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Table 7. Polarization properties of all four relics in the cluster Abell
2744.

Source VLA RM range {orM)

S-band L-band

PsocH:  Pi1s5GHz

(%) (%) (radm™2) (radm™)

R1 30+4 19+2 +1to+19 5+1
R2 34+4  27+3  +4to+16 4+1
R3 32+3 13+£2 -2to+18 6+2
R4 25+2 8+1 - -

Notes. The mean fractional polarization for the main relic R1 is mea-
sured from 10" resolution image. We note that our S-band polarization
value of R1 is slightly higher than those obtained by Pearce et al. (2017)
because we measured polarization fraction from Faraday corrected
S -band images. Since the polarized emission from the fainter relics R2,
R3, and R4 are recovered well in low resolution images therefore, we
report the mean fractional polarization measured from 15” resolution
maps.

radio halo, with a statistical measure of the significance of the
correlation.

It is worth stressing that the strong/weak lensing analysis of
Abell 2744 reveals a complex merger, involving at least four sub-
clusters (Golovich et al. 2019). Subcluster 1 is elongated along
the east-west direction, see Fig. 1. The X-ray data reveal an
additional small northwest ICM component, close to the loca-
tion of R3 (Fig. 1). Interestingly, regions following the anticor-
relation belong to subcluster 1. A similar correlation has also
been recently observed for the halo in MACSJ0717.5+3745
(Rajpurohit et al. 2020b). The observed anticorrelation in the
northern part of the halo implies that the faint X-ray regions
show a steeper spectral index. This suggests that there is a steep-
ening in the outermost regions of the halo. The spectral steep-
ening in the outermost part of the northern part of the cluster is
also evident in the spectral index maps shown in Fig. 9. More-
over, the data points that fall into the positive correlation belong
to the subclusters 2, subcluster 3, and subcluster 4 (Fig. 1). In
the next section, we discuss the presence of these two distinct
components in detail.

6.3. Spatial correlation between spectral index and ICM
temperature

We also compare the ICM temperature with the spectral index.
We use the Chandra temperature map presented in Pearce et al.
(2017). The resulting plot is shown in the right panel of Fig. 15.
We again fit the data using Linmix to search for a possible
correlation between spectral index and temperature. The Spear-
man correlation coefficient is 0.18. As found by Pearce et al.
(2017), the relation between a—Tx does not show any significant
correlation.

Since in the a—Ix relation, the halo shows two distinct
trends, we also fit the data separately. As seen in the right panel
of Fig. 15, in the northern part of the halo (subcluster 1) the flat
spectral index regions seem to be associated with higher tem-
peratures. For this region, we find that the Spearman correla-
tion coeflicient is rs = 0.56, indicating a moderate correlation
between the spectral index and ICM temperature. Regions asso-
ciated with the southern part of the halo (subclusters 2, 3, and 4)
show relatively uniform spectral indices, namely between —1.0
and —1.25. The temperature in these regions varies from 3 to
7keV.

To the best of our knowledge, the point-to-point correla-
tion between the spectral index and ICM temperature has been
quantitatively reported for one more halo, namely Abell 2255
(Botteon et al. 2020a). They found a hint of mild anticorrela-
tion between the X-ray temperature and spectral index for the
Abell 2255 halo. The moderate positive correlation between the
spectral index and the ICM temperature for the northern part of
the halo supports the idea that a fraction of the gravitational
energy, which is dissipated during cluster mergers in heating
the thermal plasma, is converted into reacceleration of relativis-
tic particles and amplification of the magnetic field (Orru et al.
2007).

The presence of two different clear trends in the a—/x and
a—Tx relations provide strong evidence that the Abell 2744 halo
is a two-component halo. The clear separation between these
two components may trace different evolutionary stages of the
same phenomenon. Abell 2744 is known to show a very com-
plicated merger dynamics (Merten et al. 2011; Owers et al.
2011; Medezinski et al. 2016; Golovich et al. 2019). Both optical
and X-ray analyses point to a violent major merger in the cen-
tral region along the northsouth axis with a larger line of sight
component.

Owers et al. (2011) suggested that some component of the
northern subcluster is directed toward the north to northwest.
The tight anticorrelation between the radio spectral index and
X-ray surface brightness and a moderate positive correlation
between the spectral index and ICM temperature in the north
to northwest direction favors this. Moreover, Owers et al. (2011)
speculated that the small northwestern clump (subcluster 5) is
most likely in a post, off-center, core passage phase traveling to
the north or northeast. In the a—/Ix correlation, the data points
from subcluster 5 is in line with the detected anticorrelation in
the northern part of the halo, which seems to be consistent with
the fact that this component may be traveling to the northeast.

In the southern part of the cluster we detected a positive cor-
relation between the spectral index and X-ray surface brightness.
If interpreted with turbulent reacceleration models, this suggests
that gas dynamics and consequently both the turbulent and mag-
netic field properties in the dense regions, namely subclusters 2
and 3, are slightly different from the external (less dense) regions
and from the northern part of the halo (e.g., Brunetti et al. 2001;
Brunetti & Lazarian 2007; Bonafede et al. 2018).

7. Polarization and Faraday rotation

Pearce et al. (2017) found that all four relics in Abell 2744 are
highly polarized at 2—4 GHz and show an aligned B-vectors
distribution. They presented S -band polarization maps without
correcting for Faraday rotation effect. We report here Faraday
Rotation Measure (RM) analysis from 1-4 GHz to understand
the polarization properties of the relics in the field. For polariza-
tion calibration details, we refer to Pearce et al. (2017).

We create Stokes IQU cubes at 10” resolution. These are
only used to study the main relic R1. Because of the radio sur-
face brightness of the components R2, R3, and R4 relative to R1
are very low, these are studied using lower-resolution 15" Stokes
IQU cubes. The imaging was performed with Briggs weighing
and robust =0.5. As the output images has slightly different
resolutions, all images were smoothed to a common resolution,
namely 10” and 15”. Images with poor sensitivity or significant
artifact contamination were discarded. The polarization proper-
ties are summarized in Table 7.

The resulting polarization intensity maps of the main relic
R1 are shown in Fig. 16. The relic is polarized over its
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Fig. 16. Polarization intensity images of the main relic R1 at 10" resolution. The images show that the relic is polarized over its entire length from
1 to 4 GHz. Contour levels are drawn at [1,2,4,8,...] X 50, and are from the Stokes / images. The beam sizes are indicated in the bottom left

corner of the each image.
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Fig. 17. Fractional polarization maps of the main relic at 10” resolution. The degree of polarization across the relic decreases when going from
S-band (right) to L-band (left). Some local fluctuations in polarization fraction are visible, particularly in the northern part of the relic. Contour

levels are same as in Fig. 16.

entire length in both, the VLA S- and L-band. The mor-
phology of the polarized emission is similar to the total
power emission. In Fig. 17, we show the fractional polariza-
tion maps at 10” resolution. The polarization fraction across
the relic varies between 2 and 64%, where it can be mea-
sured. The spatially averaged polarization fraction over R1 is
about 19% at 1-2 GHz and 30% at 2—4 GHz, showing that the
degree of polarization decreases significantly with increasing
wavelength.

In addition, we observe some local fluctuations in the polar-
ization fraction across the relic, particularly in the northern part
of the relic. These local fluctuations are most likely an outcome
of a perturbed ICM at the location of the relic.
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The beam depolarization could lead to a significant loss of
the observed polarized signal. We also measured the polariza-
tion fraction from 15” maps. The resulting values are about 12%
lower than those obtained at 10" resolution. This implies that
the intrinsic polarization is very likely higher than reported in
Table 7.

At L-band (1-2 GHz), there is tentative evidence to suggest
that the high degree of polarization is observed at the eastern
edge of the relic (see Fig. 17). This is the area where we expect
to witness the fresh acceleration of ICM electrons. In particular,
at the northern part of the relic (excluding R1-A), the polariza-
tion fraction decreases as we approach the downstream region.
Recently, Di Gennaro et al. (2021) found a clear gradient in the
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Fig. 18. VLA L-band (left) and S-band (right) polarization intensity maps at 15” resolution. Red lines represent the magnetic field vectors. Their
orientation represents the projected magnetic field corrected for Faraday rotation and the contribution from the Galactic foreground. For all four
relics, the magnetic-field vectors are uniformly disturbed and parallel to the orientation of the radio emission. The vector lengths is proportional

to the polarization percentage. No vectors were drawn for pixels below 30-. Contour levels are drawn at [1,2,4,8, ..
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Fig. 19. Left: Faraday spectrum of one of the regions within R1 obtained using RM-synthesis. The blue line indicates the peak RM. Right:
corresponding QU-fitting spectrum fitted with a single RM component and an exponential external depolarization term. The fractional Stokes Q
(blue) and U (red) with the dots showing the observed data points and the solid lines the best-fit model from the QU-fitting. Both RM-synthesis
and QU-fitting spectra are consistent with a single RM component that has a low value of Faraday dispersion measure, indicating that the relic R1

is located far outside of the cluster or toward the observer.

polarization fraction across the Sausage relic. They speculated
that such a trend is possibly due to projections and/or decrease
in the magnetic field anisotropy toward the cluster center. Such
trends is expected in the presence of a shocked turbulent ICM
(Dominguez-Ferndndez et al. 2021). On the other hand, if the
magnetic field remains regular at the position of the relic, we
would expect a polarization fraction increasing toward the down-
stream of the shock front.

As shown in Fig. 18, R2 and R3 are also highly polarized
in L-band while no polarized emission is detected for R4. The
degree of polarization drops quickly for R3 (from 32% to 13%)
and R4 (from 25% to 8%) with increasing wavelength while
moderately for R2; see Table 7. As previously reported by Pearce
et al. (2017), the magnetic field vectors are strikingly aligned
with the orientation of the emission for all relics and even across
R1-A. We do not find any small-scale variation in the magnetic
field orientation across and along the relics in both the L and
S -band.

RM-synthesis (Brentjens & de Bruyn 2005) was per-
formed on IQU cubes with 131 spectral channels using
“pyrmsynth” code*. The RM-cube synthesizes a range of RM
from —200 rad m~2 to +200 rad m~2 with a bin size of 1 rad m~2
The Faraday spectrum of one of the regions within R1 is shown
in the left panel of Fig. 19. The RM across the entire relic is
relatively uniform and shows a well-defined single peak.

The mean RM across R1 is about +8radm~2. Our own
Milky Way contributes to extragalactic RM values. The exp-
ected Galactic RM at the location of the cluster is about 6 rad m~>
(Oppermann et al. 2012). Therefore, the detected RM’s are con-
sistent with the average Galactic foreground.

To analyze the Faraday rotation properties of the emission
and of the intervening ICM, we also applied QU-fitting to the
main relic R1. Since the relic has a very low surface bright-
ness, to detect the relic with a sufficiently good signal-to-noise

4 https://github.com/mrbell/pyrmsynth
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in Stokes Q and U we imaged L- and S -band data per spectral
window rather than using channel wise Stokes /QU images. We
divided the relic into 33 square boxes with width of 10”. As the
fractional polarization varies between 1 and 4 GHz, we fit the
data with a single RM component and an exponential depolar-
ization term as formulated in Burn (1966).

P() = Io(A) p M) 2 (11)

where P(4%) is the complex polarization as a function of wave-
length, Iy the total intensity of the source, and py is the intrinsic
polarization fraction. y(A?) is the intrinsic polarization angle,
RM is the rotation measure and oy is the Faraday dispersion
measure of the Gaussian distributed rotation measures.

We performed QU-fitting using the functionality available
as part of the RM-tools suite®. The best-fit is determined by
a nested sampling algorithm. The QU-fitted spectrum of one
of the regions is shown in the right panel of Fig. 19. A single
component in Faraday space with depolarization term provides
a good fit, as also seen in the Faraday spectra obtained from
RM-Synthesis. The RM mainly varies from +1 to +19 rad m~2
across the relic. The oy is in the range 3—8 rad m~2. The lower
value of Faraday dispersion measure implies that any contri-
bution from the Faraday rotating intervening material is very
small and the relic is located far outside the cluster or toward
the observer. The ogry values across R2 and R3 are also low,
indicating that both of these relics are located in the low density
ICM.

Under a simple hypothesis, Faraday dispersion measure can
be used to constrain the magnetic field strength as (Sokoloff et al.
1998)

orm = V(1/3)0.81(ne) B(L1/ 1), (12)
where (n.) is the average thermal electron density of the ion-
ized gas along the line of sight in cm™, B is the magnetic field
strength in uG, and f is the volume filling factor of the Faraday-
rotating gas. L is the path length through the thermal gas and ¢
is the turbulence scale, both in pc. We use ¢ = 40 kpc (the RM
fluctuations measured from 10 images), L = 2.4 Mpc (the total
extent of cluster), and f = 0.5 (e.g., Murgia et al. 2004).

At the location of the main relic, the thermal electron density
is about 10~* cm™3 (Eckert et al. 2016; Botteon et al. 2020b). The
highest value of ogy across the R1 relic is about 8 rad m~2. By
inserting all values in Eq. (12), we obtained B ~ 0.5 uG.

The polarization analysis suggests that R2 and R3 are located
at the cluster outskirts. Both sources show a power-law spec-
trum, we do not find any hint of curved spectrum between
385 MHz and 3 GHz. In addition, R2 is reported to trace a shock
front (Pearce et al. 2017). Based on the morphology, and the
spectral and polarization properties we conclude that R2 and R3
are shock related structures. Shock waves generated by cluster
mergers can compress AGN fossil radio plasma or fossil plasma
can passively evolve from a switched off AGN, producing so
called radio phoenices or AGN relics. Both of these sources have
relatively small sizes because with time radio plasma losses most
of the energetic electrons responsible for the radio emission by
radiative energy losses (EnBlin & Gopal-Krishna 2001). Due to
the small size, therefore, R4 could be a radio phoenix or AGN
relic.

8. Conclusions and summary

In this work, we have presented uGMRT (300—-850 MHz) total
power and VLA (1-4 GHz) polarization observations of the

5 https://github.com/CIRADA-Tools/RM
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galaxy cluster Abell 2744. These observations allowed us to per-
form a detailed spectral and polarization analysis of the diffuse
radio emission sources present in this system. To quantify the
connection between the thermal and nonthermal components of
the intracluster medium, we also combine the radio data with
Chandra X-ray observations. In our new images, we detect the
previously known radio relics R1, R2, R3, and R4, and the radio
halo. From these observations we were able to characterize the
spectral properties and the radio-versus-X-ray relations of the
central halo emission in unprecedented detail. We summarize
the overall results as follows:

1. The halo emission is more extended than previously
reported, namely ~2.5 Mpc. The observed total extent of the
halo changes with the observing frequency, that is it is more
extended toward low frequencies.

2. The radio integrated emission from the entire halo follows a
power law spectrum between 150 MHz and 3 GHz and has
a slope of @ = —1.14 + 0.04. In contrast, subregions show a
slightly different spectra and high frequency steepening. This
suggests that an overall power-law spectrum can be observed
in combination of a variety of different spectra.

3. The spatially resolved spectral index maps of the halo show
the presence of localized regions in which the spectral
index is significantly different from the average. The spec-
tral index in the innermost regions is relatively flat and steep-
ens in the outer regions. This is consistent with the turbulent
(re-)acceleration models, assuming that there is more dis-
sipated turbulent kinetic power or a higher magnetic mag-
netic field strength in the innermost halo region. We find a
mean scatter of 0.24 around the mean spectral index of —1.15
between 675 MHz and 3.0 GHz, suggesting small-scale spec-
tral index fluctuations across the halo.

4. The spatially resolved map also reveals spectral curvature
across the halo. The spectral shapes inferred from spatially
resolved map show regions with a complex curvature distri-
bution.

5. The radio brightness of the halo strongly correlates with
the X-ray brightness at all observed frequencies. The slopes
of the correlation remains remarkably uniform at 675 MHz,
1.5 GHz, and 3 GHz, namely 0.74 + 0.02. In addition, the
correlation slope across the southern part of the halo is sig-
nificantly steeper than the northern part of the halo.

6. The point-to-point comparison between the X-ray surface
brightness and spectral index across the halo reveals two dif-
ferent trends. We find a strong anticorrelation in the northern
part of the halo and a positive correlation in the southern part
of the halo. This suggests that the radio halo indeed consists
of two major components, with distinct evolutionary signa-
tures.

7. The point-to-point comparison between the spectral index
and the ICM temperature also shows two different trends.
This further strengthens the fact that the halo has at least two
different components. We find a moderate positive correla-
tion between these two quantities in the northern part of the
halo.

8. The integrated radio spectrum of the main relic, R1, fol-
lows a simple power-law between 150 MHz and 3 GHz. The
spectral index for the main relic R1 is —1.17 = 0.04. The
radio spectra suggest a shock with Mach number 3.6 which
is intriguingly consistent with the X-ray shock Mach num-
ber (M = 3.7 + 0.4) obtained from the temperature jump
at the location of the relic, and is disagreement with previ-
ous X-ray estimates of the shock strength based on the den-
sity jump. If CRe are accelerated from the thermal pool, a
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plausible acceleration efficiency below 1% results in the

observed radio power of the relic R1 if a large fraction of

the shock front has a strength obtained from the integrated
spectrum and the magnetic field strength is of a few uG or
stronger.

9. The other three fainter relics also follow a power-law
between 385 MHz and 3 GHz. We obtained spectral indices
of @inre = —1.19 £ 0.05, @inrz = —1.10 £ 0.05, and
Qint,r4 = —1.14 £ 0.04. For all four relics in the Abell 2744
field, the integrated spectral index values suggest shocks
with Mach number in the range 3.3—4.5. This suggests
that the integrated radio spectra of relics may be always
dominated by high Mach number shocks as found in sim-
ulations (Wittor et al. 2019; Dominguez-Fernandez et al.
2020), irrespective of radio brightness. Our results also sug-
gests that the properly derived integrated spectral indices
are in the —1.0 to —1.2 range, implying that a tail in
the Mach distribution determines the integrated spectral
index.

10. Relics R1, R2, and R3 are highly polarized between 1 and
4 GHz and show a single RM component. The mean RMs in
these three relics are very close to the Galactic foreground.
The Faraday dispersion is below 10rad m~2, indicating very
little Faraday-rotating intervening material along the line of
sight. This suggest that R1, R2, and R3 are located in regions
of low density ICM, toward the observer.

The presence of curved spectra in the halo subregions, the spec-

tral index fluctuations, the steep spectral indices in the outermost

regions, a hint of spectral curvature, and the sublinear Ir —Ix cor-
relation slope is in line with turbulent reacceleration models for
the origin of radio emitting electrons. The high quality data from

the uGMRT and the VLA suggests that we are entering into a

new level of complexity in radio halos. Our findings highlight

that the combination of two or more components may result in
an overall power-law spectrum in radio halos.

In conclusion, the emerging complexity in the distribution
of nonthermal components in Abell 2744 echoes the richness of
dynamical structures highlighted by optical and X-ray studies
(e.g., Owers et al. 2011; Merten et al. 2011; Hattori et al. 2017;
Golovich et al. 2019), and this hints at a multiple-merger sce-
nario for this system. Different episodes of matter accretions,
following the infall along the multiple filaments revealed by
X-ray and lensing studies (Eckert et al. 2016; Jauzac et al. 2018),
are likely to explain also the unusual variety of radio structures
in Abell 2744, making it a remarkable laboratory to study the
interplay between thermal and nonthermal energy components
of the ICM.
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