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A spectacular view of the Toothbrush: 
filaments and inhomogeneous 
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Large scale diffuse radio emission in 1RX J0603.3+4214  
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- cluster host ~ 2 Mpc relic
- additional fainter relics and halo
- z = 0.225

- steep spectrum, 𝛂 = −1.15 ± 0.01
       
                 
       
- clear spectral index gradient towards 

cluster centre
- strongly polarized (up to 60%) at 
    4.9 GHz

Radio observations by van Weeren +2012 :

Toothbrush relic:

      Mach number (M) ~ 3.78 
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Chandra X-ray image
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X-ray analysis: weak shock at northern edge



X-ray analysis: weak shock at northern edge

Chandra X-ray image
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Mx-ray ~1.3  but  Mradio ~3.78



JVLA 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



32 discrete sources 
within halo boundary 

3" resolution, rms=6 µJy, frequency=1.5 GHz

Detection of several head-tail radio galaxies 



Comparison: Brush is extended at 150 MHz 
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Comparison: Brush is wider at 150 MHz 
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Toothbrush: enigmatic filamentary structures 

1.5″ resolution
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Two filaments separated by 5 kpc 
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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 <     < -0.75 
between 150 to 1500 MHz
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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.

Spectrum steepens within the ridge
between 150 to 1500 MHz

ridge
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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 across the double strand varies 
between 150 to 1500 MHz
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Detailed investigation of the ridge 
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Fig. 18.— Regions used for studying downstream profile and
color-color diagrams. The width of each magenta rectangular box
is 0.7 arcsec.

sity intra-cluster or intergalactic medium. The source U
displays double lobe kind of morphology with symmetric
lobes but without any core. Source L, W and X has been
resolved in higher resolution images and appears to be
consist of two di↵erent sources.

4.10. Downstream profiles

We can study the brush region with high resolution
due to its high surface brightness. Figure 3 reveals de-
tailed substructure in the brush, many of them with a
filamentary morphology. For the relic in Abell 2256 very
long, distinct filaments have been found. Owen et al.
(2014) speculated that the radio emission in Abell 2256
originates from a current sheet located at the boundary
of two magnetic domains. Interestingly, the brush shows
a clear spectral index gradient, despite the detailed sub-
structure. In general the spectral steepening is consid-
ered to reflect the aging of the plasma. However, also
a systematic variation of the shock strength may cause
a similar gradient (Skillman et al. 2013). We aim here
for modelling a detailed profile adopting a scenario of a
propagating shock front and downstream cooling and to
compare the model profiles to a high resolution profile
extracted from the brush region.

We determine the surface brightness profile in a region
of the brush where the ridge is particularly narrow, see
Figure 18. Surprisingly the position of the bright ridge
shifts towards the downstream side with decreasing fre-
quency, see Fig. 19, from JVLA to LOFAR by about
7 kpc. This shows that the intrinsic profile is frequency
dependent. That is consistent with a shock-front plus
downstream aging scenario, since the width of the down-
stream profile increases with decreasing frequency due to
the aging e↵ects. The peak shift disfavors a scenario in
which the ridge originates from enhanced emission, e.g.
due to a magnetic filament.

We compute the downstream profile S⌫(x) according to

Fig. 19.— Surface brightness measured in the magenta regions
indicated in Fig 18 for the JVLA, the GMRT and the LOFAR
observation, indicated with purple, green, and cyan, respectively.
To measure these profiles all observations have been images with
the same restoring beam width, namely 5.5 arcsec, indicated by
the grey area. For all three observations the curve is normalized
by the peak flux.

Fig. 20.— Surface brightness profiles (squares) measured in the
magenta regions shown in Fig. 18 and model profiles assuming a
single location of injection plus subsequent cooling. The resolution
of the VJLA image is 1.5 arcsec, of the GMRT image is 3.8 arcsec,
and of the LOFAR image is 4.4 arcsec. Model profiles are smoothed
accordingly and normalized to match the peak surface brightness
in the JVLA profile. The black line indicates the location of the
injection. A Mach number M = 3.1 is assumed. Two magnetic
field strengths have been assumed for the downstream cooling, 3µG
(solid line) and 8µG (dashed line).
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Fig. 18.— Regions used for studying downstream profile and
color-color diagrams. The width of each magenta rectangular box
is 0.7 arcsec.

southeast one. In the optical image, two compact sources
are visible, we do not find compact core located at the
center. The radio lobes of source G are virtually ex-
tended and the core visible at high resolution. The radio
emission at the east and the west lobe is di↵use and fur-
ther extent to the south. The extent of the lobes to the
south may indicate that the sources move relatively to
some low-density intra-cluster or intergalactic medium.
The source U displays double lobe kind of morphology
with symmetric lobes but without any core. Source L,
W, and X has been resolved in higher resolution images
and appears to be consist of two di↵erent sources.

4.10. Downstream profiles
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long, distinct filaments have been found. Owen et al.
(2014) speculated that the radio emission in Abell 2256
originates from a current sheet located at the boundary
of two magnetic domains. Interestingly, the brush shows
a clear spectral index gradient, despite the detailed sub-
structure. In general the spectral steepening is consid-
ered to reflect the aging of the plasma. However, also
a systematic variation of the shock strength may cause
a similar gradient (Skillman et al. 2013). We aim here
for modeling a detailed profile adopting a scenario of a
propagating shock front and downstream cooling and to
compare the model profiles to a high resolution profile
extracted from the brush region.

We determine the surface brightness profile in a region
of the brush where the ridge is particularly narrow, see
Figure 18. Surprisingly the position of the bright ridge
shifts towards the downstream side with decreasing fre-
quency, see Fig. 19, from JVLA to LOFAR by about
7 kpc. This shows that the intrinsic profile is frequency

Fig. 19.— Surface brightness measured in the magenta regions
indicated in Fig 18 for the JVLA, the GMRT and the LOFAR
observation, indicated with purple, green, and cyan, respectively.
To measure these profiles all observations have been images with
the same restoring beam width, namely 5.5 arcsec, indicated by
the grey area. For all three observations the curve is normalized
by the peak flux.

Fig. 20.— Surface brightness profiles (squares) measured in the
magenta regions shown in Fig. 18 and model profiles assuming a
single location of injection plus subsequent cooling. The resolution
of the VJLA image is 1.5 arcsec, of the GMRT image is 3.8 arcsec,
and of the LOFAR image is 4.4 arcsec. Model profiles are smoothed
accordingly and normalized to match the peak surface brightness
in the JVLA profile. The black line indicates the location of the
injection. A Mach number M = 3.1 is assumed. Two magnetic
field strengths have been assumed for the downstream cooling, 3µG
(solid line) and 8µG (dashed line).

Ridge position shifts with frequency 
 
 

beam

~ 7 kpc



Surface brightness distribution:
 

Surface brightness distribution: significant 
variations of B

 homogeneous magnetic field log normal distribution of magnetic field 

Surface brightness distribution: significant 
variations of B

 homogeneous magnetic field log normal distribution of magnetic field 

injection distribution

homogenous magnetic field 
 M=3.0, B0 =6.81 μG, and σ = 0.001 



Surface brightness distribution: significant 
variations of B

 homogeneous magnetic field log normal distribution of magnetic field 

injection distribution

 M=3.0, B0 =6.81 μG, and σ = 0.001 

homogenous magnetic field log normal distribution of magnetic field 

Surface brightness distribution: significant 
variations of B

 homogeneous magnetic field log normal distribution of magnetic field 

injection distribution

Surface brightness distribution:
 

M = 3.75, B0 = 0.46 μG, and σ = 1.3 



Best fit:  
 

and Mach number = 3.75
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Fig. 22.— Fit quality for di↵erent log-normal models for three di↵erent Mach numbers.

�2 are accepted others are rejected. To improve the
stability of the optimization scheme, we compute sev-
eral ‘improved’ injection distributions and take then the
average before proceeding with the optimization. Fig-
ure 21 shows the initial guess, the optimized distribution
and the resulting surface brightness distribution for two
di↵erent magnetic field models. For model A a clear
mismatch for the LOFAR profile is evident, despite the
fact that VLA and GMRT matches reasonably well. For
model B we obtain a reasonably nice match.

To estimate which parameters reproduces best the ob-
served profile, we raster the B0 - � parameter space,
see Figure 22. Several aspect become evident: mag-
netic fields larger than 5 µG does not provide a good
fit, irrespective of narrow or broad distribution of fields
strengths. For lower fields there is degeneracy between
B0 and �0 which provides similarly good fits. This may
reflect that alway a fraction of regions is needed show a
wide downstream profile, since for about 3 µG the down-
stream profile is widest. Comparing di↵erent Mach num-
bers we find that a Mach number of 3.75 provides the best
fit, while for Mach numbers 3.5 and 4.0 the �2 is signif-
icantly larger. This confirms that Mach number derived
from minimum spectral index in observations may actu-
ally not reflect the injection spectrum at the shock front,
since the convolution W (x) ⇤ S(x) steepens the observed
spectral index. Finally, the best fit is achieved for a con-
siderably broad magnetic field distribution, namely for
� & 0.7. No narrow magnetic field distribution permits
to match the observations as good as a broad B distri-
bution.

We note that we have only analyzed the profile of a
small fraction of the brush and that we should be careful
with generalizing the results. Still, there are several in-
teresting insights obtained. First, one has to be careful
when interpreting an observed spectral index as injection
spectrum. In case of W (x) as wide or wider that cooling
distance the convolution steepens the observed spectral
index, i.e. spectral index can only provide a lower limit
for the actual injection spectrum. As shown for the pro-
file investigated here. The spectral index at the ridge is
-0.75 but the best fit to the profile is obtained with for an

injection spectrum of -0.65. We find that a Mach num-
ber of 3.75, a magnetic field B0 ⇠ 2µG and log-normal
width of � ⇠ 0.6 provides the best fit to the data, also
lower magnetic fields with larger � fit provide a simi-
larly good fit. We note, that Mach number variations
and ICM flows may significantly a↵ect the results. How-
ever, we consider it plausible that there are significant
variations of the magnetic field strength along the line of
sight. Moreover, we find that there are strong variations
of the W (x) along the x-axis. For instance, we clearly
see a double peak in the ridge region, which is in accord
with the apparent split up of the ridge to the west. There
also areas were W (x) is close to zero and injection regions
with a projected width of several 10 kpc. We assume that
the actual extend of these regions is significantly larger.

5. SUMMARY

We present JVLA radio observations of the cluster
1RXS J0603.3+4214 that are thanks to the wide-band
receivers significantly increase the sensitivity of the re-
sulting images. These observations were conducted in
A, B, C, and D configuration. Our deep observations
reveal new details about non-thermal radio emission as-
sociated with the cluster. The JVLA high-resolution ob-
servations in combination with GMRT and LOFAR al-
lowed to model the detailed processes at the shock front.
Below we summarized our primary results:

• The Toothbrush is evidently made up of filamen-
tary structures. The brush has a striking nar-
row ridge to its north with a sharp edge and con-
sists of two branches. The ridge has a width of
about 21 kpc. We find several arc-shaped small fil-
aments,“bristles”, in the brush region with a width
of 3�5 kpc that are mainly perpendicular to the
ridge. The two distinct linear filaments, labeled as
“double stands”, connects B1 to B2. Their intrin-
sic width varies between 30 to 17 kpc from west
to east. The B2 region also consists of two thin
parallel threads, separated by 5 kpc.

• The high-resolution spectral index map of the
Toothbrush between 150 to 1500 MHz shows the

ln� ln�ln�

B
0

�2



model ruled out field strength above 5 μG 

Best fit:  
 

and Mach number = 3.75
 

B0  5µG,� � 0.7Best fit:  
 

and Mach number = 3.75
 

B0  5µG,� � 0.7

A spectacular view of the Toothbrush at 1-2 GHz 21

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

ln �

0.05

0.1

0.2

0.5

1

2

5

10

B
0

0.0040

0.0048

0.0056

0.0064

0.0072

0.0080

0.0088

0.0096

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

ln �

0.05

0.1

0.2

0.5

1

2

5

10

B
0

0.0040

0.0048

0.0056

0.0064

0.0072

0.0080

0.0088

0.0096

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

ln �

0.05

0.1

0.2

0.5

1

2

5

10

B
0

0.0040

0.0048

0.0056

0.0064

0.0072

0.0080

0.0088

0.0096M = 3.5 M = 3.75 M = 4.0

Fig. 22.— Fit quality for di↵erent log-normal models for three di↵erent Mach numbers.

�2 are accepted others are rejected. To improve the
stability of the optimization scheme, we compute sev-
eral ‘improved’ injection distributions and take then the
average before proceeding with the optimization. Fig-
ure 21 shows the initial guess, the optimized distribution
and the resulting surface brightness distribution for two
di↵erent magnetic field models. For model A a clear
mismatch for the LOFAR profile is evident, despite the
fact that VLA and GMRT matches reasonably well. For
model B we obtain a reasonably nice match.

To estimate which parameters reproduces best the ob-
served profile, we raster the B0 - � parameter space,
see Figure 22. Several aspect become evident: mag-
netic fields larger than 5 µG does not provide a good
fit, irrespective of narrow or broad distribution of fields
strengths. For lower fields there is degeneracy between
B0 and �0 which provides similarly good fits. This may
reflect that alway a fraction of regions is needed show a
wide downstream profile, since for about 3 µG the down-
stream profile is widest. Comparing di↵erent Mach num-
bers we find that a Mach number of 3.75 provides the best
fit, while for Mach numbers 3.5 and 4.0 the �2 is signif-
icantly larger. This confirms that Mach number derived
from minimum spectral index in observations may actu-
ally not reflect the injection spectrum at the shock front,
since the convolution W (x) ⇤ S(x) steepens the observed
spectral index. Finally, the best fit is achieved for a con-
siderably broad magnetic field distribution, namely for
� & 0.7. No narrow magnetic field distribution permits
to match the observations as good as a broad B distri-
bution.

We note that we have only analyzed the profile of a
small fraction of the brush and that we should be careful
with generalizing the results. Still, there are several in-
teresting insights obtained. First, one has to be careful
when interpreting an observed spectral index as injection
spectrum. In case of W (x) as wide or wider that cooling
distance the convolution steepens the observed spectral
index, i.e. spectral index can only provide a lower limit
for the actual injection spectrum. As shown for the pro-
file investigated here. The spectral index at the ridge is
-0.75 but the best fit to the profile is obtained with for an

injection spectrum of -0.65. We find that a Mach num-
ber of 3.75, a magnetic field B0 ⇠ 2µG and log-normal
width of � ⇠ 0.6 provides the best fit to the data, also
lower magnetic fields with larger � fit provide a simi-
larly good fit. We note, that Mach number variations
and ICM flows may significantly a↵ect the results. How-
ever, we consider it plausible that there are significant
variations of the magnetic field strength along the line of
sight. Moreover, we find that there are strong variations
of the W (x) along the x-axis. For instance, we clearly
see a double peak in the ridge region, which is in accord
with the apparent split up of the ridge to the west. There
also areas were W (x) is close to zero and injection regions
with a projected width of several 10 kpc. We assume that
the actual extend of these regions is significantly larger.

5. SUMMARY

We present JVLA radio observations of the cluster
1RXS J0603.3+4214 that are thanks to the wide-band
receivers significantly increase the sensitivity of the re-
sulting images. These observations were conducted in
A, B, C, and D configuration. Our deep observations
reveal new details about non-thermal radio emission as-
sociated with the cluster. The JVLA high-resolution ob-
servations in combination with GMRT and LOFAR al-
lowed to model the detailed processes at the shock front.
Below we summarized our primary results:

• The Toothbrush is evidently made up of filamen-
tary structures. The brush has a striking nar-
row ridge to its north with a sharp edge and con-
sists of two branches. The ridge has a width of
about 21 kpc. We find several arc-shaped small fil-
aments,“bristles”, in the brush region with a width
of 3�5 kpc that are mainly perpendicular to the
ridge. The two distinct linear filaments, labeled as
“double stands”, connects B1 to B2. Their intrin-
sic width varies between 30 to 17 kpc from west
to east. The B2 region also consists of two thin
parallel threads, separated by 5 kpc.

• The high-resolution spectral index map of the
Toothbrush between 150 to 1500 MHz shows the
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Halo: remarkable uniform spectral index 
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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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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 to 1500 MHz
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Fig. 12.— Left: Spectral index map of the radio halo C between 0.151 and 1.5 GHz at 11.000 resolution. The contour levels are from
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Fig. 13.— Spectral index distribution across the radio halo between 0.15 and 1.5 GHz in regions measuring 1100 (see also Figure 10). The
dashed horizontal line indicates the average spectral index. The region numbering is raw wise from north to south.

from B1 towards C2, the spectral index varies mainly
between �0.90 to �1.41. The spectrum first steepens
at the post shock regions to �1.9 (360 kpc). After this,
spectrum than gradually flattens over a distance of ⇠ 400
kpc .

At the halo C, spectrum remains relatively constant
with a mean of �1.19, over a distance of 1.0 Mpc. In-
terestingly, on a smaller scale, the southern edge of halo
region appears slightly steeper. Moreover, we do not
find region with a steeper spectrum, at the eastern part

of the halo, toward relic E, as found by van Weeren et al.
(2016).

The southern edge of the radio halo, C2, coincides
with the shock detected in a Chandra observations (van
Weeren et al. 2016). This part of radio halo was specu-
lated as a fainter relic (van Weeren et al. 2012a) but a
uniform spectral index distribution disfavoured this sce-
nario.

To study the spectral distribution across halo, we used
high resolution spectral index map (Figure 12). From

steeper region
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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: a fainter relic ! 

between 150 to 1500 MHz
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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. 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

JVLA contours
 van Weeren et al. 2016 — gradual flattening is 
 due to the re-acceleration by turbulence of “aged”
 electrons downstream of the relic
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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

 van Weeren et al. 2016 — gradual flattening is 
 due to the re-acceleration by turbulence of “aged”
 electrons downstream of the relic
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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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Summary  
- Toothbrush is made up of filamentary structures
- Ridge peak shift with frequency, indicating intrinsic shape of 

the emission is frequency dependent 
- Lognormal B distribution allows to approximate profiles 

significantly better 
- Best fit: Mach ~ 3.75,  B0 < 5 μG,  σ > 0.7 
- Southern part of the halo is steeper and flattens again at the 

edge  
- Brush depolarized at 1.5 GHz
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