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LOFAR core region 
(The Netherlands)

LOFAR station

LBA:  
10-90 MHz

HBA:  
110-250 MHz



LOFAR core region 
(The Netherlands)

LOFAR ≡ software telescope
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The ILT and the LOFAR station(s) in Nançay

•  47 operational stations 
completed 

•  38 NL stations, 9 international 
stations 

•  3 new stations coming in Poland 

Image courtesy: R. Pizzo (ASTRON)

Image courtesy:  
NenuFAR project



LOFAR: a wide science instrument

Key Science Projects : the LOFAR science drivers (→ R. Pizzo) 

Epoch of re-ionization


Transients and pulsars


High energy cosmic rays


Cosmic magnetism


Solar physics and space weather


Surveys and the distant universe

Michael Wise  /  3rd LOFAR Data School  /  November 18, 2014

LOFARLOFAR

50

LOFAR Science Products
! Velocity  (Raw data rates of  ~13 Tbits/s, correlated ~10 TB/hr)
! Volume  (100 TB visibilities, 1 TB cubes, 1 PB catalogues)
! Variety  (raw telemetry, uv data, beam-formed data, 2D-3D-4D-5D cubes,  

              RM cubes, light-curves, catalogues, etc.)

Michael Wise  /  3rd LOFAR Data School  /  November 18, 2014

LOFARLOFAR

50

LOFAR Science Products
! Velocity  (Raw data rates of  ~13 Tbits/s, correlated ~10 TB/hr)
! Volume  (100 TB visibilities, 1 TB cubes, 1 PB catalogues)
! Variety  (raw telemetry, uv data, beam-formed data, 2D-3D-4D-5D cubes,  

              RM cubes, light-curves, catalogues, etc.)

Michael Wise  /  3rd LOFAR Data School  /  November 18, 2014

LOFARLOFAR

50

LOFAR Science Products
! Velocity  (Raw data rates of  ~13 Tbits/s, correlated ~10 TB/hr)
! Volume  (100 TB visibilities, 1 TB cubes, 1 PB catalogues)
! Variety  (raw telemetry, uv data, beam-formed data, 2D-3D-4D-5D cubes,  

              RM cubes, light-curves, catalogues, etc.)

Michael Wise  /  3rd LOFAR Data School  /  November 18, 2014

LOFARLOFAR

50

LOFAR Science Products
! Velocity  (Raw data rates of  ~13 Tbits/s, correlated ~10 TB/hr)
! Volume  (100 TB visibilities, 1 TB cubes, 1 PB catalogues)
! Variety  (raw telemetry, uv data, beam-formed data, 2D-3D-4D-5D cubes,  

              RM cubes, light-curves, catalogues, etc.)

Image courtesy: M. Wise (ASTRON) 
& LOFAR Key Science Projects



LOFAR: a wide science instrument

Key Science Projects : the LOFAR science drivers (→ R. Pizzo) 

Epoch of re-ionization ( → B. Semelin) 

Transients and pulsars ( → J. Hessels, R. Fender, P. Zarka)


High energy cosmic rays ( → L. Martin)


Cosmic magnetism ( → F. Boulanger)


Solar physics and space weather ( → R. Pizzo)


Surveys and the distant universe  ( → myself)



The big Field of View of LOFAR

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

8 pointings @ 50 MHz (LBA) 
(FWHM ~ 7.5 deg) 
◊ = Abell clusters  
+ = NGC galaxies 

(Courtesy: Rafferty & Mohan)



Importance of low-frequency observations
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Importance of low-frequency observations

Courtesy: NRAO

←  Synchrotron self-absorbed spectrum

Observed spectra → 
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LOFAR Surveys: MSSS and KSP Surveys

Röttgering+

Heald et al.: LOFAR MSSS

Table 4. Nominal MSSS parameters and comparison with other surveys

Survey Frequency Sensitivity Resolution Area
MSSS-LBA 30 � 78 MHz . 50 mJy beam�1 . 15000 20,000 ⇤� (� > 0�)
8C 38 MHz 200 � 300 mJy beam�1 4.50 ⇥ 4.50 csc(�) 3,000 ⇤� (� > +60�)
VLSS 74 MHz 100 mJy beam�1 8000 30,000 ⇤� (� > �30�)
MSSS-HBA 120 � 170 MHz . 10 � 15 mJy beam�1 . 12000 20,000 ⇤� (� > 0�)
7C 151 MHz 20 mJy beam�1 7000 ⇥ 7000 csc(�) 5,500 ⇤� (irregular coverage)
TGSS 140 � 156 MHz 7 � 9 mJy beam�1 2000 32,000 ⇤� (� > �30�)
WENSS 330 MHz 3.6 mJy beam�1 5400 ⇥ 5400 csc(�) 10,000 ⇤� (� > +30�)
NVSS 1400 MHz 0.45 mJy beam�1 4500 35,000 ⇤� (� > �40�)

Note. Sensitivity and resolution values for the MSSS survey components are upper limits corresponding to images produced with baselines

shorter than 3 k�. Longer baselines are included in the observations as a matter of course, enabling re-processing toward the production of an

updated, higher angular resolution catalog.

Fig. 17. Comparisons between MSSS sensitivities (left) and resolutions (right) with those of other existing radio surveys as summarized in Table 4.
In the lefthand panel, dashed lines indicate representative spectral indices of ↵ = �0.7 and ↵ = �1.4. The solid black lines illustrate the frequency
dependence of the sensitivity in the 8 bands in each of the LBA and HBA survey segments, while the black stars show the frequency-averaged
sensitivity demonstrated in § 5. In the righthand panel, the downward-pointing arrows indicate that the angular resolution of the initial MSSS
catalog is limited with respect to the capabilities of the visibility data. Processing the full array will improve the survey performance.

et al. 2011, for a description of the beamformed pulsar observing
method). In imaging observations, the total flux density from the
pulsar will still be visible, permitting study of the low-frequency
spectral behavior of such objects.

6.3. Magnetism

A magnetism working group is planning to perform RM
Synthesis (Brentjens & de Bruyn 2005) on MSSS data in or-
der to search for polarized sources, primarily Galactic (pulsars
and di↵use foreground emission; see Jelić et al. 2014), but with
hopes of detecting polarized AGN (e.g., Mulcahy et al. 2014) as
well.

A polarization survey based on MSSS data will be uniquely
powerful at these frequencies; with the full achievable angular
resolution and sensitivity over the entire survey area, it will help
greatly in furthering our understanding of polarization at low fre-
quencies. The HBA component of MSSS provides an excellent
Faraday resolution of ⇡ 1.3 rad m�2 and a maximum Faraday
Depth of approximately 330 rad m�2. The Rotation Measure
Spread Function (RMSF), which displays the response to simple
polarized sources using all 8 HBA bands together from MSSS,
can be seen in Figure 19. Initial tests of the polarization recov-
erable through MSSS have already been performed. Polarized

Galactic foreground emission from the Fan region has been de-
tected, matching structures seen in previous observations with
WSRT (e.g., Iacobelli et al. 2013). In addition to this, the highly
polarized pulsar PSR J0218+4232 with a known Faraday depth
of �61 rad m�2 (Navarro et al. 1995) was detected at the correct
Faraday depth after correction for ionospheric Faraday rotation
(Sotomayor-Beltran et al. 2013). This demonstrates that an ac-
curate polarization survey of the Galactic foreground and extra
galactic background sources is feasible with MSSS-HBA. This
e↵ort will be presented in a future paper.

6.4. Individual extragalactic and Galactic targets

The key unique aspect of MSSS is its intrinsic broadband nature
that enables study of the spectral properties in various classes
of sources. The primary sources of interest include galaxy clus-
ters, star-forming galaxies, AGN, and supernovae, among others.
Several working groups have been formed to investigate pre-
liminary samples of targets and determine their low frequency
spectra. Particular scientific questions to be addressed include
the spectral properties of galaxy cluster halos and the search
for previously unknown di↵use emission; the spectral behav-
ior of nearby star-forming galaxies and the prevalence of spec-
tral turnovers at low frequencies; characterization of giant radio
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MSSS: first LOFAR imaging survey 
(P.I. G. Heald / ASTRON)

                 


Multifrequency  

16 2-MHz bands from 30-180 MHz


Snapshot 
Multi-epoch short observation mode 

Sky 
Quickly cover entire northern sky


Survey 
First large LOFAR imaging program


Heald et al.: LOFAR MSSS

Table 4. Nominal MSSS parameters and comparison with other surveys
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MSSS resolution

Heald+ 2015

Heald et al.: LOFAR MSSS
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ASTRON press release, 19 March 2013

~100 kpc

~2.3 Mpc
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MSSS mosaics



6 Pizzo and de Bruyn: Radio spectral study of the cluster of galaxies Abell 2255

Fig. 3. Grey scale images of A2255 at 25 cm (top left panel), 85 cm (top right panel), and 2 m (bottom panel). All images cover the
same area of the sky. The resolutions are 14 ′′× 15 ′′ (25 cm), 54 ′′× 64 ′′ (at 85 cm) and 163 ′′× 181 ′′ (at 2 m). The maps are not
corrected for the primary beam.

for the final 2 m, 85 cm, and 25 cm full resolution maps. Because
the classical confusion noise will be attenuated by the primary
beam, the observed noise decreases from the center to the edges
of the field, where it approaches the thermal noise level. This
trend, more clear in the low-frequency maps, is a problem when
trying to assess the significance of the central extended features
in the contour maps. In principle, we should consider as detec-
tion limit the noise observed at the center of the field and plot the
contours starting from, for example, 3 times this value. However,
it is worth noting that in this area we are confusion limited (this is
a situation similar to that found in deep optical images of galax-
ies, where the central fluctuations are often dominated by the
large number of stars within a resolution element). Therefore, in
order to show the significance of the features in our final contour
maps, we start plotting the contours from 3 times the noise ob-
served at the edge of the fully imaged field. To assess the signif-

icance of the detected structures with respect to the background
fluctuations, we advice the reader to compare the contour maps
at 25 cm, 85 cm, and 2 m with their grey scale version in Fig. 3.

2.8. Flux measurement uncertainties

Because of the errors present in the final images, the flux and
spectral index estimates are affected by uncertainties. The error
associated with the flux depends on:

– the observed noise in the final maps (σobs);
– the error due to the negative bowl, which arises around the
extended structures because of the missing short spacings
(σbowl). This severely affects the non full resolution maps
only (see Sect 2.9). In our case, its value was estimated by

Pizzo+ 09

Abell 2255 @ 25 cm (WSRT)

MSSS mosaics



MSSS ➪ LOFAR deep surveys

Calibrator  
Pipeline

Target Pre-
processing 

Pipeline

Target 
Imaging 
Pipeline

Global Sky 
Model

MSSS expects to catalog 
150,000 - 200,000 sources



LOFAR Key Project Surveys 
(P.I. H. Röttgering / Leiden)

                 


Large Area Survey (Tier 1)  

2π ster. @ 15, 30, 60, 120 MHz


783 deg2@ 200 MHz


Deep Area Survey (Tier 2) 
Several hundreds deg2 @ 30, 60, 120, 200 MHz


Ultra-Deep Area Survey (Tier 3) 
~70 deg2 @ 150 MHz


Courtesy: H. Röttgering



LOFAR capabilities with a 10 hr observation 
image noise level ~100𝜇Jy/beam 
resolution ~ 5"  

(Image courtesy: R. van Weeren, CfA) 



                                    


Large Area Survey (Tier 1)  

→ 100 galaxy clusters @ z > 0.6 

→ 100 radio-galaxies @ z > 6 

Deep Area Survey (Tier 2) 
→ SFR ≥ 10 MSun/yr  @ z = 0.5 

→ SFR ≥ 100 MSun/yr  @ z = 2.5 

Ultra-Deep Area Survey (Tier 3) 
→ 20 proto-clusters @ z > 2

                                    


✴ The highest redshift radio sources                
G. Miley et al. 

✴ Star-forming galaxies                                     
M. Lehnert et al. 

✴ AGN at moderate redshift                         
P. Best et al. 

✴ Galaxy clusters                                    
M. Brüggen / G. Brunetti et al.


✴ Gravitational lensing                                          
N. Jackson et al.


✴ Detailed studies of low-redshift AGN     
R. Morganti et al.


✴ Nearby galaxies                                           
J. Conway / K. Chyzi et al.


✴ Cosmological studies                                             
M. Jarvis / D. Bacon


✴ Galactic radio sources                                   
M. Haverkorn / G. White

Key Project Surveys 
(P.I. H. Röttgering / Leiden)



Key topics of LOFAR Surveys
Miley+ 06 

Visible imaging 
Lyα emission 

Radio continuum

z ∼ 2.2

Heavens+ 04 

Galaxies 
Hot gas 

Magnetic fields and CRs

DSS - NSF/NRAO/VLA/IUCAA/J.Bagchi 

- NASA/CXC/SAO/A. Vikhlinin; ROSAT


RADIO SPECTRUM OF 4C 41.17,  z = 3.8

Figure 5.7: The radio spectrum of 4C41.17 from Chambers, Miley and van Breugel
(1990). Shown is both the integrated spectrum of the whole source and the spectra of
the components. The spectral shape is ultra-steep and straight in the range of < 40
MHz up to 8 GHz. The spectrum is not concave and therefore not consistent with a
K–correction explanation for the z ∼ α correlation. According to classical synchrotron
theory the dominant straight region of the spectrum is indicative of the regime where
radiation losses are balanced by particle injection. Radiation losses dominate above
∼ 5 GHz and a low-frequency cut-off due to synchrotron absorption below ∼ 40 MHz.
Both radio source components have ultra-steep spectra. Straight ultra-steep spectra
with relatively small spectral variation are a general property of high-redshift luminous
radio galaxies.

that a straight ultra-steep spectrum must be produced by a mechanism within
the galaxy nucleus and is not an in-situ effect determined by the (highly non-
uniform) extranuclear environment.

Lessons for LOFAR distant radio source searches

The empirical existence of the z ∼ α effect and the empirical demonstration
that the spectrum of 4C41.17 is straight at frequencies > ∼ 40 MHz has con-
sequences for optimising distant radio galaxy searches. It should be aimed for
a survey with a low enough observing frequency that a low-frequency cut-off in
the spectra of z ∼ 4 sources can be measured. The presence or not of curvature
in the spectra could then be used to discriminate between sources at z < 5 and
sources at z > 5. Figure 5.7 indicates that 30 MHz may not be sufficiently low
a survey frequency to optimally detect the most distant luminous radio galax-
ies. Hence, it is imperative that LOFAR be developed to conduct the deepest
possible surveys at ∼ 15 MHz.

40
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Summary plot for radio surveys

Tingay+ 13



                                    


Large Area Survey (Tier 1)  

→ 100 galaxy clusters @ z > 0.6 

→ 100 radio-galaxies @ z > 6 

Deep Area Survey (Tier 2) 
→ SFR ≥ 10 MSun/yr  @ z = 0.5 

→ SFR ≥ 100 MSun/yr  @ z = 2.5 

Ultra-Deep Area Survey (Tier 3) 
→ 20 proto-clusters @ z > 2
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M. Lehnert et al. 

✴ AGN at moderate redshift                         
P. Best et al. 

✴ Galaxy clusters                                    
M. Brüggen / G. Brunetti et al.
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N. Jackson et al.


✴ Detailed studies of low-redshift AGN     
R. Morganti et al.
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Key Project Surveys 
(P.I. H. Röttgering)

✴ Serendipity below 30 MHz



LOFAR Key Project Surveys: status

Cycle 2 and cycle 3 and cycle 4 pointings

Courtesy: T. Shimwell (Leiden) 

Observations began June 2014

185 × 8 hr pointings with 48 MHz bandwidth

Always using core and remote stations (40 m to 120 km) 

≈50% of the time also using the international stations 



LOFAR Key Project Surveys: examples of results (1)

~ 5 deg

150 MHz map

5.6"x7.4" resolution


~120μJy/beam 


Images courtesy:  
W.Williams (Hertfordshire) 

Williams+ 15a,b

Low Excitation (LERGs)  

High Excitation (HERGs)  

Cold mode

Hot mode

Boötes field



LOFAR Key Project Surveys: examples of results (1)

Williams+ 15a,b

Cold mode
Hot mode



LOFAR Key Project Surveys: examples of results (2)

LOFAR 46 MHz VLA 74 MHz

Image courtesy: F. De Gasperin (Leiden)

Chandra 0.5-3.5 keV

M87 in the Virgo Cluster



LOFAR Key Project Surveys: examples of results (2)

LOFAR 46 MHz VLA 74 MHz

Image courtesy: F. De Gasperin (Leiden)

M87 in the Virgo Cluster



LOFAR LBA (46 MHz)

rms: 30 mJy/b

beam: 16”x17”


Image & Results by 
F. de Gasperin

VLA @ 321 MHz 
FWHM: 7.8” x 6.2”



LOFAR LBA (46 MHz)

rms: 30 mJy/b

beam: 16”x17”


Image & Results by 
F. de Gasperin

VLA @ 321 MHz 
FWHM: 7.8” x 6.2”



Abell 2256 

120-180 MHz 
5 arcsec 

130 µJy/beam  

Image courtesy:  
R. van Weeren

LOFAR Key Project Surveys: examples of results (3)



Abell 2256 

1-2 GHz@JVLA 
6 arcsec 

Owen+ 14



Abell 2256 
120-180 MHz 

5 arcsec 

Image courtesy:  
R. van Weeren

LOFAR Key Project Surveys: examples of results (3)



Abell 2256 
120-180 MHz 

5 arcsec 

Image courtesy:  
R. van Weeren

LOFAR Key Project Surveys: examples of results (3)



Directional Dependent Calibration

Quiet ionosphere Wild ionosphere

Ger de Bruyn & LOFAR EoR team 



Directional Dependent Calibration

Quiet ionosphere Wild ionosphere

Ger de Bruyn & LOFAR EoR team 



Directional Dependent Calibration

Quiet ionosphere Wild ionosphere

Ger de Bruyn & LOFAR EoR team 

Intema+ 09



“Traditional”  
facet calibration

Quiet ionosphere

Slide courtesy: R. van Weeren



DDFacet + Wirtinger- Kalman filter  
(by Tasse & Smirnov)

Quiet ionosphereDDFacet + Wirtinger-Kalman filter Facet-based

No self-cal

Tasse 14; Smirnov & Tasse 15; Tasse & Smirnov 15 (in prep.)



DDFacet + Wirtinger- Kalman filter  
(by Tasse & Smirnov)

Quiet ionosphereDDFacet + Wirtinger-Kalman filter Facet-based

  

Bootes field (Wirtinger vs Facet-based)

Facet-based  calibration
(Wendy+Reinout)

DDFacet + Wirtinger-
Kalman filter

No self-
calibration

No self-cal

Tasse 14; Smirnov & Tasse 15; Tasse & Smirnov 15 (in prep.)



LOFAR : short recap of the instrument and importance of low-frequency 
observations for extra-galactic studies 

LOFAR Surveys and first results  

What do we need more ? 

What else ? NenuFAR !

Overview of the talk



The Toothbrush galaxy cluster

Image courtesy:  
R. van Weeren

HBA 
22 arcsec res.

LBA 
20 arcsec res.

Image courtesy:  
F. de Gasperin



What do we need:  
improve directional dependent calibration in LBA

Slide courtesy: F. de Gasperin

Bandpass is strongly 
peaked: strategy is 

frequency dependent

Sensitivity: low, only 
stronger sources (>1Jy?) 

can be used for DDE

Bandpass varies by <20%: 
strategy is frequency 

independent

Sensitivity: good, can 
correct against 0.1 Jy 

source for DDE

LBA HBA



What do we need:  
improve directional dependent calibration in LBA

Slide courtesy: F. de Gasperin

Bandpass is strongly 
peaked: strategy is 

frequency dependent

Sensitivity: low, only 
stronger sources (>1Jy?) 

can be used for DDE

Bandpass varies by <20%: 
strategy is frequency 

independent

Sensitivity: good, can 
correct against 0.1 Jy 

source for DDE

LBA HBA

Bad bandpass an
d low S/N  
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What do we need:  
low frequencies with high sensitivity & resolution

Images courtesy: M. Murgia

Dying and re-started AGN with LOFAR 
PhD work of M. Brienza (ASTRON, Uni. Gröningen) - Slide courtesy

Dying and restarted AGN with LOFAR

LOW FREQUENCY RESOLUTION

90”

10”

40”

HIGH SENSITIVITY

Courtesy of M.Murgia

60,150 MHz up to 0.2 mJy

Low frequencies Sensitivity Resolution

Dying and restarted AGN with LOFAR

LOW FREQUENCY RESOLUTION

90”

10”

40”

HIGH SENSITIVITY

Courtesy of M.Murgia

60,150 MHz up to 0.2 mJy



What do we need:  
very high-resolution in LBA (international baselines)

High-z radio galaxies at low-frequencies 
PhD work of L. Morabito (Leiden) - Slide courtesy

De Breuck+ 00

Why do high-z radio sources 
have ultra-steep spectra 

(USS) ? 


Preliminary Results
High Resolution Imaging: HBA

4.7 GHz
Carilli+ (1997)

4C +39.37

Still see lobe-like structure at
low frequencies

Morabito HzRGs @ 60 MHz 13/15

Preliminary Results
High Resolution Imaging: LBA

4C +43.15

53 MHz 4.7 GHz
Carilli+ (1997)

Morabito HzRGs @ 60 MHz 14/15

Preliminary Results
High Resolution Imaging: LBA

4C +43.15

53 MHz 4.7 GHz
Carilli+ (1997)

Morabito HzRGs @ 60 MHz 14/15

4.7 GHz

Carilli+ 97 Morabito

LBA

HBA

LOFAR  

Science
 Driver



What do we need:  
more sensitivity to extended structures

Gas (105 - 107 K)
Magnetic fields

50 Mpc

Vazza, Ferrari + 15



LOFAR : short recap of the instrument and importance of low-frequency 
observations for extra-galactic studies 

LOFAR Surveys and first results  

What do we need more (in LBA) ? 

What else ? NenuFAR !

Overview of the talk



High instantaneous 
beamformed sensitivity down 
to 10 MHz + coarse imaging 

in a broad FoV

NenuFAR 
New extension in Nançay upgrading LOFAR

NenuFAR

Major extension of the 
LOFAR array = 


LOFAR Super Station 
(NenuFAR/LSS)

Standalone low-frequency 
instrument 


(NenuFAR/Standalone)

Dramatic increase of 
LOFAR’s total sensitivity 

and image resolution



Courtesy: Zarka, Girard et al.

NenuFAR ≣ LSS



What do we need
Improve directional dependent 
calibration in LBA 


Low frequencies with high 
sensitivity & resolution 


Very high-resolution in LBA 
(international baselines) 


More sensitivity to extended 
structures

Image courtesy: P. Zarka
LOFAR and NenuFAR 

Band-Passes

Image  
courtesy:  

F. Vazza 
(Hamburg)

Distance = 30 Mpc  
(Virgo cluster ~ 16.5 Mpc)

Zarka+ 12



Courtesy: Zarka, Girard et al.

NenuFAR ≣ Standalone instrument



NenuFAR as a standalone instrument

Intema+ 09

Courtesy: P. Zarka +



NenuFAR as a standalone instrument

Intema+ 09

Courtesy: P. Zarka +

 

Classical confusion 
Combined signal from many random 

faint sources within synthesized beam 

Sidelobe confusion 
Noise in image due poor calibration / 

deconvolution  



A science case: galaxy clusters

Kale+ 12 A3376 
X-ray image + Radio contours


(GMRT@325 MHz; ~40” resolution; 2 mJy/b rms)

(MWA@215 MHz; ~150” resolution; 11 mJy/b rms)

Max baseline ~ 25 km      50 - 1500 MHz

Max baseline ~ 3 km        80 - 300 MHZ
George+ 15



A science case: galaxy clusters

Kale+ 12

X-ray images Newton

White contours from KAT-7 at 1.86 GHz

(~2.5’ resolution ; ~0.5 mJy/beam rms)

Black contours from NVSS / SUMSS  

Bernardi+ 15

Max baseline ~ 185 m     1200-1950 MHz



A science case: galaxy clusters

Kale+ 12

Bernardi+ 15
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A science case: galaxy clusters

Kale+ 12

Bernardi+ 15
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LOFAR is a very complex instrument … 

… but it worths efforts: big scientific impact  

NenuFAR is a very useful complement of the ILT as well a powerful 
standalone instrument

Conclusions



Chiara Ferrari  
chiara.ferrari@oca.eu 



Thanks !!!

Chiara Ferrari  
chiara.ferrari@oca.eu 


