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LOFAR: Transients and Cosmic Rays
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Abstract. The LOw Frequency ARray (), the revolutionary new radio software telescope, is not only suitable for the
imaging of steady sources, but can also detect variable phenomena and unpredictable events. Examples of such variable sources,
or transients, are radio bursts from phenomena within the Solar system. Using the Initial Test Station () and LOfar PrototypE
Station (), Solar bursts have been detected and mapped. Unpredictible events include Extensive Air Showers (), which
are induced by Ultra High Energy Cosmic Rays () with primary energies from 1016 eV upwards, and give rise to radiation
up to ∼ 100 MHz. Radio emission from particles in  is now being monitored permanently by , which is triggered by
the conventional air shower detectors of the -Grande experiment. An independent trigger for cosmic ray detection with
 will be in operation soon. In this short paper, first observations with  and  will be presented.

1. Introduction

LOFAR

In the northern parts of the Netherlands and Germany, the -
 project will be built, a revolutionary radio telescope in more
than one respect. First of all, it will be sensitive to radio signals
in the poorly investigated frequency ranges of 30–80 MHz and
120–240MHz. Secondly, its working is based on an entirely
different concept. Conventional radio telescopes use large me-
chanical dishes in order to point to a certain direction. Such
structures are extremely hard to run. Moreover, half of the cost
of such telescopes lies in its mechanical construction, and the
expenses for construction and maintenance increase dispropor-
tionally for larger and larger collecting areas.  will cir-

cumvent this problem by letting go of this concept entirely. It
will consist of many very simple and cheap dipole antennas.
The signals of these antennas can be combined by using soft-
ware only: this allows one to not only aim the telescope to a
different direction without any mechanically moving parts, but
also keep an eye on the entire sky simultaneously.

Science with LOFAR

There are currently four key science projects in . First
of all, the Epoch of Reionisation will be investigated, which
will tell us about the ionisation of neutral hydrogen in the early
universe, at redshifts of z = 6–11. Another key project, Deep
Extragalactic Surveys, will provide detailed and extensive cat-
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Fig. 1. Panel a: This is the setup of -, with 60 single dipoles in east-west orientation. The circled numbers represent the antenna locations,
the rectangle in the middle is a container box, which houses computer facilities. The diameter of the station is just under 200 m. The layout of
the  station is likely to resemble that of the eventual  stations, with antennas placed at exponentially increasing distances along spiral
arms. Panel b: This is the layout of the  station, integrated into the -Grande experiment. The circled numbers represent the antenna
locations, the hatched rectangles mark the  scintillator huts. The maximum baseline is about 250 m.

Table 1. Specifications for several preparatory phases towards .
N is the total number of physical antennas in the array, ν the frequency
band.

Station Year N ν (MHz) Polarisations
 ’03– 30 40–80 

- ’03–’05 60 10–30 

- ’05 30 10–30 , 

 ’05– 4 40–80 , 

 ’05–’07 16 40–80 , 

 ’07– 15 000 30–80, 120–240 , 

alogues of radio sources. In the Transient Sources project, tran-
sients ranging from Gamma Ray Bursts and exoplanets to ob-
jects in our own Solar system will be monitored by making use
of ’s powerful large, instantaneous beam. Finally, using
the non-directiveness of  antennas, unpredictable Ultra
High Energy Cosmic Rays can be monitored in an unconven-
tional way.

This short paper aims to provide an overview of the re-
search on the latter two projects, much of which was carried out
at the Dept. of Astrophysics at Radboud University, Nijmegen.

2. Current hardware setup

Though the final  array will be not be completed before
the end of 2008, there are several smaller stations available for
test purposes. So far, all  test stations operate at a clock
frequency of 80 Msamples with 12 bit data. This means that a
continuous data stream of 114 Mbytes/s per dipole antenna has
to be evaluated when no beamforming or selection is done.

An overview of the test stations and their basic properties
can be found in Table 1. Since data from  (Final Test Station)
is not yet solidly available, only , , and  data will
be discussed here, and we will not go further into the other
stations.

ITS

The  station was initiated as a general test case for the 

hardware and software. It uses off-the-shelf PCs for data pro-
cessing and communication between data channels, and does
not provide a real-time data stream. It is physically located near
the Drenthe village of Exloo, very close to where the eventual
core of  will be. To reduce source aliasing, the antennas
are spaced logarithmically along five spiral arms, increasing the
number of different baselines (see figure 1). This setup is much
like an eventual remote  station will be.

LOPES

The  station was specifically designed for cosmic ray de-
tection. It is located at the Forschungszentrum Karlsruhe, and
coincides with a conventional cosmic ray experiment, -
Grande. This experiment also supplies  with a trigger –
see section 4. The  array started out with 8 single dipole
antennas in east-west orientation. In January 2004, the array
was expanded to 10 dipoles, and 20 more were brought online
in February 2005. The physical layout of this station (see fig-
ure 1) makes it prone to severe source aliasing; this is not a big
issue, however, since producing skymaps is not its main goal.

LORUN

The  station was set up mainly for educational purposes,
and was partially erected by diploma students. Its 4 double
dipoles are located on the roof of the Astrophysics Department
in Nijmegen, and are connected to the  experiment, an
outreach project which allows high school students to detect
cosmic ray air showers using a large array of scintillators. Since
the scientific value of this station is not yet established, we will
not go into details of its reults.

In the next sections, we will discuss some of the science carried
out with the  and  stations.
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Fig. 2. Dynamic spectrum from the  station, composed of cosmic ray event files from October 28, 2003. Time (in hours) is on the horizontal
axis, frequency in MHz is displayed on the vertical axis. The color is a measure for the deposited energy from the direction of the Sun, brighter
colors mean stronger intensity. Between 12 and 13 o’clock in the afternoon, a massive Solar burst occured. The right panel is a blow-up of this
bright part in the spectrum on the left. The horizontal lines are interference from fixed transmitter stations.

3. Transients in our Solar system: Solar bursts

There are several radio sources in our own Solar system, the
most important of which is, of course, the Sun. The Sun ex-
hibits rapidly varying radio emission at times of increased ac-
tivity, right after a Solar flare. On 28 October 2003, an X17.2
Solar flare occured around 12:30 pm . See figure 2. Even
though no continuous data was taken during that period, we
were able to produce a dynamic spectrum of the Solar burst by
using the cosmic ray events that were taken during that day.
Every four columns in the figure consist of one cosmic ray
event of 812µs length, after which there is a gap of 32 s on
average. The cosmic ray data was beamed in the direction of
the Sun afterwards.

The data shows a clear footprint of a type  burst between
12:35 pm and 12:39 pm, with the typical drift to lower frequen-
cies with time. It also shows evidence, although much fainter,
of a type  burst between 13:30 pm and 15:00 pm. The preced-
ing type  burst is not visible, as it probably occured between
two consecutive cosmic ray events, when no data was being
taken.

Although this result does not seem very impressive when
compared to ‘traditional’ Solar monitoring data of the same
burst, one has to keep in mind that this spectrum was con-
structed taking measurements only a fraction 2.5 · 10−5 of the
time. More importantly, this spectrum shows how versatile our
antenna array is: the measurements were intended for cosmic
ray research only, but turned out to contain interesting infor-
mation about an entirely different object in an entirely different
field of research. This is perhaps the most important strength of
a phased array.

4. Ultra High Energy Cosmic Rays

The main area of the  research group in Nijmegen is the
study of cosmic rays. Cosmic rays are particles – ranging from
photons or protons to entire nuclei – which traverse the uni-
verse at practically the speed of light, sometimes with energies
in excess of 1020 eV. The lower energy end of the cosmic ray
spectrum is fairly well understood. The origins of these par-
ticles lie in the Sun (< 105 eV), or include supernova rem-
nants (< 1015 eV). It is very unlikely that the highest energy
cosmic rays originate from within our Galaxy. First of all,
there are no known processes in our Galaxy in which particles
could be accelerated up to these enormous energies. Secondly,
 sources appear to be scattered uniformly across the sky,
whereas one would expect more flux from the Galactic plane
and center for sources within our Galaxy.

The nature of these processes, as well as the objects
in which they occur, is unknown: candidate source include
gamma ray bursts, jets in radio galaxies, and topological de-
fects from the young universe. Pinpointing arrival directions
for these Ultra High Energy Cosmic Rays () might give a
decisive answer about their sources.

When it enters Earth’s atmosphere, a cosmic ray initiates
a cascade of particle collisions, in which billions of secondary
particles of all kinds are produced. These particles traverse the
atmosphere as a thin layer up to several hundreds of meters
in diameter but only several meters thick. In conventional cos-
mic ray experiments, the secondary particles that are not ab-
sorbed before they reach the ground are detected using scin-
tillator plates or water tanks, or fluorescence light is detected
using optical telescopes. This is not an ideal situation, since the
shower maximum (the height at which the number of particles
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Fig. 3. Received energy (arbitrary units) as a function of time for an
unbeamed 1.4·1017 eV cosmic ray event. Every line represents the sig-
nal from a different dipole. Notice that the peak signals do not overlap.

Fig. 4. Received energy (arbitrary units) as a function of time for the
same event as in figure 3, only beamed in the direction of the , as
supplied by -Grande. It is clear that the arrival direction of the
radio signal is consistent with this direction.

in the shower is at a maximum) usually occurs at a height of a
few kilometers.

In the 1960s, another approach was suggested. Many of
the particles created in air showers are charged (e.g. electron–
positron pairs). These charged particles will initiate various
electromagnetic effects, resulting in a detectable radio pulse
(Kahn & Lerche 1966). Although experimental verifications of
these radio pulses were provided by Jelley et al. (1965), appli-
cation of this new detection principle proved too big a tech-
nological challenge in the late 1960s. After some more rudi-
mentary experiments in the late sixties and early seventies, the
method was all but forgotten.

Lately, there has been a boom of renewed interest in radio
detection of cosmic ray air showers, both from a theoretical and
an experimental point of view. The ‘driving force’ behind the
radio pulse is now thought to be synchrotron radiation (Falcke
& Gorham 2003). The charged particles in the air shower
will be deflected in the Earth’s magnetic field. Their curved

Fig. 5. The same as figure 4, but here the plotted quantity is the mea-
sured voltage (in arbitrary units), not the received power. The simul-
taneous rising and falling field indicates a coherent signal between
−1.8 µs and −1.7 µs.

trajectories give rise to synchrotron radiation. This radiation
is beamed sharply into the direction of motion. Additionally,
since the shower thickness is a few meters, the integrated radi-
ation would have to be coherent in the range up to ∼ 100 MHz
(Huege & Falcke 2003, 2005).

Cosmic rays with LOPES

To test the newly developed theory, a coincedence detection
experiment, the  station, was set up at the -
Grande site; -Grande is a well-established comsic ray
air shower experiment (Antoni et al, 2004), which uses particle
detectors. It has been providing  with a reliable air shower
trigger since August 2003. Whenever there is a big event reg-
istered in -Grande, an 812 ms buffer from the  an-
tennas is written to disk as well. On average, such a trigger
is received every 32 seconds. Only a small fraction of these
events (< 10−3, the biggest events) show evidence of a radio
pulse signature, however.

An example of a  radio pulse is shown in figure 3.
This graph shows the received energy in the antennas (voltage
squared) as a function of time. Every line represents the signal
of one antenna. The units on the vertical axis are arbitrary, as
no absolute calibration is available yet for the antenna signals.
Nevertheless, the signals are calibrated relative to each other.
Around −1.8 µs, a short, sharp signal occured in all antennas
(8 at the time of this event). The cosmic ray pulse itself is just
this first, sharp peak of only 20–100 ns wide: the trailing signal
is increased noise from  detectors, which starts working
after a cosmic ray has triggered it.

Because the cosmic ray did not hit from exactly overhead,
the peaks do not overlap as they are delayed by the light travel
time through the detector. The direction information is avail-
able from the -Grande reconstruction, however, and
this direction translates into a set of shifts for the several sig-
nals. If that shift is reversed, the peaks nicely overlap (figure 4),
as one would expect for a signal coming from that direction.
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Fig. 6. Correlation for the biggest events between reconstructed muon
number and total radio pulse height.

Taking the voltage instead of the energy, as in figure 5, one can
now clearly see the coherence of the signal, as the wave forms
in the cosmic ray pulse go up and down in the same manner
in every antenna between −1.8 and −1.7 µs. After that, noise
takes over.

When a rigorous selection on reconstructed muon num-
ber (as supplied by -Grande) and other variables is ap-
plied, only events with very clear signals remain. For these few
events, there is a correlation between the reconstructed muon
number and the total pulse height, as shown in figure 6 (Falcke
2005). The smaller-scale  steps yield encouraging results,
and we expect to be able to map the cosmic ray spectrum be-
tween 1017 and 1020 eV.

5. Conclusion

Experience with several  test stations proves the wide
range of applications for an antenna array like  or .
The combination of large collecting area, long baseline, high
time resolution data, and flexible software beamforming make
it a suitable instrument for observing unpredictable transients
or short cosmic ray pulses just as easily as distant galaxies.
Undoubtedly, there will be more and more interesting discov-
eries as  expands.
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