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ABSTRACT

Context. The galaxy cluster CIZA J2242.8+5301 is a well-studied merging galaxy cluster that hosts prominent double radio relics
including the famous sausage relic, as well as other diffuse radio sources. Observations at frequencies below 100 MHz are essential
for investigating the physics of radio relics as they provide unique access to the low-energy population of cosmic-ray electrons.
Aims. We aim to study the morphology, spectral characteristics, and physical processes that produce relics.

Methods. We present the first observations of the Sausage cluster at 45 MHz, the lowest radio frequency at which this cluster has
been studied to date, using the Low Band Antenna (LBA) of the LOFAR radio interferometer. We made use of ten hours of LOFAR
LBA observations, from which we achieved a thermal-noise limited radio image with a noise level of 1.5 mJy/beam at a resolution
of 15”. These data were combined with existing multi-frequency measurements at higher frequencies: LOFAR High Band Antenna
(HBA: 145 MHz); Giant Metrewave Radio Telescope (GMRT: 325, 610 MHz); Westerbork Synthesis Radio Telescope (WSRT: 1.2,
1.4 GHz); and Karl G. Jansky Very Large Array (VLA: 1.5, 3 GHz). This broad frequency coverage allowed us to derive integrated
spectral indices, spectral index and curvature maps, and Mach number distributions across the relics.

Results. We derived Mach numbers from the local injection index measure using low-frequency data with My = 2.9 + 0.5 for the
northern relic and Mg = 2.9 + 0.8 for the southern relic. LOFAR LBA observations reveal a remarkably symmetric surface brightness
profile across the eastern part of the northern relic, with wings extending on either side of the peak. This discovery is contrary to the
expectation of particle acceleration at a single, sharp shock and the subsequent downstream advection of accelerated electrons. We

modelled the surface brightness profile, including the effects of projection, magnetic field variation, and shock deformation.
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1. Introduction

During the formation of the large-scale structure, galaxy clusters
emerge through hierarchical merging and accretion processes.
These events release vast amounts of energy into the intra-
cluster medium (ICM), generating shocks and turbulence that
can accelerate particles to relativistic energies (Brunetti & Jones
2014). When relativistic electrons interact with the cluster’s uG
magnetic field, they emit synchrotron radiation, making these
processes observable at radio wavelengths. Evidence of these
processes is widely observed in the form of Mpc-scale diffuse
radio sources, such as radio halos and relics (van Weeren et al.
2019). Radio halos are diffuse, centrally located, steep spec-
trum sources that roughly follow the ICM distribution. They are
believed to be powered by turbulence induced by cluster merg-
ers, which re-accelerates a pre-existing population of relativis-
tic electrons (Brunetti & Jones 2014). Radio relics are elongated
synchrotron sources located at the outskirts of galaxy clusters
(see Wittor 2023, for a recent review). They generally exhibit
a bright outer rim in radio emission, which fades towards the
cluster centre. This gradient in radio intensity is often accompa-
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nied by a steepening spectral index: from a relatively flat value
at the edge of the relic, which indicates freshly accelerated elec-
trons, to a steeper value closer to the cluster core, where the elec-
trons lose energy through synchrotron and inverse-Compton (IC)
radiative processes. When observed edge-on, these structures
often display an arc-like shape, resembling the shocks believed
to produce them. However, high-sensitivity radio observations
have revealed that radio relics can adopt a variety of morpholo-
gies, which complicates our understanding of their origins and
evolution. An increasing number of studies show relics with fil-
amentary structures (e.g. de Gasperin et al. 2022), inverted mor-
phology (e.g. Riseley et al. 2022), or almost completely face-on
(e.g. Rajpurohit et al. 2022). This diversity in shape is also sup-
ported by the latest simulations (Lee et al. 2024), which show
that relics are not smooth structures but are intrinsically made
of filaments and display a variety of morphologies driven by the
complex dynamics of the ICM.

The prevailing theory is that radio relics form through the
shock acceleration of cosmic-ray electrons via the diffusive
shock acceleration (DSA) process (Blandford & Ostriker 1978;
Drury 1983; Blandford & Eichler 1987; Ensslin et al. 1998;
Hoeft & Briiggen 2007). These shocks arise during cluster merg-
ers, as large substructures collide and pass through one another,
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compressing and heating the ICM. The standard DSA the-
ory involves the thermal electrons being directly accelerated
(sometimes referred to as fresh injection). However, a major
challenge is that the observed low Mach numbers (M < 3)
would imply unrealistically large particle injection efficiencies,
which DSA from the thermal pool alone hardly explains (e.g.
Botteon et al. 2020). To solve this tension, models have invoked
the presence of a pre-existing population of mildly relativis-
tic electrons (e.g. Markevitch et al. 2005; Kang & Ryu 2011;
Pinzke et al. 2013) either pre-accelerated by previous shock pas-
sages (Inchingolo et al. 2022) or coming from fossil plasma from
radio galaxies, often observed in the proximity or radio relics
(e.g. van Weeren et al. 2017). However, it is not straightforward
that the injection of fossil electrons by one or more radio galaxies
would automatically produce a uniform population of electrons,
able to produce the highly coherent radio emission observed in
some giant relics (e.g. van Weeren et al. 2010, 2012). Another
observational challenge has been the Mach number discrep-
ancy. The shock Mach number can be inferred from both X-ray
(via shock jump conditions) and radio (via the spectral slope
of synchrotron emission) observations. In principle, these two
independent methods should be consistent, as they measure the
same shock. However, they rarely agree, with Mpagio > Mx-ray
Recent simulations (Wittor et al. 2021; Whittingham et al. 2024)
resolved this inconsistency, showing that the discrepancy natu-
rally arises from the differences in how the two methods sam-
ple the underlying Mach number distribution (Hoeft et al. 2011).
Radio observations are more sensitive to localized regions of
high Mach numbers, which only characterize a small fraction
of the shock’s surface, while X-ray observations measure an
average of the Mach number distribution across the entire shock
front, which leads to lower inferred values.

Studying individual relics in detail is crucial for testing and
refining current models. One of the most studied systems in
this regard is CIZA J2242.845301, which has become an ideal
benchmark system due to its well-defined relic structures and
wealth of multi-wavelength data. CIZA J2242.8+5301 is a dis-
sociative major merging galaxy cluster located at redshift z =
0.1921. It was first identified in X-rays by Kocevski et al. (2007)
using ROSAT, but became widely known for hosting one of the
most striking examples of a double radio relic. In particular, the
distinctive morphology of the northern relic led to its designa-
tion as the ‘Sausage cluster’ (van Weeren et al. 2010). Due to
its high brightness and morphological simplicity, the Sausage
galaxy cluster quickly became a preferred target for the study
of shock acceleration in the ICM.

Over the last decade, it has been extensively studied
in the radio band across a wide frequency range, from
150 MHz to 30 GHz (van Weeren et al. 2010, 2011b; Stroe et al.
2013, 2014b, 2016; Hoang et al. 2017; Loi et al. 2017, 2020;
Di Gennaro et al. 2018, 2021; Rajaetal. 2024). However,
deeper observations have revealed that the radio emission in
CIZA J2242.8+5301 is more complex than initially thought.
While the cluster hosts a seemingly simple double-relic sys-
tem, at approximately 1.5 Mpc north and south from the cluster
centre, additional relic-like sources are detected in the down-
stream region of the main relics, as well as on the adjacent
eastern and western sides of the radio shocks. This observa-
tionally proves that the merger environment is more intricate
than a straightforward binary collision scenario, with multiple
shock interactions and possible re-accelerated plasma compo-
nents shaping the observed radio structures. In order to better
characterize the shape of the relic spectrum, observations at fre-
quencies up to 30 GHz have been performed. These observa-
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tions aimed to investigate whether the integrated spectrum fol-
lows a single power law, as predicted by the DSA model. Ini-
tially, Stroe et al. (2016) found a significant steepening of the
spectrum from ~—1.0 to ~—1.6, above 2 GHz using interfero-
metric data, and suggested that this could be due to contribu-
tions from the Sunyaev-Zel’dovich (SZ) effect or the presence
of a non-uniform magnetic field. However, subsequent single-
dish observations with the Effelsberg Telescope (Kierdorf et al.
2017), as well as combined single-dish and interferometric mea-
surements from the Sardinia Radio Telescope (Loi et al. 2017),
found no evidence of spectral steepening at high frequencies.
The cluster contains a low surface brightness radio halo (with
a,MHZ = —1.01 £ 0.10; Hoang et al. 2017), previously also
reported by van Weeren et al. (2010), Stroe et al. (2013), and
Di Gennaro et al. (2018). The radio halo characterization proved
to be difficult, due to its connection to the relics emission and the
substantial contamination from tailed radio galaxies.

Many efforts have been devoted to studying
CIZA J2242.84+5301 in the X-ray band as well (Ogrean et al.
2013; Akamatsu & Kawahara 2013; Ogreanetal. 2014,
Akamatsu et al. 2015), which is crucial for confirming the
presence of shocks and investigating the dynamics of the merger
scenario. Analyses by Ogrean et al. (2013) with XMM-Newton
and by Akamatsu & Kawahara (2013) with Suzaku revealed
an elongated X-ray morphology aligned with the merger axis
indicated by the radio relics. However, detecting an unambigu-
ous cluster merger shock (exhibiting both a sharp gas density
edge and a temperature jump) in connection with the relics has
proven challenging. This is partly due to the low resolution of
Suzaku and XMM-Newton, and partly because the relics reside
in low signal-to-noise regions of the instrumental field of view.
Akamatsu & Kawahara (2013) observed a temperature jump
at the northern relic corresponding to a Mach number of 3.15,
but no surface brightness jump in the X-ray profiles. These
authors showed that this is due to the limited spatial resolution
of Suzaku, which is larger than the length of the shock, causing
the discontinuity to be diluted and thus undetectable. Also
Ogrean et al. (2013) found no evidence of shock compression
near the northern relic, while they identified a surface brightness
jump by a factor of ~2—3, corresponding to a weak shock with
a Mach number of 1.2-1.3, near the southern one (approxi-
mately 1 Mpc from the centre). However, due to the size of the
XMM-Newton field-of-view (FoV), even in this case it was not
possible to get data immediately beyond the southern relic to
better constrain the gas properties at the exact relic position.
In a consequential study, Ogrean et al. (2014) found multiple
density discontinuities spread throughout the cluster volume
but not a clear, strong shock signature at the northern relic
location. While they confirmed the detection of a temperature
jump (consistent with a Mach number of 2.54), they only found
a hint (<20 detection) of a density jump at the northern relic
location using Chandra data. Finally, Akamatsu et al. (2015)
managed to detect two clear temperature drops at the location of
the northern and southern relic, finding Mach values of 2.7 and
1.7, respectively.

Optical studies confirmed that the dynamics of the merger
is dominated by two sub-clusters with comparable masses,
leading to a near 1:1 mass ratio. In particular, spectroscopic
velocity-dispersion analysis (Dawson et al. 2015) derived M| =
16.1735 x 10" My, and M, = 13.0*39 x 10" M, for the north-
ern and southern sub-clusters respectively, while weak- lensmg
inferred masses (Jee et al. 2015) were Mpyy = 11. 0+3 7x10“M

and 9. 8*;2 x 10*M,, for the northern and southern halos
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respectively. Furthermore, the low, relative line-of-sight veloc-
ity of 69 £ 190 km/s (Dawson et al. 2015) supports the scenario
of a merger occurring close to the plane of the sky. The excellent
agreement between the merger axis inferred from radio relics,
ICM, and bi-modal galaxy distribution strongly suggests that the
merger is occurring close to the plane of the sky.

Being one of the brightest and most widely studied galaxy
clusters, the Sausage cluster offers a unique opportunity to study
the properties of radio relics at very low radio frequencies
(5100 MHz) and to prove the technical capability of the LOw
Frequency ARray (LOFAR; van Haarlem et al. 2013) telescope
and its related data calibration. Moreover, the small projection
effect, clear shock feature, and the large amount of observational
data available make this object a perfect reference target in sim-
ulation and for testing analytical models (Donnert et al. 2016;
Kierdorf et al. 2017; Kang 2016).

In this paper, we present 45 MHz observations of CIZA
J2242.8+530, conducted using the LOFAR Low Band Antennas
(LBA), for the first time. We complement our study by includ-
ing higher frequency data from Hoang et al. (2017), Stroe et al.
(2013), van Weeren et al. (2010), and Di Gennaro et al. (2018).
The paper is organized as follows. We describe the radio obser-
vations and the data reduction in Sect. 2. In Sect. 3, we present
our results for the Sausage galaxy cluster, including its mor-
phology, spectral index, and curvature analysis. The discussion
appears in Sect. 4, including a thorough study of the shock Mach
number and surface brightness profile modelling of the northern
relic. Finally, we summarize our conclusions in Sect. 5.

Throughout this paper, we adopt a ACDM cosmology with
Hy = 70kms™! Mpc‘l, Qn = 0.3, and Qp = 0.7. At the red-
shift of the Sausage cluster (z ~ 0.19), we have 1” = 3.169
kpc. The spectral index is defined as S, « v*, where S, is the
flux density. The uncertainty, As , associated with a flux density
measurement, S, is estimated as

As = (e S+ Nocam - s (1)
where Nyeam = Npixel/Abeam 1 the number of independent beams
in the source area, and o indicates the systematic calibration
error on the flux density, with a typical value of 10% for LOFAR
LBA (de Gasperin et al. 2021).

2. Observation and data reduction

In this section, we describe the data reduction for the LOFAR
LBA data. In Table 1, we summarize the details of the observa-
tions. Although this data are part of the project LC18_13 (PI:
F. de Gasperin), which also included the LOFAR International
Stations, for this work only the Dutch array (Core and Remote
Stations) was used.

2.1. Demixing

The target lies about 8 and 30 deg away from CasA (~27 000 Jy
at S0MHz) and CygA (~22000Jy at 50 MHz). Being among
the brightest radio sources on the sky, it is necessary to care-
fully remove these sources from the data to avoid strong con-
tamination by their emission spilling into LOFAR sidelobes. For
this, we employ the demixing algorithm (Van der Tol 2009), a
technique specifically designed to remove the contribution of
ultra-bright off-axis sources. This allows us to calibrate and sub-
tract the bright sources from the visibilities. The model used
for CasA and CygA is obtain from ~10” resolution images

Table 1. Observation details.

CIZA J2242.8+5301
3C380

5th July 2022, 5h
7th July 2022, 5h

Target
Calibrator
Observing time

Frequency range 20-68MHz

Time resolution* 4s

Frequency resolution* 8 ch/SB

Antenna-set LBA_SPARSE

Project** LC18_13

Obs. ID 2005118
2005123

Notes. *: after initial averaging. Sub-band bandwidth: 0.195 MHz. **:
These observations were obtained solely with the Dutch array; no inter-
national stations were used.

(de Gasperin et al. 2020b) and contains over 1600 and 300 com-
ponents, respectively. To accurately subtract the sources, we
found that it is critically important to also take into account the
sky model of the sources in the target field during demixing.
This is currently not routinely done in pre-processing of LOFAR
observations at the level of the LOFAR Observatory. Our model
of the target field was constructed from the Global Sky Model
which is built from radio surveys such as TGSS (TIFR GMRT
Sky Survey, Intema et al. (2017)), NVSS (NRAO VLA Sky Sur-
vey, Condon et al. 1998), WENSS (Westerbork Northern Sky
Survey, Condon et al. 1998) and VLSSr (Very Large Array Low-
frequency Sky Survey Redux, Lane et al. 2014). We show the
impact of the demixing process with and without a target field
sky model in Fig. 1.

2.2. Cross- and self-calibration

The LBA observations were performed in observation mode
LBA_SPARSE and using the multi-beam capability of LOFAR,
which allows to continuously point one beam towards the cal-
ibrator source 3C380. For calibration of the LBA data, we
employ the standard routines implemented in the Library for
Low-Frequencies (LiLF!). The initial step involves computing
the solutions for the calibrator as described in de Gasperin et al.
(2019). The calibration solutions were then applied to the target
field data together with an analytic model of the dipole beam
effect.

Next, the direction-independent (DI) self calibration of the
target field was performed, as presented in de Gasperin et al.
(2020a). This step aims at finding the solutions for the average
ionospheric effects. From an initial sky model derived from the
LOFAR Global Sky Model, solutions for the total electron con-
tent (TEC), Faraday rotation and second-order beam effects are
derived and applied.

The last step consists of direction-dependent (DD) calibra-
tion, following de Gasperin et al. (2020a), Edler et al. (2022).
This step addressed the remaining direction-dependent errors
caused by the ionosphere. Firstly, the Python blob detector
and source finder (PyBDSF; Mohan & Rafferty 2015) was used
to select bright and compact sources, which are then used as
direction-dependent calibrators. Then, all sources of the source
model found after direction-independent calibration were sub-
tracted from the uv-data to create an empty data set. One at a time
starting with the brightest source, the calibrators were re-added

! https://github.com/revoltek/LiLF
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Fig. 1. Results of the demix without considering (left) and considering (right) the target field sky model. The red circle indicates the location of
Cassiopeia A while the arrow points towards the location of Cygnus A outside the FoV. The Sausage cluster resides at the centre of the image,
the two bright radio galaxies NVSS J224133+531105 and NVSS J223950+525346 are highlighted with white squares. The insets show zoom-in
images on these two radio galaxies after DI, DD, and extraction calibration steps, from left to right respectively.

to the empty data, the data was phase-shifted to the calibrator
direction and averaged in time and frequency, corrected for the
primary beam in the new phase centre and self-calibrated in sev-
eral cycles. If the rms noise level of the image did not improve by
more than 1% during a self-calibration cycle, the corresponding
calibrator direction was considered converged, the calibrator was
re-subtracted from the data set using the improved source model
and solutions and the calibration for the next calibrator started.
We performed a single DD cycle, that allowed us to obtain a
high-fidelity image with well-recovered compact and extended
emission.

2.3. Extraction

To further improve the quality of the image at the target posi-
tion, in particular to reduce the artifacts in the vicinity of the
strong sources, we employed the extraction technique. This was
originally developed by van Weeren et al. (2021) for LOFAR
HBA data. Here we use and describe the LOFAR-LBA adapted
approach described by Pasini et al. (2022).

The first step consists of subtracting all sources outside the
region of interest, that is circle of 20" around the Sausage clus-
ter, from the visibilities. For this, we take into account the DD
calibration solutions of the sources to be subtracted using the
facet-mode prediction in WSClean (v 3.4; Offringa et al. 2014).
We then shift the phase centre of the observation to the centre of
the region, and we average the data to a resolution of 0.2 MHz
in frequency and 32s in time. Finally, we perform a few addi-
tional self-calibration cycles to further refine the image quality.
The final product shows improvement in terms of the image arti-
facts and also allows flexible re-imaging because of the smaller
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dataset size. Using WSClean, we produced the final images at
high (15", Fig. 2) mid (30”) and low (45”) resolution (Fig. 3).
We reached a final rms noise of 1.5 mJy/beam, in line with the
expected sensitivity of ~1—1.5 mJy/beam for an 8-hour observa-
tion (de Gasperin et al. 2023).

The data reduction of this cluster is made difficult by the
two A-Team sources (CasA, CygA) degrees away from the
target centre as well as by two strong radio galaxies (NVSS
J224133+531105 and NVSS J223950+52534, see insets in
Fig. 1) in the very proximity of the diffuse radio emission. With
our calibration strategy, we reached thermal-noise, showing the
capability of the LiLF pipeline.

3. Results
3.1. Radio morphology

In Fig. 2 we show the 45 MHz image at LBA 15” nominal res-
olution, together with zoomed-in parts showing relevant sub-
regions of the radio emission at different frequencies (1.4 GHz,
from Di Gennaro et al. 2018 and 145 MHz from Hoang et al.
2017). In line with previous work, we detect the two main relics
(north and south, RN and RS), and three other regions of diffuse
emission (R1-R3) above the 30,5 level. While the LOFAR LBA
system provides excellent sensitivity for detecting large-scale
features, its nominal 15”-resolution limits the ability to resolve
finer filamentary substructures. To address this, we complement
Fig. 2 with higher-frequency and high-resolution images.

The northern relic (RN) shows the famous sausage-like
morphology, with a projected linear size of ~2Mpc x 450 kpc
based on the 30y of the 15”-resolution image (Fig. 3, left). It
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Fig. 2. Image of CIZA J2242.8+5301 at 45MHz, shown at the LBA nominal resolution (15” beam). The contour levels are
[-3,2,3,6,12,24,48,96] x 0¥ where o> = 1.5 mly/beam, with additional dashed 307 level from 45" image (Fig. 3, right). Insets show
zoomed-in views at different frequencies (1.4 GHz, Di Gennaro et al. 2018 and 145 MHz, Hoang et al. 2017) and comparable resolutions (6" and
7.5”, respectively) of the main substructures of the galaxy cluster. Contour levels in all panels are drawn at [-3,2, 3, 6, 12,24, 48, 96] X 05, With

14 _ 145

(o

s = 3.05uJy/beam and o = 0.11 mJy/beam. The scale bar at the bottom right of each sub-plot corresponds to 150 kpc. Source labels are

adapted from previous studies (e.g. Stroe et al. 2013; Hoang et al. 2017; Di Gennaro et al. 2018).

increases to a linear size of ~2.2 Mpc X 760 kpc when measured
from the 30" -resolution image (Fig. 3, centre).

Blended with the source RN itself, at its eastern end, we find
the double-radio source H, with one jet engulfed in the down-
stream region of RN and the other which gives rise to the radial
tail-like emission in front of the relic. Further east, about 630 kpc
from source H, we find an extended, patchy source (R1), with a
north-south extension of 570 kpc. R1 displays an irregular arc-

like morphology and has a bright peak in the southern part.
South from source H and tightly connected to RN, lies another
radial-like source (R2), which extends for 760 kpc. We note that,
unlike in higher-frequency observations where these substruc-
tures appear fragmented and disconnected from each other —
even when compared at similar resolution—, R1, R2 and RN
appear interconnected by a homogeneous low-brightness emis-
sion that envelops and links these features. Moreover, in studies
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Fig. 3. Final images at different resolutions. Left: 15”-beam, o,s = 1.59 mJy/beam; Centre: 30”-beam, o,s = 2.05 mJy/beam; Right: 45”-beam,
Oms = 3.23 mJy/beam; Contours are drawn at [-3, 3, ...] X oyys With V2 steps.

at higher-resolution and higher-frequencies (Di Gennaro et al.
2018; Raja et al. 2024), both, R1 and R2 sources exhibit sub-
structures and appear to consist of multiple components. Specif-
ically, R1 is further resolved into R4 and R1 (see left panels
of Fig. 2); while R2 shows arms-like structures that follow the
radial direction. While the western half of RN shows a sharp
edge, which closely coincides with the bright shock rim, we
detect emission along the complete length of the eastern half,
for a total size of ~700kpc (see further discussion in Sect. 4.3).
Originally reported by Di Gennaro et al. (2018), and recently
confirmed by Raja et al. (2024), faint diffuse radio emission,
labelled as RS, is located north of the eastern edge of RN. This
feature is more clearly defined at higher frequencies and appears
more diffuse at LOFAR frequencies (see top panels of Fig. 2).
On the western side of RN, we detect a patchy box-like source
labelled as R3. It is elongated towards the radial direction, with a
size of 380 kpc. The source R3 is blended with the main relic and
further extends towards the southern direction by up to 430 kpc
and it is also detected in Raja et al. (2024) work as R3S.

The southern relic (RS) exhibits an irregular morphology, far
thicker and much more contaminated by radio galaxies than the
northern one. Moreover, its morphology changes significantly
with frequency, showing filamentary arms at high frequencies
(see RS1, RS2, RS3, RS4 in the bottom and left sub-panels of
Fig. 2) while remaining smoother and more diffuse at lower fre-
quencies. Overall, RS extends for ~1.5 Mpcx520 kpc (linear size
based on the 307 ys-contours of the 15”-resolution image (Fig. 3,
left) and ~1.9 Mpc x 900 kpc when in the 30”-resolution image
(Fig. 3, centre).

For all the sources (R1, R2, RS1, RS2, RS3, RS4), we find
an overall increase in the degree of patchiness with frequency,
based on visual inspection. While for the 45 MHz data, part of
this effect may be attributed to the relatively low 15” resolution
achievable, which smooths out substructures with characteristic
widths smaller than this scale, this trend also persists when com-
paring the morphology at similar ~7” resolution (see insets at
145 and 1400 MHz in Fig. 2). Previous studies have shown that
a turbulent pre-shock medium can naturally reproduce the small-
scale substructures in relics (Dominguez-Fernandez et al. 2021).
Interestingly, recent simulations by Dominguez-Fernandez et al.

A200, page 6 of 18

(2024) showed that an increase in patchiness at higher frequen-
cies would mainly depend on the Mach number distribution of
the shock. Specifically, they find that a Mach number distribution
with a spread greater than 0.3-0.4 is required to produce obser-
vational differences between low- and high-frequencies emission
at5”.

CIZA J2242.845301 hosts a variety of radio sources, many
of which have a head-tail morphology and show interactions
with the extended emission (see labelled radio galaxies in
Fig. 2). Radio sources, such as sources H and B, are found
close to source RN, while radio sources J and F are con-
nected to RS. We find sources C, D, E, and G between the
two relics. The proximity of these radio galaxies to the diffuse
emission regions may play a significant role in shaping relic
morphologies and contributing to the overall cluster extended
radio emission. In fact, radio galaxies are possible sources of
seed electrons dispersed into the ICM (van Weeren et al. 2017),
which can be re-energized by propagating shocks and turbulence
commonly present in galaxy clusters (Brunetti & Jones 2014;
Vazza & Botteon 2024). The role of radio galaxies hosted in
CIZA J2242.8+5301 is discussed throughout this paper when
relevant, while more details about them and their optical coun-
terparts can be found in Stroe et al. (2013), Di Gennaro et al.
(2018).

3.2. Integrated spectral index

Using 45MHz LOFAR observations together with addi-
tional frequencies from Hoang etal. (2017) (LOFAR HBA:
145 MHz), Stroe et al. (2013) (GMRT: 325), van Weeren et al.
(2010) (GMRT: 610MHz; WSRT: 1230, 1382MHz) and
Di Gennaro et al. (2018) (JVLA: 1.5, 3GHz), we measured
the volume-integrated spectral indices for the main extended
sources: RN, RS, R1, R2 and R3 (see Table 2). In order to
minimize biases in measured emission — and resulting spec-
tral shapes — due to differences in the interferometers used to
acquire the data and their respective uv-coverages, we used
images with a common 0.2 kA (corresponding to 0.3 deg) inner
uv-cut and uniform weighting scheme. The integrated flux den-
sities for all sources were calculated within regions defined by
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Table 2. Flux densities for the radio relics in CIZA J2242.8+5301.

Freq RN RS R1 R2 R3

MHz mly mly mly mly R3

45 4535+£907 2886578 449+91 293+60 502101
145 1570 £ 157 684 + 68 19420 11912 17317
325 625 + 63 12615 442+6.6 267+49 632172
610 326 +33 70+7 4+2 27+3 32.8+3.3
1230 132+7 239+14 180+1.0 125+0.7 11.6+0.7
1382 120+ 6 305+16 17.8+09 125+0.6 10.8+0.6
1500 124 + 6 193+1.1 169+09 104+0.6 10.8+0.6
3000 533+2.7 9.0+0.5 88+05 54+03 42+02

Notes. The integrated fluxes were measured from 15" images described in Sect. 3.2. Extraction regions and integrated spectra are shown in Fig. 4.

Integrated spectrum

RN: o= -1.09 = 0.03
RS: a=-1.34 = 0.03
R1: a=-0.84 = 0.04
103 R2: a=-0.94 + 0.03
R3: a=-1.19 + 0.03
Loi+2017
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Fig. 4. Integrated radio spectrum of RN, RS, R1, R2, and R2 from
45 MHz to 3 GHz. Extraction regions are shown in the bottom left cor-
ner. Values obtained in this work at 45 MHz are highlighted in red, while
extra points are at 145, 323, 608, 1230, 1380 MHz (Hoang et al. 2017),
and 1.5, 3 GHz (Di Gennaro et al. 2018). Above 3 GHz values from
high frequencies from Stroe et al. 2016 (grey squares) and Loi et al.
(2017) (yellow diamonds) studies are reported.

the 30 ms-contours of the LOFAR LBA 15 image (see inset of
Fig. 4). The RN area is large enough to capture diffuse emission
in the downstream region of the shock while avoiding contam-
ination from radio galaxies (such as sources H and B). Being
more extended and irregular, RS embeds a few point sources that
were masked during the flux extraction procedure. We note that
while the majority of them are compact and well-defined, source
J appears to have a tail that steepens and becomes well-mixed
with the relic emission (see Fig. 5), potentially playing a role
in the formation of RS itself and affecting its morphology. As
no clear distinction between the two sources could be made, we
decided to not subtract it. Therefore, we point out that the overall
RS spectrum might be artificially slightly steepened because of
that. The spectral index is obtained by a weighted least-square
fitting a single power-law function. The integrated spectra of
both relics follow a close power law with a slope of aﬁt =

—1.09 +0.03 for RN and aism = —1.34 £ 0.03 for RS (see Fig. 4).
The power-law spectrum obtained for both relics is consistent
with the standard scenario for the relic formation, where DSA
acceleration occurs from the thermal pool electrons. These inte-
grated spectral index values are in line with previous studies (see
Table 3) and are in agreement with other relics studied across a
wide frequency range (e.g. Rajpurohit et al. 2020). At higher fre-
quencies, a discrepancy exists between Stroe et al. (2016), who
found evidence of spectral steepening for v > 2.5GHz, and a
subsequent study by Loi et al. (2017), which reported no steep-
ening up to 18.6 GHz, attributing the difference to missing dif-
fuse flux in interferometric data. Our new values, focused on the
low-frequency end of the spectrum, reveal a spectral behaviour
still in line the high-frequency points of Loi et al. (2017) (see
Fig. 4). We notice a significant scatter around the best-fit lines
for sources R1 and R2 (compared with RN RS and R3). This
may result from the low signal-to-noise ratio of the detections
and the challenges associated with accurately imaging large,
faint and diffuse sources. However, the resulting best-fit spec-
tral index values (aﬁi = -0.84 = 0.04, aili% = -0.94 + 0.03) are
in agreement with higher-frequency studies, such as Stroe et al.
(2013), Hoang et al. (2017), Raja et al. (2024). The variety of
spectral indices highlights the complexity of the merger, which
cannot be simply attributed to the emission from a primary shock
and its counter-shock, and suggests the presence of a combina-
tion of processes, perhaps including multiple shocks on different
scales. If these substructures are interpreted as additional relic-
like regions or smaller-scale shock structures, their relatively
flatter integrated spectral indices would imply strong Mach num-
bers, suggesting the presence of more energetic shocks (see
Sect. 4.1 for further details).

3.3. Spectral index maps

We produced spectral index maps between 53MHz and
144 MHz (Fig. 5). To this end, we re-imaged LBA and HBA
data, using Briggs weighting with Robust parameter R = —0.25,
common uv-range (80 A inner uv-cut, corresponding to 0.7 deg)
and convolved to the common beam size. In each map, we mea-
sured spectral indices for pixels with a flux density >20ys in
both frequencies.

Both relics exhibit a spectral index gradient that decreases
from the outskirts towards the cluster centre. In the 13”-
resolution map (Fig. 5, left), the RN shows a spectral index
gradient from the outskirts towards the centre of the cluster,
from a}¥ = —0.7 + 0.15 to —1.8 + 0.35; while the RS goes
from —0.5 = 0.3 to -2 + 0.2 across its width. In the mid-
resolution 23”-map (Fig. 5, centre) the northern relic shows the
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(right). Bottom panel: relative spectral index error Aa,s\ii,

and [3, 6, 12,24, 48,96] x o> MHz contours are over-plotted.

spectral index gradient followed by a re-flattening. These flat
a}¥ = —0.7 £ 0.2 values correspond to sources I and R2, two
radial structures in the downstream region of the shock (see
Fig. 3). The patchy source R3 appears to have a similar gra-
dient to the main relic RN, but appears more diffuse and less
pronounced. While morphologically we could not detect a clear
distinction in R1 (Sect. 3.1), the spectral index maps allow us
to identify two areas. R1-east, with values —0.8 + 0.1, and R1-
west (spatially corresponding to R4) show more values around
—1.3 £ 0.2. This clear difference in terms of the spectral index
implies that there are two distinct sources. Source R2 shows
fluctuations of e3> from —0.8 to —1.2 and no clear gradient or
trend. This patchy nature in terms of morphology and spectral
index (both in this work and at a higher frequency - see Fig. 4
in Di Gennaro et al. (2018)) might indicate a scenario where this
relic emission is seen with a larger inclination, that is more face-
on. This behaviour with mixed values of spectral index is for
example seen in Abell 2256 (Rajpurohit et al. 2022), one of the
most famous face-on radio relic.

The southern relic, RS, shows an irregular morphology,
which is reflected in the variance of spectral indices and their
spatial distribution. In fact, despite showing a gradient reaching

even to steeper values (s’ ~ —2) with respect to RN, only
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. Pixels with surface brightness values below 20, in the two images were blanked

the south-east part of the relic shows the expected flat rim fol-
lowed by a decrease. On the other hand, the western part of RS
shows already steep values at the furthest edge (~—1.8+0.2) and
no inward steepening. These broad steep-spectrum areas explain
why RS fade quickly at higher frequencies (v > 600 MHz),
where primarily the southern edge remains bright.

3.4. Curvature maps

The LOFAR LBA 45 MHz data represents the lowest frequency
observation available for this target and it offers a unique oppor-
tunity to study the spectral curvature across an unprecedentedly
wide frequency range.

We produced curvature maps using images at 45, 145, 1500
and 3000 MHz convolved to the same 15” resolution. As dis-
cussed in Sect. 3.3, we only considered pixels above the 20
threshold. In agreement with previous work (Stroe et al. 2013;
Di Gennaro et al. 2018), we define the four-frequency spectral
curvature as

C = thigh — Alow>

2
_ 1500 _ 45 : :
where anigh = @35 and oy = o5 Eq. (2) is consistent

with the three-frequency definition used Leahy & Roger (1998).
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Table 3. Integrated spectral index estimates for the northern (RN) and
southern (RS) radio relics in CIZA J2242.8+5301.

Source
RN RS Ref.
a2l, -106+0.04 -129:+0.04 Stroe et al. (2013)
@l —L11+£0.04 —1.41£0.05 Hoang et al. (2017)
alt  -1.12+0.03 - Loi et al. (2020)
@, -119+005 -1.12+0.07 DiGennaro etal. (2018)
a,s —1.09+0.03 -134+0.04 This work

In this framework, C < O for |anign| > laiowl, Which is the
case of a concave spectrum affected by standard spectral age-
ing. Conversely, C < 0 corresponds to an inverted spectrum,
where |ahign| < |@iowl, that is the spectrum is steeper at lower
frequencies. The resulting spectral curvature maps are shown in
Fig. 6. The curvature at source RN increases from C = 0 in
the outer part to values of ~—1.5 in the downstream area. This
is expected from the DSA theory which predicts a power-law
energy distribution at the front of the travelling shock, where the
electron population is freshly accelerated, leading to a relatively
flat and constant spectral index across frequencies. The ranges of
values obtained by this analysis agree with the previous curva-
ture analysis by Stroe et al. (2013). However, while Stroe et al.
(2013) reported small-scale variations along the source with a
size of ~64 kpc, we observe fewer pronounced variations in our
data. Along the shock rim, the spectral curvature appears patchy
and discontinuous. R1 shows a slight change in curvature from
~0.2 to ~—1.25 curvature. However, the large uncertainties at
the edges (AC ~ 0.50) prevent meaningful conclusions about
this gradient, as within these uncertainties, the curvature val-
ues remain consistent with a power-law spectrum. In the same
way, also source R2 shows a rather small curvature with val-
ues ~—0.3. Source R3 shows a gradient similar to the one of the
main relic, going from ~—0.45 to ~—1.25. The southern relic,
RS, does not show areas with zero curvature with constant val-
ues of C ~ —0.2 to —0.5 in the RS-south area. Finally, point
sources such as B, C, D, E, F show a canonical aged spectrum
with increasing curvature the furthest away from the AGN reach-
ing values of C ~ —1.5 at the ends of the jets.

4. Discussion
4.1. Mach number from radio data

Based on the assumption of standard DSA theory, the shock’s
Mach number, M, can be estimated from the radio spectrum via
(Drury 1983; Blandford & Eichler 1987)

M +1

Oinj = ZW,

3

where 6y, is the index of the electrons power-law energy distri-
bution injected by the shock (dN(p)/dp o p~9m). This is related
to the injection spectral index as @jyj = —(dinj—1)/2. The volume-
integrated spectral index on a radio relic, where there is a balance
between acceleration and energy losses, is related to the injection
index as (Kardashev 1962)

“

int = Ajpj + 0.5.

Thus Eq. (3) can be re-written as

2ainj -3
Za/inj +1°

so that M can be derived directly from radio flux density mea-
surements.

From integrated spectral index values of Sect. 3.2, we
derived injection indices between 45 and 145 MHz of aﬁj =

—-0.59 + 0.03 and ozisnj = —0.84 + 0.03 and Mach numbers of

My =4.8+0.8and Mg =2.6+0.1.

These results are consistent with previous work (see also
Table 4): van Weeren et al. (2010) found My = 4.6*)3, from
spectral index map, Stroe et al. (2013) measured My = 4.58 +
1.09 and My = 4.58 + 1.09, from spectral index maps and

colour—colour analysis, Hoangetal. (2017) (Mx = 4.4%0})

and Loietal. (2020) My = 4.2f8:‘6‘) derived it from the
integrated spectrum. Although consistent with one another,
these estimates are considerably higher than the Mach num-
bers derived from X-ray data, reflecting the known trend Mg >
Mx.ray, as also expected from simulations (Wittor et al. 2021;
Whittingham et al. 2024). Deriving the Mach number from inte-
grated spectral properties relies on the assumption of con-
stant shock properties (such as velocity, compression ratio and
magnetic field) and that the downstream ageing gas maintains
steady conditions over time, with a balance between particle
injection, acceleration, and radiative losses. However, several
studies (Wittor et al. 2019; Dominguez-Ferndndez et al. 2024;
Whittingham et al. 2024) using cosmological MHD simulations
showed that shocks in radio relics are complex structures, with
significant spatial variation in both Mach numbers and magnetic
fields.

A more accurate method to calculate the Mach number from
the radio spectral index involves directly measuring the injected
spectral index ajyj, by identifying « at the shock front — pre-
sumed to be injection region — rather than relying on aj, via
Egs. (4) and (5). This is because, at the shock front, where par-
ticles have been recently (re-)accelerated, the injection spectral
index is expected to be flat, while it steepens downstream due
to synchrotron and IC energy losses. Low-frequency observa-
tions are particularly well-suited for this analysis, as they are
less affected by these energy losses, providing a more reliable
proxy for the injection spectral index.

The highest achievable resolution with LOFAR LBA is 15”.
As this sets the minimum size of the regions over which we
calculate the flux and corresponding spectral index, we need to
ensure that these regions correspond to the physical thickness of
the shock, thus minimizing the risk of mixing different electron
populations. Considering a downstream velocity of ~1000km/s
van Weeren et al. (2010), the travel time for the electrons to cross
a distance equivalent to the 15” beam-size is ~50 Myr. This
is about 5 times shorter than the typical electron cooling time
(~360 Myr, for relativistic electrons in ~uG magnetic field and
detected at 45 MHz). Thus, we can assume that the energy losses
due to synchrotron and IC process are negligible over the sam-
pled distance, ensuring the measured spectral index is an accu-
rate measure of the injection spectral index at the shock front.

To measure aj,j, we used the 15”-resolution images at 45 and
145 MHz as done for spectral maps (Sect. 3.3) and estimated the
injection spectral index in different beam-size regions along the
relic edges (Fig. 7, left). In an ideal scenario with no projection
effects and an edge-on view, the shock front coincides with the
furthest contour of the relic emission and a common approach

M= 5)
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rms

is to draw these regions along the furthest 30 ys-contour. How-
ever, from the spectral maps of Fig. 5, we note that the furthest
edge of the northern relic RN (in particular the eastern half) does
not correspond to the brightest rim or the region with the flat-
test spectral index. The picture is even more complex for the
southern relic RS, due to its very irregular morphology and lack
of a well-defined shock-like edge. Given these complexities, we
first measured the spectral index in regions along the furthest
edge of both relics, as this would be the expected location of
the shock front (Fig. 7, left). This initial choice was made to
avoid bias from prior knowledge of the relics morphology and
ensure a systematic approach. To assess whether the spectral
index values across the edges of the relics represent distinct pop-
ulations, we employed a Gaussian Mixture Model (GMM) to
classify the data into clusters. We then used information criteria,
such as Akaike Information Criterion (AIC, Akaike 1974) and
Bayesian Information Criterion (BIC, Schwarz 1978) to validate
the GMM results by evaluating model fit. We applied a 2-sample
Kolmogorov-Smirnov (KS, Massey 1951) test to independently
verify that the identified clusters represent statistically distinct
populations. The results are shown in (Fig. 7, right).

For the southern relic, RS, the GMM analysis identified
two distinct clusters with mean spectral index values of &, =
-0.77 £ 0.16 and @;,j = —1.64 £ 0.17. Both the BIC and AIC
confirmed that two Gaussian components (k = 2) best describe
the data. The KS test further supported this finding, yielding a
test statistic of 1 and a highly significant p-value 1.9 x 1077,
The two distinct statistical populations also correspond to two
separated locations of the relic (see Fig. 7): the flatter one corre-
sponds to the south-east section of the relic (RS-east of Fig. 2),
while the steeper is the top right edge (RS-west of Fig. 2). This

A200, page 10 of 18

Table 4. Mach number estimates for the northern (RN) and southern
(RS) radio relics in CIZA J2242.8+5301.

Source

RN RS Ref.
M 4.6%3 - van Weeren et al. (2011b)
ME 458+1.09 2.81+0.19 Stroe et al. (2013)
M 4.4%01 2.4+0.1 Hoang et al. (2017)
M 42008 - Loi et al. (2020)
My 4.8+0.8 2.6 0.1 This work
M, 2907919 - Stroe et al. (2014a)
Mo 29703 22421 Raja et al. (2024)
Mg 2.58+0.17  2.10+0.08 Di Gennaro et al. (2018)
Mg 2794 1.9*33 Hoang et al. (2017)
My 29+04 29+0.8 This work
Mx 27707 177535 Akamatsu et al. (2015)
Mx 254705 - Ogrean et al. (2014)
Mx  3.15+£0.52 - Akamatsu & Kawahara (2013)
Mx - 1.2-1.3 Ogrean et al. (2013)

Notes. *: derived from volume-integrated spectral index via Eq. (4); I:
derived from spectral ageing modelling; *: derived from local spectral
index measurement at the relic edge from images or maps.

indicates that the source RS contains two statistically distinct
populations of spectral index values along the outer edge, poten-
tially reflecting spatial variations in shock properties or a combi-
nation of different effects given the more complex RS dynamics
and the potential interaction with source J. One possible explana-
tion for the spectral difference is the effect of slow compression,
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Fig. 7. Injection spectral index calculated in 15”-box (~48kpc separation) along the relics’ edges. Left: zoom-in over the RN (top) and RS

(bottom). Right: injection spectral index profiles extracted from 45 to

145 MHz 15”-resolution images. The right panels display the density-

normalized histograms together with a kernel density estimation (KDE) curve for a smooth and continuous representation of the data distribution.
For each relic, the data are colour-coded by the different groups identified by the GMM. The GMM means are plotted as horizontal dashed lines.

acting on a timescale longer than the radiative losses, enacted
by source J. Compression generally increases both the parti-
cle energy and magnetic field strength, but its impact can differ
based on the timescale it happens. If compression occurs rapidly,
the energy gained can effectively accelerate particles before sig-
nificant losses occur. On the other hand, if compression occurs
over a timescale comparable to or longer than the cooling time,
it will increase the magnetic field strength, but at the same time,
radiative losses (ccy?B?) will become dominant, causing high-
energy particles to lose energy faster than they gain from com-
pression. This might explain why the north-west extension of
source RS is drastically reduced at high frequencies (see Fig. 2).

We performed the same analysis also for RN, finding two
statistically distinct populations (KS test statistic 1 and p-value
3 x 107%) with mean spectral index values of &;,; = —0.76 +0.08
and @i,y = —1.09 £ 0.11. Our measured @&, is also in per-
fect agreement with the value obtained by Stroe et al. (2014a)
(0.778:8%), which was instead inferred by modelling emission
with different ageing models. We note that the steepening of
the spectral index in the eastern part of RN (blue boxes and
points of Fig. 7) coincides with the source R5, which is located in
front of RN. However, if we follow the morphology of the main
shock — traced by the cyan bold regions and cyan-filled points in
Fig. 7 — we find values consistent with those in the western part
of RN. Notably, these cyan regions align with the brightest rim
of the relic, the location where, based on visual inspection, one
would expect the shock front to be. The RS region is interesting
because, on one hand, it exhibits a significantly steeper spec-
tral index, with @}35 ~ —1.09; on the other hand, if considered
part of the main relic, it affects the overall morphology of RN,

broadening its width. The characterization of this region will be
discussed in Sects. 4.2 and 4.3.

These results show that even when small projection effects
are present (as in the case of CIZA J2242.8+5301) the
edges of the relic present significant spectral index varia-
tion across their length. Variation of aj, might imply vari-
ations of Mach numbers. This is consistent with previous
studies that show how shocks producing radio relics often
exhibit Mach number variations across the shock fronts, due
to the interaction with a turbulent medium. In particular,
numerical simulations (Skillman et al. 2013; Wittor et al. 2016;
Dominguez-Fernandez et al. 2021) have proven that the distri-
bution of Mach numbers naturally arises when a uniform shock
propagates through a turbulent medium. Observational evi-
dence supporting this scenario was reported by de Gasperin et al.
(2015), who found a gradient in the Mach number along the
shock front of the radio relic in PSZ1 G108.18—-11.53.

Moreover, this demonstrates that estimating a;,; by sim-
ply measuring values across the full relic following the 30 m-
contour can result in misleading averages. Since the resulting
a values would appear artificially steeper without distinguish-
ing between different regions, such an approach risks underesti-
mating the shock acceleration efficiency and the corresponding
Mach number, possibly leading to oversimplified interpretations
of the underlying physics.

Considering the results above, we define the injection indices
of @, = —0.76 +0.08 and &isnj = —0.77 £0.16. This corresponds

inj
to Mach numbers My = 2.9 + 0.4 and Ms = 2.9 = 0.8. The
derived Mach number for RN is consistent with previous litera-

ture estimates based on local spectral index measurements (see
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Fig. 8. Mach number estimates for northern (RN) and southern (RS)
radio shocks in CIZA J2242.8+5301, derived from the radio spectral
index (Mg, teal) and the ICM X-ray analysis (My, orange). The violin
plots illustrate the distribution of Mach number estimates from the liter-
ature (listed in Table 4), highlighting the range and density of measured
values. Overlaid points represent individual measurements, while the
blue empty squares are the values derived in this work (see Sect. 4.1).

M, listed in Table 4). In contrast, the Mach number obtained
for RS is significantly higher than in previous studies, though
still within agreement given the large associated uncertainty. So
far the Mach numbers derived for CIZA J2242.8+5301 double-
relic system are found to be quite different from each other
with My almost double Mg when measured from the volume-
integrated spectral index (see M* values in Table 4). The dis-
crepancy is reduced when Mach numbers are derived from a;y;
at the shock location (see M*® values in Table 4), yet My > Ms.
The results from our analysis instead, suggest that the two main
shocks have comparable strengths. The overall distribution of
Mach number estimates from both radio and X-ray studies is
visually shown in Fig. 8, together with the newly derived val-
ues from this work. This is not unexpected, as in nearly equal-
mass mergers (mass ratio ~1:1) such as CIZA J2242.8+5301,
both shocks are often similar in strength, though local varia-
tions in pre-shock conditions and magnetic fields can introduce
asymmetries. High consistency in Mach number couples is also
observed in other well-studied double relic systems, where both
relics have been characterized in detail. That is the case of Abell
1240 (Hoang et al. 2018, M; = 2.4, M, = 2.3), PSZ1 G108.18-
11.53 (de Gasperin et al. 2015, M; = 2.33, M, = 2.20), Abell
2345 (Bonafede et al. 2009, M; = 2.8, M, = 2.2), and ZwCl
0008.8+5215 (van Weeren et al. 2011a, M; = 2.2, M, = 2.4),
where the Mach numbers of the opposing relics are found to be
very similar.

It is important to note the significant discrepancy between the
two methods used to derive the Mach numbers. In the standard
DSA framework, we can apply Egs. (4), (5). That means that
ideally, the injection spectral index calculated at the shock from
@inj should be 0.5 flatter than the integrated value ai, derived
in Sect. 3.2. However, for this and other clusters (Botteon et al.
2020), this relation does not hold exactly. A simple explanation
might be related to projection effects. In case of projection, the
observed radio emission possibly contain a mixture of emission
from different regions along the line of sight. Thus, it becomes
difficult to isolate the pure injection spectrum. In this scenario,
the measured local aj,; will appear steeper than the one obtained
via Eq. (4) from the integrated spectrum, due to mixing of emis-
sion with slightly different spectral ages. Alternatively, the Mach
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number discrepancy would mean that the standard DSA from
thermal pool electrons fails to explain the origin of a fraction of
radio relics and other mechanisms, either the presence of seed
electrons or a modification of the standard DSA, are required.
Possible explanations include injection intermittency, where par-
ticle acceleration is not continuous but varies over time due to the
fact that weak shocks (M, ~ 2—3) may become not efficient in
accelerating particles if super-critical conditions are not gener-
ated at these shocks (e.g. Ha et al. 2021). In this case, continu-
ous injection may not be established, affecting the overall down-
stream spectrum. Another contributing factor could be Alfvénic
drift at the shock, which is expected to modify the spectrum
of the accelerated particles (e.g. Kang 2012). While a detailed
investigation of these effects is beyond the scope of this work,
the Mach number discrepancy highlights the complexity of low-
Mach number shocks in galaxy clusters and the need for more
refined models of shock acceleration.

4.2. Surface brightness profile across the northern relic

Due to its simple morphology and minimal projection effects, the
modelling of RN has been extensively studied to infer the physi-
cal properties of the shock dynamics. Low-frequency observa-
tions are particularly sensitive to re-acceleration mechanisms
and variations in the magnetic field, making them crucial for
understanding the relic physics. In this section, we analyse the
surface brightness (SB) profile of RN, focusing on 45 MHz data,
and compare it with results at higher frequencies and theoretical
models.

In the simple and idealized scenario of a planar shock
observed perfectly edge-on (i.e. without projection effects) and
assuming a uniform magnetic field, the width of the relic can
be estimated based on spectral ageing principles. If no addi-
tional acceleration mechanisms are present in the downstream
region, the width of the radio shock is entirely determined by
spectral ageing due to synchrotron and IC losses at a given fre-

quency v as Tiogs o B3/ [(32 + Biyp) X (v(1 +2)*° ], where B

is the magnetic field strength and Beyps o (1 + z)? is the Cos-
mic Microwave Background equivalent magnetic field strength.
From dynamical considerations, the relic’s cooling length can
be derived as l.oo) = Tioss X U4, Where the shock’s downstream
velocity is vy = c,(M? + 3)/(4M) < \YT(M? + 3)/(4M). The
relationship between l.o,; and B shows that the magnetic field
can be estimated from the relic width (Markevitch et al. 2005).
Conversely, from independent measurements of the magnetic
field, the expected width of the relic can be predicted and com-
pared with observations. Figure 9 (left panel) shows the depen-
dence of the cooling length /.., on the magnetic field for vary-
ing vg € [800,1300] km/s. This range keeps into account all
possible combinations of the lowest and highest Mach numbers
literature values derived from radio observations (Table 4), com-
bined with pre-shock temperatures from X-ray study: ~2.7 keV
(Akamatsu et al. 2015) and ~3.35 keV (Ogrean et al. 2014). This
is then calculated at fixed cluster redshift and for four reference
frequencies (45, 145, 610, and 1500 MHz, from top to bottom,
respectively). Using the LOFAR LBA 15” image, we extracted
surface brightness profiles along the main relic to estimate its
width. To measure the intrinsic width of the relic and mitigate the
effects of beam convolution, we used the clean component model
image. This approach allows us to directly obtain the decon-
volved SB profiles, leading to a reliable estimate of the relic
intrinsic width. In Fig. 9 (right panel) we show the deconvolved
profiles, extracted in 70 X 15” boxes, along the west (red) and
east (blue) part of the relic. Additionally, we employed circular
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Fig. 9. Theoretical relic cooling lengths compared with the deconvolved surface brightness profile of RN. Left: relationship between the cooling
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with black 500 kpc scale bar in the bottom right corner.

annuli to obtain an average SB measure along the full relic size
~1.1 Mpc (black). We normalized the values and shifted them so
that the shock position aligns with the zero: negative values cor-
respond to the upstream region, while positive ones correspond
to the downstream part. We blank the compact sources that might
contaminate the profiles with the help of higher frequency and
higher resolution images, where these sources are more clearly
visible. We immediately notice that while the RN-west profile
shows a rapid increase followed by a gradual decrease, the RN-
east profile appears remarkably symmetrical. The asymmetry in
the western profile (red) is consistent with expectations for an
edge-on relic moving outwards: a sharp rise in radio luminosity
at the shock location, followed by a frequency-dependent decline
that becomes steeper at higher frequencies due to radiative cool-
ing t oc 1/E. On the other hand, the symmetry and relatively
smooth profile of the eastern side, with wings extending on either
side of the peak, is a strong deviation from this expected model.
This duality of the east- and west- sides corresponds to the mor-
phological difference discussed in Sects. 4.1 and 3.1. The overall
profile (black) maintains the broader upstream profile while rep-
resenting an average of the east (blue) and west (red) curves in
the downstream area. While we have masked sources that could
affect the profile, it is important to note that source B is very
extended and likely interacts with the downstream emission on
the west side. Therefore, the red curve might be influenced by
this interaction, meaning it does not purely represent the relic
downstream emission. The deconvolved overall profile has an
FWHM of 138 kpc at 45 MHz. This width would imply mag-
netic field values of 0.4 uG or 8.5uG, as each curve of Fig. 9
has two solutions for a given width value. If projection effects
play a significant role, the intrinsic profile would be narrower,
implying magnetic field values of B < 0.4uG or B > 8.5uG.
Based on constraints from IC emission, equipartition argu-

ments and Faraday rotation measurements (Stroe et al. 2014a;
van Weeren et al. 2010), we can exclude the lower solution.
Despite being based on ideal assumptions, these theoretical esti-
mates are useful to constrain the possible range of magnetic field
strengths at the relic location, at approximately 1.5 Mpc away
from the cluster centre. Only a few other studies provide mag-
netic field estimates for this galaxy cluster (van Weeren et al.
2010; Donnert et al. 2016; Di Gennaro et al. 2021). Similar con-
siderations were put forward in van Weeren et al. (2010) who
found a deconvolved FWHM of 55 kpc at 610 MHz, leading to
B < 1.2uG or B > 5 uG. Extrapolating these magnetic field val-
ues to lower frequencies, such as 45 MHz, we would expect the
FWHM to broaden significantly, resulting in width estimates of
approximately l.oo145 S 200kpe > FMHW geconvas ~ 138 kpce.
It is important to note that the FWHM is only an indicator
of the cooling length. In the case of the 610 MHz data, the
relic width remains relatively constant across the entire profile.
Thus, the FWHM is a reliable estimator. Conversely, at 45 MHz,
we observe a more pronounced broadening downstream (see
Appendix A for an appropriate discussion about the shape of the
profile). If we consider only the downstream extension (from the
shock front to the location where the intensity drops to 10% of
its peak), we obtain a width of approximately 200 kpc, which
is more in line with the extrapolation from van Weeren et al.
(2010). The 10% intensity level also roughly corresponds to
the 30 threshold, which defines the limit for a reliable mea-
surement. If we consider this and the maximum downstream
extent, it provides a lower limit on B, confirming that B > 5uG
is in agreement with van Weeren et al. (2010). Another inde-
pendent measure of the magnetic field strength was obtained
by Di Gennaro et al. (2021), who used Faraday depolarization
to estimate the turbulent magnetic field component By ~
6 uG. Given the assumptions and uncertainties related to these
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measurements, we can conclude that our estimates are broadly
consistent with previous studies. We can constrain the magnetic
field at the relic in the range of 5-10 uG.

Despite the well-defined morphology that is characteristic
of the northern relic, RN, in CIZA J2242.8+5301, the shock
geometry in a merging system is inherently more complex. For
example, higher-resolution and frequency observations reveal a
fragmented and irregular shock surface on smaller scales (see
Fig. 7 in Di Gennaro et al. 2018), which suggests a more com-
plex shock structure. Additionally, we observe a broadening in
the upstream region of the profile (see Fig. 9, right). This raises
the question of whether this is the result of projection effects
or an intrinsic shock property. For these reasons, we devised a
model that incorporates projection effects, possible downstream
magnetic field variation and shock surface irregularities.

We model the surface brightness profile of the main relic
RN, using a framework that considers, both, the physics of par-
ticle acceleration and the effects of geometry and magnetic field
variations. We assume the shock front is a spherically shaped
cap with a uniform Mach number. Each surface element of this
spherical cap acts as the origin of a downstream emission pro-
file, computed based on an injection spectrum for the relativis-
tic electron population and downstream conditions parametrized
by the Mach number and post-shock gas temperature (kg7'). The
cosmic-ray electrons follow a power-law momentum distribution
at the shock front, with their synchrotron emission decreasing
with downstream distance due to radiative losses. With minor
modifications, we follow the formalism of Hoeft & Briiggen
(2007). Projection effects are accounted for by integrating along
the line of sight for a given curvature radius (R = 1.5kpc) and
maximum opening angle ¥ of the spherical cap, resulting in a
realistic surface brightness distribution. We extend the model
by Di Gennaro et al. (2018) by incorporating additional data at
45 MHz, the lowest frequency available, which enables us to bet-
ter constrain the model parameters and test its applicability in the
extreme low-frequency regime.

It has been shown (e.g. Hoeft et al. 2011; Lee et al. 2024)
that shock surfaces in galaxy clusters are not smooth, but exhibit
small-scale irregularities. This is also observed in other clusters
(e.g. de Gasperin et al. 2022; Rajpurohit et al. 2020). The devi-
ations from a smooth shock surface are poorly constrained. To
mimic them as part of our model, we assume that the radius in
the spherical cap model has a Gaussian scatter. The width of this
scatter, which we will refer to as ‘wiggles’, becomes an addi-
tional free parameter in our model. In contrast the wiggles cause
a symmetric broadening in the projected shock surface profile.
We extracted surface brightness profiles in 70 x15” boxes along
the eastern half of the RN, using 45, 145, 1550 and 3000 MHz
images. We exploit the multi-frequency dataset to take advantage
of different achievable resolutions.

We start by considering the effects of projection alone. Pri-
marily, we relied on the highest 3" -resolution image at 3 GHz to
constrain the maximum possible projection allowed. At lower
resolutions, the broader and smoother surface brightness pro-
files would allow the opening angle ¥ to vary more freely in
the parameter space. The opening angle that best fits the data
is ¥ = 12°, which implies an injection up to about 33 kpc
(projected size) in the downstream direction, keeping the mag-
netic field constant at B = 3uG. We demonstrate that even
with a slightly different opening angle ¥ = 18°, the profile
would strongly deviate from observations, creating a prominent
downstream tail (Fig. B.1). After fixing the opening angle, we
applied the model to different frequencies at different resolutions
to assess its consistency across the dataset. In Fig. 10, we com-

A200, page 14 of 18

pare 3 GHz at 3.5” (orange), 1.5 GHz at 8" (blue), 150 MHz at
8” (red) and 45 MHz at 15”. In order to test the standard DSA
scenario, we fix the Mach number to M = 4.8, as derived from
the @iy in this work (Sect. 4.1).

Moreover, in such a complex environment as the one of the
clusters undergoing mergers, it is reasonable to believe that the
magnetic fields do not remain uniform across Mpc-scale shock
fronts. To capture the turbulent nature of the ICM, the mag-
netic field is modelled as a log-normal distribution, introducing
variability in the downstream emission profiles originating from
each surface element. We find that the best-fit model has a mean
magnetic field strength of By = 0.3 uG and scatter log(o) = 1.65.
(Fig. 10, left). This implies that the magnetic field varies in a
range from approximately 3 x 1073 to 16 uG. This model is able
to match the observed profiles in the downstream area reason-
ably well, while it substantially fails to reproduce the part of the
profile ahead of the peak, which shows excess respect for all
the modeled profiles Fig. 10. For this reason, we added wiggles
with a Gaussian broadening to the original spherical cap model
to test its impact on the fit. The results are shown in Fig. 10
(right), where we applied a Gaussian broadening characterized
by o = 15 kpc to match the width of the 3.5 arcsec profile. This
helps in smoothing the models in the upstream region, how-
ever a significant discrepancy is still present. Notably, all pro-
files exhibit a systematic excess in the upstream region extending
for approximately 100kpc, consistent with the average profile
shown in Fig. 9 (right, black line). Overall, our modelling efforts
successfully reproduce the general shape of the observed surface
brightness profiles, particularly in the downstream region. How-
ever, some discrepancies remain, particularly in the upstream
region, where all modelled profiles show a systematic excess
compared to observations.

4.3. R5

As mentioned in Sect. 3.1, in the north-west part of the north-
ern relic, we find an excess of emission that extends for 716 kpc
and has an average width of ~100kpc (see Fig. 11). RS was first
identified at GHz frequencies by Di Gennaro et al. (2018) and
recently confirmed at 400 and 675 MHz by Raja et al. (2024).
In our LOFAR LBA images, RS appears irregular and less con-
fined compared to the distinct spike structure seen at higher fre-
quencies. A similar diffuse appearance is observed in LOFAR
HBA images, suggesting intrinsic differences in the emission at
low frequencies rather than being solely a consequence of res-
olution limitations, although resolution likely contributes to the
smoothing of finer substructures. This is further demonstrated
in Fig. 11 (second panel), where a comparison between the 15”-
beam smoothed image (with corresponding red contours) and the
5" contours (green) at higher frequencies shows that the spiked
feature remains visible even after smoothing. Moreover, we note
that the width of R5 corresponds to ~2.5 times the beam size
(that is, 15" nominal resolution at 45 MHz), thus we exclude the
possibility of it purely being the result of the low resolution of
the telescope. This area has steep spectral spectral index values
%114515 € [-1.2,-0.9] range (see spectral index map in Fig. 11).
Even if the relative errors are higher at the edges of the emission,
with Ay ~ 0.2-0.3 there is a clear distinction between R5
area and the main shock front area. This is also confirmed by the
local spectral index analysis along the RN outer edge of Sect. 4.1
(Fig. 7). We calculated the integrated spectral index within the
R5 region (blue box of Fig. 11, top panel) by fitting a sir;gle

RS _

power-law to the data and obtaining a best-fit value of a,; =

—0.90 £ 0.03. Due to the extremely low surface brightness of RS
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Fig. 10. Surface brightness profile across the western half of RN. We applied the model to different frequencies at different resolutions: 3 GHz
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additional wiggle-effect with o~ = 15 kpc.

we used only the 45, 145, 1500 and 3000 MHz images, where a
clear detection above 30, threshold was visible. The resulting
power-law fit is consistent with the two-frequency spectral index
reported by Di Gennaro et al. (2018) and aligns with the curva-
ture map (Fig. 11, bottom panel), which shows C = 0 in the RS
region, supporting the absence of significant spectral curvature.
Hints of polarized emission have been detected for RS, with a
degree of polarization of ~35% (at 3 GHz) and ~30% at 1.5 GHz
(Di Gennaro et al. 2021). This level of polarization is consistent
with what is typically expected for radio relics, supporting the
idea that RS is associated with a shock-related structure. How-
ever, its polarization fraction is lower than that of the main relic,
suggesting potential differences in shock strength. The nature
of R5 remains unclear, with two primary interpretations: either
it is separate relic seen in projection, or it represents broader
upstream substructure of the main northern relic, extending the
shock surface in that direction.

5. Conclusions

We presented the first ultra-low frequency observations of the
Sausage relic at 45 MHz using the LOFAR telescope, achieving a
thermal-noise limited image with a noise level of 1.5 mJy/beam
at 15” resolution. These observations mark the lowest radio fre-
quency at which this cluster has been studied to date and demon-
strate the capabilities of the LOFAR LBA calibration pipeline for
producing high-fidelity images of diffuse radio sources.

1. The 45 MHz observations reveal a complex system of dif-
fuse, relic-like sources, extending beyond the well-known
northern and southern relics. The northern relic shows a char-
acteristic arc-like morphology with a projected linear size of
~2.2 Mpc x 760 kpc, while the southern relic exhibits a more
irregular shape for a total extent of ~1.5 Mpc x 520 kpc. The
morphology of the relics not only appears larger but reveals
connections between substructures that would appear dis-
connected at higher frequencies. Most sources (R1, R2, RS1,
RS2, RS3, RS4), appear more fragmented with increasing
frequency.

2. Spectral index maps between 45 MHz and 144 MHz reveal
a clear spectral gradient in both relics, where the spectral

index steepens from the outer edge towards the cluster cen-
tre. RN shows a gradient from @ ~ —0.7 to ~—1.8, while
RS exhibits a broader variation, with the southeastern region
(RS-east) showing the expected steepening (from o ~ —0.5
to ~—2) while the north-western part (RS-west) remaining
consistently steep (~—1.8) even at the outermost edge, with
no inward steepening. These broad steep-spectrum north-
western areas of RS explain why RS-west fades quickly
at higher frequencies (v > 600 MHz), where primarily the
southern edge remains bright and highlights the importance
of low frequencies in tracing these faint parts of relics. Addi-
tionally, the spectral index maps provide evidence that R1
consists of two distinct regions: (i) R1-east with a flatter
spectrum (o ~ —0.8) and (ii) R1-west, which is aligned with
R4 (@ ~ —1.3). The patchy morphology and mixed spectral
indices of R2 indicate that this source may be seen at a larger

inclination.
N _

3. The integrated spectral index of the northern relic is a:', =

—1.09 + 0.03, while the southern relic has a steeper 1il};te—
grated index of aism = —1.34 + 0.03. Using these indices,
Mach numbers were derived as Mg = 4.8 + 0.8 for
the northern relic and Ms = 2.6 = 0.1 for the southern
relic.

4. Access to ultra-low radio frequencies, which are less affected

by radiative losses, allows us to measure the injection spec-
tral index along the relic edges. By applying statistical meth-
ods to identify distinct spectral index populations, we deter-
mined injection indices of dfﬁj = —0.76 + 0.08 and &fnj =
—0.77 £ 0.16, corresponding to Mach numbers of My =
2.9 + 0.4 and Mg = 2.9 + 0.8. The close agreement of these
Mach numbers suggests that the shocks causing both relics
have comparable strengths, despite their differing morpholo-

gies.

5. Using multi-frequency observations, we produced a four-

frequency spectral curvature map from 45 MHz to 3 GHz.
The curvature analysis of the northern relic reveals a per-
fectly flat spectrum with C ~ O at the outer edge, and a
gradient up to C ~ —1.5 in the downstream region, in agree-
ment with expectations from DSA. The southern relic instead
shows a smaller gradient with values C ~ —0.2 to —0.5,
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Fig. 11. Zoom-in on the RS emission regio. From top to bottom: 45 MHz
image at 15" resolution; 1.5 GHz image convolved to the same 15”
resolution and green contours indicating the 5" higher resolution data;
spectral index map between 45 and 145 MHz from Fig. 5, 4-frequency
(45, 145, 1500, 3000 MHz) curvature map from Fig. 6.

suggesting it might be influenced by additional effects, such
as turbulence or projection effects.

6. Finally, we used a toy model to simulate the surface bright-
ness profile of RN to gain insights into cluster dynamics, pro-
jection effects, and the magnetic field strength at the shock
location. Our modelling indicates that RN is best repre-
sented by a scenario with minimal projection effects (low
opening angle ¥ = 12°), spatial variations in the down-
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stream magnetic field, modelled as a log-normal distribu-
tion with characteristic strength of By = 0.3 uG and scat-
ter log(o) = 1.65, and Gaussian broadening of the shock
surface with o = 15kpc. Even if the additional broaden-
ing helps in smoothing the upstream profile, some discrep-
ancies remain, especially in the upstream region, where an
excess of emission systematically persists at all frequencies.
Moreover, we stress that the toy model proposed in this
section serves to explore the fundamental dependencies of
the surface brightness profile on the geometry of the system,
projection, and magnetic field variations. A fully accurate
theoretical representation would require dedicated tailored
simulations, which are beyond the scope of this work.
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Appendix A: Deconvolved profile shape
comparison

We compared the shape of the deconvolved profiles at 45 MHz
(RN-full from Sect. 4.2) and 610 MHz (van Weeren et al. 2010)
by computing some statistical metrics, such as the skewness and
the 10-to-50 ratio. For normally distributed data, the skewness
should be about zero. A skewness value greater than zero means
that there is more weight in the right tail of the distribution and
vice versa. This 10-to-50 ratio quantifies the relative extent of
the wings compared to the core of the profile. It is calculated
as the ratio of the profile width at 10% of the maximum inten-
sity to its full width at half maximum. A perfectly Gaussian pro-
file has a value of 4.29. Ratios larger than 4.29 indicate broader
wings, while smaller ratios suggest a steeper fall-off outside the
core. We also calculate the skewness test to determine if the
skewness is close enough to zero. To do this, we test the null
hypothesis that the skewness of the population that the sample
was drawn from is the same as that of a corresponding normal
distribution. The null hypothesis is rejected when the p-value is
low (p < 0.05), indicating that the distribution is significantly
skewed and deviates from normality. Conversely, a high p-value
would indicate a more symmetric form and that the skewness is
not statistically different from that of a normal distribution. The
metrics results for the two curves shown in Fig. A.1 are reported
in Table A.1.

Table A.1. Comparison of RN deconvolved profiles shapes at 45 MHz
and 610 MHz (van Weeren et al. 2010).

Metric 45 MHz 610 MHz
Skewness 0.63 0.91
p-value® 3.25x 10714 0.0097
10-to-50 Ratio 2.73 2.18

Notes. “The p-value for the skewness-hypothesis test.

Deconvolved Profile
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0.0
-150

-100 =50 0 50 100 150 200 250
Distance from the shock (kpc)

Fig. A.1. Comparison between full SB profile at 45 MHz (this work) and

610 MHz (van Weeren et al. 2010). Data are shifted so that the peak of

each curve corresponds to zero. We highlight that this is intended purely

as a qualitative shape comparison.

Both profiles show a moderate (between 0.5 and 1) posi-
tive skewness. The 45 MHz profile is more symmetric, with a
skewness between —0.5 and 0.5. Despite this, according to the
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skewness test, both profiles show significant evidence of devia-
tions from Gaussianity (p-value <«0.05). We conclude that the
45 MHz profile is broader (larger than 10-to-50 ratio) and more
symmetric (lower skewness) than the 610 MHz profile. On the
other hand, the 610 MHz profile is more peaked, has steeper
wings, and is more asymmetric.

Appendix B: Profile modelling

In this section, we show the effect of a bigger opening angle
Y. Even just a slight change (from 12° to 18°) drastically
changes the downstream profile, making the model unfeasible
(see Fig. B.1). The effect is particularly visible in the high-
frequency high-resolution profiles (1.5 and 3 GHz, blue and
orange respectively).
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Fig. B.1. Surface brightness profile across the eastern half of RN. Same
as Fig. 10 but with constant B = 3 uG and ¥ = 18° projection.
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