarian 2007;
Beresnyak et al. 2013; Miniati 2015; Brunetti & Lazarian 2016).
Models where particles are re-accelerated by turbulence during
mergers are supported by the connection found between radio
halos and the dynamics of clusters (Cassano et al. 2010b, 2013;
Kale et al. 2013; Cuciti et al. 2015; Eckert et al. 2017; Bîrzan
et al. 2019). The theoretical challenge in this case is understand-
ing how energy is transported from Mpc scales to smaller scales,
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where particles interact with turbulence and are accelerated to
relativistic velocities (Brunetti & Jones 2014). Hadronic colli-
sions between thermal and cosmic ray protons (CRp) in the ICM
can generate secondary electrons (CRe), which may also pro-
duce diffuse synchrotron radiation in the form of radio halos
(Dennison 1980; Blasi & Colafrancesco 1999; Dolag & Enßlin
2000; Pfrommer et al. 2008). The non-detection of gamma-rays
from nearby clusters hosting radio halos (Brunetti 2009; Brunetti
et al. 2012; Ackermann et al. 2014; Zandanel & Ando 2014;
Ackermann et al. 2016) and the very steep spectrum observed in
some halos (Brentjens 2008; Brunetti et al. 2008; Dallacasa et al.
2009; Macario et al. 2010; Venturi et al. 2013; Wilber et al. 2018)
rule out a significant contribution from this channel, at least in
a number of cases. On the other hand, models where secondary
particles are re-accelerated by turbulence are still in agreement
with the current data (Brunetti & Blasi 2005; Brunetti & Lazar-
ian 2011; Brunetti et al. 2017; Pinzke et al. 2017).

Radio relics are thought to originate at weak (Mach number
M = 2− 4) cosmic shocks generated in the ICM during mergers
and accretion of matter (e.g. Ensslin et al. 1998; Roettiger et al.
1999). This hypothesis is in line with the observed coincidence
of radio relics and merger-shocks, i.e. sharp discontinuities in
surface brightness and temperature detected via X-ray observa-
tions (e.g. Bourdin et al. 2013; Botteon et al. 2016b; Akamatsu
et al. 2017; Urdampilleta et al. 2018). However, the acceleration
efficiency of thermal particles at weak shocks is too small to re-
produce the radio spectrum and luminosity of a number of relics
(e.g. Botteon et al. 2016a; Eckert et al. 2016; Hoang et al. 2017;
Botteon et al. 2020a). For this reason, models assuming shock
re-acceleration of clouds of pre-existing relativistic particles in
the ICM have been proposed (e.g. Markevitch et al. 2005; Kang
et al. 2012; Pinzke et al. 2013) and they are supported by the
connection between relics and old active galactic nuclei (AGN)
plasma observed in some cases (e.g. Bonafede et al. 2014; van
Weeren et al. 2017).

In this work, we report on our study of the distant (red-
shift z = 0.544) galaxy cluster MACS J1149.5+2223 (hereafter
MACS J1149) by means of multifrequency radio and X-ray data.
Previous studies of this cluster suggested the presence of two
misaligned relics and a candidate radio halo with a very steep
spectrum (Bonafede et al. 2012). Very recently, new results have
been published by Giovannini et al. (2020), who revised the na-
ture of the candidate west relic and classified it as a radio galaxy.
Distant radio halos with steep spectra are particularly important,
since turbulent re-acceleration models predict that their number
should increase at higher redshift (Cassano et al. 2006, 2010a),
mainly due to stronger inverse Compton radiative losses with
the cosmic microwave background (CMB) photons. We present
new LOw Frequency ARray (LOFAR) radio data at 144 MHz
and Karl G. Jansky Very Large Array (JVLA) data in L-band (1-
2 GHz), that we combined with archival Giant Metrewave Radio
Telescope (GMRT) data at 323 MHz. In addition to the radio
data, we analysed archival Chandra X-ray observations, aiming
at searching for surface brightness discontinuities and possible
correlations between the thermal and non-thermal emission of
the cluster.

The paper is organised as follows: in Sect. 2 we briefly de-
scribe the MACS J1149 galaxy cluster; in Sect. 3 we present
the X-ray and radio data and summarise the data reduction and
imaging processes; in Sect. 4 we show the results of our anal-
ysis; in Sect. 5 we discuss the origin of the halo; in Sect. 6 we
summarise our work and give our conclusions.

Throughout this paper we adopt a ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73. At the

cluster redshift, the luminosity distance is DL = 3170 Mpc and
1′′ = 6.4 kpc.

2. The galaxy cluster MACS J1149

MACS J1149 (RAJ2000 11h49m35s, DecJ2000 22o24′11′′) is a
massive2 (M500 = (10.4 ± 0.5) × 1014 M�; Planck Collabora-
tion et al. 2016) galaxy cluster, first discovered by the MAssive
Cluster Survey (MACS; Ebeling et al. 2001) in the X-ray band.

Previous lensing and spectroscopy studies revealed the very
complex structure of this cluster, with at least three dark matter
sub-halos (Smith et al. 2009; Golovich et al. 2016, 2019). The
two most massive sub-clusters are located north-west and south-
east, with respect to the main cluster, at a projected distance of
∼ 1 Mpc (Golovich et al. 2016). The third less massive sub-
cluster is located ∼ 300 kpc north from the first one (see Fig.
1).

As shown by deep Chandra X-ray observations (Ogrean et al.
2016), the ICM has a globally high temperature of kT ∼ 10
keV and is elongated along the NW-SE axis, although the main
X-ray concentration is associated with the most massive NW
sub-cluster only. The presence of many massive components,
the elongated morphology, and the absence of a central cool
core concentration are indications of a disturbed state of the
cluster. This is further confirmed by the concentration (c =
0.120±0.003) and centroid-shift (w = 0.017±0.001) parameters
estimated by Yuan & Han (2020), which locate MACS J1149
among the disturbed clusters in the c − w bimodal distribution
reported by Cassano et al. (2010b). Ogrean et al. (2016) also re-
ported the presence of a X-ray surface brightness discontinuity,
likely being a cold front, located in the N-NE part of the cluster.

In the radio band, by using VLA and GMRT data, Bonafede
et al. (2012) found evidence of diffuse emission, with two pos-
sible misaligned relics at south-east and west, and a candidate
steep spectrum halo, with α ∼ 2, in line with the complex dy-
namics of the system. During the preparation of this work, Gio-
vannini et al. (2020) first presented some of the new JVLA ob-
servations of the cluster that we use in our analysis (see Sect. 3.4
for details). They revised the nature of the candidate west relic
and classify it as a radio galaxy, and suggested that the south-
east relic might be instead a filamentary structure, whose major
axis is parallel to the merger one. Throughout the paper, we will
refer to the SE source as the ‘relic’, following the original clas-
sification proposed by Bonafede et al. (2012).

3. Observations and data reduction

In this section we present the X-ray and radio data, summarised
in Table 1 and Table 2, respectively, and briefly describe the re-
duction processes.

3.1. Chandra X-ray data

We analysed archival Chandra X-ray data (first presented by
Ogrean et al. 2016) of MACS J1149, observed in VFAINT mode
with ACIS-I. We reprocessed the six considered observations us-
ing CIAO v. 4.12, with CALDB v. 4.9.0. We extracted light curves
from the S2 chip (when available) or from one of the I-chips (free
of the target emission) in order to filter out soft proton flares with
the lc − clean algorithm, which left 287.8 ks of total clean time.
2 M500 is obtained from R500, which is defined as the radius enclosing
500ρc(z), where ρc(z) is the critical density of the Universe at a given
redshift.
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Table 1. Details of the Chandra X-ray data analysed in this work (PI:
C. Jones).

ObsID CCDs Observation date Clean time
(ks)

16238 I0,I1,I2,I3 09-Feb.-2015 30.4
16239 I0,I1,I2,I3,S2 17-Jan.-2015 48.8
16306 I0,I1,I2,I3,S2 05-Feb.-2014 68.7
16582 I0,I1,I2,I3,S2 08-Feb.-2014 17.6
17595 I0,I1,I2,I3 18-Feb.-2015 57.1
17596 I0,I1,I2,I3 10-Feb.-2015 65.2

We combined each point spread function (PSF) and exposure
maps to produce a single exposure-corrected PSF map. This one
was used as input in the wavdetect task to find point sources, that
we then inspected by eye. Spurious sources were excluded and
the confirmed ones were excised.

The X-ray analysis of galaxy clusters requires a careful treat-
ment of the background, which has various origins: the local
hot bubble (LHB), the galactic halo (GH), the unresolved X-ray
sources (CXB), and the particle background (NXB). In partic-
ular, we modelled the LHB and the GH with a single absorbed
thermal plasma (APEC model) of kT = 0.20 keV, and the CXB
with an absorbed power law of photon index Γ = 1.45; the
NXB was obtained by fitting the single spectra extracted from
the reprojected stowed background observations and combining
a power law, a decaying exponential and a number of Gaussian
profile lines (as described in Bartalucci et al. 2014). To model
the sky components, we extracted the spectra from the observa-
tions, in the same regions free of ICM emission and we jointly
fitted them with the XSPEC v. 12.10.1 package (Arnaud 1996) in
the 0.7-11.0 keV band. The NXB emission parameters were kept
fixed as obtained by the fit of the single observations. We adopted
the Cash statistics (Cstat; Cash 1979) and fixed the (atomic +
molecular) hydrogen column density in the direction of the clus-
ter to nH = 2.06 × 1020 cm−2 (Willingale et al. 2013). In the
following, errors on fitted parameters are quoted at the 68% con-
fidence level.

3.2. LOFAR radio data

Observations of the LOFAR Two-meter Sky Survey (LoTSS;
Shimwell et al. 2017, 2019) are particularly suitable for the de-
tection of extended and low brightness diffuse emission with
steep spectrum, such as radio halos and radio relics. MACS
J1149 is located at 21 arcmin from the centre of the LoTSS
pointing P177+22, that was observed for 8 hours on 4th May
2017 using the High Band Antennas (HBA) Dutch array oper-
ating in the 120-168 MHz frequency range. The source 3C 295
was used as flux density scale calibrator.

Data were processed by means of the LOFAR Surveys Key
Science Project reduction pipeline v2.23 (Shimwell et al. 2019;
Tasse et al. 2020), which performs both direction-independent
and direction-dependent calibration using PREFACTOR (Offringa
et al. 2013; van Weeren et al. 2016; Williams et al. 2016; de
Gasperin et al. 2019) and KillMS (Tasse 2014a,b; Smirnov &
Tasse 2015) and delivers images at 6′′ and 20′′ resolution of the
full LOFAR field of view using DDFacet (Tasse et al. 2018). In
order to improve the image quality towards MACS J1149, we
used the models produced by the pipeline to subtract the sources

3 https://github.com/mhardcastle/ddf-pipeline

outside a region of sizes 27′×27′ centered on the target from the
uv-data. We used this ’extracted’ dataset to perform additional
cycles of amplitude and phase self-calibration (see details in van
Weeren et al. 2020) using WSClean v. 2.7 (Offringa et al. 2014;
Offringa & Smirnov 2017). We then checked for possible sys-
tematics in the flux density scale by comparing compact discrete
sources in the field with the TIFR GMRT Sky Survey Alternative
Data Release (TGSS-ADR; Intema et al. 2017), finding no sig-
nificant offset (typical offsets are of the order of 3%, with 10%
for one source).

3.3. GMRT radio data

We retrieved archival GMRT data (first presented by Bonafede
et al. 2012) in the 305-340 MHz band, for a total bandwidth
of 32 MHz, split into 256 channels. Two observations of 1 and
4 hours on-source time are available, and the sources 3C286
and 3C147 were used as absolute flux density scale calibra-
tors. We reprocessed them independently via the Source Peeling
and Atmospheric Modeling (SPAM) automated pipeline (Intema
et al. 2009), which corrects for ionospheric effects, and remove
direction-dependent gain errors, improving the noise and fidelity
of the images. Strong sources in the field of view are used to de-
rive directional-dependent gains and fit a phase-screen over the
entire field of view. Finally, images are corrected for the system
temperature variations between the calibrator and the target.

During the imaging steps, we noticed that the flux density of
the point sources in the field were different for the two observa-
tions, independently of the adopted primary calibrator. In order
to check for the spectra of the sources, we measured their flux
density at 144 (LOFAR), 610 (GMRT), 1500 (JVLA, L band),
and 2800 (JVLA, S band) MHz4. The expected power laws are
well fitted in the case of the shallower GMRT data, whereas the
deeper ones appear systematically biased low. The logs of the 4
hours observation report of high wind speeds, which could have
affected some scans and system gains. To account for this prob-
lem, we corrected the deeper images by multiplying them for a
factor of 1.23, i.e. the mean ratio of the source flux densities in
the shallow and deep maps.

3.4. JVLA radio data

MACS J1149 was observed with the JVLA at 1-2 GHz (L-band)
in B, C, and D configurations, for 5.5, 2.5 , and 1.5 hours on-
source time, respectively (see Table 2 for details), with 3C286 as
flux density calibrator and J1150+2417 as phase calibrator. The
data were recorded with 16 spectral windows, each divided into
64 channels. It is worth to mention that, during the preparation
of this work, data collected in 2013 (except for the observation
in D array of the 4th March) were first published by Giovannini
et al. (2020). Data reduction was carried out with the National
Radio Astronomy Observatory (NRAO) Common Astronomy
Software Applications (CASA; McMullin et al. 2007) v. 4.7. We
removed Radio Frequency Interference (RFI) by means of the
AOFlagger software (Offringa 2010; Offringa et al. 2012). The
data from B, C, and D configurations were calibrated indepen-
dently, by performing the standard calibration procedure, which
includes the initial phase, bandpass, and gain calibrations. In ad-

4 Details of the 610 and 2800 MHz data are not reported, as we used
them only to check the flux density scale of the point sources in the
field. The halo is too faint and is undetected at 2800 MHz, and it is not
fully recovered at 610 MHz due to the insufficient depth and missing
short baselines of these data.
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Table 2. Details of the LOFAR (LoTSS, pointing name: P177+22), GMRT (PI: M. Brüggen, project code: 20_066), and JVLA (PI: A. Bonafede,
project code: 13A-056; PI: R. J. van Weeren, project code: 14B-205) radio data analysed in this work.

Instrument Configuration Central frequency Frequency coverage Observation date On-source time
(MHz) (MHz) (h)

LOFAR Dual-inner-HBA 144 120-168 04-May-2017 8.0
GMRT - 323 305-340 27-Jun.-2011, 16-Aug.-2011 1.0+4.0
JVLA B 1500 1000-2000 17-Nov.-2013, 7-Apr.-2015 2.0+3.5
JVLA C 1500 1000-2000 24-Jun.-2013 2.5
JVLA D 1500 1000-2000 14-Feb.-2013, 4-Mar.-2013 0.75+0.75

Table 3. Summary of the parameters adopted to produce the radio maps
discussed in the paper. Column 2, 3, and 4 indicate the minimum base-
line (Bmin), the robust parameter of the Briggs weighting, and the taper-
ing used, respectively. Column 5 reports the reached resolution (θ).

Dataset Bmin Robust Taper θ

LOFAR 80λ −0.5 - 10′′ × 6′′
LOFAR 80λ 0 5′′ 19′′ × 15′′
LOFAR∗ 170λ 0 10′′ 27′′ × 21′′
GMRT∗ 170λ 0 10′′ 20′′ × 14′′

JVLA[B+C+D] - 0 - 5′′ × 4′′
JVLA∗[D] 170λ 0 - 29′′ × 28′′

Notes. ∗These maps were smoothed with a 30′′ × 30′′ beam and
used to measure the flux density of the halo.

dition, we performed two rounds of phase-only self-calibration
and two rounds of amplitude and phase self-calibration on the
individual datasets. Finally, we combined the B, C, and D con-
figuration data to create deep images.

3.5. Radio imaging and source subtraction

The imaging process was carried out for all the datasets with
WSClean v. 2.7, which is designed for wide-field, multifre-
quency, and multiscale synthesis. All images are corrected for
the primary beam attenuation. For each dataset, we produced
maps with different baseline weightings to study the radio emis-
sion of the target on various spatial scales. Short baselines are
sensitive to the extended emission, whereas long baselines pro-
vide a higher resolution. A compromise between sensitivity and
resolution can be reached with the robust parameter intermediate
weighting (Briggs 1995) and a tapering of the baselines.

The weighting schemes adopted for the maps discussed in
the next sections are summarised in Table 3. In order to properly
image the diffuse emission and consistently compare the LO-
FAR, GMRT, and JVLA (D array) maps, we adopted a common
minimum baseline of 170λ (which gives a maximum recoverable
scale of ∼ 20′, corresponding to ∼ 8 Mpc), a briggs weighting
with robust 0, and a tapering of the long baselines (10′′), then
we smoothed these maps with a 30′′×30′′ beam. In addition, we
produced an intermediate resolution (19′′ × 15′′) LOFAR map,
that we used for subsequent analysis (see Sect. 4.4 and 5.1).

In order to measure the flux density of the halo, we have to
remove the contribution of the sources embedded in it. For LO-
FAR and GMRT datasets, we selected the sources by imaging the
data at high resolution, excluding the shortest baselines (< 4kλ,
corresponding to maximum angular scales of ∼ 50′′), then we
subtracted the clean components in the model image from the
uv-data. We tested the consistency of this process by comparing

the flux density of the halo with that obtained by algebraically
subtracting the flux density of the embedded sources from the
total (halo + sources) one, finding a good agreement (within 3%
and 5% of the flux density for LOFAR and GMRT, respectively).
Subtracting the clean components of the discrete sources is not
sufficiently accurate with the JVLA datasets, given the very low
flux density of the halo. The low sensitivity to extended sources
of the B array and the insufficient depth of the C array data, do
not allow us to accurately recover the halo emission. On the other
hand, the low resolution of the D array makes it difficult to ob-
tain a good model of both point and extended sources. How-
ever, we can use the sensitive high resolution images to iden-
tify faint compact sources in the halo region, which contribute
to the total flux density when measured from lower resolution
images. Therefore, we accurately measured the flux density of
point sources in B and C configurations at high resolution, and
the extended sources in D configuration at low resolution, then
we subtracted their contribution out of the total (halo + sources)
flux density obtained in D array. The model subtraction from the
uv-data bias the net flux density of the halo at 1.5 GHz high, but
the algebraic subtraction might bias it low; to take into account
this effect, we safely consider the 20% of the flux density as the
uncertainty on the subtraction.

In the following, the position angle (P.A.) of the beam is mea-
sured north-eastwards. The uncertainties ∆S on the reported flux
densities are given by:

∆S =

√(
σ ·

√
Nbeam

)2
+ (ξcal · S )2 + (ξsub · S )2 (1)

where σ is the RMS noise of the map, Nbeam is the number of in-
dependent beams within the considered region, ξcal is the calibra-
tion error, and ξsub is the uncertainty of the source subtraction. As
mentioned, we assumed ξsub = 3%, 5%, and 20% for LOFAR,
GMRT, and JVLA, respectively. We adopted ξcal = 10% for LO-
FAR (lower than the 20% reported in Shimwell et al. 2019, given
the low-significance offset found with respect to the TGSS im-
age), ξcal = 10% for GMRT (Chandra et al. 2004), and ξcal = 5%
for JVLA (Perley & Butler 2013).

4. Results

In this section we first show the results of the X-ray and radio
data analysis, then we investigate the connection between the
thermal and non-thermal emission.

4.1. Global X-ray properties

In Fig. 1 (left) we present the exposure-corrected map of MACS
J1149 in the 0.5-3 keV band, obtained by merging the six Chan-
dra observations listed in Table 1. The cyan circles indicate the
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Fig. 1. Left: MACS J1149 X-ray map obtained with Chandra in the 0.5-3 keV band (1 pix = 4′′). The region within R500 is indicated in yellow
and cyan circles label the location of the three sub-clusters, as reported by Golovich et al. (2016). The cluster is elongated along NW-SE. Sub-
cluster 1 is associated with the main X-ray concentration, whereas no clumps associated with sub-cluster 2 are clearly visible. Right: X-ray surface
brightness profile. Data are fitted by a β-model (blue line) with β = 0.66 ± 0.01 and rc = 288 ± 8 kpc.

Fig. 2. MACS J1149 X-ray spectrum within R500. Data and the best fit
model are shown in black. The red, green, and blue curves indicate the
cluster emission, the sky background, and the particle background, re-
spectively. The bottom panel shows the ratio of the data to the model.
Fits were performed simultaneously for all the observations, but we re-
port only one spectrum for a clearer inspection of the plot. We obtained
kT = 10.5 ± 0.3 keV and Z = 0.23 ± 0.05 Z�.

locations of the three sub-clusters, as reported by Golovich et al.
(2016); they have virial masses of M1 ∼ M2 ∼ 1015 M�,
M3 ∼ 1014 M�, respectively. The ICM appears elongated along
the NW-SE axis, where sub-clusters 1 and 2 lie. Even though
sub-clusters 1 and 2 have similar masses, only the most massive
sub-cluster 1 is associated with the main X-ray concentration
(the depth of the data would be sufficient to detect X-ray clumps
associated with sub-cluster 2, if any).

In the right panel of Fig. 1 we show the surface brightness
profile within a circle (centered on the pixel coincident with the
X-ray peak) of radius R500 = 1.6 Mpc, extracted and fitted by
means of the PROFFIT v. 1.5 code (Eckert et al. 2011). The
background was assumed to be constant. It was estimated in a
source-free region and subtracted, whereas the data were fitted
with a simple beta-profile under the assumptions of a isother-

mal gas and a spherical geometry (Cavaliere & Fusco-Femiano
1976):

nth(r) = nth,0

1 +

(
r
rc

)2−
3
2 β

(2)

where nth is the thermal particle density number, rc is the core
radius, and the index β represents the ratio of the kinetic energy
of the galaxies to the thermal energy of the gas. The thermal par-
ticle distribution is related to the X-ray surface brightness profile
IX(r) as (Sarazin 1986):

IX(r) =
√
πn2

th,0rcΛ(T )
Γ(3β − 0.5)

Γ(3β)

1 +

(
r
rc

)2
1
2−3β

(3)

where Λ(T ) ∼ 2.5 × 10−27
√

T erg cm3 s−1 is the cooling func-
tion in the case of a plasma at a temperature T emitting through
thermal bremsstrahlung (e.g. Gitti et al. 2012). The beta-model
has commonly been used to describe the radial profile of a num-
ber of galaxy clusters, providing reasonable representations of
the data (Arnaud 2009) even with χ2/dof ∼ 2 (see e.g. Table 5
reported in Eckert et al. 2011). We obtained β = 0.66 ± 0.01 and
rc = 288±8 kpc, with a χ2/dof = 2.3, consistent with the typical
values found for merging clusters (Forman et al. 1984).

Finally, the X-ray spectrum extracted within R500 is shown
in Fig. 2 (we jointly fitted all the observations, but we report
only one spectrum to avoid confusion in the plot). The par-
ticle and sky background components were modelled as de-
scribed in Section 3.1, whereas we adopted an absorbed APEC
for the ICM emission. We obtained a global temperature of
kT = 10.5 ± 0.3 keV and a metallicity of Z = 0.23 ± 0.05 Z�
(Cstat/dof = 3530/3076). The computed flux within R500 is
F500

[0.1−2.4 keV] = (1.67 ± 0.01) × 10−12 erg s−1 cm−2, which gives
a luminosity of L500

[0.1−2.4 keV] = (1.35 ± 0.01) × 1045 erg s−1, in
agreement with the values reported by Ogrean et al. (2016).

4.2. Surface brightness edges

We searched for possible sub-structures in the X-ray surface
brightness distribution. As a first step, we used the CONTBIN v.
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Fig. 3. Temperature (left) and associated error (right) maps, reported in keV units. The X-ray surface brightness contours of Fig. 1 are reported in
black. The temperature map suggests the presence of a significant lower kT region in NW.

Table 4. Properties of the surface brightness discontinuities in Fig. 4.
Column 3 indicates the distance (RD) of the edge from the sector centre.
Column 4 reports the density compression factor (C). Column 6 lists the
temperature in the inner and outer sub-sectors.

Edge Centre RD C Region kT
(arcmin) (keV)

inner 9.8+0.9
−0.9

NE 11:49:33.8
+22:24:18.9 0.90+0.01

−0.01 1.38+0.11
−0.11

outer 10.7+1.5
−1.1

inner 9.0+1.0
−0.8

NW 11:49:36.3
+22:24:17.9 1.13+0.02

−0.01 1.52+0.11
−0.11

outer 11.8+2.3
−3.1

1.6 code (Sanders 2006) to adaptively bin the surface brightness
map into regions with a signal-to-noise ratio of SNR = 30, thus
ensuring enough source and background counts. Then, we ex-
tracted the spectra within those regions and jointly fitted them
(the background and metallicity were kept fixed to the previously
obtained values) in order to produce the temperature map shown
in Fig. 3 (the error map on the right was obtained as the mean
of the lower and upper errors). As a general trend, we notice
that the eastern regions of the cluster are colder than the western
ones (this is also visible in the temperature map shown in Ogrean
et al. 2016, and obtained with a lower SNR = 10). Moreover, we
observe northwards and southwards a difference in temperature,
with respect to the global value, but the error map indicates that
only the northern region has a temperature significantly different
(kT = 7.2 ± 0.6 keV) from that of the surrounding bins.

Discontinuities and sub-structures in the surface brightness
profile can be enhanced by means of the Gaussian gradient mag-
nitude (GGM; Sanders et al. 2016a,b) filtering. We tested differ-
ent σGGM scales (i.e. the width of the derivative of the Gaussian
curve): too narrow scales (< 4′′) are usually not efficient in de-
tecting edges in the outskirts of the cluster, due to the low counts,
whereas too large scales (> 8′′) could give excessively smoothed
images (e.g. Botteon et al. 2018). We found that possible discon-
tinuities are better highlighted with σGGM = 1, 2 pixels (where 1
pixel correspond to 4′′ in our maps).

In Fig. 4 (top panel) we show the GGM-filtered image with
σGGM = 1 pix. This map reveals two distinct possible edges in
NE and NW, instead of the single one reported by Ogrean et al.
(2016), that partially covers both of them. In particular, the can-
didate NW edge is coincident with the cold region highlighted by
the temperature map. We do not find discontinuities in the south,
however we confirm the presence of two filamentary structures,
as found with the unsharp mask analysis by Ogrean et al. (2016),
who referred to them as the X-ray tail (SW) and peak (SE). The
GGM-filtering suggests that both of them could be tails, likely
associated with the cluster dynamics.

In order to study the two candidate discontinuities, we ex-
tracted the surface brightness profiles in the purple and green
sectors, and we fitted them with a broken power law model (e.g.
Owers et al. 2009):

n(r) =


Cn0

(
r

RD

)−a
if r ≤ RD

n0

(
r

RD

)−b
if r > RD

(4)

where C is the density compression factor, a and b are the power
law slopes, and RD is the radius of the edge. The fitted profiles
are shown in Fig. 4 (middle panels) and the obtained values
are summarised in Table 4. The two discontinuities give sim-
ilar compression factors, with C = 1.38 ± 0.11 for NE, and
C = 1.52 ± 0.11 for NW. The NE edge is less prominent than
the NW one and we also tested a single power law model. The
resulting χ2/dof of the fits are 0.99 and 1.80 with the broken
power law and the single power law, respectively, thus we re-
jected the latter case.

The nature of the edges can be investigated by the sign of
the jump in temperature. Therefore, we extracted the spectra in
inner (downstream) and outer (upstream) sectors, with respect to
the radii of the jumps (see Fig. 4, bottom). We did not find clear
indications of temperature discontinuities: in fact we obtained
kTin,NE = 9.8+0.9

−0.9 keV and kTout,NE = 10.7+1.5
−1.1 keV for the NE

edge, and kTin,NW = 9.0+1.0
−0.8 keV and kTout,NW = 11.8+2.3

−3.1 keV for
the NW edge (see Table 4).

Under the assumption of a shock moving outwards from the
cluster centre, the Hugoniot-Rankine density jump condition for
a mono-atomic thermal gas can be used to compute the corre-
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Fig. 4. Top: GGM-filtered X-ray image with σGGM = 1 pix (1 pix = 4′′). Two possible surface brightness edges are revealed in the NE and NW.
Two filamentary structures (the ’tails’) are present at south. Middle left: Best fit (χ2/dof = 0.99) of the NE edge with a broken power law. The
density compression factor is C = 1.38 ± 0.11. Middle right: Best fit (χ2/dof = 1.12) of the NW edge with a broken power law. The density
compression factor is C = 1.52 ± 0.11. A fit with a single power law is rejected (χ2/dof = 1.80) and thus not shown. Bottom: X-ray count image
showing the sectors used to extract the spectra upstream and downstream the surface brightness discontinuities. The total source and background
counts are Nin,NE ∼ 2600, Nout,NE ∼ 2300 in the NE sectors, and Nin,NW ∼ 1900, Nout,NW ∼ 1300 in the NW sectors. We do not find significant
temperature jumps (kTin,NE = 9.8+0.9

−0.9 keV and kTout,NE = 10.7+1.5
−1.1 keV; kTin,NW = 9.0+1.0

−0.8 keV and kTout,NW = 11.8+2.3
−3.1 keV).

sponding Mach-number:

M =

√
3C

4 −C
(5)

The associated temperature jump is given by:

Tin

Tout
=

5M4 + 14M2 − 3
16M2 (6)

Eq. 5 provides Mach-numbers ofMNE = 1.26±0.08 andMNW =
1.36±0.08, implying temperature jumps of (Tin/Tout)NE = 1.25±
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Table 5. Flux density at 144, 323, and 1500 MHz of the sources shown
in Figs. 5 and 6

Source S 144 S 323 S 1500
(mJy) (mJy) (mJy)

Halo 65.8 ± 7.1 19.4 ± 3.1 2.0 ± 0.5
A 0.15 ± 0.01
B 16.6 ± 1.7 8.1 ± 0.8 3.1 ± 0.2
C 4.1 ± 0.4 3.2 ± 0.3 1.1 ± 0.1

D1+D2 2.9 ± 0.3 0.8 ± 0.1 0.38 ± 0.02
E 0.7 ± 0.1 0.28 ± 0.01
F 0.19 ± 0.01

G1+G2 0.52 ± 0.03
H1+H2 0.31 ± 0.02

I 0.7 ± 0.1 0.16 ± 0.01
L 63.8 ± 6.4 39.9 ± 4.1 17.1 ± 0.9

Notes. Sources D1 and D2 are unresolved at 144, 323, and 1500 (D
array) MHz. Sources G1, G2, H1, and H2 are unresolved at 1500
(D array) MHz. Missing values mean that the source is undetected
at 3σ level.

0.07 and (Tin/Tout)NW = 1.35 ± 0.08. In the most favourable
scenario, by assuming the upper limits for the downstream tem-
peratures, i.e. kTin,NE = 10.7 keV and kTin,NW = 10.0 keV, the
corresponding upstream temperatures from Eq. 6 would result
kTout,NE = 8.6 ± 0.5 keV and kTout,NW = 7.4 ± 0.4 keV. We
fixed these temperatures and re-fitted the spectra, but the Cstat
increases (∆CstatNE = 1.9, ∆CstatNW = 4.4). Lower downstream
temperatures would result in even worse fit, thus we conclude
that the edges are unlikely to be shock fronts.

The two discontinuities may be associated with cold fronts.
Indeed, the N-NE edge revealed by Ogrean et al. (2016) was
classified as a candidate cold front, which would be one of the
most distant cold fronts to date, if confirmed. This N-NE edge is
roughly located in the middle between the NE and NW edges we
found and has a compression factor consistent with ours. Even
though the GGM-filtering is efficient in separating the discon-
tinuities, the low source counts in the upstream sectors do not
allow us to confirm whether the NE and NW can be considered
as a single or double edge (in this regard, projection effects may
play an important role). That said, we note that the temperature
map in Fig. 3 suggests similarities with the prototypical case of
Abell 3667 (Owers et al. 2009; Ichinohe et al. 2017), where the
coolest gas of the system is pushed at the tip of the cold front,
surrounded by the hotter gas. This interpretation would be in line
with the merger scenario described by Golovich et al. (2016) be-
tween sub-cluster 1 and sub-cluster 2.

4.3. Radio maps and properties

In the left panel of Fig. 5 we present our 144 MHz LOFAR map
at 10′′ × 6′′ resolution, while the right panel reports the 1.5 GHz
JVLA map at 5′′ × 4′′ resolution, obtained by combining the
data in B, C, and D arrays. These high resolution images show
the presence of several compact and extended sources.

The bright elongated sources in the south-east (‘J’) and west
(‘L’) are the relic and the candidate relic, respectively, reported
by Bonafede et al. (2012), which are well recovered at both fre-
quencies. As mentioned, the source ‘L’ has been recently reclas-
sified as a radio galaxy (Giovannini et al. 2020). This is further
confirmed by means of our deeper JVLA data: the bottom right
panel of Fig. 5 focuses on the source ‘L’ and unambiguously in-

dicates that it is actually a radio galaxy, with a well resolved core
and jets, and no hotspots, with a FRI (Fanaroff & Riley 1974)
morphology. We measured a flux density of S 144 = 63.8 ± 6.4
mJy, S 323 = 39.9 ± 4.1 mJy, and S 1500 = 17.2 ± 0.9 mJy, at 144,
323, and 1500 MHz, respectively. We fitted these values with a
single power law, obtaining a spectral index α1500

144 = 0.56 ± 0.01
between 144 and 1500 MHz, consistent with the typical spec-
tra of radio galaxies. We notice that the flux density measured
by Giovannini et al. (2020) at 1.5 GHz is significantly lower
(by a factor ∼ 2); in fact, their maps are shallower (the RMS
is ∼ 2 times higher) than ours and allow them to recover only the
brightest inner emission of the source (roughly corresponding to
the 12σ level in the bottom right panel of Fig. 5).

The halo emission is not clearly detected at the 3σ level, due
to its low surface brightness and the high resolution of the im-
ages. There are two extended sources, ‘B’ and ‘C’, highlighted
in the bottom left panel. An accurate description of the SE relic
‘J’ is beyond the scope of this work, however we notice that the
source ‘K’ at its SW appears appears to be partially embedded
in diffuse emission and shows an interesting bridge-like struc-
ture linking it with the SE relic. Due to their shallower data, this
bridge is not detected by Giovannini et al. (2020). It is not clear
whether this diffuse emission belongs to the relic or the source
itself. As discussed by Giovannini et al. (2020), the orientation
of ‘J’ is expected to be perpendicular to the merger axis, if it is a
relic induced by the merger shock. Therefore, they proposed that
‘J’ might be a radio filament associated with the merger and not
a relic.

Fig. 6 shows the 30′′ × 30′′ resolution maps at 144 MHz (top
left), 323 MHz (top right), and 1.5 GHz (bottom left), that we
used to consistently measure the flux density of the halo. For the
first time, we have deep radio maps of the halo at both high and
low frequency and a more reliable measure of the spectrum can
be performed. In all these images, the diffuse emission extends
up to ∼ 400′′ (∼ 2.6 Mpc) along the NW-SE direction, even
though it is fully recovered only at 144 MHz. The morphology
of the halo emission is similar at 144 MHz, 323 MHz, and 1.5
GHz. It has a projected NW-SE length of ∼ 200′′ (∼ 1.3 Mpc)
and is interconnected with the relic. In the bottom right panel of
Fig. 6 we overlay the LOFAR contours (after the subtraction of
the sources embedded in the halo) on the X-ray image of Fig.
1. The radio emission of the halo is co-spatial with the X-ray
emission of the ICM, as typically observed in galaxy clusters.

A number of compact sources, labelled in Fig. 5, and the
above mentioned ‘B’ and ‘C’ sources are embedded within the
halo. In particular, source ‘B’ at 144 MHz apparently has a head-
tail morphology, with the tail barely visible above 323 MHz.
Source ‘C’ lies in the centre of the halo and appears extended.
In Fig. 7 we overlay the high resolution LOFAR contours on the
RVB-filters image of the cluster obtained with Subaru/Suprime-
Cam (Miyazaki et al. 2002). This image suggests a possible as-
sociation of the source ‘C’ with a cluster member galaxy (coor-
dinates RAJ2000 11h49m35.51s, DecJ2000 22o24′03.76′′).

As discussed in Sect. 3.5, the approaches of subtracting the
visibilities and the flux densities of the sources are consistent in
the LOFAR and GMRT datasets. However, given the very low
flux density of the halo at 1500 MHz, small errors in the sub-
traction may bias it high, and given the JVLA image properties
we have more confidence in the algebraic subtraction. Table 5
summarises the net flux density of the halo and the embedded
sources (we also report the source ‘L’). The obtained values of
the halo within the 3σ LOFAR contours (by avoiding contami-
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Fig. 5. MACS J1149 radio maps at high resolution. In all the panels, the white contour levels are [±3, 6, 12, ...] × σ. The dashed yellow contour
indicates the 3σ (with σ ∼ 0.30 mJy beam−1) level of the 30′′ × 30′′ resolution LOFAR map after the subtraction of the embedded sources (see
also Fig. 6). Top left: 144 MHz LOFAR map at 10′′ × 6′′ resolution (P.A. = 81o, σ ∼ 0.15 mJy beam−1). The western source ‘L’ has been recently
reclassified as a radio galaxy. The SE relic is labelled as ‘J’ and a bridge-like structure links it to the source ‘K’. Top right: 1.5 GHz JVLA (B, C,
D arrays combined) map at 5′′ × 4′′ resolution (P.A. = 16o, σ ∼ 18 µJy beam−1) showing the discrete sources embedded in the radio halo that we
subtracted. Bottom left: Zoom of the above LOFAR image on the two extended sources ‘B’ (head-tail radio galaxy) and ‘C’. Bottom right: Zoom
of the above JVLA image on the radio galaxy ‘L’ showing its FRI morphology.

nation of the regions nearby the relic5) are S 144 = 65.8±7.1 mJy,
S 323 = 19.4 ± 3.1 mJy, and S 1500 = 2.0 ± 0.5 mJy, respectively.
The resulting spectrum across 144 and 1500 MHz is reported
in Fig. 8. We fitted the flux density values with a single power
law, obtaining a spectral index of α1500

144 = 1.49 ± 0.12. We iter-
ated the measures in different regions of the halo (in particular,
within the brightest X-ray counterpart; see Fig. 6, bottom right),
consistently finding an average α ∼ 1.5 everywhere and thus
confirming that MACS J1149 is a steep spectrum radio halo. We
notice that Bonafede et al. (2012) measured S 323 = 29 ± 4 mJy
and S 1500 = 1.2 ± 0.5 mJy (α1500

323 = 2.1), whereas Giovannini
et al. (2020) obtained S 1500 = 0.9 ± 0.1 mJy. The inconsistency
of these values with our measure at 1.5 GHz derives from the
fact that our observations includes D array data that are deeper
and more sensitive to the extended emission, thus allowing us
to properly recover the emission of the halo at high frequency

5 the region where we measured the flux density of the halo roughly
corresponds to the one sampled with red boxes in Fig. 10, right panel.

and providing a more reliable measure of the total flux density;
the higher flux density at 323 MHz reported by Bonafede et al.
(2012) is likely due to the different adopted weighting scheme
and a larger considered area that might be contaminated by the
SE relic.

By using the flux density and the fitted spectral index, we
computed the corresponding radio powers as:

Pν = 4πD2
LS ν(1 + z)α−1 (7)

We obtained P144 = (9.3 ± 1.0) × 1025 W Hz−1, P323 = (2.7 ±
0.5) × 1025 W Hz−1, and P1500 = (2.8 ± 0.7) × 1024 W Hz−1, at
144, 323, and 1500 MHz, respectively. Radio halos with steep
spectrum are found to be radio under-luminous with respect to
the correlation reported by Cassano et al. (2013), between the
1.4 GHz radio power and mass of the host cluster. By extrap-
olating from the radio spectrum, the flux density at 1.4 GHz
results S 1400 = 2.2 ± 0.6 mJy, and we calculated a power of
P1400 = (3.1 ± 0.9) × 1024 W Hz−1 . Indeed, MACS J1149 as
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Fig. 6. MACS J1149 radio maps at 30′′ × 30′′ resolution. In all the panels, the contour levels are [±3, 6, 12, ...] × σ. Top left: 144 MHz
LOFAR map (σ ∼ 0.30 mJy beam−1). Top right: 323 MHz GMRT map (σ ∼ 0.30 mJy beam−1). Bottom left: 1.5 GHz JVLA (D array) map
(σ ∼ 45 µJy beam−1). Bottom right: 144 MHz LOFAR contours (after the subtraction of the embedded sources) overlaid on the X-ray image of
Fig. 1.

well falls below this correlation by a factor of ∼ 3, as shown
with a red dot in Fig. 9.

4.4. Thermal-non-thermal correlation

As typically found in radio halos, the non-thermal emission in
MACS J1149 roughly follows the thermal one (Fig. 6, bottom
right). The left panel of Fig. 10 shows the radio (IR), and X-ray

(IX) surface brightness radial profiles, extracted in circular beam-
size annuli (we used the LOFAR image at 19′′ × 15′′ resolution)
and normalised at their respective maxima. We notice that IR
decreases with the radius slower than IX.

A point-to-point correlation of the type of IR ∝ Ik
X between

the radio and X-ray surface brightness is found for a number of
radio halos (e.g. Feretti et al. 2001; Govoni et al. 2001; Giac-
intucci et al. 2005; Hoang et al. 2019; Botteon et al. 2020b; Xie
et al. 2020), with typical sub-linear slopes k < 1, meaning that IR
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Fig. 7. Japanese Virtual Observatory Subaru (RVB filters) image of MACS J1149. The contours of the 144 MHz LOFAR map (10′′×6′′, P.A. = 81o)
shown in Fig. 5 are displayed in white.

Fig. 8. Radio spectrum of the halo between 144 and 1500 MHz (see
Table 5). The solid line indicates the fitted power law. The resulting
spectral index is α1500

144 = 1.49 ± 0.12.

increases slower than IX. We investigated this relation in MACS
J1149, by means of the code described in Ignesti et al. (2020).
The code allows us to sample an extended radio source down to a
given threshold in surface brightness, by gridding it with square
cells. Both IR and IX are measured within each cell, then the data
are fitted with a power law, and the Pearson (ρp) and Spearman
(ρs) ranks are computed.

The LOFAR source-subtracted map at resolution 30′′ × 30′′
was used to grid both the halo and relic with beam-size cells,
as represented in the right panel of Fig. 10. Green and red points
mark the relic and halo cells, respectively. The plot clearly shows
that the halo data follow a tight (ρp = 0.93, ρs = 0.91) correla-
tion, whereas the data extracted from the region of the relic are
uncorrelated. In fact, halos and the ICM are thought to share a
similar volume, whereas the volume occupied by relics is much
lower (at a first approximation, they can be considered as bidi-
mensional sources), therefore a physical correlation is expected

Fig. 9. Distribution of galaxy clusters in the P1400-M500 plane (adapted
from Cassano et al. 2013, see it for details of the legend). MACS J1149
(red dot), with M500 = (10.4 ± 0.5) × 1014 M� and P1400 = (3.1 ± 0.9) ×
1024 W Hz−1, is under-luminous with respect to the correlation by a
factor of ∼ 3, and locates among the steep spectrum radio halos (green
dots).

only in the former case. The fact that no correlation seems to
exist between the relic and the ICM, allows us to better discrimi-
nate the halo region from that of the relic. Nevertheless, the tran-
sition region was excluded to avoid any possible contamination
to the fit of the correlation slope.

We explored the correlation strength of the halo through var-
ious fitting methods: BCES (Bivariate Correlated Errors and in-
trinsic Scatter; Akritas & Bershady 1996) bisector and orthogo-
nal, and linmix (Kelly 2007). Moreover, we checked for possi-
ble biases due to the choice of the radio brightness threshold.
The results are listed in Table 6. There is a good agreement
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Fig. 10. Left: Radio (red circles) and X-ray (blue triangles) surface brightness radial profiles within the halo region, normalised at their maximum.
In the top right corner of the plot we show the adopted source-subtracted LOFAR map at 19′′ × 15′′ resolution, sampled with concentric annuli of
19′′ width. We remark that IR decreases slower than IX, suggesting that they are sub-linearly correlated. Right: Point-to-point analysis of the IR-IX
relation. In the top right corner of the plot we report the contours of the 30′′ × 30′′ source-subtracted LOFAR map, gridded with green and red
30′′ × 30′′ square boxes for the relic and halo, respectively. The relic points do not show any trend, whereas the halo points present a sub-linear
correlation with a slope in the range [0.42-0.60]. The black line represents the best fit obtained with the BCES-orthogonal method at 3σ threshold.

Table 6. Results from the IR-IX point-to-point analysis of the halo. We
tested BCES bisector, BCES orthogonal, and linmix methods with dif-
ferent radio thresholds. The obtained slopes k are listed in column 3.

Method Threshold k
2σ 0.55 ± 0.04

Bisector 3σ 0.51 ± 0.04
4σ 0.46 ± 0.04
2σ 0.56 ± 0.04

Orthogonal 3σ 0.52 ± 0.04
4σ 0.48 ± 0.04
2σ 0.53 ± 0.05

Linmix 3σ 0.51 ± 0.05
4σ 0.48 ± 0.05

among the three methods, but we notice that the fit is sensitive
to the adopted threshold, especially in the case of BCES bisec-
tor and orthogonal. Even though the values of k are consistent,
lower thresholds give steeper indices, as recently discussed in
Botteon et al. (2020b). Anyway, we find that the IR-IX correla-
tion is strongly sub-linear in MACS J1149, with k in the range
[0.42-0.60].

5. Discussion

In this Section, we discuss the formation process of the halo and
its connection with the cluster dynamics.

5.1. Constraining the hadronic contribution

In general, hadronic scenarios are disfavoured by the observed
connection between radio halos and the cluster dynamics (e.g
Brunetti & Jones 2014; van Weeren et al. 2019). In a few cases,
the spectral properties of the halos (e.g. Brunetti et al. 2008;
Wilber et al. 2018) and the limits to the gamma-ray emission
of the hosting clusters (Brunetti et al. 2012, 2017; Zandanel &
Ando 2014) provide constraints that are sufficiently stringent to
allow pure hadronic models to be excluded. The radio halo in

Fig. 11. Non-thermal to thermal energy budget as a function of the cen-
tral magnetic field in a pure hadronic model. The dashed, dotted, and
solid lines are the CRe to ICM energy ratio, the magnetic to ICM en-
ergy ratio, and the total non-thermal to ICM energy ratio, respectively,
required to match the observed radio emission up to radii of 2.2rc (lower
dashed and solid lines) and 2.5rc (upper dashed and solid lines). The
non-thermal energy budget for typical values of B0 . 10 µG in galaxy
clusters is indicated by the yellow area. A pure hadronic model would
require unrealistically high values of (εCR + εB) /εICM and/or B0.

MACS J1149 combines a high redshift with a steep radio spec-
trum (Fig. 8) and a flat radial profile (Fig. 10, left) which over-
all challenge an hadronic origin. In the following, we show that
the properties of MACS J1149 allow us to test hadronic models
without using complementary constraints from gamma-rays.

We aim at estimating the non-thermal energy in the clus-
ter required to reproduce the observed radio emission in a pure
hadronic scenario. The stationary spectrum of electrons and
positrons produced by hadronic collisions in the ICM is (Dolag
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& Enßlin 2000):

N±e (p, t) =
1∑

rad,i

∣∣∣∣ dp
dt

∣∣∣∣
∫

p
Q±e (p, t)pdt (8)

where p is the momentum of the particles,
∣∣∣∣ dp

dt

∣∣∣∣
rad,i

are the ra-

diative and Coulomb losses, and Q±e (p, t) is the injection rate of
electrons and positrons defined as (Brunetti & Jones 2014, and
references therein):

Q±e (p, t) = 2.1712
m2
πnthc2

m2
π − m2

µ

∫
Emin

∫
p∗

dEπdp
Eπβ̄µ

βpNp(p, t) ×

×
dσ±,0

dE
(Eπ, Ep)Fe(Ee, Eπ) (9)

where the pedices ’π’, ’µ’, and ’p’ refer to pions, muons, and

protons, respectively, β̄µ =

√
1 −

(
mµ

Ēµ

)2
, Ēµ =

Eπ

0.5428

[
1 −

(mµ

mπ

)2
]
,

and dσ±,0
dE (Eπ, Ep) is the differential inclusive cross-section for the

production of π+, π−, and π0 (we assume the cross-section as in
Brunetti et al. 2017), and Fe(Ee, Eπ) is defined as in Brunetti &
Blasi (2005) (Eqs. 36 and 37).

We derived the distribution of the thermal protons, nth(r),
from the X-ray surface brightness profile IX(r) (index β = 0.66,
core radius rc = 288 kpc, and central proton density number
nth,0 = 3.6× 10−3 cm−3; see Eqs. 2 and 3). We also assumed that
the magnetic field scales with the thermal proton density as:

B(r) = B0

[
nth(r)
nth,0

]η
(10)

where we fixed η = 0.5, being the value which gives the equi-
librium between the thermal and magnetic energy densities (e.g.
Bonafede et al. 2010).

The secondary CRe injected in the ICM magnetic field pro-
duce synchrotron radio emission with an emissivity given by
(Dolag & Enßlin 2000):

jR(ν, r) =
√

3
e3

mec2

∫ π
2

0
sin2 θdθ

∫
N±e (p)F

(
ν

νc

)
dp ∝

∝ Np(p, r)nth(r)
B(r)1+α

B(r)2 + B2
CMB

ν−α (11)

where θ is the pitch angle between B and p, F
(
ν
νc

)
is the

synchrotron kernel (Rybicki & Lightman 1979), and BCMB =
3.25(1 + z)2 µG is the CMB equivalent magnetic field. Under
the assumption of a spherical geometry, the integral of jR(ν, r)
along the line of sight provides the surface brightness profile at
a projected distance b:

IR(b) =
1

4π(1 + z)4

∫ +∞

b

2r jR(r)
√

r2 − b2
dr (12)

By assuming a value of the central field B0 and taking into
account the effects of the k-correction, we matched the radio pro-
file from Eq. 12 with the observed one in order to derive the
momentum distribution of CRp in the form (Brunetti & Jones
2014):

Np(p, r) = Kp(r)p−s (13)

where Kp(r) is the normalisation and s = 2α (with α = 1.5,
inferred from the radio spectrum of the halo). Thus, the energy
budget of the CRp is obtained as:

εp =

∫
d3r

∫
pmin

ENp(p, r)dp (14)

where we consider a minimum momentum of the CRp spectrum
of pmin = 0.5mpc (corresponding to a kinetic energy of Emin ∼

110 MeV).
The ratio of CRp and thermal energy budget required to

match the observed radio emission assuming a pure hadronic
model is shown in Fig. 11 as a function of B0. We also show
the ratio of the thermal (εICM) and non-thermal (εCR + εB) en-
ergy budget, integrated within maximum radii of 2.2rc and 2.5rc,
where the halo is clearly visible (see Fig. 6). For typical val-
ues of B0 < 10 µG in galaxy clusters (e.g. Bonafede et al.
2010), an untenable εCR/εICM > 1 is required. The CRe en-
ergy budget declines with increasing B0, however the minimum
(εCR + εB) /εICM is reached for unusually high values of the
magnetic field B0 ∼ 25 µG. Moreover, the CRe energy budget is
still extremely large (∼ 40 − 50%): for a comparison, the Fermi
satellite constrains it to few percent in Coma and other nearby
galaxy clusters (Ackermann et al. 2014; Brunetti et al. 2017).

Under the assumption of a spherical symmetry of the ICM
and CRp distribution, the most important parameter is the mini-
mum energy of CRp. If we conservatively assumed Emin = 300
MeV, i.e. the minimum threshold for CRp-p collisions, εCR
would just result 30% smaller than in Fig. 11; on the other
hand, extending the CRp spectrum at lower energies down to
Emin = 20 keV and Emin = 1 MeV would boost up εCR by a
factor of 3.4 and 2.3, respectively. For these reasons, we can rule
out an hadronic origin of the halo; by considering εCR/εICM to be
few percent, secondary electrons would contribute to < 10% of
the halo emission. Nevertheless, we cannot exclude that hadronic
collisions still play a role by injecting secondary particles that
are eventually re-accelerated by turbulence (Brunetti & Lazarian
2011; Pinzke et al. 2017).

5.2. Merger scenario

Lensing and spectroscopy studies concluded that MACS J1149
consists of at least three main sub-clusters (Smith et al. 2009;
Golovich et al. 2016), whose locations are indicated by open cir-
cles in Fig. 1. Sub-clusters 1 and 2 are the most massive ones,
with virial masses of M1 ∼ M2 ∼ 1015 M�, whereas sub-cluster
3 is one order of magnitude less massive M3 ∼ 1014 M�.

The ICM has a clearly elongated structure along the NW-SE
axis and although sub-clusters 1 and 2 have similar masses, only
the first one is associated with the main X-ray concentration.
According to the scenario proposed by Golovich et al. (2016),
a major merger between sub-clusters 1 and 2 occurred ∼ 1 Gyr
ago along the NW-SE direction in the plane of the sky and sub-
cluster 2 was stripped of its gas. The two X-ray tails of Fig. 4
in the south could be related to this event. Besides the major
merger between sub-clusters 1 and 2, a minor merger between
sub-clusters 1 and 3 has begun ∼ 100 Myr ago, likely along the
line of sight (Golovich et al. 2019). Given the high mass ratio,
this interaction does not significantly affect the ICM and the ma-
jor merger dynamics.

In proximity of the N-NE candidate cold front identified by
Ogrean et al. (2016), we find instead that there may be two dis-
tinct X-ray surface brightness discontinuities in NE and NW pos-
sibly being cold fronts. However, the case of Abell 3667 (Owers
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et al. 2009; Ichinohe et al. 2017) suggests a simpler scenario in
which we are observing a single cold front, where the coolest gas
was pushed towards the NW, and is surrounded by the hotter gas.
Under this assumption, our cold front can likely be explained
with the major merger described above, and its origin could be
associated with the cool core of a sub-cluster. However, because
of the low count statistic in the upstream regions, at present we
cannot disentangle the nature of the discontinuities.

The major merger likely induced the formation of the relic
and the halo through shocks and turbulence. Finding that the
candidate misaligned W relic actually is a FRI radio galaxy is
in line with this scenario. The steepening of the spectral index
of the SE relic towards the centre of the cluster (Bonafede et al.
2012) would also be consistent with this model, however its ori-
entation is peculiar, as it is parallel to the merger axis and not
perpendicular, as observed for relic sources. The interaction of a
merger shock with remnants or clouds filled by pre-existing rel-
ativistic electrons may explain this feature. On the other hand,
Giovannini et al. (2020) suggested that the SE source might be
a radio filament associated with the halo. Nevertheless, with our
data we do not exclude the possibility that the SE source might
be a radio galaxy; this will be the subject of a future paper.

Steep spectrum radio halos are predicted as a result of less
efficient turbulent acceleration or stronger energy losses (e.g.
Brunetti et al. 2008; Cassano et al. 2010b). The former case may
result from a less energetic sequence of merger events (e.g. Cas-
sano et al. 2006) or may mark the final evolution phase of ener-
getic mergers where a significant fraction of the turbulence has
already been dissipated (Donnert et al. 2013). In both cases, ha-
los are predicted to be under-luminous. The old major merger in
MACS J1149 may be in line with the advanced evolution phase
scenario, however it is difficult to discriminate between the two
possibilities.

6. Summary and conclusions

In this work, we constrained the spectrum of the radio halo in
the high redshift (z = 0.544) MACS J1149 galaxy cluster, by
means of multifrequency LOFAR, GMRT, and JVLA radio data
at 144, 323, and 1500 MHz, and found it to be steep. In addition,
we used Chandra X-ray data to compare the thermal and non-
thermal emission of the target.

MACS J1149 is a merging system consisting of at least three
sub-clusters. The X-ray data analysis showed that the ICM is
characterised by a remarkably high temperature (kT = 10.5±0.3
keV) and luminosity (L500

[0.1−2.4 keV] = (1.35±0.01)×1045 erg s−1),
and is elongated along the NW-SE axis, where the two most mas-
sive sub-clusters lie. Despite its large mass, no X-ray clumps are
associated with the SE sub-cluster.

We found two surface brightness discontinuities, that we in-
terpret as the evidence of a temperature gradient within a single
cold front, where the coolest gas was pushed towards NW. In this
case, the cold front may be explained as the cool core remnant
of a sub-cluster involved in the major merger occurred ∼ 1 Gyr
ago. A higher SNR in the upstream regions is required to better
constrain the nature of the discontinuities.

We produced radio images at different frequency and resolu-
tion, showing that the halo is co-spatial with the ICM. The mea-
sured flux densities provide a spectral index α1500

144 = 1.49 ± 0.12
between 144 and 1500 MHz. The computed radio powers of the
halo are P144 = (9.3 ± 1.0) × 1025 W Hz−1, P323 = (2.7 ± 0.4) ×
1025 W Hz−1, and P1500 = (2.8 ± 0.7) × 1024 W Hz−1. As typi-
cal steep spectrum halos, MACS J1149 is under-luminous (by a
factor of ∼ 3) with respect to the correlation found by Cassano

et al. (2013) between the 1.4 GHz radio power versus the mass
of the cluster.

A point-to-point comparison of the radio and X-ray surface
brightness showed a tight sub-linear correlation IR ∝ Ik

X, which
we investigated through various fitting methods and radio thresh-
olds, consistently finding a slope k in the range [0.42-0.60].

Finally, thanks to the high redshift of the cluster, the steep
spectrum of the halo, and its flat spatial distribution, we were
able to test hadronic models without constraints from gamma-
ray observations. Our analysis demonstrated that a significant
contribution to the halo from pure hadronic collisions is ruled
out. In line with previous studies, the old (∼ 1 Gyr ago) ma-
jor merger between the two most massive sub-clusters likely in-
duced turbulence in the ICM, which accelerated particles and
formed the halo. The steep spectrum of the halo may results both
from low turbulence in combination with high radiative (inverse
Compton) losses or an advanced evolution phase.

In addition, we confirm the recent reclassification proposed
by Giovannini et al. (2020) of the W source as a radio galaxy,
and in particular we point out its FRI morphology. The peculiar
orientation of the SE relic may indicate a different nature of this
source and requires a more detailed analysis, that is beyond the
aim of this work.
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