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Diffuse	  Radio	  Emission	  in	  Galaxy	  
Clusters	  on	  Mpc	  Scales	  

20/11/13	  

Radio	  Halos	  are	  centrally	  located,	  
regular	  structure	  similar	  to	  the	  X-‐ray	  
morphology	  and	  unpolarised.	  	  
Origin:	  

•  The	  reaccelera,on	  of	  
rela,vis,c	  electrons	  

•  Proton-‐proton	  collisions	  

	  

Radio	  Relics	  are	  found	  on	  the	  cluster	  periphery,	  have	  
an	  elongated	  morphology	  and	  are	  polarized	  up	  to	  30%	  
Origin:	  

•  Par,cles	  deposited	  by	  ac,ve	  radio	  galaxies	  
•  Shock	  waves	  in	  cluster	  mergers	  

Synchrotron	  emission	  probes	  
rela,vis,c	  electrons	  in	  
magne,c	  fields	  in	  the	  ICM.	  
Extended	  over	  Mpc	  scales,	  
low	  surface	  brightness	  ~	  1	  
μJy/arcsec2	  	  at	  1.4	  GHz,	  low	  
number	  of	  sources	  detected	  

(2002b), who found a central peak in the radial temperature
profile, and Machacek et al. (2002), who reported an azimuth-
ally asymmetric temperature structure in the core. Here we add
a more recent, longer exposure and derive the first detailed
temperature map of A2218. It is shown in Figure 7 along with
the X-ray image, a 1.4 GHz VLA image from Giovannini &
Feretti (2000), and an optical DSS plate.

The map confirms the results from the earlier Chandra
analyses and reveals strong asymmetric temperature variations
in the 5–10 keV range.

Together with the relatively symmetric X-ray image, such
an irregular but centrally peaked temperature map suggests
that A2218 is at a later merger stage, when the violent gas
motions are starting to subside, as seen, e.g., in the simulations
by Roettiger, Stone, & Mushotzky (1998).

The relatively small radio halo in A2218 (Giovannini &
Feretti 2000) is slightly (by about 4000) offset from the X-ray
brightness peak and does not show a particularly strong cor-

relation with the temperature map—in fact, the hottest spot in
the cluster is not seen in the radio, as in A754 and A773. The
radio image has a relatively low sensitivity, however.

3.8. A2319

Optical analyses of the bright nearby cluster A2319 (e.g.,
Faber &Dressler 1977; Oegerle, Hill, & Fitchett 1995; Trèvese,
Cirimele, & De Simone 2000) suggested that it consists of two
components superimposed along the line of sight, with a
subcluster around the second-brightest galaxy projected about
100 northwest of the cD galaxy (seen in Fig. 8a). That sub-
cluster is seen as a cool X-ray extension in the ROSAT image
and the crude ASCA temperature map (Markevitch 1996).
A2319 exhibits an extended and powerful radio halo (Harris &
Miley 1978) with an irregular morphology well correlated
with the X-ray brightness (Feretti et al. 1997).

We use a Chandra observation of A2319 to derive the first
detailed temperature map of this cluster, shown in Figure 8

Fig. 6.—A2163. (a) X-ray contours overlaid on the optical DSS image. The 0.8–6.5 keV X-ray image is adaptively smoothed; contours are spaced by a factor offfiffiffi
2

p
. (b) X-ray contour plot overlaid on the temperature map (colors). (c) The isocontour map at 1.4 GHz of the central region of A2163 overlaid on the X-ray image

(colors). The radio image has a FWHM of 3000 ; 3000. The contour levels are 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 mJy beam!1. (d) Radio contours overlaid on the
temperature map (colors); crosses mark some radio sources unrelated to the halo emission. In this plate, we show two additional radio contours from a lower
resolution (FWHM 4500 ; 6000, blue outer contours).
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Table 7. Abell 1240.

Source name Proj. dist LLS F20 cm F90 cm Beq – B′eq ⟨α⟩
kpc kpc mJy mJy µG

Abell 1240-1 270′′ = 700 240′′ = 650 6.0 ± 0.2 21.0 ± 0.8 1.0–2.4 1.2 ± 0.1
Abell 1240-2 400′′ = 1100 460′′ = 1250 10.1 ± 0.4 28.5 ± 1.1 1.0–2.5 1.3 ± 0.2

Column 1: source name; Col. 2: projected distance from the X-ray centroid; Col. 3: largest linear scale measured on the 20 cm images; Cols. 4
and 5: flux density at 20 and 90 cm; Col. 6: equipartition magnetic field computed at fixed frequency – fixed energy (see Sect. 4.3); Col. 7: mean
spectral index in region where both 20 cm and 90 cm surface brightness is >3σ.
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Fig. 9. Colors: Abell 1240X-ray emission in the energy band 0.5−2 keV
from ROSAT PSPC observations. The image has been smoothed with a
Gaussian of σ ∼ 60′′; contours represent the radio image of the cluster
at 1.4 GHz. The beam is 42′′ × 33′′. First contour is 0.13 mJy/beam,
other contours are then spaced by a factor 2.

a radial flattening toward the cluster outskirts. This is the trend
predicted by “outgoing merger shock” models. The double relics
radio morphology and location are similar to the double relics
found in Abell 3667 and Abell 3376.

The polarization level is high in both of the relics, although
we have to consider that our polarization observations lack the
weak extended regions that are probably less polarized. The
magnetic field estimate achieved under the minimum total en-
ergy assumption reveals magnetic field on the order of µG at the
cluster periphery in the relic regions, ordered on a Mpc scale,
indicating a magnetic field amplification and ordering.

5. Discussion

We confirm the presence of double relics in the cluster
Abell 1240. Their symmetry and properties strongly suggest
a common origin of A1240-1 and A1240-2. In the cluster
Abell 2345 we confirm the existence of two relics. However,
while A2345-2 is a classic extended peripheral relic source sim-
ilar to 1253+275, in the Coma cluster (see Giovannini et al.
1991, and references therein), A2345-1 shows a more complex
structure. We suggest that its properties could be due to its pecu-
liar position in between the cluster Abell 2345 and the possibly
merging group X1, and thus affected by a more recent merger.
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Fig. 10. Top panel: A1240-1 radio emission at 1.4 GHz, lines represent
the E vectors. The line direction indicates the E vector direction and the
line length is proportional to the polarized flux intensity. 1′′ corresponds
to 3 µJy/beam. The beam is 18′′ × 18′′. Contours start at 0.12 mJy/beam
and are then spaced by a factor 2. Bottom panel: A1240-2 radio emis-
sion at 1.4 GHz. The line direction indicates the E vector direction and
the line length is proportional to the polarized flux intensity. 1′′ corre-
sponds to 2 µJy/beam. Contours are as above.

Several models have been proposed to explain the origin of
radio relics. They can be divided into 2 classes:

1. diffusive shock acceleration by Fermi-I process (Ensslin
et al. 1998; Roettiger et al. 1999; Hoeft & Brüggen 2007);

2. re-acceleration of emitting particles due to adiabatic com-
pression of fossil radio plasma (Ensslin & Gopal-Krishna
2001).

In both of these models the presence of a shock within the gas is
required. The second one also requires the presence of a nearby
radio source to provide the fossil radio plasma that can be re-
energized by the shock wave. Simulations of cluster mergers
indeed show that the merging of two subclusters leads to the
formation of shocks in the cluster outskirts (see e.g. Ricker &
Sarazin 2003).

In favor of the second scenario, there is the observational ev-
idence that relics resemble individual objects and do not trace
the entire shock front (Hoeft et al. 2004). Moreover, when a ra-
dio ghost is passed by a shock wave with a typical velocity of
103 km s−1, it is adiabatically compressed because of the higher
value of the sound speed in the radio ghost (Ensslin & Brüggen
2002). We have to remind, however, that the equation of state of
the radio emitting plasma is still poorly known, and that if the
radio plasma has a high mass load due to undetectable cool gas,
it should get shocked (Ensslin & Gopal Krishna 2001).

The presence of double relics itself favors the first scenario,
because of the low probability to find two symmetric regions
with fossil radio plasma. Several independent cosmological

A1240,	  Bonafede	  et	  al	  2009	  A2163,	  Govoni	  et	  al	  2004	  
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Spectral	  Index	  
Radio	  halos	  and	  relics	  exhibit	  a	  steep	  spectrum	  (α<-‐1).	  Easier	  to	  detect	  at	  low	  
frequencies.	  
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Table 8. Compilation of radio data for 1253+275. S tot is the total flux
density of the di↵use component, S pol its polarized flux, P is the de-
gree of polarization, and  the polarization angle.

region S tot S pol P  

[mJy] [mJy] [%]

1253+275 entire 112 ± 10 29 ± 4 26 ± 4

1253+275 north 33 ± 2 10 ± 1 30 ± 4 56�

1253+275 south 20 ± 2 8 ± 1 40 ± 6 90�

NGC 4789 71 ± 7 11 ± 1 15 ± 2 140�

a part of the large–scale radio emission present in the cluster–
wide region of the Coma cluster and Coma–A1367 superclus-
ter. Enßlin et al. (1998) favoured NGC 4789 as the possible
production site of the relativistic particles. Particles released
from this galaxy should feel the large–scale matter flow, di-
rected towards the Coma cluster center. At the contact surface
with the dense intracluster medium a shock should be present,
thus forcing the particles to emit detectable synchrotron radia-
tion and forming the extended radio source.

5.2. Morphology

Our map of 1253+275 is in agreement with that of
Andernach et al. (1984), at the same frequency. The source
is extended for ⇠800 kpc along the major axis (position an-
gle ⇠135�), perpendicular to the direction towards the cluster
center. The maximum extent along the minor axis is ⇠450 kpc.
Linear polarization is seen in the northern and southern part.
Andernach et al. (1984) obtained internal and foreground rota-
tion measures of zero, so that rotation of the polarization vec-
tors by 90� discloses the projected orientation and structure
of the magnetic field. It can be seen in Fig. 7 that the mag-
netic field is aligned parallel to the major axis of 1253+275,
which fits well into the picture of a shock in this region. Such a
shock should be directed towards the cluster center. Upstream
to the shock, the plasma is compressed and the magnetic field
is aligned perpendicular to the shock direction. The sharp edge
of the structure towards the south–west is an additional hint at
a compression of the present plasma.

5.3. Integrated diffuse radio flux

The radio flux of the di↵use emission of source 1253+275 was
obtained by integrating all emission within the 3� level. The
contribution of point sources was calculated using the source
list and the spectral index values provided by Giovannini et al.
(1991). The resulting total flux of the extended structure at
2.675 GHz (point sources subtracted) is 112 ± 10 mJy. Table 8
contains the relevant data, where the contributions have been
calculated for the northern and southern part of the source (cor-
responding to regions of polarized emission at the 3� level).
The polarization properties are also listed.

The flux density of 1253+275 obtained by us is lower
than that of Andernach et al. (1984) if one subtracts the same
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Fig. 8. Integrated radio continuum spectrum of the extended source
1253+275. The line symbolizes the best power–law fit to the data,
with a spectral index of ↵ = 1.18 ± 0.02.

Table 9. Integrated flux densities of source 1253+275.

frequency flux density reference

[MHz] [Jy]

151 3.3 ± 0.5 Cordey (1985)

326 1.40 ± 0.03 Giovannini et al. (1991)

408 0.91 ± 0.10 Ballarati (1981)

610 0.611 ± 0.05 Giovannini et al. (1991)

2675 0.112 ± 0.010 present paper

4750 0.054 ± 0.015 Andernach et al. (1984)

point source contribution from their number. Our new mea-
surement fits well to the other data available in the literature.
The spectrum of the source is plotted in Fig. 8, with the data
listed in Table 9. The best fit to the data yields a spectral in-
dex of ↵ = 1.18 ± 0.02. This is the same result as that of
Giovannini et al. (1991), though with a smaller error.

Using the equipartition assumption we derive a mag-
netic field strength of Beq = 0.56 (1 + k)1/(↵+3) h1/(↵+3)

75 µG
in 1253+275, which implies a total energy density of utot =
2.5 ⇥ 10�14 (1 + k)2/(↵+3) h2/(↵+3)

75 erg/cm3. Here we use a fill-
ing factor of 1, the spectral index of ↵ = 1.18 and the flux
density of our measurement at 2.675 GHz. The emitting vol-
ume of about 1.4 ⇥ 108 kpc3 results from treating the source
as a flat cylinder of height 65000 (280 kpc, orientated towards

58 M. Thierbach et al.: The di↵use radio emission from the Coma cluster

Table 7. List of the models for cluster halo formation and their best fits to the measurements. Except for the model of Rephaeli (1977) the free
parameters are the best values, with the 90 percent confidence errors. For the model of Rephaeli (1977) the fit is obviously bad. In particular,
the shape of the fit (hence the value of �2) does not change for ⌫K > 100 GHz. The errors displayed in the table are those for the 99 percent
confidence.

Model Primary electron Secondary In–situ
electron

Reference Ja↵e (1977) Rephaeli (1977) Rephaeli (1979) Dennison (1980) Ja↵e (1977)
Roland (1981)
Schlickeiser et al. (1987)
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Fig. 6. Comparison of the di↵erent models for cluster halo formation.
The diamonds symbolize the data points available in the literature
(see Table 6). The best fits of the models to the data are represented
by the solid lines. The resulting parameters for the models and the
reduced minimized �2 are displayed in each plot. The in–situ acceler-
ation model gives the best fit to the data.

In particular, the shape of the spectrum reveals a steepening
above frequencies of 1 GHz. This was claimed by SST and is
proved by the present work.

Physical parameters

The derived shape of the spectrum from the in–situ fit and
our map at 2.675 GHz can be used to calculate the magnetic
field strength assuming equipartition between the energy den-
sity of the relativistic particles and the magnetic field. We
model the source as an ellipsoid with axes of the lengths of
about 770 kpc, 600 kpc and 600 kpc, yielding an emitting vol-
ume of about 1.5 ⇥ 108 kpc3. A filling factor of unity is as-
sumed. As the spectral index we use ↵ = 0.79, which describes
the initial power–law in the in–situ fit. In order to avoid any un-
derestimation of the energy of the relativistic particles we have
to use a low–frequency flux density given by the fit (we take
S 20MHz = 60 Jy). In order to estimate the total energy we in-
tegrate the energy spectrum of the particles from 300 MeV
to infinity. This di↵ers from the generally used minimum–
energy method (integration over the frequency spectrum from
10 MHz to 10 GHz), but seems more appropriate (see e.g. Beck
et al. 1996). The calculation leads to an equipartition magnetic
field of

Beq = 0.57 (1 + k)1/(↵+3) h1/(↵+3)
75 µG,

where k is the energy ratio of the positively and negatively
charged particles and ↵ the spectral index (here 0.79). The re-
sulting total equipartition energy density is

utot = 2.6 ⇥ 10�14 (1 + k)2/(↵+3) h2/(↵+3)
75 erg/cm3.

Note that changing k from 1 to 100 changes Beq from 0.68
to 1.9 µG. These values are in agreement with the equipartition
estimate by Giovannini et al. (1993) as well as with the work of
Kim et al. (1990), who used rotation measures of radio sources
projected on the Coma cluster. Nevertheless one has to keep
in mind that an estimate of numbers based on the equipartition
assumption only provides order of magnitude values.

With the radio spectrum now well known, we can cal-
culate whether there is a balance between the internal
(relativistic gas) and external (thermal gas) pressure. The latter
comes from X–ray observations. The pressure of the relativistic

Coma	  radio	  relic:	  power	  law	  Coma	  Radio	  halo:	  curved	  

Thierbach	  et	  al	  2003	  



Ultra	  Steep	  Spectrum	  Radio	  Sources	  

•  Steep	  radio	  sources	  such	  as	  the	  halo	  in	  
Abell	  521	  (α≈-‐2.1)	  can	  only	  be	  detected	  at	  
low	  frequency	  

•  Most	  observa,ons	  to	  date	  carried	  out	  at	  
1.4	  GHz	  are	  unable	  to	  detect	  such	  objects	  

•  Evidence	  for	  turbulent	  reaccelera,on	  as	  
the	  genera,on	  mechanism	  of	  radio	  halos	  

20/11/13	   The	  Radio	  Universe	  @	  Ger’s	  (wave)-‐length	  Figure 2: The spectrum of the radio halo. Data are overlaid on secondary (long-dashed line) and
re-acceleration models. Measured fluxes (Fν ) are : 152±15 mJy at 240 MHz, 90±7 mJy at 325 MHz,
15±3.5 mJy at 610 MHz, limits are 1.5 Jy at 74 MHz and 5 mJy at 1,400 MHz; errors (and error bars in
the figure) are given at 1 s.d. For comparison, asterisks give the spectral energy distribution of the radio
relic (taken from ref.24). The secondary model assumes δ = 4.2 and requires that the energy density of
relativistic protons is larger than that of the thermal energy (see text). Re-acceleration models assume :
14 % of the thermal energy in magnetosonic waves and a central value of the magnetic field Bo = 0.15
nT (solid curve), 14 % of the thermal energy in magnetosonic waves and Bo = 0.35 nT (dotted curve),
18 % of the thermal energy in magnetosonic waves and Bo = 0.15 nT (short-dashed curve). All the
reacceleration models adopt a scaling B ∝ nth (e.g., ref.2 and refs therein).

8

Figure 1: Radio and X-ray images of Abell 521. Low resolution radio contours (after subtraction
of discrete sources in the field identified at full resolution) overlaid on the Chandra 0.5-4 keV X–ray
image (corrected for background and exposure and smoothed with a σ=6 arcsec Gaussian, as in ref. 24).
Panel a): GMRT 240 MHz contours at 35 arcsec x 35 arcsec resolution. The r.m.s. noise level in the
cluster region is 220 µJy/beam (full resolution used for subtraction of discrete sources has 15.6 arcsec
x 12.3 arcsec beam and r.m.s. noise =190 µJy/beam). Contours are at -0.66 (red), 0.66, 1.3, 2.6, 5.2,
7, 10, 14, 19 mJy/beam. Panel b): GMRT 610 MHz contours at 35 arcsec x 35 arcsec resolution. The
r.m.s. noise level in the cluster region is 58 µJy/beam (full resolution used for subtraction of discrete
sources has 9 arcsec x 4 arcsec beam and r.m.s. noise =35 µJy/beam). Contours are at -0.17 (red), 0.17,
0.34, 0.48, 0.67, 0.94, 1.3, 1.9, 2.6, 3.7, 5.2 mJy/beam. The dashed circle indicates the region in which
fluxes of the radio halo at different frequencies (reported in Fig. 2) are measured. Panel c): VLA 1.4
GHz contours at 25 arcsec x 25 arcsec resolution. Here only the discrete sources within 3 arcmin from
the cluster centre are subtracted (other images are presented in Supplementary Information together
with a discussion on the subtraction of discrete sources at this frequency). The r.m.s. noise level in
the cluster region is 26 µJy/beam (the full resolution used for subtraction of discrete sources has 12.7
arcsec x 6.9 arcsec beam and r.m.s. noise =15 µJy/beam). Contours are at -0.08 (red), 0.08, 0.16, 0.22,
0.32, 0.45, 0.63, 0.89, 1.25, 1.76, 2.48, 3.5, 4.9 mJy/beam. Coordinate system, J2000.

At the moment this connection cannot be tested, owing to the lack of observations of samples

of galaxy clusters at low radio frequencies.
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Ques,ons	  
•  Short	  radia,ve	  life,mes	  of	  electrons	  requires	  an	  

accelera,on	  or	  con,nuous	  injec,on	  mechanism	  
•  Two	  proposed	  models	  for	  radio	  emission	  in	  halos	  

–  Primary	  electron	  scenario:	  par,cle	  accelera,on	  due	  to	  
turbulence	  or	  shocks	  

–  Secondary	  electron	  scenario:	  electrons	  injected	  by	  proton-‐
proton	  collisions	  and	  emit	  within	  regions	  of	  enhanced	  magne,c	  
fields	  	  

•  Dis,nct	  testable	  predic,ons	  	  
–  Either	  all	  galaxy	  clusters	  host	  radio	  halos	  (Secondary)	  or	  only	  
merging	  clusters	  (Primary)	  

•  What	  is	  the	  connec,on	  between	  cluster	  mergers	  and	  
dynamics	  with	  radio	  halos	  and	  relics?	  
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Aims	  
•  Explore	  the	  capabili,es	  of	  the	  MWA	  to	  detect	  
radio	  halos	  and	  relics	  
– Discover	  new	  radio	  halos	  and	  relics	  through	  the	  
untargeted	  southern	  sky	  radio	  survey	  (GLEAM)	  

–  From	  this	  sta,s,cally	  significant	  sample	  answer	  
ques,ons	  regarding	  the	  forma,on	  of	  radio	  halos	  and	  
relics	  and	  the	  connec,on	  with	  cluster	  mergers	  

– Understand	  how	  radio	  emission	  is	  generated	  on	  large	  
scales	  
•  Magne,c	  fields	  
•  Cluster	  dynamics	  
•  Primary	  or	  secondary	  model?	  
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Challenges	  

•  Low	  surface	  brightness	  and	  extended	  source	  
detec,on	  is	  non	  trivial	  

•  Point	  sources	  coincident	  with	  the	  extended	  
emission	  must	  be	  subtracted	  to	  obtain	  
accurate	  integrated	  fluxes	  

•  Varying	  resolu,on	  with	  frequency	  
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The	  case	  of	  A3667	  

•  Chosen	  as	  a	  proof	  of	  concept	  
•  Bright	  double	  relics	  
•  Large	  angular	  extent	  	  
– Z=0.055	  (224	  Mpc)	  
– Spans	  ~3	  Mpc	  (0.5	  -‐	  1.0	  degrees)	  

•  One	  of	  the	  most	  studied	  objects	  
in	  the	  southern	  sky	  

•  X-‐ray	  luminous	  
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1.4	  GHz	  contours	  over	  x-‐ray	  data	  Johnston-‐
HolliC	  et	  al.	  



MWA	  
•  Array	  of	  128	  ,les	  of	  4x4	  dipoles	  
•  Longest	  baseline	  of	  3	  km	  
•  1-‐3’	  resolu,on	  	  
•  Low	  Frequency	  	  75-‐300	  MHz,	  40	  kHz	  channels	  
•  Low	  RFI	  site	  at	  the	  MRO	  
•  High	  surface	  brightness	  sensi,vity	  
	  	  	  	  	  	  ~1	  K	  per	  1	  MHz	  band	  for	  1	  hour	  
•  Confusion-‐limited	  sensi,vity	  ~5-‐60	  mJy	  
•  Wide	  FOV	  25-‐10	  deg	  FWHM	  
•  High	  survey	  efficiency	  	  

•  MWA	  science	  goals	  
–  Epoch	  of	  reionisa,on	  
–  Solar	  heliospheric	  and	  ionospheric	  
–  Galac,c	  and	  extragalac,c	  
–  Transients	  
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Observa,ons	  of	  A3667	  
•  114	  of	  the	  available	  128	  ,les	  
•  4	  frequency	  bands:	  

–  107.0	  -‐	  133.8	  MHz 	  (120	  MHz)	  
–  133.8	  -‐	  164.5	  MHz 	  (150	  MHz)	  
–  164.5	  -‐	  195.2	  MHz 	  (180	  MHz)	  
–  195.2	  -‐	  225.9	  MHz 	  (210	  MHz)	  

•  Bandwidth	  30.7MHz	  =	  768	  x	  40	  KHz	  channels	  
•  Resolu,on	  =	  5.4’	  x	  3.7’	  
•  Integra,on	  ,me	  =	  3	  x	  120s,	  10	  mins	  per	  band	  
•  Sensi,vity	  =	  40	  mJy/beam	  at	  120	  MHz	  

–  No	  peeling	  and	  no	  self	  calibra,on	  
•  Cyg	  A	  is	  97.6	  degrees	  away	  and	  s,ll	  ~	  19	  Jy/beam	  
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Wide	  FOV	  
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•  Primary	  beam	  has	  a	  FOV	  of	  more	  
than	  375-‐610	  degrees2	  

•  Great	  for	  surveying	  the	  whole	  sky	  
•  Not	  so	  great	  when	  side	  lobes	  are	  

coincident	  with	  bright	  sources	  such	  
as	  Cyg	  A	  

•  Peeling	  is	  required	  but	  non	  trivial	  
•  w-‐terms	  must	  be	  accounted	  for	  



Simulated	  u-‐v	  coverage	  
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Snapshot monochromatic u,v 

coverage

Monochroma,c	  snap	  shot	  u-‐v	  coverage	  	  



Simulated	  u-‐v	  coverage	  
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Snapshot full BW u,v coverage.

Snapshot continuum images should be very nice.

Full	  bandwidth	  snap	  shot	  u-‐v	  coverage	  	  



Simulated	  u-‐v	  coverage	  
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1h full BW u,v coverage

Overkill?

Full	  bandwidth	  1-‐hour	  u-‐v	  coverage	  	  



A3667	  10	  min	  u-‐v	  Coverage	  
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A3667	  Results	  
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120	  MHz	   150	  MHz	  



Images	  of	  A3667	  
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Weigh,ng	  Schemes	  
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Robust	  (0)	   Uniform	  

Natural	  It	  is	  important	  to	  consider	  the	  choice	  of	  
weigh,ng	  scheme	  
•  Natural	  -‐	  dominated	  by	  very	  

extended	  emission	  
•  Uniform	  -‐	  removes	  too	  many	  short	  

baselines	  
•  Robust	  -‐	  seems	  just	  right	  
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Source	  Finding	  
•  Aegean	  
•  5	  sigma	  threshold	  
•  ~2600	  sources	  



SUMSS	  Point	  Sources	  
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A3667	  Results	  -‐	  Point	  Source	  
Subtrac,on	  

20/11/13	   The	  Radio	  Universe	  @	  Ger’s	  (wave)-‐length	  

•  Observa,ons	  at	  higher	  frequency	  and	  resolu,on	  
reveal	  numerous	  point	  sources	  projected	  against	  
the	  relics	  of	  A3667	  

•  Robust	  point	  source	  subtrac,on	  is	  required	  ideally	  
at	  the	  same	  frequencies	  
-  The	  GMRT	  (TGSS)	  above	  -‐30	  degrees	  
-  Alterna,ves	  must	  be	  used	  below	  

•  Interes,ng	  to	  note	  that	  subtrac,on	  of	  the	  H-‐T	  
galaxy	  B2007-‐569	  reveals	  a	  radio	  halo	  and	  bridge	  
in	  the	  center	  of	  the	  cluster	  (Carrem	  et	  al.	  2013)	  

DetectionofaradiobridgeinAbell36673

Figure1.Top–left:StokesIimageofA3667at3.3GHztakenwiththeParkesradiotelescope.Contourlevelsstartfrom12mJy/beam
andscalebyafactor

√
2thereafter.Thenoisebudgetisdominatedbytheconfusionlimitof3mJy.Beamsizeis7.0arcmin.Top–right:

Sameimage,butwiththepositionsofthesourcesdetectedwiththeATCAobservationsmarked(crosses).Theareacoveredbythe
ATCAisalsoshown(graycircle).Bottom–left:SamefigurebutwithB2007-569andtheothercompactsourcesintheATCAfield
subtracted.Theentireareabetweenthetworelicsiscleanedfromcompactsources.Thecentreoftheclusterismarkedwithablack
squareandmajorfeaturesdescribedinthetextarelabelled.Bottom–right:Samesource–subtractedmapasbottom–leftpanel,but
withthecontourlevelsof843MHzSUMSSemissionoverlaid.Levelsstartat3mJy/beamandscalebyafactorof2therafter.Thebeam
is43”×43”cosec(Dec).

theS-PASSobservations,thefluxdensityscalewascali-
bratedusingPKSB1934-638,toensurethesamefluxscale
referenceforbothsingle-dishandinterferometricobserva-
tions.Gaussianfitsweremadetothecompactsources,and
subtractedfromtheParkesdataasexplainedinSection3.

2.3Parkes3.3GHz

Togetfinersingle–dishresolutionandanindependentcon-
firmationofthebridge,weconductedfollowupsingle–dish
observationswiththe10cmreceiveroftheParkestelescope
on2012January12and14foratotalof6hr.There-
ceiverisalinearpolarizationsystem,sothatonlyStokes

Imeasurementsofthisdatasetwereused.Althoughthe
entire2.6-3.6GHzbandwidthwasobserved,onlythetop
400MHzrangecentredat3.35GHzwasusedtooptimise
forresolution(FWHM=5.9’).Thefluxdensityscalewas
againcalibratedusingPKSB1934-638.TheDFB3backend
wasusedwithabandwidthof1024MHzand512frequency
channels2MHzeach.Allchannelsofthe400MHzsub-band
werebinnedtogether.Astandardbasketweavingtechnique
withorthogonalscansetsalongR.A.andDec.spacedby2’
wasusedtoobserveanareaof3◦×3◦centredattheclus-
ter.Fourierbasedsoftwarewasappliedtomakethemap
(Carrettietal.2010).Thisrecoverstheemissionuptothe
scaleoftheareamapped,sufficientforthescalescoveredby
thecluster(uptoapproximately1◦).Finalmapsarecon-

c⃝2013RAS,MNRAS000,1–10
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MWA	  and	  the	  GMRT	  	  
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Figure 3: S vs ν for the Eastern and Western Relics. MWA frequencies are represented in red, observations at other frequencies are
in black.
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•  Collaborators	  (Dwarakaneth	  et	  al)	  are	  already	  
using	  the	  GMRT	  to	  study	  MWA	  data	  	  

•  A3776	  (George	  et	  al.	  in	  prep)	  comparison	  
between	  MWA	  and	  GMRT	  at	  150	  and	  325	  MHz	  	  
•  Resolu,on	  =	  39’’	  

•  The	  TIFR	  GMRT	  Sky	  Survey	  (TGSS)	  can	  be	  used	  
for	  sources	  north	  of	  -‐30	  degrees	  



New	  Extended	  Radio	  Sources	  
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•  Diffuse	  radio	  emission	  detected	  
in	  A3266	  

•  MWA	  120-‐185	  MHz	  band	  
•  185	  MHz	  contours	  

•  1.4	  GHz	  background	  smoothed	  
to	  50”	  resolu,on	  

•  The	  MWA	  reveals	  that	  the	  en,re	  
clusters	  is	  permeated	  by	  diffuse,	  
low	  surface	  brightness	  emission	  

•  significant	  radio	  emission	  missed	  
by	  the	  1.4	  GHz	  observa,ons	  

Johnston-‐HolliC	  at	  al.	  (in	  prep)	  



Work	  in	  Progress	  

•  Understanding	  the	  MWA	  data	  
–  Primary	  beam	  model	  &	  correc,on	  
–  Peeling	  bright	  sources	  
–  Flux	  calibra,on	  
–  Point	  source	  subtrac,on	  
–  Self-‐calibra,on	  

•  Analysing	  A3667	  
–  Integrated	  fluxes	  
–  Spectral	  indices	  
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Johnston-‐HolliC	  PhD	  thesis	  



Conclusions	  
•  The	  MWA	  works	  
•  S,ll	  some	  work	  to	  do	  
–  Peeling	  sources	  
–  Removing	  point	  sources	  
–  Improving	  calibra,on	  
–  Flux	  calibra,on	  

•  Lead	  to	  integrated	  fluxes	  and	  spectral	  indices	  
•  Provide	  a	  test	  bed	  for	  advanced	  source	  detec,on	  
algorithms	  to	  iden,fy	  new	  extended	  low	  
frequency	  objects	  
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