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LOFAR antennas

Low band antenna: 30 – 80 MHz
48/96 antennas/station

High band tiles: 120 – 240 MHz
48/96 tile/station, 4x4 antennas/tile

• Huge parabolic antennas replaced by much cheaper simple dipoles
• 41 stations of dipoles in Holland & in Europe (one station ≡ hundreds of dipoles)
• No moving parts: the beam is formed in a digital and flexible way
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LOFAR ≡ software telescope

Multiple, parallel observations
Rapid response and repointing
Multiple, simultaneous pointings

LOFAR : a survey instrument

8 pointings @ 130 MHz (HBA)
(FWHM ~ 3 deg)
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8 pointings @ 50 MHz (LBA)
(FWHM ~ 7.5 deg)

scheduled for May 2, 2012 to May 5, 2012

◊ = Abell clusters
+ = NGC galaxies
(Courtesy: Rafferty & Mohan)

Röttgering et al. 2010

MSSS: first LOFAR imaging survey
LOFAR MSSS: Multifrequency Snapshot Sky Survey (Heald+)
Multifrequency: 16 2-MHz bands from 30-180 MHz
Throws open a HUGE new frequency window
Snapshot: Multi-epoch short observation mode
Groundbreaking search for transient sources
Sky: Quickly cover entire northern sky
LOFAR’s first all-sky catalog, from the most sensitive survey
at extreme low frequencies
Survey: First large LOFAR imaging program
Paves the way for still deeper surveys...
MSSS uses
3 simultaneous
broadband beams

Courtesy: Heald

LOFAR Key Project Surveys
• Large Area Survey (Tier 1)

P.I.
Röttgering

- 2π ster. @ 15, 30, 60, 120
- 783 deg2@ 200 MHz
→ 100 amas de galaxies @ z > 0.6
→ 200 radio-galaxies @ z > 7
• Deep Area Survey (Tier 2)
- Quelque centaine de deg2 @ 30, 60, 120, 200
MHz
→ SFR ≥ 10 MSun/yr @ z = 0.5
→ SFR ≥ 100 MSun/yr @ z = 2.5
• Ultra-Deep Area Survey (Tier 3)
- ~70 deg2 @ 150 MHz
→ 20 proto-amas @ z > 2
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Morganti et al. 2010

Scientific drivers of
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Starburst galaxies
Distant radio galaxies
Galaxy clusters
New parameter space discoveries
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80 % : dark matter
15 % : hot intracluster gas
3 % : galaxies

Galaxy clusters:
➡ complex astrophysical systems
➡ complex evolutionary physics
Image Credits: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.

Galaxy cluster physics:
Importance of low frequency observations
Hierarchical formation of clusters
i. Energy budget of thermal and nonthermal components
ii. Gravitational energy dissipation
processes

Non-gravitational processes
i. Galaxy feedback
ii. Environmental effects
iii. Transport processes

The Coma cluster observed at 352 MHz with WSRT
(resolution: 135” x 68”)
Brown & Rudnick+ 11
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LOFAR observations of
galaxy clusters
LOFAR ≡ largest low-frequency telescope (10-250 MHz)
i. Large field of view (~5 - 10 deg)
ii. High sensitivity
➜ Survey telescope ≡ rms ~ few μJy & res ~ few arcsec

LOFAR ≡ software telescope & direction dependent effects
i. Specific algorithms for calibration
ii. Specific algorithms for wide field imaging
➜ Imaging step ≡ difficult task !!!

Flag & Compress
Removal of “A-team” sources
Calibration
Imaging

Virgo

VLA @ 321 MHz
FWHM: 7.8” x 6.2”

Owen+ 00

LOFAR &
the Virgo
cluster
LOFAR @ 140 MHz
Mean rms ~ 6x10-3 Jy/beam
FWHM: 19” x 14”

De Gasperin+, to be submitted

Very low-frequency images of M87

De Gasperin+, to be submitted

LOFAR &
the Virgo
cluster
Spectral index map:
LOFAR LBA +
LOFAR HBA +
VLA @ 325, 1400 & 1600 MHz
Resolution = 50”

Contours from LOFAR HBA map

De Gasperin+, to be submitted

LOFAR: a powerful tool for
synchrotron spectral analysis

De Gasperin+, to be submitted

M88

NGC4402

M90

NGC4438

M58
NGC4388

NGC 4567
NGC 4568

esday, 15 May 2012

NGC4407

De Gasperin+ in prep.

LOFAR observations of Abell 2256
VLA @ 1369 MHz
Mean rms ~ 5.9x10-5 Jy/beam
FWHM: 52” x 45”
Clarke & Enßlin 06
See also:
Kale & Dwarakanath 10 @150 MHz GMRT
van Weeren+ 09 @ 325 MHz GMRT
Brentjens+ 08 @ 350 MHz WSRT

LOFAR observations of Abell 2256
LOFAR @ 61-67 MHz
Robust -0.1:
Mean rms ~ 10x10-3 Jy/beam
FWHM: 22” x 26”
Robust 0.5:
Mean rms ~ 25x10-3 Jy/beam
FWHM: 52” x 62”
van Weeren+ 12

LOFAR observations of Abell 2256
LOFAR @ 63 MHz
BW = 5.5 MHz
Mean rms ~ 10x10-3 Jy/beam
FWHM: 22” x 26”

Van Weeren+ 12

LOFAR observations of Abell 2256
LOFAR @ 20 MHz
BW = 3.7 MHz
Mean rms ~ 250x10-3 Jy/beam
FWHM: 108” x 116”

Van Weeren+ 12

LOFAR observations
of
Abell
2256
R. J. van Weeren et al.: LOFAR Abell 2256 observations at low frequencies
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between the primary cluster (+subcluster) and group has a mass
ratio of about 10. Miller et al. (2003) argued that the “primary
cluster–galaxy group” merger is responsible for the radio relic
and that the merger event is viewed 0.3 Gyr after the core passage. From the radio spectra alone it is not possible to disentanChandra
image
LOFAR
contours
gle the
merger scenario,
but +
usually
the strongest
shocks form
after core passage and the flat integrated radio spectrum implies
that the relic only recently formed, ! 0.1 Gyr or so. The relic
in A2256 could thus be seen at a relatively early stage, just after
core passage, compared to some of the double radio relic clusters (e.g., Röttgering et al. 1997; Bagchi et al. 2006; Bonafede
et al. 2009; van Weeren et al. 2011b). Further flux measurements
above 2 GHz are needed to better constrain the high-frequency
end of the spectrum and confirm the radio spectrum steepens
here.
No shock has been found so far in X-ray observations (e.g.,
Bourdin & Mazzotta 2008). Although, given the large extent of
the relic in both the NS and EW directions we are probably not
viewing the relic close to edge-on, making it more difficult to Fig. 13.
If Radio
τshock
> τcoolspectrum.
→ αinjFlux=measurements
αobs + 0.5
= -0.3
halo and relic
from Clarke
detect a shock. For an edge-on shock/relic one would expect a & Enßlin (2006), Brentjens (2008), and Intema (2009) were included.
much larger ratio between the largest physical extent and the The solid straight line isBut:
a power-law
fit to the
relic fluxes. The radio
α
=
-0.5
inj,max
relic width (e.g., van Weeren et al. 2010). Because of the large halo spectrum is from flux measurements summed over the region indisize of the relic, about 1 by 0.5 Mpc, it is unlikely we are seeing cated(diffusive
in Fig. 7.
shock acceleration model - DSA)
fossil radio plasma compressed by a shock wave since radiative energy losses during the time it takes to compress a several
this is matter
for futureshock
papers when
more data will be
hundred kiloparsec sized radio ghost would remove most of the →ing,
Recently
formed
?
electrons responsible for the observable radio emission (Clarke available. The complex spectrum may simply result from a sutwo components,
specifically the emission
of the
& Enßlin 2006). In addition, we would expect steep curved radio →perposition
Missedof flux
at low frequencies
?
relic could be projected on the halo emission causing a flattenspectra due to synchrotron and IC losses.
Van Weeren+ 12
ing of the spectrum at higher frequencies. We also note that
The unusual flat spectrum of the relic may also suggest → Re-acceleration in shock downstream region?
recent modeling of turbulent re-acceleration of relativistic proa more complex situation. A synchrotron spectral index α >
→tons
DSA
reviewed
and to
theirbe
secondaries
in the?ICM predict a flattening of
α −1/2 is expected if electrons accelerated at the passage of the
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No shock has been found so far in X-ray observations (e.g.,
Bourdin & Mazzotta 2008). Although, given the large extent of
the relic in both the NS and EW directions we are probably not
viewing the relic close to edge-on, making it more difficult to
detect a shock. For an edge-on shock/relic one would expect a
much larger ratio between the largest physical extent and the
relic width (e.g., van Weeren et al. 2010). Because of the large
size of the relic, about 1 by 0.5 Mpc, it is unlikely we are seeing
fossil radio plasma compressed by a shock wave since radiative energy losses during the time it takes to compress a several
hundred kiloparsec sized radio ghost would remove most of the
electrons responsible for the observable radio emission (Clarke
& Enßlin 2006). In addition, we would expect steep curved radio
spectra due to synchrotron and IC losses.
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The unusual flat spectrum of the relic may also suggest
a more complex situation. A synchrotron spectral index α >
α −1/2 is expected if electrons accelerated at the passage of the

Fig. 13. Radio halo and relic spectrum. Flux measurements from Clarke
& Enßlin (2006), Brentjens (2008), and Intema (2009) were included.
The solid straight line is a power-law fit to the relic fluxes. The radio
Two population of relativistic electrons
halo spectrum is from flux measurements summed over the region indicated in Fig. 7.

→ Secondary + turbulent re-acceleration ?
ing, this is matter for future papers when more data will be
The complex
spectrumfrom
may simply
→available.
Projected
emission
the result
relicfrom
? a superposition of two components, specifically the emission of the
→relic
Inhomogeneous
turbulent
re-acceleration
could be projected on the
halo emission
causing a flattening of the spectrum at higher frequencies. We also note that
recent modeling of turbulent re-acceleration of relativistic protons and their secondaries in the ICM predict a flattening of

?

LOFAR observations of MACS J0717

Chandra +
Radio contours
← @ 1.4 GHz
↓@ 610 MHz

The most distant &
most powerful

z = 0.55

radio halo

Optical & X-ray cluster emission:

Bonafede+ 09 &

complex major cluster merger

van Weeren+ 09

Edge+ 03 & Ma+ 09

LOFAR observations of MACS J0717

LOFAR multi-beam capability

z = 0.55
Optical & X-ray cluster emission:

122 sub-bands on target & 122 sub-bands on calibrator

complex major cluster merger

among which:
41 SBs @ ~34 MHz

Edge+ 03 & Ma+ 09

40 SBs @ ~58 MHz
41 SBs @ ~74 MHz
Bonafede+ in prep.

LOFAR observations of MACS J0717
VLA map & contours (1.4 GHz)
LOFAR contours (34 MHz)

LOFAR map (54 MHz)

z = 0.55
LOFAR @ 54 MHz

LOFAR @ 34 MHz

Mean rms ~ 1.2x10-2 Jy/beam

Mean rms ~ 2x10-1 Jy/beam

FWHM: 12” x 38”

FWHM: 104” x 69”
Bonafede+ in prep.

LOFAR observations of Abell 1682
ALL components detected @ 60MHz,
LOFAR analysis - work in progress!

S-E blob

Macario, Ferrari+

LOFAR perspectives
Important developments required
i. Time-variable direction dependent effects
to be fully included in calibration & imaging
ii. Proper beam model
Cassano+ 10

Scientific perspectives
i. Hundreds of diffuse cluster sources
expected
(see plots →)
ii. Number counts dominated by star forming
galaxies
(with SFR ~ 10-50 MSun/yr @ z~2)

1.0 σ
2.5 σ
5.0 σ
10.0 σ
15.0 σ

LOFAR Source Finder group

LOFAR Source Finder group
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Coma WSRT observations
(@ 90 cm - res. 55” x 125”)

PyBDSM
(Mohan, Rafferty+)

Radio map courtesy:
Feretti & Giovannini

New deconvolution method:

Synthesis & Analysis using Sparse Representation

Dabbech+ 12
(+ ongoing PhD Thesis@OCA)

Thanks !

