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Galaxy clusters
Largest gravitationally bound systems in the Universe, Mpc scale

Clusters form by accretion 
of matter and mergers 
between sub-units at the 
intersection of filaments of 
the “cosmic web”

Borgani et al. 2004

Galaxies: ∼5%  (optical)

Dense and hot ICM: ∼15% (X)

Dark matter: ∼80%

The “Bullet” cluster    Credits: M. Markevitch
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Cluster mergers 

A399-A401-about to merge  A754-major merger   A2029-relaxed (few Gyrs)

X-ray : substructures in the ICM distribution, gradients in SB and T

Optical : substructures in galaxy distributions 
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Observational evidences of mergers from the thermal component:
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Cluster mergers 
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Cluster mergers are among the most energetic events in the Universe:

major merger energy release: > 10^64 ergs over 1 Gyr

Courtesy of F.Vazza Courtesy of F.Vazza

shocks and turbulence

Mpc-scale non-thermal (synchrotron) radio emission, 
observed in a fraction of merging cluster

amplify the cluster magnetic fields
accelerate particles from the thermal ICM

re-accelerate pre-existing relativistic particles
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Mergers and diffuse radio emission
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VLA 1.4 GHz  on Chandra 
Clarke & Ensslin 06

Mpc scale sources, NOT associated with individual galaxies, but with the ICM

Probes the existence of GeV electron population and muG magnetic fields

Low SB, steep synchrotron spectra (α∼1.2-1.4).  Only ∼50 known (poor statistic)

A2256
Radio Relics: cluster outskirts, 
elongated, polarized up to ∼30%

Radio Halos: centrally located, 
regular shape, usually unpolarized
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Origin of halos and relics

Their Mpc size imply that
 tdiff  >> tsynchr

Some form of (re-)acceleration is needed

Primary electron models: in situ 
re-acceleration of pre-existing 
electrons by merger shocks/
turbulence, first proposed by 

Jaffe (1977)

Secondary electron models: relativistic 
electrons injected in the cluster volume 
via pth-pcr collisions, first proposed by 

Dennison (1980) 

i.e. 1 Mpc @ z=0.2: 
9.5 Gyr >> 0.1 Gyr

Coma cluster (Feretti et al. 1998)
Abell 3376 (Bagchi et al. 2006)
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  Radio Relics

   Radio Halos
Origin: a promising possibility is in 
situ re-acceleration of preexisting 
relativistic electrons by merger 

driven turbulence
e.g., Brunetti et al. 2001, 2004; Petrosian 2001

VLA 1.4 GHz  on Chandra 
Clarke & Ensslin 06

Origin of halos and relics

A2256
Origin: merger shock 

(re-)acceleration of relativistic 
electrons or shock adiabatic 
compression of fossil radio 

plasma?
e.g. Ensslin et al. 1998; Rottgering et al. 

1997; Ensslin & Gopal-Krishna 2001
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The re-acceleration model 
and USSRHs

GMRT 240 MHz on Chandra
Brunetti+ 2008, Nature

Relic: 
shock acceleration? 
(Giacintucci, Venturi, Macario+ 2008)

A521
 Relic α~1.5

Halo α~2

prototypical USSRH -> 
turbulence re-acceleration 
(Brunetti+ 2008, Nature)

 A unique expectation of this model is the existence of Ultra-steep 
spectrum radio halos (USSRHs, α>1.6), due to less energetic mergers

 Low frequencies => easier to find, expected to be more numerous
(i.e. Cassano & Brunetti  2005; Cassano, Brunetti & Setti 2006, Cassano+ 2008)
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Why low frequencies?
Low frequency (<330 MHz) observations well suited to study 
such steep spectrum radio sources

most observations of halos/relics @ 1.4 GHz (surveys, 
individual); only few object with spectral information

to shed light on the scenarios proposed for their origin. In 
particular, discovery of new USSRHs would constrain the re-
acceleration scenario.
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I. Abell 697 II. Abell 754

Ph.D. project: GMRT low frequency (<327 MHz) follow up of RH/
relics/candidates in clusters selected from GMRT RHSurvey 
(Venturi et al. 2007&2008; Venturi et al. 2009)

GMRT (Giant Meterwave Radio Telescope) is well 
suited for RH/relic studies: low freq., good  
sensitivity both at compact and extended emission
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I
“The very steep spectrum 
radio halo in Abell 697” 

(Macario et al. 2010, in press A&A, arXiv:1004.1515)
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Abell 697: a merging 
cluster with a giant RH
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2 Macario et al.: The very steep spectrum radio halo in Abell 697

Table 1. General properties of the galaxy cluster A 697.

RAJ2000 08h 42m 53.3s
DECJ2000 +36◦ 20� 12��
Bautz–Morgan Class II–III
Richness 1
z 0.282
σv 1334 km s−1 (a)
LX[0.1−2.4keV] 10.57 × 1044 erg s−1

MV 2.25 × 1015 M⊙ (b)
RV 2.90 Mpc (b)

Notes to Table ??: (a): Girardi et al. ?; (b): Estimated from the LX–MV
relation, see Eq. 6 and 7 in Cassano et al. (?).

in Table ?? 1, which provides: coordinates; morphological clas-
sification of the cluster and richness; redshift z; cluster veloc-
ity dispersion σv (from optical spectroscopy); X–ray luminos-
ity LX (taken from the BCS catalogue); virial mass MV and the
corresponding virial radius RV . The presence of diffuse cluster–
scale radio emission in A 697 was first suggested in Kempner
& Sarazin (?) by inspection of the NVSS and the WENSS,
and further confirmed by observations at 610 MHz with the
Giant Metrewave Radio Telescope (GMRT) as part of the GMRT
Radio Halo Survey (VGB07 and VGD08). From those observa-
tions the extended radio emission at the cluster centre has been
unambiguously classified as a giant2 radio halo.

The paper is organized as follows. In Sect. ?? we present
the new 325 MHz GMRT data; in Sect. ?? and ?? we derive
the integrated spectrum and discuss the sources of uncertainty in
the flux density measurements; in Sect. ?? we discuss the origin
of the A 697 radio halo in the framework of the turbulent re–
acceleration model. Summary and conclusions are given in ??.

2. GMRT radio data at 325 MHz

2.1. Radio observations and data reduction

The main characteristics of the 325 MHz observations are sum-
marised in Table ??, which reports: observing date, frequency,
total bandwidth, total time on source, half power beamwidth
(HPBW), rms level (1σ) at full resolution and u–v range of the
full dataset.

The observations were carried out using simultaneously the
upper and lower side bands (USB and LSB, respectively), for
a total observing bandwidth of 32 MHz. The default spectral–
line observing mode was performed, with 128 channels for each
band and a spectral resolution of 125 kHz/channel. The USB and
LSB datasets were calibrated and analyzed separately using the
NRAO Astronomical Image Processing System package(AIPS).
Due to the considerably lower quality of the LSB (strong RFI
residuals), only the USB data were used to produce the final im-
ages presented and analysed in this paper.
The very large field of view of the GMRT at 325 MHz (pri-
mary beam ∼ 1.8◦) required the implementation of the wide–
field imaging technique in each step of the phase self–calibration
process, in order to account for the non–planar nature of the sky.
We covered the field of view (∼ 2.7 × 2.7 square degrees) with

1 We adopt the ΛCDM cosmology with H0=70 km s−1 Mpc−1, Ωm =
0.3 and ΩΛ = 0.7. At the redshift of A 697 (z=0.282), this cosmology
leads to a linear scale of 1�� = 4.26 kpc.

2 Linear size >∼ 1 Mpc h−1
50 .

25 facets.
Even though only half of the full dataset was usable, the quality
of the final image is very good: the rms ranges from ∼ 45 µJy
b−1 in the central region around the halo to ∼ 55 µJy b−1 in the
outer parts of the field.The residuals amplitude errors are � 5%.

2.2. The field

In Fig. ?? we report the 325 MHz GMRT full resolution contours
of the central 12� ×12� (∼ 3×3 Mpc2) portion of the A 697 field.
The region corresponds to half the cluster virial radius (RV = 2.9
Mpc, Table ??).
The most prominent features at this resolution are the two ex-
tended radio galaxies, labelled as S1 and S2 in Fig. ??, located
South of the cluster centre. In addition, the diffuse radio emis-
sion associated with the radio halo is clearly visible around the
cluster centre. The positive residuals surrounding the central dif-
fuse emission indicate that this source is quite extended.

2.3. The radio halo

Fig. ?? zooms into the radio halo. The left panel shows the full
resolution 325 MHz contours (starting from ±3σ), overlaid on
the red optical frame from the Digitized Palomar Sky Survey
(DSS–2). Three discrete radio sources embedded in the halo
emission are optically identified with cluster members (Girardi
et al. ?, hereinafter G06). We labelled them A, D and G, follow-
ing the same notation used for the corresponding sources identi-
fied in the GMRT 610 MHz full resolution image (left panel of
Fig. 2, see also VGD08). In Table ?? we report their radio po-
sition and flux density at 325 MHz (obtained from Gaussian fits
in the full resolution image), together with their optical identifi-
cation and redshift (from G06). Source A is identified with the
central cD galaxy.
In order to image the diffuse emission of the radio halo, the
three sources A, D and G, whose total flux density amounts to
S325 MHz = 7.96 mJy, were subtracted from the u–v data. The
final “subtracted” dataset was used to produce images of the ra-
dio halo at various angular resolutions, tapering the u–v data
by means of the parameters robust and uvtaper in the task
IMAGR.
In the right panel of Fig. ?? we report the 325 MHz contours
of the radio halo at the resolution of 46.8�� × 41.4��, overlaid on
a GMRT 610 MHz image of similar resoution (46.4�� × 35.9��;
grey scale, see also VGD08). The first contour corresponds to
the ±3σ significance level.
The radio halo of A 697 is very extended at 325 MHz, with a
largest angular size (LAS) of ∼ 5.1�, corresponding to a largest
linear size (LLS) of ∼ 1.3 Mpc h−1

70 . Its overall morphology is
regular and symmetric, and more extended than imaged at 610
MHz. The central ∼ 1� is similar at both frequencies, and the
bright feature well visible at 610 MHz in the western part of the
halo is almost coincident with a similar structure at 325 MHz.
The total integration time of the 610 MHz observations is much
shorter than that at 325 MHz (see section ??), and the u–v cov-
erage of the short spacings worse. In Fig. ?? we report a com-
parison between the inner portions of the u–v plane at 325 and
610 MHz (left and right panel respectively); visibilities relative
to baselines shorter than 1 kλ are shown3. For this reason, a de-
tailed spectral index imaging was not carried out.
The total flux density of the radio halo at 325 MHz is S325MHz =

3 The angular size of the halo (∼ 5�) is sampled by visibilities corre-
sponding to baselines shorter than ∼ 0.7 kλ.

- massive, X-ray luminous cluster
- evidences of merger activity (optical/X-ray, 
Girardi+ 2006, Dhale+ 2002)

- Host a central giant radio halo:
- hints from WENSS (Kempner&Sarazin2001), 
confirmed by GMRT observations @610 MHz 
(GMRT RHSurvey, Venturi+ 2007&2008)
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Abell 697: observations
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Abell 697: spectral analysis

4 Macario et al.: The very steep spectrum radio halo in Abell 697

Table 3. Individual radio galaxies at the center of A 697.

Radio Radio position S325 MHz Optical Position z
source RAJ2000 & DECJ2000 mJy RAJ2000 & DECJ2000

A 08 42 57.70 +36 22 01 4.63±0.23 08 42 57.55 +36 22 00 0.281
D 08 42 54.54 +36 21 05 1.97±0.10 08 42 54.36 +36 21 03 0.274
G 08 43 05.65 +36 22 25 1.36±0.07 08 43 05.50 +36 22 24 0.267

Fig. 3. Comparison between the inner portion of the u–v plane sampled by the GMRT observations at 325 MHz (left panel) and at 610 MHz (right)
from which the flux density measurements of the halo has been taken. Only baselines shorter than 1 kλ have been plotted.

Fig. 5. Left Panel: Radio contours of the A 697 field from the public 1.4 GHz NVSS image (grey scale). The 1σ level is 0.45 mJy b−1. Contour
levels are spaced by a factor 2, starting from ±1 mJy b−1; the resolution is 45�� × 45��, p.a 0◦. Central Panel: 1.4 GHz image (grey scale) of the
NVSS pointing containing A697 after new calibration. The 1σ level is 0.3 mJy b−1. The resolution is 45�� × 45��. Right Panel: Recalibrated NVSS
image (contours) overlaid on the VLA–C array 1.4 GHz image (same as Fig. 4). The first contour is ±0.3 mJy b−1, contours are spaced by a factor
of 2.

3.2. Integrated radio spectrum

The observed integrated spectrum of radio halos may be affected
by two main factors. In particular, (1) the contribution to the flux
density of embedded individual radio sources, and (2) the u–v
coverage at short spacings.
Embedded individual sources are most likely of AGN origin,
whose spectrum is flatter than radio halos. An inaccurate or in-
efficient subtraction of these sources may introduce a scatter of
the flux density measurements at the various frequencies. On the
other hand, the u–v coverage at short spacings may affect the de-
tection of large scale structure.
We dealt with point (1) in Sect. 2.3 and 3.1. Point (2) will be the
focus of Sect. 4.

All the available flux density measurements of the radio halo
are reported in Table ??, along with the angular resolution of the
images used for the measurements. The source is undetected on
the Very Low–Frequency Sky Survey (VLSS), most likely due
to the very poor sensitivity of the A 697 field.

The sources of uncertainty on the radio halo flux densities
at 325 MHz and 1.4 GHz are the calibration errors and the pro-
cedure of point source subtraction, which we estimate sum up
to ∼ 5%. The flux density value at 610 MHz is affected by a
higher uncertainty. We performed an accurate check on flux den-
sity at 325 MHz, 610 MHz and 1.4 GHz for a number of discrete
sources in the central field (see Fig. ??), using three images with
the same angular resolution as the full resolution at 1.4 GHz
(∼ 16�� × 16��), after correction for the corresponding primary
beam. We found that the 610 MHz measurements are system-
atically underestimated by ∼ 12%; after further inspection of
the data, we concluded that this is due to an amplitude sistem-
atic error. Note that large residual calibration errors at 610 MHz
were reported also for the cluster A 3562 in Giacintucci et al. (?).
Considering all this, the 610 MHz flux density value of the radio
halo in A 697 given in VGD08 was corrected to account for this
effect (Table 4 reports the new corrected value).
The integrated radio spectrum of the halo is shown in Fig. ??.
The red solid line is the linear fit to the data (filled triangles)
weighted for the uncertainties. A single power–law fit to the data
gives a spectral index α = 1.8 ± 0.14.

4 Giovannini et al. (?) estimated a spectral index α1.4 GHz
325 MHz=1.2 us-

ing our GMRT 325 MHz flux density value preliminary presented in

Table 4. Flux densites of the radio halo in A 697.

ν Sν HPBW Ref.
(MHz) (mJy) ��×��

325 47.3±2.5 46.8 × 41.4 this work; Fig. ??
610 14.6±1.7 46.4 × 35.9 VGD08; see also this work Fig. ??

1400 3.7±0.2 35.0 × 35.0 this work; Fig. ?? ∗

∗ From VLA–C archival data (Obs. Id. AJ0252)

Fig. 6. Integrated radio spectrum of the halo. The red solid line is the
linear fit to the data (filled triangles), weighted for uncertainties. The
dashed line connects the two values of flux density including the esti-
mated losses at 325 and 610 MHz (stars). The open square is the esti-
mated flux density of the radio halo on the NVSS.

4. Uncertainties in the spectral slope

The combination of very low brightness emission and large an-
gular size makes the imaging of faint radio halos a challeng-
ing process. The sampling of the u–v coverage at short spacings
is essential for a reliable imaging of extended and diffuse radio
sources, and this is particularly relevant for faint radio halos, as
is the case of A 697. The most serious effect of an inadequate
u–v coverage at short baselines is the loss of a fraction of the
radio halo flux density, which may affect not only the imaging
at an individual frequency, but also the integrated spectral index
of the source. This effect becomes even more severe when only
few data points over a small frequency range are available.
In this Section we will discuss the role of the u–v coverage in the
GMRT observations of A 697 and the implications on the spec-
tral steepness of its giant radio halo. We will show that part of
the total flux density of the radio halo could not be accounted
for by the GMRT observations. This effect is more severe at 610
MHz, since Fig. ?? clearly shows that the inner portion of the
u–v coverage is much better sampled in the 325 MHz observa-
tions. Given that an underestimate of the 610 MHz flux density

Venturi et al. (?) and the 1.4 GHz value derived from the original NVSS
image. As shown in Sect. 3.1, the NVSS value overestimates the flux
density at the centre of A 697, leading to an unreliable flatter spectrum.

- Flux density measurements @ 327, 610 
and 1350 MHz 
=> observed integrated spectrum

13
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Table 3. Individual radio galaxies at the center of A 697.

Radio Radio position S325 MHz Optical Position z
source RAJ2000 & DECJ2000 mJy RAJ2000 & DECJ2000

A 08 42 57.70 +36 22 01 4.63±0.23 08 42 57.55 +36 22 00 0.281
D 08 42 54.54 +36 21 05 1.97±0.10 08 42 54.36 +36 21 03 0.274
G 08 43 05.65 +36 22 25 1.36±0.07 08 43 05.50 +36 22 24 0.267

Fig. 3. Comparison between the inner portion of the u–v plane sampled by the GMRT observations at 325 MHz (left panel) and at 610 MHz (right)
from which the flux density measurements of the halo has been taken. Only baselines shorter than 1 kλ have been plotted.

Fig. 5. Left Panel: Radio contours of the A 697 field from the public 1.4 GHz NVSS image (grey scale). The 1σ level is 0.45 mJy b−1. Contour
levels are spaced by a factor 2, starting from ±1 mJy b−1; the resolution is 45�� × 45��, p.a 0◦. Central Panel: 1.4 GHz image (grey scale) of the
NVSS pointing containing A697 after new calibration. The 1σ level is 0.3 mJy b−1. The resolution is 45�� × 45��. Right Panel: Recalibrated NVSS
image (contours) overlaid on the VLA–C array 1.4 GHz image (same as Fig. 4). The first contour is ±0.3 mJy b−1, contours are spaced by a factor
of 2.

3.2. Integrated radio spectrum

The observed integrated spectrum of radio halos may be affected
by two main factors. In particular, (1) the contribution to the flux
density of embedded individual radio sources, and (2) the u–v
coverage at short spacings.
Embedded individual sources are most likely of AGN origin,
whose spectrum is flatter than radio halos. An inaccurate or in-
efficient subtraction of these sources may introduce a scatter of
the flux density measurements at the various frequencies. On the
other hand, the u–v coverage at short spacings may affect the de-
tection of large scale structure.
We dealt with point (1) in Sect. 2.3 and 3.1. Point (2) will be the
focus of Sect. 4.

All the available flux density measurements of the radio halo
are reported in Table ??, along with the angular resolution of the
images used for the measurements. The source is undetected on
the Very Low–Frequency Sky Survey (VLSS), most likely due
to the very poor sensitivity of the A 697 field.

The sources of uncertainty on the radio halo flux densities
at 325 MHz and 1.4 GHz are the calibration errors and the pro-
cedure of point source subtraction, which we estimate sum up
to ∼ 5%. The flux density value at 610 MHz is affected by a
higher uncertainty. We performed an accurate check on flux den-
sity at 325 MHz, 610 MHz and 1.4 GHz for a number of discrete
sources in the central field (see Fig. ??), using three images with
the same angular resolution as the full resolution at 1.4 GHz
(∼ 16�� × 16��), after correction for the corresponding primary
beam. We found that the 610 MHz measurements are system-
atically underestimated by ∼ 12%; after further inspection of
the data, we concluded that this is due to an amplitude sistem-
atic error. Note that large residual calibration errors at 610 MHz
were reported also for the cluster A 3562 in Giacintucci et al. (?).
Considering all this, the 610 MHz flux density value of the radio
halo in A 697 given in VGD08 was corrected to account for this
effect (Table 4 reports the new corrected value).
The integrated radio spectrum of the halo is shown in Fig. ??.
The red solid line is the linear fit to the data (filled triangles)
weighted for the uncertainties. A single power–law fit to the data
gives a spectral index α = 1.8 ± 0.14.

4 Giovannini et al. (?) estimated a spectral index α1.4 GHz
325 MHz=1.2 us-

ing our GMRT 325 MHz flux density value preliminary presented in

Table 4. Flux densites of the radio halo in A 697.

ν Sν HPBW Ref.
(MHz) (mJy) ��×��

325 47.3±2.5 46.8 × 41.4 this work; Fig. ??
610 14.6±1.7 46.4 × 35.9 VGD08; see also this work Fig. ??

1400 3.7±0.2 35.0 × 35.0 this work; Fig. ?? ∗

∗ From VLA–C archival data (Obs. Id. AJ0252)

Fig. 6. Integrated radio spectrum of the halo. The red solid line is the
linear fit to the data (filled triangles), weighted for uncertainties. The
dashed line connects the two values of flux density including the esti-
mated losses at 325 and 610 MHz (stars). The open square is the esti-
mated flux density of the radio halo on the NVSS.

4. Uncertainties in the spectral slope

The combination of very low brightness emission and large an-
gular size makes the imaging of faint radio halos a challeng-
ing process. The sampling of the u–v coverage at short spacings
is essential for a reliable imaging of extended and diffuse radio
sources, and this is particularly relevant for faint radio halos, as
is the case of A 697. The most serious effect of an inadequate
u–v coverage at short baselines is the loss of a fraction of the
radio halo flux density, which may affect not only the imaging
at an individual frequency, but also the integrated spectral index
of the source. This effect becomes even more severe when only
few data points over a small frequency range are available.
In this Section we will discuss the role of the u–v coverage in the
GMRT observations of A 697 and the implications on the spec-
tral steepness of its giant radio halo. We will show that part of
the total flux density of the radio halo could not be accounted
for by the GMRT observations. This effect is more severe at 610
MHz, since Fig. ?? clearly shows that the inner portion of the
u–v coverage is much better sampled in the 325 MHz observa-
tions. Given that an underestimate of the 610 MHz flux density

Venturi et al. (?) and the 1.4 GHz value derived from the original NVSS
image. As shown in Sect. 3.1, the NVSS value overestimates the flux
density at the centre of A 697, leading to an unreliable flatter spectrum.

- Flux density measurements @ 327, 610 
and 1350 MHz 
=> observed integrated spectrum

- Injection of “Fake radio 
halos” to estimate GMRT flux 
density losses and constrain 

the spectral steepness

∼20% losses => “revised” spectrum
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Table 3. Individual radio galaxies at the center of A 697.

Radio Radio position S325 MHz Optical Position z
source RAJ2000 & DECJ2000 mJy RAJ2000 & DECJ2000

A 08 42 57.70 +36 22 01 4.63±0.23 08 42 57.55 +36 22 00 0.281
D 08 42 54.54 +36 21 05 1.97±0.10 08 42 54.36 +36 21 03 0.274
G 08 43 05.65 +36 22 25 1.36±0.07 08 43 05.50 +36 22 24 0.267

Fig. 3. Comparison between the inner portion of the u–v plane sampled by the GMRT observations at 325 MHz (left panel) and at 610 MHz (right)
from which the flux density measurements of the halo has been taken. Only baselines shorter than 1 kλ have been plotted.

Fig. 5. Left Panel: Radio contours of the A 697 field from the public 1.4 GHz NVSS image (grey scale). The 1σ level is 0.45 mJy b−1. Contour
levels are spaced by a factor 2, starting from ±1 mJy b−1; the resolution is 45�� × 45��, p.a 0◦. Central Panel: 1.4 GHz image (grey scale) of the
NVSS pointing containing A697 after new calibration. The 1σ level is 0.3 mJy b−1. The resolution is 45�� × 45��. Right Panel: Recalibrated NVSS
image (contours) overlaid on the VLA–C array 1.4 GHz image (same as Fig. 4). The first contour is ±0.3 mJy b−1, contours are spaced by a factor
of 2.

3.2. Integrated radio spectrum

The observed integrated spectrum of radio halos may be affected
by two main factors. In particular, (1) the contribution to the flux
density of embedded individual radio sources, and (2) the u–v
coverage at short spacings.
Embedded individual sources are most likely of AGN origin,
whose spectrum is flatter than radio halos. An inaccurate or in-
efficient subtraction of these sources may introduce a scatter of
the flux density measurements at the various frequencies. On the
other hand, the u–v coverage at short spacings may affect the de-
tection of large scale structure.
We dealt with point (1) in Sect. 2.3 and 3.1. Point (2) will be the
focus of Sect. 4.

All the available flux density measurements of the radio halo
are reported in Table ??, along with the angular resolution of the
images used for the measurements. The source is undetected on
the Very Low–Frequency Sky Survey (VLSS), most likely due
to the very poor sensitivity of the A 697 field.

The sources of uncertainty on the radio halo flux densities
at 325 MHz and 1.4 GHz are the calibration errors and the pro-
cedure of point source subtraction, which we estimate sum up
to ∼ 5%. The flux density value at 610 MHz is affected by a
higher uncertainty. We performed an accurate check on flux den-
sity at 325 MHz, 610 MHz and 1.4 GHz for a number of discrete
sources in the central field (see Fig. ??), using three images with
the same angular resolution as the full resolution at 1.4 GHz
(∼ 16�� × 16��), after correction for the corresponding primary
beam. We found that the 610 MHz measurements are system-
atically underestimated by ∼ 12%; after further inspection of
the data, we concluded that this is due to an amplitude sistem-
atic error. Note that large residual calibration errors at 610 MHz
were reported also for the cluster A 3562 in Giacintucci et al. (?).
Considering all this, the 610 MHz flux density value of the radio
halo in A 697 given in VGD08 was corrected to account for this
effect (Table 4 reports the new corrected value).
The integrated radio spectrum of the halo is shown in Fig. ??.
The red solid line is the linear fit to the data (filled triangles)
weighted for the uncertainties. A single power–law fit to the data
gives a spectral index α = 1.8 ± 0.14.

4 Giovannini et al. (?) estimated a spectral index α1.4 GHz
325 MHz=1.2 us-

ing our GMRT 325 MHz flux density value preliminary presented in

Table 4. Flux densites of the radio halo in A 697.

ν Sν HPBW Ref.
(MHz) (mJy) ��×��

325 47.3±2.5 46.8 × 41.4 this work; Fig. ??
610 14.6±1.7 46.4 × 35.9 VGD08; see also this work Fig. ??

1400 3.7±0.2 35.0 × 35.0 this work; Fig. ?? ∗

∗ From VLA–C archival data (Obs. Id. AJ0252)

Fig. 6. Integrated radio spectrum of the halo. The red solid line is the
linear fit to the data (filled triangles), weighted for uncertainties. The
dashed line connects the two values of flux density including the esti-
mated losses at 325 and 610 MHz (stars). The open square is the esti-
mated flux density of the radio halo on the NVSS.

4. Uncertainties in the spectral slope

The combination of very low brightness emission and large an-
gular size makes the imaging of faint radio halos a challeng-
ing process. The sampling of the u–v coverage at short spacings
is essential for a reliable imaging of extended and diffuse radio
sources, and this is particularly relevant for faint radio halos, as
is the case of A 697. The most serious effect of an inadequate
u–v coverage at short baselines is the loss of a fraction of the
radio halo flux density, which may affect not only the imaging
at an individual frequency, but also the integrated spectral index
of the source. This effect becomes even more severe when only
few data points over a small frequency range are available.
In this Section we will discuss the role of the u–v coverage in the
GMRT observations of A 697 and the implications on the spec-
tral steepness of its giant radio halo. We will show that part of
the total flux density of the radio halo could not be accounted
for by the GMRT observations. This effect is more severe at 610
MHz, since Fig. ?? clearly shows that the inner portion of the
u–v coverage is much better sampled in the 325 MHz observa-
tions. Given that an underestimate of the 610 MHz flux density

Venturi et al. (?) and the 1.4 GHz value derived from the original NVSS
image. As shown in Sect. 3.1, the NVSS value overestimates the flux
density at the centre of A 697, leading to an unreliable flatter spectrum.

- Flux density measurements @ 327, 610 
and 1350 MHz 
=> observed integrated spectrum

- Injection of “Fake radio 
halos” to estimate GMRT flux 
density losses and constrain 

the spectral steepness

∼20% losses => “revised” spectrum

13

α≈1.8

α≈1.7

13



Abell 697: spectral analysis

4 Macario et al.: The very steep spectrum radio halo in Abell 697
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G 08 43 05.65 +36 22 25 1.36±0.07 08 43 05.50 +36 22 24 0.267

Fig. 3. Comparison between the inner portion of the u–v plane sampled by the GMRT observations at 325 MHz (left panel) and at 610 MHz (right)
from which the flux density measurements of the halo has been taken. Only baselines shorter than 1 kλ have been plotted.

Fig. 5. Left Panel: Radio contours of the A 697 field from the public 1.4 GHz NVSS image (grey scale). The 1σ level is 0.45 mJy b−1. Contour
levels are spaced by a factor 2, starting from ±1 mJy b−1; the resolution is 45�� × 45��, p.a 0◦. Central Panel: 1.4 GHz image (grey scale) of the
NVSS pointing containing A697 after new calibration. The 1σ level is 0.3 mJy b−1. The resolution is 45�� × 45��. Right Panel: Recalibrated NVSS
image (contours) overlaid on the VLA–C array 1.4 GHz image (same as Fig. 4). The first contour is ±0.3 mJy b−1, contours are spaced by a factor
of 2.
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13



Origin of the radio halo

14
14



Origin of the radio halo

14

327 MHz low res. contours on Chandra 0.5-9 keV (colours)

10.0 8:43:00.0 50.0 42:40.0

25:00.0

24:00.0

23:00.0

22:00.0

21:00.0

36:20:00.0

19:00.0

Right ascension

D
ec

lin
at

io
n

500 kpc

Giant RH LLS = 1.3 Mpc @327
Morphology similar to X-ray SB distribution
Chandra archive re-analysis favours a multiple 
merger scenario => merger-halo connection

14



Origin of the radio halo

theoretical implications of the very steep spectrum: 
- unique expectation of the re-acceleration model
- hadronic (secondary) origin of the halo is disfavored! It 
would required an implausibly high p energy budget.
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Chandra archive re-analysis favours a multiple 
merger scenario => merger-halo connection

these results provide further support to the turbulence 
re-acceleration scenario for the origin of radio halos
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II
 “The shock front and the 
radio edge in the merging 

cluster Abell 754”
work in progress: Macario et al., to be submitted to ApJ
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Abell 754: the prototype 
of a major merger

- nearby (z=0.05) hot, merging cluster

 X -RAY (i.e. Henry & Briel 1995, Markevitch+ 
2003, Henry+ 2004) and optical (Fabricant+ 1986, 
Zabludoff & Zaritzki 1995)
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Chandra T map + ACIS 0.8-5 keV cont. 
(Markevitch+ 03)

-2 (or more) sub-clusters merging along W-E axis
- possible presence of a shock front (Krivonos+ 
2003, Henry+ 2004)

Abell 754: the prototype 
of a major merger

- nearby (z=0.05) hot, merging cluster

 X -RAY (i.e. Henry & Briel 1995, Markevitch+ 
2003, Henry+ 2004) and optical (Fabricant+ 1986, 
Zabludoff & Zaritzki 1995)
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Chandra T map + ACIS 0.8-5 keV cont. 
(Markevitch+ 03)

-2 (or more) sub-clusters merging along W-E axis
- possible presence of a shock front (Krivonos+ 
2003, Henry+ 2004)

Abell 754: the prototype 
of a major merger

- nearby (z=0.05) hot, merging cluster

 X -RAY (i.e. Henry & Briel 1995, Markevitch+ 
2003, Henry+ 2004) and optical (Fabricant+ 1986, 
Zabludoff & Zaritzki 1995)

- Radio halo and possible relic detected at 74 and 1400 MHz

 RADIO (Kassim+ 2001, Bacchi+ 2003, Kale+ 2009)
ROSAT contours on VLA 74 MHz 

(Kassim+ 01)
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Abell 754: observations
Radio

 GMRT 327 MHz, ∼3 h
 Arch. VLA-D 1.4 GHz

+ 74 MHz image (Kassim+ 2001)

 Integrated radio spectrum of 
the diffuse emission

X-ray Chandra 
 Deep 95 ks (10743 obs)
 Arch. 39 ks (577 obs)

 Surface brightness profile
 Spectral analysis=>T

300 kpc

17

GMRT 327 MHz, Full res. GMRT 327 MHz, ow res., 
sources subtracted
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The shock front
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+0.14

 v2  1100 km/s ,  v1  1900 km/s

A754 is only the third cluster with clear detection 
(both T and density jumps) of a merger shock front

Mach number

Velocities in the shock frame 
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327 MHz low res. contours on Chandra 0.5-4 keV

Radio edge at the shock 
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327 MHz data show diffuse radio edge coincident with 
the shock

steep spectrum source
its origin may be related to the shock passage (shock re-

acceleration, adiabatic compression)
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Summary and future work
1. Discovery of the very steep spectrum radio halo in A697. Strong 

support to the turbulence re-acceleration scenario for the origin 
of radio halos.

- to constrain the spectrum: follow up study @ 150 MHz (GMRT) 
and 1.4-1.8 GHz (EVLA-D) in progress

2. Unambiguous detection of the merger shock front in A754; a 
radio edge with steep spectrum coincident with the front suggest 
that its origin is likely related to the shock passage.

- new deep GMRT obs. at 150, 240, 327 MHz just required 
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GMRT low frequency follow up of clusters with diffuse halo/relic (or 
candidate) emission from the GMRT RH survey is ongoing
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GMRT low frequency follow up of clusters with diffuse halo/relic (or 
candidate) emission from the GMRT RH survey is ongoing

Involved in the LOFAR survey key project (clusters WG)... LOFAR is the future!
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Thanks...for being patient!
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