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ABSTRACT

We report L-band VLA observations of 1RXS J0603.3+4214, a cluster that hosts a bright radio relic,
known as the Toothbrush, and an elongated giant radio halo. These new observations allow us to study
the surface brightness distribution down to one arcsec resolution with very high sensitivity. Our images
provide an unprecedented detailed view of the Toothbrush, revealing enigmatic filamentary structures.
To study the spectral index distribution, we complement our analysis with published LOFAR and
GMRT observations. The bright ‘brush’ of the Toothbrush shows a prominent narrow ridge to its
north with a sharp outer edge. The spectral index at the ridge is in the range �0.70  ↵  �0.80.
We suggest that the ridge is caused by projection along the line of sight. With a simple toy model
for the smallest region of the ridge, we conclude that the magnetic field is below 5µG and varies
significantly across the shock front. Our model indicates that the actual Mach number is higher than
that obtained from the injection index and agrees well with the one derived from the overall spectrum,
namely M = 3.78+0.3

�0.2. The radio halo shows an average spectral index of ↵ = �1.16 ± 0.05 and a
slight gradient from north to south. The southernmost part of the halo is steeper and possibly related
to a shock front. Excluding the southernmost part, the halo morphology agrees very well with the
X-ray morphology. A power-law correlation is found between the radio and X-ray surface brightness.

Subject headings: Galaxies: clusters: individual (1RXS J0603.3+4214) � Galaxies: clusters: intra-
cluster medium � large-scale structures of universe � Acceleration of particles �
Radiation mechanism: non-thermal: magnetic fields

1. INTRODUCTION

Di↵use radio emission, associated with the intraclus-
ter medium, has been observed in a growing number of
galaxy clusters, seen as radio relics and radio halos (Fer-
etti & Giovannini 1996; Feretti et al. 2012; Brüggen et al.
2012; Brunetti & Jones 2014). Both of these types of ra-
dio sources have a typical size of about 1 Mpc. They
show a typical synchrotron spectrum1, a clear indication
of the existence of cluster-wide magnetic fields and rel-
ativistic particles. Both relics and halos are associated
with merging clusters (Giacintucci et al. 2008; Cassano
et al. 2010; Finoguenov et al. 2010; van Weeren et al.
2011a) suggesting that cluster mergers play a major role
in their formation.

Radio halos are found at the center of galaxy clusters,
have a smooth regular shape morphology and are usu-
ally unpolarized. Most halos are found only in merging
systems possessing X-ray substructure (Liang et al. 2000;
Cassano et al. 2010; Basu 2012; Cassano et al. 2013). The
radio emission from the halo typically follows the X-ray
emission from the thermal gas (Govoni et al. 2001b), sug-
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gesting a direct connection between the thermal and non-
thermal components of the intracluster medium (ICM).

The cosmic ray electron (CRe) acceleration mechanism
responsible for radio halos is still disputed. There are two
main models that have been proposed to explain the ori-
gin of halos. The primary electron model suggests that
relativistic populations of electrons are re-accelerated to
higher energies by magneto-hydrodynamical turbulence
induced during mergers (Brunetti et al. 2001; Petrosian
2001). The secondary electron model proposes that the
CRe are the secondary products of hadronic collisions
between thermal ions and relativistic protons present in
the ICM (Dennison 1980; Blasi & Colafrancesco 1999;
Dolag & Enßlin 2000). The secondary electron model
predicts the existence of gamma rays as one of the prod-
ucts of hadronic collisions. However, the non-detection
of gamma rays in clusters (Jeltema & Profumo 2011;
Brunetti et al. 2012; Ackermann et al. 2014, 2016) ap-
pears to challenge this model.

Radio relics are large elongated sources located at the
periphery of the merging galaxy clusters. Most of them
are strongly polarized (Govoni & Feretti 2004; Ferrari
et al. 2008), indicating the presence of ordered magnetic
fields. They often display irregular morphologies and are
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gesting a direct connection between the thermal and non-
thermal components of the intracluster medium (ICM).

The cosmic ray electron (CRe) acceleration mechanism
responsible for radio halos is still disputed. There are two
main models that have been proposed to explain the ori-
gin of halos. The primary electron model suggests that
relativistic populations of electrons are re-accelerated to
higher energies by magneto-hydrodynamical turbulence
induced during mergers (Brunetti et al. 2001; Petrosian
2001). The secondary electron model proposes that the
CRe are the secondary products of hadronic collisions
between thermal ions and relativistic protons present in
the ICM (Dennison 1980; Blasi & Colafrancesco 1999;
Dolag & Enßlin 2000). The secondary electron model
predicts the existence of gamma rays as one of the prod-
ucts of hadronic collisions. However, the non-detection
of gamma rays in clusters (Jeltema & Profumo 2011;
Brunetti et al. 2012; Ackermann et al. 2014, 2016) ap-
pears to challenge this model.

Radio relics are large elongated sources located at the
periphery of the merging galaxy clusters. Most of them
are strongly polarized (Govoni & Feretti 2004; Ferrari
et al. 2008), indicating the presence of ordered magnetic
fields. They often display irregular morphologies and are
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VLA combined A+B+C+D array images
7" resolution, rms=9 µJy, frequency=1.5 GHz 3" resolution, rms=6 µJy, frequency=1.5 GHz
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Fig. 6.— Top: Spectral index map of the Toothbrush between 150 and 1500 MHz at 5.005 resolution, overlaid with the JVLA contours.
The contour levels are drawn at [1, 2, 4, 8, . . .] ⇥ 4�rms, �rms = 4 µJy beam�1. Bottom: Corresponding spectral index error map.

↵Spectral index at northern edge - 0.70 <     < -0.80 
between 150 and 1500 MHz

5.5″ resolution
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Fig. 6.— Top: Spectral index map of the Toothbrush between 150 and 1500 MHz at 5.005 resolution, overlaid with the JVLA contours.
The contour levels are drawn at [1, 2, 4, 8, . . .] ⇥ 4�rms, �rms = 4 µJy beam�1. Bottom: Corresponding spectral index error map.
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between 150 and 1500 MHz
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Fig. 10.— Left: Extracted spectral index between150 and 1500 MHz across relic B1, from north to south, with the distance increasing from
east to west. The black dots show the spectral index distribution at a resolution of 5.

005 while the magenta at 6.

005 resolution. The dashed
blue horizontal line indicates the average spectral index of ↵ = �0.75 ± 0.05 at the ridge. A shift in the spectral indices is clearly visible
across the entire relic caused by lowering the resolution. The red dots trace the VLA 1.5 GHz flux density along the relic, corresponding
to the spectral indices shown with the magenta color, revealing a correlation between the brightness and the spectral index. Systematic
uncertainties in the flux-scale were included in the error bars. Right: Box distribution across relic B overlaid on the VLA total intensity
map at 5.

005 resolution. The width of the boxes used to extract the indices is 5.

005. The magenta coloured region is used to study

the ridge. To obtain the flux densities, we create small rectangular boxes, inside the magenta region, with a width of

0.

007 corresponding to 2.5 kpc. The total length of the magenta region is about 164 kpc.

Fig. 11.— Left: High resolution (4.

005) spectral index map of the brush region, between 150 MHz to 1.5 GHz, demonstrating at the
ridge spectral index is in the range �0.70  ↵  �0.80. The image properties are given in Table 2, IM4. Contours show the VLA flux
density distribution. Contour levels are drawn at [1, 2, 4, 8, . . . ] ⇥ 4.5 �rms. The color bar shows spectral index ↵ from -2.2 to -0.6. Right:
Corresponding spectral index uncertainty map.

resolution, i.e. maximum resolution achieved
with LOFAR data. The resultant spectral index
map is shown in Figure 11. Due to limiting signal-
to-noise ratio of the LOFAR data at B2 and B3
region, the spectral index map of the entire relic
cannot be shown and analysed at 4.005. From Fig-
ure 11, it is evident that at the location of the
shock , the spectral index is apparently flatter
than the one obtained from the 5.005 spectral in-
dex map, namely �0.70  ↵  �0.80, confirming
that the flattest spectral index obtained is reso-
lution dependent.

Viewed at such a high-resolution, the spectral index

map of the brush region also shows small-scale features
that were detected in the total intensity maps, for in-
stance, we can see now that the bristles tend to have a
slightly flatter spectrum. Interestingly, the spectrum al-
ready steepens across the ridge from ↵ = �0.70 to �0.96.
Also, the spectral index at the shock front shows some
variations as already noticeable in Figure 11. We con-
firm the spectral index steepening along the ‘streams’
of emission that emerges from the brush, reported by
van Weeren et al. (2016). A clear north-south gradient
is also seen across the streams, with steepening up to
�2.0 ± 0.10 at the southern ends. However, there is no
evidence of the spectral index flattening at the southern

ridge
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Fig. 6.— Top: Spectral index map of the Toothbrush between 150 and 1500 MHz at 5.005 resolution, overlaid with the JVLA contours.
The contour levels are drawn at [1, 2, 4, 8, . . .] ⇥ 4�rms, �rms = 4 µJy beam�1. Bottom: Corresponding spectral index error map.
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Fig. 6.— Comparison of the halo between the VLA 1-2 GHz and the LOFAR 120-181 MHz image (van Weeren et al. 2016). Both
the images have similar resolution, the VLA image properties are given in Table 2, IM10. To compare radio morphologies at these two
frequencies, the colors in both images were scaled manually. In both images the yellow rectangular box indicates the ‘relic+halo’ region (here,
relic+halo indicates that in the VLA and LOFAR image the halo and relic surface brightness dominates, respectively. The southernmost
part of the halo is denoted as region S. We define that region of the halo which excludes the relic+halo region and region S as ‘central
region’.

TABLE 4
Flux densities and integrated spectra of the diffuse radio sources in the cluster 1RXSJ0603.3+4214

Source VLA GMRT LOFAR LLS
↵

1500
150

M
2500 5.

005 and 1100 5.

005 and 1100 5.

005 2500 5.

005 and 1100

with uv cut with uv cut with uv cut
S1.5GHz S1.5GHz S1.5GHz S610MHz S150MHz S150MHz

mJy mJy mJy mJy mJy mJy Mpc
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

relic B 310.0 ± 21 296.0 ± 17.0 258.0 ± 14.0 751.0 ± 78.0 4428.0 ± 410.0 3669.0 ± 378.0 1.9 �1.15 ± 0.02 3.78+0.3
�0.2

halo C 33.4 ± 2.7 31.6 ± 2.6 30.0 ± 1.2 � 490.0 ± 56.0 441.0 ± 44.0 1.7† �1.17 ± 0.04 �
relic D 5.2 ± 0.8 4.9 ± 0.7 4.6 ± 0.2 13.0 ± 1.7 98.1 ± 11.8 87.1 ± 9.1 0.3 �1.28 ± 0.05 �
relic E 11.6 ± 1.3 10.1 ± 1.2 9.0 ± 0.3 18.7 ± 2.2 153.1 ± 13.0 115.2 ± 11.8 1.1 �1.11 ± 0.05 4.3+1.4

�0.7

region S 9.1 ± 1.1 8.4 ± 1.0 7.7 ± 0.3 � 172.0 ± 18.8 148.0 ± 15.0 0.7 �1.28 ± 0.05 �
Notes. The regions where the fluxes were extracted are indicated in Figure 8 right. Column (1) Source name; Column (2) gives flux
densities measured from the IM16, see Table 2 for image properties; Column (3) gives flux densities measured in IM6 and IM12 for
relics and halo/region S, respectively; Column (4) gives flux densities measured in IM8 and IM13 for relics and halo/region S; Column
(5) gives flux densities measured from the GMRT image with properties given in Column (4); Column (6) gives flux densities measured
from the LOFAR image with properties given in Column (2); Column (7) gives flux densities measured from the LOFAR image with
properties given in Column (4); Column (8) Largest linear size at 1.5 GHz; Column (9) Integrated spectral indices between 150 MHz
and 1.5 GHz obtained by fit to Column (4), Column (5) and Column (7). We assume an absolute flux scale uncertainty of 10% for
the GMRT and LOFAR data, and 4% for the VLA data; Column (10) Mach numbers derived from the integrated spectrum given in
Column (9);†size of the entire halo C.

ric data. There are several reasons: first of all, if short
baselines are missing or cut in the uv-data the flux of ex-
tended structures gets ‘resolved out’. Also, the distribu-
tion of antenna and the resulting uv-coverage may a↵ect
the flux measurement. Finally, structures with a surface
brightness close to the noise level are notoriously di�-
cult to deconvolve, the resulting flux measurements are
very uncertain. Therefore, the deconvolution becomes
particularly challenging for high resolution images.

We investigate here how the measured flux densities
changes when using di↵erent imaging parameters, for
example, uv cut and resolution. In Table 4, we report
the flux measurement of several regions. The flux densi-
ties reported in this section, unless stated otherwise, are
measured from radio maps imaged with uniform weight-
ing (Stroe et al. 2016). The VLA low resolution im-
age made with all configurations and without any uv cut
gives the maximum flux values. For instance, for relic B
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baselines are missing or cut in the uv-data the flux of ex-
tended structures gets ‘resolved out’. Also, the distribu-
tion of antenna and the resulting uv-coverage may a↵ect
the flux measurement. Finally, structures with a surface
brightness close to the noise level are notoriously di�-
cult to deconvolve, the resulting flux measurements are
very uncertain. Therefore, the deconvolution becomes
particularly challenging for high resolution images.

We investigate here how the measured flux densities

changes when using di↵erent imaging parameters, for
example, uv cut and resolution. In Table 4, we report
the flux measurement of several regions. The flux densi-
ties reported in this section, unless stated otherwise, are
measured from radio maps imaged with uniform weight-
ing (Stroe et al. 2016). The VLA low resolution im-
age made with all configurations and without any uv cut
gives the maximum flux values. For instance, for relic B
the flux density measured from the 2500 resolution map is
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baselines are missing or cut in the uv-data the flux of ex-
tended structures gets ‘resolved out’. Also, the distribu-
tion of antenna and the resulting uv-coverage may a↵ect
the flux measurement. Finally, structures with a surface
brightness close to the noise level are notoriously di�-
cult to deconvolve, the resulting flux measurements are
very uncertain. Therefore, the deconvolution becomes
particularly challenging for high resolution images.

We investigate here how the measured flux densities

changes when using di↵erent imaging parameters, for
example, uv cut and resolution. In Table 4, we report
the flux measurement of several regions. The flux densi-
ties reported in this section, unless stated otherwise, are
measured from radio maps imaged with uniform weight-
ing (Stroe et al. 2016). The VLA low resolution im-
age made with all configurations and without any uv cut
gives the maximum flux values. For instance, for relic B
the flux density measured from the 2500 resolution map is

15% flux loss due to a common uv cut of 0.9
5% flux loss due to the increase in the image resolution
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Fig. 7.— Radio, X-ray and optical overlay of cluster 1RXS J0603.3+4214. The intensity in red shows the radio emission observed with
VLA at a central frequency of 1.5 GHz. The VLA image properties are given in Table 2, IM3. The intensity in blue shows Chandra X -ray
emission in the 0.5 - 2.0 keV band and in the background is the color composite optical image created using Subaru data with g, r, and i
intensities represented in blue, green, and red, respectively.

310 ± 21 mJy. The flux density of the same region when
measured from the 5.005 resolution image is 296± 17 mJy.
This means that the increase in the image resolution re-
sults in a 5% flux loss. However, the image made using
the same resolution but with a common inner uv cut of
0.9 k� give a flux density of 258± 14 mJy. Hence, the uv
cut causes an additional flux loss of about 15%. In total,
20% of the flux density reduction is caused by the reso-
lution and the uv cut. For the LOFAR and GMRT data,

we notice the same flux density reductions, e.g. with-
out any uv cut the flux density of relic B at 150 MHz is
4428 ± 410 mJy and with an uv cut it is 3669 ± 378 mJy.
Therefore, to ensure that we recover flux on the same
spatial scales, we produce images with a common lower
uv cut of 0.9 k�. Here, 0.9 k� is the minimum uv-distance
of the GMRT data. We prefer high resolution imaging
where it is easier to separate the source emission from
other complex sources. The low resolution is not pre-



this effect remains same for all data set and doesn’t affect 
the integrated spectral index calculations significantly 
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Fig. 7.— Radio, X-ray and optical overlay of cluster 1RXS J0603.3+4214. The intensity in red shows the radio emission observed with
VLA at a central frequency of 1.5 GHz. The VLA image properties are given in Table 2, IM3. The intensity in blue shows Chandra X -ray
emission in the 0.5 - 2.0 keV band and in the background is the color composite optical image created using Subaru data with g, r, and i
intensities represented in blue, green, and red, respectively.

310 ± 21 mJy. The flux density of the same region when
measured from the 5.005 resolution image is 296± 17 mJy.
This means that the increase in the image resolution re-
sults in a 5% flux loss. However, the image made using
the same resolution but with a common inner uv cut of
0.9 k� give a flux density of 258± 14 mJy. Hence, the uv
cut causes an additional flux loss of about 15%. In total,
20% of the flux density reduction is caused by the reso-
lution and the uv cut. For the LOFAR and GMRT data,

we notice the same flux density reductions, e.g. with-
out any uv cut the flux density of relic B at 150 MHz is
4428 ± 410 mJy and with an uv cut it is 3669 ± 378 mJy.
Therefore, to ensure that we recover flux on the same
spatial scales, we produce images with a common lower
uv cut of 0.9 k�. Here, 0.9 k� is the minimum uv-distance
of the GMRT data. We prefer high resolution imaging
where it is easier to separate the source emission from
other complex sources. The low resolution is not pre-
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Fig. 6.— Comparison of the halo between the VLA 1-2 GHz and the LOFAR 120-181 MHz image (van Weeren et al. 2016). Both
the images have similar resolution, the VLA image properties are given in Table 2, IM10. To compare radio morphologies at these two
frequencies, the colors in both images were scaled manually. In both images the yellow rectangular box indicates the ‘relic+halo’ region (here,
relic+halo indicates that in the VLA and LOFAR image the halo and relic surface brightness dominates, respectively. The southernmost
part of the halo is denoted as region S. We define that region of the halo which excludes the relic+halo region and region S as ‘central
region’.

TABLE 4
Flux densities and integrated spectra of the diffuse radio sources in the cluster 1RXSJ0603.3+4214

Source VLA GMRT LOFAR LLS
↵
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005 and 1100 5.

005 and 1100 5.
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with uv cut with uv cut with uv cut
S1.5GHz S1.5GHz S1.5GHz S610MHz S150MHz S150MHz

mJy mJy mJy mJy mJy mJy Mpc
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

relic B 310.0 ± 21 296.0 ± 17.0 258.0 ± 14.0 751.0 ± 78.0 4428.0 ± 410.0 3669.0 ± 378.0 1.9 �1.15 ± 0.02 3.78+0.3
�0.2

halo C 33.4 ± 2.7 31.6 ± 2.6 30.0 ± 1.2 � 490.0 ± 56.0 441.0 ± 44.0 1.7† �1.17 ± 0.04 �
relic D 5.2 ± 0.8 4.9 ± 0.7 4.6 ± 0.2 13.0 ± 1.7 98.1 ± 11.8 87.1 ± 9.1 0.3 �1.28 ± 0.05 �
relic E 11.6 ± 1.3 10.1 ± 1.2 9.0 ± 0.3 18.7 ± 2.2 153.1 ± 13.0 115.2 ± 11.8 1.1 �1.11 ± 0.05 4.3+1.4

�0.7

region S 9.1 ± 1.1 8.4 ± 1.0 7.7 ± 0.3 � 172.0 ± 18.8 148.0 ± 15.0 0.7 �1.28 ± 0.05 �
Notes. The regions where the fluxes were extracted are indicated in Figure 8 right. Column (1) Source name; Column (2) gives flux
densities measured from the IM16, see Table 2 for image properties; Column (3) gives flux densities measured in IM6 and IM12 for
relics and halo/region S, respectively; Column (4) gives flux densities measured in IM8 and IM13 for relics and halo/region S; Column
(5) gives flux densities measured from the GMRT image with properties given in Column (4); Column (6) gives flux densities measured
from the LOFAR image with properties given in Column (2); Column (7) gives flux densities measured from the LOFAR image with
properties given in Column (4); Column (8) Largest linear size at 1.5 GHz; Column (9) Integrated spectral indices between 150 MHz
and 1.5 GHz obtained by fit to Column (4), Column (5) and Column (7). We assume an absolute flux scale uncertainty of 10% for
the GMRT and LOFAR data, and 4% for the VLA data; Column (10) Mach numbers derived from the integrated spectrum given in
Column (9);†size of the entire halo C.

baselines are missing or cut in the uv-data the flux of ex-
tended structures gets ‘resolved out’. Also, the distribu-
tion of antenna and the resulting uv-coverage may a↵ect
the flux measurement. Finally, structures with a surface
brightness close to the noise level are notoriously di�-
cult to deconvolve, the resulting flux measurements are
very uncertain. Therefore, the deconvolution becomes
particularly challenging for high resolution images.

We investigate here how the measured flux densities

changes when using di↵erent imaging parameters, for
example, uv cut and resolution. In Table 4, we report
the flux measurement of several regions. The flux densi-
ties reported in this section, unless stated otherwise, are
measured from radio maps imaged with uniform weight-
ing (Stroe et al. 2016). The VLA low resolution im-
age made with all configurations and without any uv cut
gives the maximum flux values. For instance, for relic B
the flux density measured from the 2500 resolution map is
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baselines are missing or cut in the uv-data the flux of ex-
tended structures gets ‘resolved out’. Also, the distribu-
tion of antenna and the resulting uv-coverage may a↵ect
the flux measurement. Finally, structures with a surface
brightness close to the noise level are notoriously di�-
cult to deconvolve, the resulting flux measurements are
very uncertain. Therefore, the deconvolution becomes
particularly challenging for high resolution images.

We investigate here how the measured flux densities

changes when using di↵erent imaging parameters, for
example, uv cut and resolution. In Table 4, we report
the flux measurement of several regions. The flux densi-
ties reported in this section, unless stated otherwise, are
measured from radio maps imaged with uniform weight-
ing (Stroe et al. 2016). The VLA low resolution im-
age made with all configurations and without any uv cut
gives the maximum flux values. For instance, for relic B
the flux density measured from the 2500 resolution map is

 Flux density measurements: with or without an uv-cut
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Fig. 8.— Left: Integrated spectra of the radio sources B, C, E, and D and region S for 150 MHz, 610 MHz and 1.5 GHz. Dashed lines
are fitted straight power-laws with indices given in Table 4. The radio spectrum of relics B, D, and E are well described by a single power
law spectrum. The radio halo and region S is not detected in the GMRT 610 MHz image. Right: VLA 1600 resolution image depicting the
regions where the integrated flux densities were measured. The green boxes have a width of 1600 and were used to extract the

spectral index across the halo.

other complex sources. The low resolution is not pre-
ferred because it is hard to decide the regions where to
measure the flux density. We note that for all images
multi-scale clean has been used. Although we lose some
flux, less than 5% as mentioned above, when measuring
the flux density from higher resolution images, this ef-
fect remains same for all data sets and will not a↵ect the
integrated spectral index calculations.

According to the di↵usive shock acceleration (DSA)
theory, the particle acceleration at the shock front is de-
termined by the Mach number of the shock (Blandford
& Eichler 1987). More precisely, DSA in the test-particle
regime generates a population of relativistic electrons
with a power-law energy distribution @N/@E / E��inj .
The resulting radio spectrum is a power-law with index
↵inj = �(�inj � 1)/2 and reflects the Mach number of the
shock front

M =

s
2↵inj � 3

2↵inj + 1
(2)

where ↵inj is the injection spectral index. For a station-
ary shock in the ICM, i.e. the electron cooling time is
much shorter than the time scale on which the shock
strengths or geometry changes, the integrated spectrum,
↵int, is by 0.5 steeper than the injection spectrum,

↵int = ↵inj + 0.5 (3)

Recent simulations by Kang (2015) suggest that merger
shocks might not be considered as stationary. The re-
sulting spectra would be curved. We investigate here the
integrated spectra of the relics and the halo.

The radio spectrum of the Toothbrush has been stud-
ied extensively. van Weeren et al. (2012a) reported that
the integrated spectrum from 74MHz to 4.9 GHz has a
power-law shape with ↵int = �1.10 ± 0.02. Stroe et al.
(2016) studied the integrated spectrum from 150MHz
to 30GHz, using a uv cut of 0.8 k�, and detected a
spectral steepening above about 2 GHz. They reported
that the spectral index steepens from ↵ = �1.00 to
↵ = �1.45. Recently, Kierdorf et al. (2016) studied the

Toothbrush at 4.85GHz and 8.35 GHz with the 100m-
E↵elsberg telescope and found a power-law spectrum
with index ↵ = �1.0 ± 0.04 up to 8.35GHz. Hence, it
remains unclear if the integrated spectrum of the Tooth-
brush is curved at high frequencies.

To obtain the integrated spectra of relics, we convolved
the LOFAR, GMRT and VLA images to the same beam
size of 5.005 ⇥ 5.005. The regions where the fluxes were
extracted are indicated in Figure 8 right. We note that
there is a region which belongs to the relic according to
the surface brightness at 150 MHz but at 1.5 GHz to the
halo. This region is denoted as ‘relic+halo’ in Figure 6.
When determining the integrated spectrum, this region
is considered as the part of relic B because in the VLA
high resolution images, e.g. in Figure 1 panel (d), this
region does not contribute much to the total flux and
will not significantly a↵ect our measurements. We will
argue in Section 5.5.1 that the southern part of the halo,
denoted as ‘region S’ in Figure 6, may have a di↵erent
origin. Hence, we exclude this as well as the ‘relic+halo’
region when computing the halo spectrum.

The radio halo and region S are not detected in the
GMRT 610 MHz image. Therefore, to obtain the inte-
grated spectra of the radio halo and region S, we create
new radio maps at 150 MHz and 1.5 GHz with a com-
mon lower uv cut of 0.2 k� to match the scales of
the LOFAR and VLA. We then convolve the LOFAR
and VLA images to the same beam size of 1100 ⇥ 1100.

The integrated synchrotron spectra for relics B, D, and
E obtained by combining our measured flux densities at
frequencies 150 MHz, 610MHz, and 1.5 GHz, are shown
in Figure 8 left. For the Toothbrush, we find a spectral
index of �1.15 ± 0.02 which is consistent with the previ-
ous values of �1.10± 0.02 (van Weeren et al. 2012a) and
�1.09 ± 0.05 (van Weeren et al. 2016). The spectrum is
fitted well by a single power law and we do not find
any evidence for a spectral steepening in this frequency
range. Using equations (2) and (3), we derive a Mach
number of M = 3.78+0.3

�0.2.
For relic E, we measure an integrated spectral index of

�1.11 ± 0.05, yielding a Mach number of 4.3+1.4
�0.7. The

↵ = �1.15± 0.02

↵ = �1.17± 0.04
↵ = �1.28± 0.05

↵ = �1.28± 0.05

↵ = �1.11± 0.05
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ferred because it is hard to decide the regions where to
measure the flux density. We note that for all images
multi-scale clean has been used. Although we lose some
flux, less than 5% as mentioned above, when measuring
the flux density from higher resolution images, this ef-
fect remains same for all data sets and will not a↵ect the
integrated spectral index calculations.

According to the di↵usive shock acceleration (DSA)
theory, the particle acceleration at the shock front is de-
termined by the Mach number of the shock (Blandford
& Eichler 1987). More precisely, DSA in the test-particle
regime generates a population of relativistic electrons
with a power-law energy distribution @N/@E / E��inj .
The resulting radio spectrum is a power-law with index
↵inj = �(�inj � 1)/2 and reflects the Mach number of the
shock front

M =
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where ↵inj is the injection spectral index. For a station-
ary shock in the ICM, i.e. the electron cooling time is
much shorter than the time scale on which the shock
strengths or geometry changes, the integrated spectrum,
↵int, is by 0.5 steeper than the injection spectrum,

↵int = ↵inj + 0.5 (3)

Recent simulations by Kang (2015) suggest that merger
shocks might not be considered as stationary. The re-
sulting spectra would be curved. We investigate here the
integrated spectra of the relics and the halo.

The radio spectrum of the Toothbrush has been stud-
ied extensively. van Weeren et al. (2012a) reported that
the integrated spectrum from 74MHz to 4.9 GHz has a
power-law shape with ↵int = �1.10 ± 0.02. Stroe et al.
(2016) studied the integrated spectrum from 150MHz
to 30GHz, using a uv cut of 0.8 k�, and detected a
spectral steepening above about 2 GHz. They reported
that the spectral index steepens from ↵ = �1.00 to
↵ = �1.45. Recently, Kierdorf et al. (2016) studied the
Toothbrush at 4.85GHz and 8.35 GHz with the 100m-

E↵elsberg telescope and found a power-law spectrum
with index ↵ = �1.0 ± 0.04 up to 8.35GHz. Hence, it
remains unclear if the integrated spectrum of the Tooth-
brush is curved at high frequencies.

To obtain the integrated spectra of relics, we convolved
the LOFAR, GMRT and VLA images to the same beam
size of 5.005 ⇥ 5.005. The regions where the fluxes were
extracted are indicated in Figure 8 right. We note that
there is a region which belongs to the relic according to
the surface brightness at 150 MHz but at 1.5 GHz to the
halo. This region is denoted as ‘relic+halo’ in Figure 6.
When determining the integrated spectrum, this region
is considered as the part of relic B because in the VLA
high resolution images, e.g. in Figure 1 panel (d), this
region does not contribute much to the total flux and
will not significantly a↵ect our measurements. We will
argue in Section 5.5.1 that the southern part of the halo,
denoted as ‘region S’ in Figure 6, may have a di↵erent
origin. Hence, we exclude this as well as the ‘relic+halo’
region when computing the halo spectrum.

The radio halo and region S are not detected in the
high resolution GMRT 610 MHz image. Therefore, to
obtain the integrated spectra of the radio halo and region
S, we create new radio maps at 150 MHz and 1.5 GHz
with a common lower uv cut of 0.2 k� to match the
scales of the LOFAR and VLA. We then convolve
the LOFAR and VLA images to the same beam size of
1100 ⇥ 1100.

The integrated synchrotron spectra for relics B, D, and
E obtained by combining our measured flux densities at
frequencies 150 MHz, 610MHz, and 1.5 GHz, are shown
in Figure 8 left. For the Toothbrush, we find a spectral
index of �1.15 ± 0.02 which is consistent with the previ-
ous values of �1.10± 0.02 (van Weeren et al. 2012a) and
�1.09 ± 0.05 (van Weeren et al. 2016). The spectrum is
fitted well by a single power law and we do not find
any evidence for a spectral steepening in this frequency
range. Using equations (2) and (3), we derive a Mach
number of M = 3.78+0.3

�0.2.
For relic E, we measure an integrated spectral index of

�1.11 ± 0.05, yielding a Mach number of 4.3+1.4
�0.7. The

between 150 and 1500 MHz



Mach numbers derived from radio observations  
Mach number obtained from the integrated spectrum is M~3.8

consistent with simple DSA  
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ferred because it is hard to decide the regions where to
measure the flux density. We note that for all images
multi-scale clean has been used. Although we lose some
flux, less than 5% as mentioned above, when measuring
the flux density from higher resolution images, this ef-
fect remains same for all data sets and will not a↵ect the
integrated spectral index calculations.

According to the di↵usive shock acceleration (DSA)
theory, the particle acceleration at the shock front is de-
termined by the Mach number of the shock (Blandford
& Eichler 1987). More precisely, DSA in the test-particle
regime generates a population of relativistic electrons
with a power-law energy distribution @N/@E / E��inj .
The resulting radio spectrum is a power-law with index
↵inj = �(�inj � 1)/2 and reflects the Mach number of the
shock front

M =
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2↵inj � 3

2↵inj + 1
(2)

where ↵inj is the injection spectral index. For a station-
ary shock in the ICM, i.e. the electron cooling time is
much shorter than the time scale on which the shock
strengths or geometry changes, the integrated spectrum,
↵int, is by 0.5 steeper than the injection spectrum,

↵int = ↵inj + 0.5 (3)

Recent simulations by Kang (2015) suggest that merger
shocks might not be considered as stationary. The re-
sulting spectra would be curved. We investigate here the
integrated spectra of the relics and the halo.

The radio spectrum of the Toothbrush has been stud-
ied extensively. van Weeren et al. (2012a) reported that
the integrated spectrum from 74MHz to 4.9 GHz has a
power-law shape with ↵int = �1.10 ± 0.02. Stroe et al.
(2016) studied the integrated spectrum from 150MHz
to 30GHz, using a uv cut of 0.8 k�, and detected a
spectral steepening above about 2 GHz. They reported
that the spectral index steepens from ↵ = �1.00 to
↵ = �1.45. Recently, Kierdorf et al. (2016) studied the
Toothbrush at 4.85GHz and 8.35 GHz with the 100m-

E↵elsberg telescope and found a power-law spectrum
with index ↵ = �1.0 ± 0.04 up to 8.35GHz. Hence, it
remains unclear if the integrated spectrum of the Tooth-
brush is curved at high frequencies.

To obtain the integrated spectra of relics, we convolved
the LOFAR, GMRT and VLA images to the same beam
size of 5.005 ⇥ 5.005. The regions where the fluxes were
extracted are indicated in Figure 8 right. We note that
there is a region which belongs to the relic according to
the surface brightness at 150 MHz but at 1.5 GHz to the
halo. This region is denoted as ‘relic+halo’ in Figure 6.
When determining the integrated spectrum, this region
is considered as the part of relic B because in the VLA
high resolution images, e.g. in Figure 1 panel (d), this
region does not contribute much to the total flux and
will not significantly a↵ect our measurements. We will
argue in Section 5.5.1 that the southern part of the halo,
denoted as ‘region S’ in Figure 6, may have a di↵erent
origin. Hence, we exclude this as well as the ‘relic+halo’
region when computing the halo spectrum.

The radio halo and region S are not detected in the
high resolution GMRT 610 MHz image. Therefore, to
obtain the integrated spectra of the radio halo and region
S, we create new radio maps at 150 MHz and 1.5 GHz
with a common lower uv cut of 0.2 k� to match the
scales of the LOFAR and VLA. We then convolve
the LOFAR and VLA images to the same beam size of
1100 ⇥ 1100.

The integrated synchrotron spectra for relics B, D, and
E obtained by combining our measured flux densities at
frequencies 150 MHz, 610MHz, and 1.5 GHz, are shown
in Figure 8 left. For the Toothbrush, we find a spectral
index of �1.15 ± 0.02 which is consistent with the previ-
ous values of �1.10± 0.02 (van Weeren et al. 2012a) and
�1.09 ± 0.05 (van Weeren et al. 2016). The spectrum is
fitted well by a single power law and we do not find
any evidence for a spectral steepening in this frequency
range. Using equations (2) and (3), we derive a Mach
number of M = 3.78+0.3

�0.2.
For relic E, we measure an integrated spectral index of

�1.11 ± 0.05, yielding a Mach number of 4.3+1.4
�0.7. The

-0.2
+0.3

Deep L-band VLA observations of the cluster 1RXS J0603.3+4214 19

field distributions with B0 & 5µG do not provide a good
match between observed and modeled profiles, irrespec-
tive of a narrow or broad distribution of field strengths.
For B0 . 3µG, there is always a combination of B0 and
� which provides a good match, where � becomes larger
for lower B0. This may reflect that always some regions
are needed which show a wide downstream profile since
for about 3 µG the downstream profile is widest. Com-
paring di↵erent Mach numbers, we find that M = 3.75
provides the best match, while for M = 3.5 and 4.0 the
minimum di↵erence D2 found in the B0 - � parameter
space gets larger. The Mach number preferred in the
model is even higher than that obtained from flattest re-
gion in the spectral index map but agrees with the one
obtained from the overall spectrum. In spectral index
maps, projection e↵ects and convolution with the beam
smear out the profiles and prohibit to actually measure
the injection spectral index. Finally, best matches are
achieved for a considerably broad magnetic field distri-
bution, namely for � & 0.5. No uniform magnetic field
matches the observations as well as a broad magnetic
field distribution.

To summarize, several interesting insights are obtained
from the simple toy model. First, one has to be careful
when interpreting an observed spectral index as the injec-
tion spectrum. In a case of W (x) as wide or wider than
the downstream CRe cooling width, projection e↵ects
may steepen the observed spectral index i.e. the spectral
index can only provide a lower limit for the actual injec-
tion spectral index, as shown for the profile investigated
here and as found in Section 5.2. For instance, the ob-
served spectral index at the ridge is ↵inj ⇡ �0.75 but the
best match of the profiles is found for a Mach number cor-
responding to an injection spectral index ↵inj = �0.65.
Moreover, our toy model suggests that broad magnetic
field distributions are favored with width � & 0.5 and a
central field strength B0 . 3µG.

5.4. Mach numbers derived from integrated spectra,
model and spectral index map

Using VLA data, together with existing LOFAR and
GMRT data, we measured an integrated spectral index
of ↵ = �1.15 ± 0.02, suggesting a Mach number of M =
3.78+0.3

�0.2, see Table 4.
Our model resulted in a best match for Mach number

of M = 3.75 for the northern shock. The integrated
spectrum and modeling give consistent Mach numbers.

Another way to obtain a Mach number using radio
observations is to measure the injection spectral index
directly from the high resolution spectral index maps.
From the spectral index map, shown in Figure 11, we
find that the flattest spectral index at the northern shock
front is about �0.70. This injection corresponds to a
Mach number of M = 3.3+0.4

�0.3. Due to the projection
e↵ects discussed in Section 5.3, the measured injection
index does not necessarily indicate the actual injection
spectrum. Hence, the Mach number obtained from the
radio spectral index map is a lower limit.

The deep Chandra observations of 1RXS J0603.3+4214
revealed a weak shock of Mach number MX�ray ⇡ 1.2 at
the northern edge of the Toothbrush (van Weeren et al.
2016). Clearly, the derived radio and X-ray Mach num-
bers di↵er significantly. The recent polarization study of

the Toothbrush by Kierdorf et al. (2016) suggests that
the relic lies behind the cluster. We argue that the X-
ray observation underestimates the strength of the shock
since unshocked ICM along the line of sight lowers the
measured surface brightness and temperature jumps. We
suggest that the shock in the densest region is rather
weak, see Figure 15. Finally, the ridge branching may
indicate that the geometry of the shock front is complex
and hence the transition might be significantly smeared
out.

5.5. Analysis of the halo

The morphological features of radio halos in many
cases show a close similarity to the X-ray features, in-
dicating a connection between the hot and relativistic
plasmas (Govoni et al. 2001a). However, there are
also a few systems in which the radio halo emis-
sion doesn’t appear to follow the X-ray emis-
sion, e.g. in Coma cluster (Brown & Rud-
nick 2011), Abell 3562 (Giacintucci et al. 2005),
MACSJ0717.5+3745 (Bonafede et al. 2012; van
Weeren et al. 2017a). The radio halo spectral in-
dex maps provide useful information on their origin and
connection with the merger processes. The spectral in-
dex distribution is also important to test predictions of
di↵erent models for the electron energy distribution. For
example, a systematic variation of the radio halo spectral
index with distance from the cluster center is predicted
by re-acceleration models (Brunetti et al. 2001). The cor-
relation between the spectral index and the thermal gas
temperature reflect a possible link between the thermal
and non-thermal components of the ICM (Feretti et al.
2004b; Orrú et al. 2007).

5.5.1. Radio and X-ray comparison

X-ray observations of the cluster 1RXS J0603.3+4214
showed that the ICM is dominated by two components
(Ogrean et al. 2013; van Weeren et al. 2016). The south-
ern component is brighter than the northern one. The
high resolution Chandra data revealed the presence of a
cold front at the southern edge of a triangular ‘bullet-like’
structure (van Weeren et al. 2016).

In Figure 18, we compare the X-ray morphology of the
cluster to that of the radio emission. The X-ray and the
radio morphology are strikingly similar, indicating a con-
nection between the thermal gas and relativistic plasma
in this system. The emission from the radio halo ex-
tends over the whole region of detected X-ray emission.
It is worth emphasizing that the X-ray surface bright-
ness enhancement between the two sub-clusters and the
radio surface brightness in the same region follow each
other. However, the radio emission extends further to
the south where the X-ray emission is fainter, ‘region
S’, shown in Figure 6. It is noteworthy that van Weeren
et al. (2016) recently reported the presence of a shock
front (M = 1.39 ± 0, 06 via the density jump) at the
southern edge of region S, shown with a yellow line in
Figure 18. The southern boundary of region S is edge
sharpened and aligns with the southern shock. A similar
positioning is observed in others clusters also, for exam-
ple Bullet cluster (Shimwell et al. 2014), A754 (Macario
et al. 2011), A2744 (Owers et al. 2011; Pearce et al. 2017),
A520 (Vacca et al. 2014) and the Coma cluster (Uchida
et al. 2016).

Injection index obtained from the spectral index map is ~ -0.3
+0.4, i.e M~3.3  
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field distributions with B0 & 5µG do not provide a good
match between observed and modeled profiles, irrespec-
tive of a narrow or broad distribution of field strengths.
For B0 . 3µG, there is always a combination of B0 and
� which provides a good match, where � becomes larger
for lower B0. This may reflect that always some regions
are needed which show a wide downstream profile since
for about 3 µG the downstream profile is widest. Com-
paring di↵erent Mach numbers, we find that M = 3.75
provides the best match, while for M = 3.5 and 4.0 the
minimum di↵erence D2 found in the B0 - � parameter
space gets larger. The Mach number preferred in the
model is even higher than that obtained from flattest re-
gion in the spectral index map but agrees with the one
obtained from the overall spectrum. In spectral index
maps, projection e↵ects and convolution with the beam
smear out the profiles and prohibit to actually measure
the injection spectral index. Finally, best matches are
achieved for a considerably broad magnetic field distri-
bution, namely for � & 0.5. No uniform magnetic field
matches the observations as well as a broad magnetic
field distribution.

To summarize, several interesting insights are obtained
from the simple toy model. First, one has to be careful
when interpreting an observed spectral index as the injec-
tion spectrum. In a case of W (x) as wide or wider than
the downstream CRe cooling width, projection e↵ects
may steepen the observed spectral index i.e. the spectral
index can only provide a lower limit for the actual injec-
tion spectral index, as shown for the profile investigated
here and as found in Section 5.2. For instance, the ob-
served spectral index at the ridge is ↵inj ⇡ �0.75 but the
best match of the profiles is found for a Mach number cor-
responding to an injection spectral index ↵inj = �0.65.
Moreover, our toy model suggests that broad magnetic
field distributions are favored with width � & 0.5 and a
central field strength B0 . 3µG.

5.4. Mach numbers derived from integrated spectra,
model and spectral index map

Using VLA data, together with existing LOFAR and
GMRT data, we measured an integrated spectral index
of ↵ = �1.15 ± 0.02, suggesting a Mach number of M =
3.78+0.3

�0.2, see Table 4.
Our model resulted in a best match for Mach number

of M = 3.75 for the northern shock. The integrated
spectrum and modeling give consistent Mach numbers.

Another way to obtain a Mach number using radio
observations is to measure the injection spectral index
directly from the high resolution spectral index maps.
From the spectral index map, shown in Figure 11, we
find that the flattest spectral index at the northern shock
front is about �0.70. This injection corresponds to a
Mach number of M = 3.3+0.4

�0.3. Due to the projection
e↵ects discussed in Section 5.3, the measured injection
index does not necessarily indicate the actual injection
spectrum. Hence, the Mach number obtained from the
radio spectral index map is a lower limit.

The deep Chandra observations of 1RXS J0603.3+4214
revealed a weak shock of Mach number MX�ray ⇡ 1.2 at
the northern edge of the Toothbrush (van Weeren et al.
2016). Clearly, the derived radio and X-ray Mach num-
bers di↵er significantly. The recent polarization study of

the Toothbrush by Kierdorf et al. (2016) suggests that
the relic lies behind the cluster. We argue that the X-
ray observation underestimates the strength of the shock
since unshocked ICM along the line of sight lowers the
measured surface brightness and temperature jumps. We
suggest that the shock in the densest region is rather
weak, see Figure 15. Finally, the ridge branching may
indicate that the geometry of the shock front is complex
and hence the transition might be significantly smeared
out.

5.5. Analysis of the halo

The morphological features of radio halos in many
cases show a close similarity to the X-ray features, in-
dicating a connection between the hot and relativistic
plasmas (Govoni et al. 2001a). However, there are
also a few systems in which the radio halo emis-
sion doesn’t appear to follow the X-ray emis-
sion, e.g. in Coma cluster (Brown & Rud-
nick 2011), Abell 3562 (Giacintucci et al. 2005),
MACSJ0717.5+3745 (Bonafede et al. 2012; van
Weeren et al. 2017a). The radio halo spectral in-
dex maps provide useful information on their origin and
connection with the merger processes. The spectral in-
dex distribution is also important to test predictions of
di↵erent models for the electron energy distribution. For
example, a systematic variation of the radio halo spectral
index with distance from the cluster center is predicted
by re-acceleration models (Brunetti et al. 2001). The cor-
relation between the spectral index and the thermal gas
temperature reflect a possible link between the thermal
and non-thermal components of the ICM (Feretti et al.
2004b; Orrú et al. 2007).

5.5.1. Radio and X-ray comparison

X-ray observations of the cluster 1RXS J0603.3+4214
showed that the ICM is dominated by two components
(Ogrean et al. 2013; van Weeren et al. 2016). The south-
ern component is brighter than the northern one. The
high resolution Chandra data revealed the presence of a
cold front at the southern edge of a triangular ‘bullet-like’
structure (van Weeren et al. 2016).

In Figure 18, we compare the X-ray morphology of the
cluster to that of the radio emission. The X-ray and the
radio morphology are strikingly similar, indicating a con-
nection between the thermal gas and relativistic plasma
in this system. The emission from the radio halo ex-
tends over the whole region of detected X-ray emission.
It is worth emphasizing that the X-ray surface bright-
ness enhancement between the two sub-clusters and the
radio surface brightness in the same region follow each
other. However, the radio emission extends further to
the south where the X-ray emission is fainter, ‘region
S’, shown in Figure 6. It is noteworthy that van Weeren
et al. (2016) recently reported the presence of a shock
front (M = 1.39 ± 0, 06 via the density jump) at the
southern edge of region S, shown with a yellow line in
Figure 18. The southern boundary of region S is edge
sharpened and aligns with the southern shock. A similar
positioning is observed in others clusters also, for exam-
ple Bullet cluster (Shimwell et al. 2014), A754 (Macario
et al. 2011), A2744 (Owers et al. 2011; Pearce et al. 2017),
A520 (Vacca et al. 2014) and the Coma cluster (Uchida
et al. 2016).

talk by M. Hoeft
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Fig. 23.— Left: Iradio�IX�ray relation of the 1RXS J0603.3+4214 cluster. The error-bars represent the RMS of the brightness distribution
within each cell. The power-law fit is indicated by a dashed line. Right: Red and cyan boxes show the regions used for a point-to-point
comparison. The Chandra X-ray image in the 0.5 to 2 keV band is shown with grey. We exclude regions where there is a point source.
The cyan and red cell have a width of 3000. The surface brightness extracted in cyan cell are indicated by black dots. The red dots are
extracted across the southernmost part of the radio halo, i.e. the region between the cold front and the southern shock front, shown with
red regions. As discussed in Section 5.5.1, the southern part of the radio halo may have a di↵erent origin than the rest of the halo.

where the radio brightness Iradio is expressed in
µ Jy beam�1 and the X-ray brightness IX�ray in
mCounts s�1arcsec�2. We obtained a slope of
b = 1.25±0.16. This is more or less consistent (within
2 �) with the radio surface brightness proportional to the
X-ray surface brightness, as found for other giant radio
halos (Govoni et al. 2001a,c).

The radio and the X-ray brightness distribution across
region S, i.e. the region between the cold front and the
southern shock front, is indicated by red dots in Fig-
ure 23. The region S is evidently distinct and does not
appear to be connected with the rest of the halo.

5.5.2. Spectral indices

The deep VLA images allow us to create spectral in-
dex maps for the radio halo at higher resolution and with
high accuracy. To make spectral index maps of the halo
between 150 MHz and 1.5GHz, we employed the same
weighting and uv cut, as mentioned in Section 5.2. We
convolve the LOFAR and VLA images to a common res-
olution of 1600. We did not subtract the extended or
point like discrete sources to create the spectral index
map but these sources can be well identified from the
halo emission. Pixels with flux densities below 5�rms

were blanked. Figure 24 shows the spectral index image
of the radio halo overlaid with the VLA contours.

The spectral index across the entire halo varies between
�2.0 and �0.95 and shows a slight gradient from north
to south. We do not find a region with somewhat steeper
spectrum, see Figure 24, at the eastern part of the halo,
toward relic E, as found by van Weeren et al. (2016). As
argued before in Section 5.1, there is a region where, at
1.5 GHz, the halo dominates the surface brightness and
at 150 MHz the relic dominates; this region is denoted
as ‘relic+halo’. Moreover, the southern part of the halo,
i.e. the region between the cold front and the shock front
(region S in Figure 6), may have a di↵erent origin than
the central part of the halo.

The spectral index distribution from north to south,
covering the B1 region of the Toothbrush and the entire
radio halo is shown in Figure 25 right. Moving from B1
towards region S, the spectral index varies mainly be-
tween �0.90 to �1.90. The spectrum first steepens in
the post-shock regions to �1.90 (360 kpc). After this,
the spectrum gradually flattens over a distance of about
400 kpc (relic+halo region). For a distance of 800 kpc,
the spectrum remains relatively constant with a mean
of �1.16 (central halo region) and steepens again to the
south (region S).

The spectral index of the Toothbrush shows a strong
steepening in the downstream areas, while in the
relic+halo region, the spectrum flattens progressively. It
has been speculated that this spectral behavior indicates
a possible connection between shock and turbulence (van
Weeren et al. 2016).

We note that at 150 MHz, see Figure 6, the brush re-
gion appears wider with several streams coming out of
it, extending from the north to the south. The sur-
face brightness across these streams is very high and
the whole emission in this region is mainly dominated
by the relic. In contrast, at 1.5GHz the same region is
dominated by the halo emission. Therefore, the strong
steepening and gradual flattening of the spectrum in the
‘relic+halo’ region could be due to the projection of the
halo and the relic emission. It has been suggested, that
the relic lies behind the cluster (Kierdorf et al. 2016).
Hence, the relic and halo could be separated physically,
but in projection, one finds the gradual steepening and
flattening.

The spectral index across the central part of the halo,
excluding the ‘relic+halo’ and region S, is in the range
�0.95  ↵  �1.25. To estimate the measurement un-
certainties, we followed Cassano et al. (2013). We find
a raw scatter of 0.05 from the mean spectral index, ex-
cluding pixels which are point sources. For the radio
halo in 1RXS J0603.3+4214, the spectral index uncer-
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Fig. 21.— VLA 1-2 GHz radio contours at the resolution of 1500

superposed on Chandra X-ray image (0.5 to 2 keV band), smoothed
to FWHM of 400 (van Weeren et al. 2016). The VLA image prop-
erties are given in Table 2, IM14. Contour levels are drawn at
[1, 2, 4, 8, . . . ] ⇥ 4.5 �rms, where �rms = 16 µJy beam�1. The yel-
low line shows the location of the southern shock front detected in
Chandra observations (van Weeren et al. 2016).

It is worth emphasizing that the X-ray surface bright-
ness enhancement between the two sub-clusters and the
radio surface brightness in the same region follow each
other. However, the radio emission extends further to
the south where the X-ray emission is fainter, ‘region
S’, shown in Figure 6. It is noteworthy that van Weeren
et al. (2016) recently reported the presence of a shock
front (M = 1.39 ± 0, 06 via the density jump) at the
southern edge of region S, shown with a yellow line in
Figure 21. The southern boundary of region S is edge
sharpened and aligns with the southern shock. A similar
positioning is observed in others clusters also, for exam-
ple Bullet cluster (Shimwell et al. 2014), A754 (Macario
et al. 2011), A2744 (Owers et al. 2011; Pearce et al. 2017),
A520 (Vacca et al. 2014) and the Coma cluster (Uchida
et al. 2016).

In order to examine and compare the X-ray and ra-
dio emission going along the line from C1 to C2 region
(for labeling see Figure 6) with distance increasing from
north to south, we calculate the average brightness along
the major axis of the radio halo. As mentioned in Sec-
tion 4.2, there are 32 discrete sources embedded within
the halo. It is important to first subtract discrete un-
related sources. After subtracting strong sources from
the uv-data, we measure the surface brightness in the
green regions as indicated in Figure 25. We smoothed
the X-ray image with a Gaussian to a FWHM of 1600,
i.e. similar to the restoring beam of our VLA map. The
resultant 1.5 GHz VLA and Chandra profile is shown in
Figure 22. The X-ray and radio profile clearly show two
sub-cluster components. We find that the center of the
northern and the southern sub-cluster of the radio emis-
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Fig. 22.— Radio and X-ray surface brightness profiles along the
major axis of the radio halo. The 1.5 GHz VLA brightness profile
at a resolution of 1600 is shown with red dots while the Chandra
X-ray profile convolved with the same resolution is shown with a
black solid line. The VLA image properties are given in Table 2,
IM15. The vertical blue and yellow line indicate the location of the
cold front and the southern shock front.

sion are coincident with the X-ray and there is no o↵set.
However, within the halo there is a region where the ra-
dio brightness is relatively lower than the X-ray. We note
that the halo region where the radio brightness is lower
is dominated by strong discrete sources. We subtracted
strong sources, but the source subtraction leaves zero
flux at their location which might be a possible reason
for the observed low radio brightness. The radio pro-
file also reveals a region of prominent enhanced emission
which does not correlate with the X-ray, exactly between
the cold front and the southern shock front.

The comparison of the X-ray and the radio brightness
profile, as shown in Figure 22 suggests that the emission
in region S has a di↵erent origin than the halo. A cluster
undergoing a merger drives shocks and generates turbu-
lence throughout the ICM, providing potential acceler-
ation sites for relativistic particles responsible for radio
halos (Feretti et al. 2012; Brunetti & Jones 2014). As
there is a shock detected at the southern edge of region
S, therefore, this region could be related to that shock
front. We will investigate this possibility in Section 5.5.2.

In several clusters hosting a giant radio halo, a radio
to X-ray spatial correlation has been observed, e.g. in
Abell 2319, Abell 2163, Abell 2744, Abell 520, Abell 2255
and the Coma (Govoni et al. 2001a,c; Feretti et al. 2001;
Venturi et al. 2013; Vacca et al. 2014). To investigate
the possible presence of a radio to X-ray correlation, we
performed a quantitative point-to-point comparison of
the radio and X-ray brightness. The brightness distri-
bution was constructed using a square grid covering the
region where the radio halo emission is higher than the
3� level, see Figure 23 right. The grid cell size is equal
to 3000, corresponding to a physical size of about 109 kpc.
We exclude regions where there is a point source. The
plot of the radio versus X-ray brightness, excluding re-
gion S, is shown in in Figure 23. The radio brightness
correlates well with the X-ray brightness: a higher X-ray
brightness is associated with a higher radio brightness.
The data was fitted with a power law of the type:

Iradio / Ib
X�ray (11)

Halo: radio brightness correlates well with X-ray 
brightness 

Chandra X-ray image (0.5-2.0keV)
+ VLA 1.5 GHz contours
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Fig. 23.— Left: Iradio�IX�ray relation of the 1RXS J0603.3+4214 cluster. The error-bars represent the RMS of the brightness distribution
within each cell. The power-law fit is indicated by a dashed line. Right: Red and cyan boxes show the regions used for a point-to-point
comparison. The Chandra X-ray image in the 0.5 to 2 keV band is shown with grey. We exclude regions where there is a point source.
The cyan and red cell have a width of 3000. The surface brightness extracted in cyan cell are indicated by black dots. The red dots are
extracted across the southernmost part of the radio halo, i.e. the region between the cold front and the southern shock front, shown with
red regions. As discussed in Section 5.5.1, the southern part of the radio halo may have a di↵erent origin than the rest of the halo.

where the radio brightness Iradio is expressed in
µ Jy beam�1 and the X-ray brightness IX�ray in
mCounts s�1arcsec�2. We obtained a slope of
b = 1.25±0.16. This is more or less consistent (within
2 �) with the radio surface brightness proportional to the
X-ray surface brightness, as found for other giant radio
halos (Govoni et al. 2001a,c).

The radio and the X-ray brightness distribution across
region S, i.e. the region between the cold front and the
southern shock front, is indicated by red dots in Fig-
ure 23. The region S is evidently distinct and does not
appear to be connected with the rest of the halo.

5.5.2. Spectral indices

The deep VLA images allow us to create spectral in-
dex maps for the radio halo at higher resolution and with
high accuracy. To make spectral index maps of the halo
between 150 MHz and 1.5GHz, we employed the same
weighting and uv cut, as mentioned in Section 5.2. We
convolve the LOFAR and VLA images to a common res-
olution of 1600. We did not subtract the extended or
point like discrete sources to create the spectral index
map but these sources can be well identified from the
halo emission. Pixels with flux densities below 5�rms

were blanked. Figure 24 shows the spectral index image
of the radio halo overlaid with the VLA contours.

The spectral index across the entire halo varies between
�2.0 and �0.95 and shows a slight gradient from north
to south. We do not find a region with somewhat steeper
spectrum, see Figure 24, at the eastern part of the halo,
toward relic E, as found by van Weeren et al. (2016). As
argued before in Section 5.1, there is a region where, at
1.5 GHz, the halo dominates the surface brightness and
at 150 MHz the relic dominates; this region is denoted
as ‘relic+halo’. Moreover, the southern part of the halo,
i.e. the region between the cold front and the shock front
(region S in Figure 6), may have a di↵erent origin than
the central part of the halo.

The spectral index distribution from north to south,
covering the B1 region of the Toothbrush and the entire
radio halo is shown in Figure 25 right. Moving from B1
towards region S, the spectral index varies mainly be-
tween �0.90 to �1.90. The spectrum first steepens in
the post-shock regions to �1.90 (360 kpc). After this,
the spectrum gradually flattens over a distance of about
400 kpc (relic+halo region). For a distance of 800 kpc,
the spectrum remains relatively constant with a mean
of �1.16 (central halo region) and steepens again to the
south (region S).

The spectral index of the Toothbrush shows a strong
steepening in the downstream areas, while in the
relic+halo region, the spectrum flattens progressively. It
has been speculated that this spectral behavior indicates
a possible connection between shock and turbulence (van
Weeren et al. 2016).

We note that at 150 MHz, see Figure 6, the brush re-
gion appears wider with several streams coming out of
it, extending from the north to the south. The sur-
face brightness across these streams is very high and
the whole emission in this region is mainly dominated
by the relic. In contrast, at 1.5GHz the same region is
dominated by the halo emission. Therefore, the strong
steepening and gradual flattening of the spectrum in the
‘relic+halo’ region could be due to the projection of the
halo and the relic emission. It has been suggested, that
the relic lies behind the cluster (Kierdorf et al. 2016).
Hence, the relic and halo could be separated physically,
but in projection, one finds the gradual steepening and
flattening.

The spectral index across the central part of the halo,
excluding the ‘relic+halo’ and region S, is in the range
�0.95  ↵  �1.25. To estimate the measurement un-
certainties, we followed Cassano et al. (2013). We find
a raw scatter of 0.05 from the mean spectral index, ex-
cluding pixels which are point sources. For the radio
halo in 1RXS J0603.3+4214, the spectral index uncer-
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Fig. 21.— VLA 1-2 GHz radio contours at the resolution of 1500

superposed on Chandra X-ray image (0.5 to 2 keV band), smoothed
to FWHM of 400 (van Weeren et al. 2016). The VLA image prop-
erties are given in Table 2, IM14. Contour levels are drawn at
[1, 2, 4, 8, . . . ] ⇥ 4.5 �rms, where �rms = 16 µJy beam�1. The yel-
low line shows the location of the southern shock front detected in
Chandra observations (van Weeren et al. 2016).

It is worth emphasizing that the X-ray surface bright-
ness enhancement between the two sub-clusters and the
radio surface brightness in the same region follow each
other. However, the radio emission extends further to
the south where the X-ray emission is fainter, ‘region
S’, shown in Figure 6. It is noteworthy that van Weeren
et al. (2016) recently reported the presence of a shock
front (M = 1.39 ± 0, 06 via the density jump) at the
southern edge of region S, shown with a yellow line in
Figure 21. The southern boundary of region S is edge
sharpened and aligns with the southern shock. A similar
positioning is observed in others clusters also, for exam-
ple Bullet cluster (Shimwell et al. 2014), A754 (Macario
et al. 2011), A2744 (Owers et al. 2011; Pearce et al. 2017),
A520 (Vacca et al. 2014) and the Coma cluster (Uchida
et al. 2016).

In order to examine and compare the X-ray and ra-
dio emission going along the line from C1 to C2 region
(for labeling see Figure 6) with distance increasing from
north to south, we calculate the average brightness along
the major axis of the radio halo. As mentioned in Sec-
tion 4.2, there are 32 discrete sources embedded within
the halo. It is important to first subtract discrete un-
related sources. After subtracting strong sources from
the uv-data, we measure the surface brightness in the
green regions as indicated in Figure 25. We smoothed
the X-ray image with a Gaussian to a FWHM of 1600,
i.e. similar to the restoring beam of our VLA map. The
resultant 1.5 GHz VLA and Chandra profile is shown in
Figure 22. The X-ray and radio profile clearly show two
sub-cluster components. We find that the center of the
northern and the southern sub-cluster of the radio emis-
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Fig. 22.— Radio and X-ray surface brightness profiles along the
major axis of the radio halo. The 1.5 GHz VLA brightness profile
at a resolution of 1600 is shown with red dots while the Chandra
X-ray profile convolved with the same resolution is shown with a
black solid line. The VLA image properties are given in Table 2,
IM15. The vertical blue and yellow line indicate the location of the
cold front and the southern shock front.

sion are coincident with the X-ray and there is no o↵set.
However, within the halo there is a region where the ra-
dio brightness is relatively lower than the X-ray. We note
that the halo region where the radio brightness is lower
is dominated by strong discrete sources. We subtracted
strong sources, but the source subtraction leaves zero
flux at their location which might be a possible reason
for the observed low radio brightness. The radio pro-
file also reveals a region of prominent enhanced emission
which does not correlate with the X-ray, exactly between
the cold front and the southern shock front.

The comparison of the X-ray and the radio brightness
profile, as shown in Figure 22 suggests that the emission
in region S has a di↵erent origin than the halo. A cluster
undergoing a merger drives shocks and generates turbu-
lence throughout the ICM, providing potential acceler-
ation sites for relativistic particles responsible for radio
halos (Feretti et al. 2012; Brunetti & Jones 2014). As
there is a shock detected at the southern edge of region
S, therefore, this region could be related to that shock
front. We will investigate this possibility in Section 5.5.2.

In several clusters hosting a giant radio halo, a radio
to X-ray spatial correlation has been observed, e.g. in
Abell 2319, Abell 2163, Abell 2744, Abell 520, Abell 2255
and the Coma (Govoni et al. 2001a,c; Feretti et al. 2001;
Venturi et al. 2013; Vacca et al. 2014). To investigate
the possible presence of a radio to X-ray correlation, we
performed a quantitative point-to-point comparison of
the radio and X-ray brightness. The brightness distri-
bution was constructed using a square grid covering the
region where the radio halo emission is higher than the
3� level, see Figure 23 right. The grid cell size is equal
to 3000, corresponding to a physical size of about 109 kpc.
We exclude regions where there is a point source. The
plot of the radio versus X-ray brightness, excluding re-
gion S, is shown in in Figure 23. The radio brightness
correlates well with the X-ray brightness: a higher X-ray
brightness is associated with a higher radio brightness.
The data was fitted with a power law of the type:

Iradio / Ib
X�ray (11)

Halo: radio brightness correlates well with X-ray 
brightness 

Chandra X-ray image (0.5-2.0keV)
+ VLA 1.5 GHz contours
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Fig. 10.— Left: Spectral index map of the radio halo C between 0.151 and 1.5 GHz at 16.000 resolution. The contour levels are from
JVLA and drawn at [1, 2, 4, 8, ...] ⇥ 4�rms, where �rms = 18 µJy beam�1. Right: Corresponding spectral index error map.
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Fig. 11.— Left: JVLA 1-2 GHz images depicting the regions where the integrated flux densities and halo spectral were extracted. The
image has a resolution of 1600. Blue box shows areas where we measure flux densities. Red boxes have a width of 1100 while green have a
width of 1600. Right: Extracted spectral index across relic B1 and the radio halo, from north to south.

tant to test predictions of di↵erent models, since it re-
flects the shape of the electron energy distribution. For
example, a systematic variation of the radio halo spec-
tral index with radial distance from the cluster center
is predicted by re-acceleration models (Brunetti et al.
2001). The correlation between the spectral index and
the thermal gas temperature reflect a possible link be-
tween thermal and non thermal component of ICM (Fer-
etti et al. 2004b; Orrú et al. 2007). According to this cor-
relation the flattest spectra corresponded to regions with
the highest temperature. Moreover, The presence of the
halo in 1RX J0603.3+4214 with elongated morphology
and the relic B to its north implies a possible connec-
tion between halo and the shock wave (van Weeren et al.
2016).

The JVLA and LOFAR images allow us, for the first
time, to create the spectral index maps for the radio halo
with very high resolution and accuracy. To make the

spectral index maps of halo between 1.5 GHz and 150
MHz, we employed same weighting and uv-cut, as men-
tioned in Section 4.4. We convolved LOFAR and JVLA
images to a common resolution. Pixels with a flux densi-
ties below 5�rms in each of the images were blanked be-
fore making spectral index maps. Figure 10 and Figure12
shows the spectral index image of the radio halo at two
di↵erent resolution, overlaid with JVLA contours. The
spectral index uncertainties across halo are very small
and these are by far the best resolved spectral index maps
of a halo ever made, at such a high resolution.We did not
subtract the extended or point like discrete sources but in
our high resolution spectral index map (Figure 12) these
sources can be well identified from the halo emission.

The 1100 spectral index map is used to study the spec-
tral index distribution from north to south, covering B1
region of the Toothbrush and the entire halo C. The re-
sultant plot is shown in (Figure 11 right panel). Moving

between 150 and 1500 MHz

Halo: an average spectral index of -1.16±0.5

16″ resolution
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Fig. 10.— Left: Spectral index map of the radio halo C between 0.151 and 1.5 GHz at 16.000 resolution. The contour levels are from
JVLA and drawn at [1, 2, 4, 8, ...] ⇥ 4�rms, where �rms = 18 µJy beam�1. Right: Corresponding spectral index error map.
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Fig. 11.— Left: JVLA 1-2 GHz images depicting the regions where the integrated flux densities and halo spectral were extracted. The
image has a resolution of 1600. Blue box shows areas where we measure flux densities. Red boxes have a width of 1100 while green have a
width of 1600. Right: Extracted spectral index across relic B1 and the radio halo, from north to south.

tant to test predictions of di↵erent models, since it re-
flects the shape of the electron energy distribution. For
example, a systematic variation of the radio halo spec-
tral index with radial distance from the cluster center
is predicted by re-acceleration models (Brunetti et al.
2001). The correlation between the spectral index and
the thermal gas temperature reflect a possible link be-
tween thermal and non thermal component of ICM (Fer-
etti et al. 2004b; Orrú et al. 2007). According to this cor-
relation the flattest spectra corresponded to regions with
the highest temperature. Moreover, The presence of the
halo in 1RX J0603.3+4214 with elongated morphology
and the relic B to its north implies a possible connec-
tion between halo and the shock wave (van Weeren et al.
2016).

The JVLA and LOFAR images allow us, for the first
time, to create the spectral index maps for the radio halo
with very high resolution and accuracy. To make the

spectral index maps of halo between 1.5 GHz and 150
MHz, we employed same weighting and uv-cut, as men-
tioned in Section 4.4. We convolved LOFAR and JVLA
images to a common resolution. Pixels with a flux densi-
ties below 5�rms in each of the images were blanked be-
fore making spectral index maps. Figure 10 and Figure12
shows the spectral index image of the radio halo at two
di↵erent resolution, overlaid with JVLA contours. The
spectral index uncertainties across halo are very small
and these are by far the best resolved spectral index maps
of a halo ever made, at such a high resolution.We did not
subtract the extended or point like discrete sources but in
our high resolution spectral index map (Figure 12) these
sources can be well identified from the halo emission.

The 1100 spectral index map is used to study the spec-
tral index distribution from north to south, covering B1
region of the Toothbrush and the entire halo C. The re-
sultant plot is shown in (Figure 11 right panel). Moving
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Fig. 21.— Left: Spectral index map of the radio halo between 150 MHz and 1.5 GHz at 1600 resolution. The image properties are given
in Table 2, IM15. The contour levels are from the VLA and drawn at [1, 2, 4, 8, . . . ] ⇥ 4.5 �rms. The color bar shows spectral index ↵ from
�2.4 to �0.6. Right: Corresponding spectral index uncertainty map. The color bar shows the range of values.

X-ray brightness: a higher X-ray brightness is associated
with a higher radio brightness. The data was fitted with
a power law of the type:

Iradio / Ib
X�ray (11)

where the radio brightness Iradio is expressed in
µ Jy beam�1 and the X-ray brightness IX�ray in
mCounts s�1arcsec�2. We obtained a slope of
b = 1.25±0.16. This is more or less consistent (within
2 �) with the radio surface brightness proportional to the
X-ray surface brightness, as found for other giant radio
halos (Govoni et al. 2001a,c).

The radio and the X-ray brightness distribution across
region S, i.e. the region between the cold front and the
southern shock front, is indicated by red dots in Fig-
ure 20. The region S is evidently distinct and does not
appear to be connected with the rest of the halo.

5.5.2. Spectral indices

The deep VLA images allow us to create spectral in-
dex maps for the radio halo at higher resolution and with
high accuracy. To make spectral index maps of the halo
between 150 MHz and 1.5GHz, we employed the same
weighting and uv cut, as mentioned in Section 5.2. We
convolve the LOFAR and VLA images to a common res-
olution of 1600. We did not subtract the extended or
point like discrete sources to create the spectral index
map but these sources can be well identified from the
halo emission. Pixels with flux densities below 5�rms

were blanked. Figure 21 shows the spectral index image
of the radio halo overlaid with the VLA contours.

The spectral index across the entire halo varies between
�2.0 and �0.95 and shows a slight gradient from north
to south. We do not find a region with somewhat steeper
spectrum, see Figure 21, at the eastern part of the halo,
toward relic E, as found by van Weeren et al. (2016). As
argued before in Section 5.1, there is a region where, at
1.5 GHz, the halo dominates the surface brightness and
at 150 MHz the relic dominates. Moreover, the south-
ern part of the halo (region S in Figure 6) may have a

di↵erent origin than the central part of the halo.
The spectral index distribution from north to south,

covering the B1 region of the Toothbrush and the en-
tire radio halo is shown in Figure 22 . Moving from B1
towards region S, the spectral index varies mainly be-
tween �0.90 to �1.90. The spectrum first steepens in
the post-shock regions to �1.90 (360 kpc). After this,
the spectrum gradually flattens over a distance of about
400 kpc (relic+halo region). For a distance of 800 kpc,
the spectrum remains relatively constant with a mean
of �1.16 (central halo region) and steepens again to the
south (region S).
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Fig. 22.— Extracted spectral index across relic B1 and the ra-
dio halo, from north to south. The ‘relic+halo’ indicate combined
emission from relic B and the halo. We extract spectral in-

dices in the green regions as indicated in Figure 8 right.
Systematic uncertainties in the flux-scale were included in the error
bars.

The spectral index of the Toothbrush shows a strong
steepening in the downstream areas, while in the
relic+halo region, the spectrum flattens progressively. It

Halo: an average spectral index of -1.16±0.5
between 150 and 1500 MHz

16″ resolution
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Fig. 10.— Left: Spectral index map of the radio halo C between 0.151 and 1.5 GHz at 16.000 resolution. The contour levels are from
JVLA and drawn at [1, 2, 4, 8, ...] ⇥ 4�rms, where �rms = 18 µJy beam�1. Right: Corresponding spectral index error map.
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Fig. 11.— Left: JVLA 1-2 GHz images depicting the regions where the integrated flux densities and halo spectral were extracted. The
image has a resolution of 1600. Blue box shows areas where we measure flux densities. Red boxes have a width of 1100 while green have a
width of 1600. Right: Extracted spectral index across relic B1 and the radio halo, from north to south.

tant to test predictions of di↵erent models, since it re-
flects the shape of the electron energy distribution. For
example, a systematic variation of the radio halo spec-
tral index with radial distance from the cluster center
is predicted by re-acceleration models (Brunetti et al.
2001). The correlation between the spectral index and
the thermal gas temperature reflect a possible link be-
tween thermal and non thermal component of ICM (Fer-
etti et al. 2004b; Orrú et al. 2007). According to this cor-
relation the flattest spectra corresponded to regions with
the highest temperature. Moreover, The presence of the
halo in 1RX J0603.3+4214 with elongated morphology
and the relic B to its north implies a possible connec-
tion between halo and the shock wave (van Weeren et al.
2016).

The JVLA and LOFAR images allow us, for the first
time, to create the spectral index maps for the radio halo
with very high resolution and accuracy. To make the

spectral index maps of halo between 1.5 GHz and 150
MHz, we employed same weighting and uv-cut, as men-
tioned in Section 4.4. We convolved LOFAR and JVLA
images to a common resolution. Pixels with a flux densi-
ties below 5�rms in each of the images were blanked be-
fore making spectral index maps. Figure 10 and Figure12
shows the spectral index image of the radio halo at two
di↵erent resolution, overlaid with JVLA contours. The
spectral index uncertainties across halo are very small
and these are by far the best resolved spectral index maps
of a halo ever made, at such a high resolution.We did not
subtract the extended or point like discrete sources but in
our high resolution spectral index map (Figure 12) these
sources can be well identified from the halo emission.

The 1100 spectral index map is used to study the spec-
tral index distribution from north to south, covering B1
region of the Toothbrush and the entire halo C. The re-
sultant plot is shown in (Figure 11 right panel). Moving

 shock detected in Chandra

Halo southern most part shows steeper spectra
between 150 and 1500 MHz
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Aligned magnetic field 
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Strong RM gradient across B2 and B1 region

Figure 4: RM-map at 12 arcsec resoltuion. Contours are from the JVLA 1-2 GHz image.
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Summary  
- Toothbrush is made up of complex filamentary structures
- The ridge has a sharp outer edge and branches to the west
- Mach number derived from the spectral index map and integrated 

spectrum are 3.3 and 3.8, respectively
- Relics B, D and E follow a power law spectrum between 150 MHz 

and 1.5 GHz 
- Radio brightness across the central region of the halo correlates 

well with the X-ray brightness
- Southern part of the halo appears distinct and may have a 

different origin
- Brush is depolarized at 1.5 GHz and strong RM variations across 

B2 and B1 region


