
van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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to identify sources: measure CR mass!

lighter nuclei penetrate  
deeper in atmosphere

source!source?

radio pulse



particles on ground,
sensitive to shower-to-shower fluctuations
Kascade Grande, IceTop

fluorescence light
dark nights (<15% duty cycle)
Pierre Auger Observatory radio detection

nearly 100% duty cycle
LOFAR,  AERA, Tunka

How to measure the mass?
Atmospheric depth of shower maximum Xmax

Electron/Muon ratio 



A short history
• 1960s: First emission theory charge excess (Askaryan 1962) and 

geomagnetic radiation (Kahn & Lerche 1967)

• 1970s: Detections by multiple experiments. Efforts are 
abandoned due to inadequate hardware & theoretical 
uncertainties.

• 2002: Falcke & Gorham revisit theory (geosynchrotron 
approach). New interest.

• 2003+: LOPES (LOFAR prototype station) detects air shower in 
radio, other experiments follow

• Now: detailed understanding of radiation mechanism.  
Large experiments: LOFAR,  AERA (Auger),  Tunka-rex

AERA (Auger)

LOFAR
Tunka-REX

LOPES

CODALEMA



buffer 

trigger
LORA

LOFAR Radboud Array
scintillator detectors

Pim Schellart et al., A&A 560, 98 (2013)

offline analysis

low band antenna

Low-Band
High-Band

LORA (Scintillator)

Air shower detection with LOFAR 

2 ms read-out



Wavefront curvature

! Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

! This can be directly measured 
with LOFAR

! Preliminary results point to 
mixed spherical / conical 
wavefront shape

! Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 

Corstanje et al. (in prep)

event displayantennas grouped 
in rings

pentagons: LORA 
scintillators

reconstructed 
core & direction

superterp

station outside 
superterp



ID 86129434

zenith 31 deg
336 antennas
χ2 / ndf = 1.02

10-90 MHz

SB et al. PRD 90 082003 (2014).



1D LDFs don’t fit !

best fit out of 40 simulations



• First sample:  
>100 showers 

• 200 - 450 antennas/event

• Fit 
0.9 - 2.6

• Radiation mechanism 
finally completely 
understood!

LOFAR data  CoREAS sim



Xmax reconstruction

• Reconstruct depth of shower 
maximum: Xmax 

• Jitter: other variations in shower 
development 

• Correction for atmospheric 
variations using GDAS 

• Resolution < 20 g/cm2 !! 

protons penetrate deeper than iron nuclei

Fe p



Proton

Iron

QGSJETII
EPOS-LHC

QGSJETII
EPOS-LHC

Mean Xmax for 114 showers

accepted by Nature



knee
second knee

ankle cut-off

Galactic extragalactic? ? ?

light?

What does it mean? 

Already extragalactic component? 
Secondary Galactic population?  

Galactic evatron sources? Reacceleration in halo? 
Same sources as IceCube neutrinos?



Cosmic lightning 
FOM project

KVI, CWI, VUB
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FIG. 2: Best fit CoREAS simulations for one air shower
as measured by the LOFAR radio telescope during a
thunderstorm. The intensity pattern in the shower

plane (top panel) and as a function of distance from the
shower axis (bottom panel) are given.

ment n. 227610. LOFAR, the Low Frequency Array
designed and constructed by ASTRON, has facilities in
several countries, that are owned by various parties (each
with their own funding sources), and that are collectively
operated by the International LOFAR Telescope founda-
tion under a joint scientific policy.
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[17] F. G. Schröder et al., in American Institute of Physics
Conference Series, American Institute of Physics Confer-
ence Series, Vol. 1535, edited by R. Lahmann, T. Eberl,
K. Graf, C. James, T. Huege, T. Karg, and R. Nahn-
hauer (2013) pp. 111–115.

[18] S. Hoover et al., Phys. Rev. Lett. 105, 151101 (2010).
[19] P. Schellart, A. Nelles, et al., A&A 560, A98 (2013),

arXiv:1311.1399 [astro-ph.IM].
[20] M. P. van Haarlem et al., Astronomy and Astrophysics

556, A2 (2013).
[21] S. Thoudam et al., ArXiv e-prints (2014),

arXiv:1408.4469 [physics.ins-det].
[22] S. Buitink et al., in Proceedings of the 33rd International

Cosmic Ray Conference, Rio De Janeiro (2013).
[23] S. Buitink et al., ArXiv e-prints (2014), arXiv:1408.7001

[astro-ph.IM].
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SKA: ultrahigh precision measurements

Science: 
- origin of CRs  

mass composition in transition region G/XG 
- hadronic physics at super-LHC energies  

shower tomography 
- thunderstorm physics

LOFAR
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• Air shower radio emission mechanism finally understood:  
- intensity profiles 
- wavefront shape  
- polarisation 
- Cherenkov rings at high frequency

• LOFAR can measure CR mass composition 
Xmax resolution of < 20 g/cm2 

similar to fluorescence detection + higher duty cycle

• First composition results based on 100+ high-res 
reconstructions using full shape of Xmax distribution  
light mass component at 1017 - 1017.5 eV 

• Air showers in thunderstorm:  
remote sensing of electric fields, thunderstorm physics

• Future: ultra-high precision with SKA 

Conclusions

Thanks



1020 - 10?? eV: Moon = 107 km2 detector area

WSRT LOFAR

CR/neutrino

best sensitivity now: 
Buitink et al. A&A 521, 47(2010) radio flash

ns scale!


