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Why is important to observe in radio?

• Astrometry: up to 7 µas nowadays.

• High-resolution imaging

• Map of the gas in the Galaxy (HI)

• High-energy processes: link to X/gamma-ray emission

• Non-thermal processes
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Why is important to observe in radio?

Radio astronomy started in the ’30s
Observes from 10 MHz to 1 THz
In ≈ 80 years: resolution from ∼ 10 deg to ∼ µas.
while in optical: from ∼ arcmin to ∼ 10 mas (Gaia: ∼ 10µas)

Karl G. Jansky 1932
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Why is important to observe in radio?

Effelsberg in Germany d = 100 m
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Why is important to observe in radio?

Green Bank (GBT) in West Virginia (U.S.A.) d = 100 m
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Why is important to observe in radio?

Arecibo in Puerto Rico d = 300 m
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HASLAM 408 MHz
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Interferometric Arrays

One of the most important step
forward in radio observatories:

interferometry

• Combining the coherent
signal from many antennas

• Resolution ∼ largest
distance between antennas

• Many “medium” antennas
instead of one big antenna
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VLA in Socorro (U.S.A.) 27 antennas of 25 m each one up to 36 km
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VLA

HD 215227 field. 1-hour observation at 2.3 GHz
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GMRT in India 30 antennas of 45 m each one up to 25 km
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LS 5039 field. 5-hour observation at 150 MHz
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VLBI

LS 5039 (Moldón 2012)
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VLBI
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New Generation Radio Telescopes

VLA LBA VLBA VLBI EVN . . .

⇓

ALMA LOFAR SKA Radioastron . . .

and more beautiful names!
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New Generation Radio Telescopes

Observing at low frequencies (below 1 GHz)

• Most sources have a higher luminosity

• Only non-thermal processes

• Ionospheric problems. . .

• Much lower cost per antenna
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New Generation Radio Telescopes

There is also more problems: (LWA spectrum)

The First Station of the Long Wavelength Array Patricia Henning

Figure 4: A spectrum from the summed 7-element beamformer after 10 seconds of integration with a
spectral resolution of 6 kHz. The receiver noise temperature is about 250 K and roughly constant across the
LWA frequency range (black line). The signal from the sky is shown in blue. The turnover in the sky signal
near 33 MHz is a result of the decreasing efficiency of the LWA dipoles.

Figure 5: Plot showing total power for a single dipole (thin black line), integrating for 2 seconds every 5
minutes and for the sum of 7 dipoles (crosses) integrating in a similar fashion on three consecutive days.
The discrepant high points are most likely due to thunderstorm activity. The frequency employed was 72.25
MHz with a 3 MHz bandwidth.
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New Generation Radio Telescopes
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New Generation Radio Telescopes

DFG Magnetism, Irsee, 2010 Oct 05 James M Anderson 44/51

Pulsar Physics
● Pulsars normally have very 

steep spectra, so low frequencies 
are ideal for some measurements

● LOFAR pulsar survey expects 
to find ~1000 new pulsars

● Many of these pulsars may only 
be visible at low frequencies

– Regular timing observations can 
be carried out by individual 
LOFAR stations

● Extended frequency coverage 
helps to study emission region 
physics

Pulsar Science Working Group
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LOFAR
The Low Frequency Array
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LOFAR

Observes in the 10–250 MHz range

• LBA: 10–80 MHz

• HBA: 110–250 MHz

Core in The Netherlands

Also Germany, U.K., France, Sweden

∼ 45 stations (48 HBA & 96 LBA)

Baselines up to 1 500 km (. arcsec)

Pointing purely by software

First large-scale interferometer at low frequencies
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LOFAR: High Band Antennas
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LOFAR: Low Band Antennas
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LOFAR

There are a lot of science to which LOFAR can contribute. . .

• Transients

• Pulsars

• Planets, exoplanets

• Sun (Space Weather)

• Cosmic Rays

• Epoch-of-Reionization

• Cosmic magnetism

• Galactic structure and ISM

• Wide imaging surveys

• Clusters and halos

• AGNs and radio galaxies

• And more. . .
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LOFAR

LOFAR can observe the almost all sky at the same time
Many pointings simultaneously
The only restriction is. . . the disk space! (∼ 1 TB/hr)

Michael Wise  /  Dalfsen Science Workshop  /  March 19, 2013

LOFARLOFAR

20

LTA Data Accumulation
4.65 PBytes as of Feb 2013
Larger than aggregate NRAO 
at start of 2013

Current data volume on Tier 1 sites
Includes visibilities, images, and BF data

Estimated growth of LTA data volume
Does not include raw visibility data
Does not include derived products

(courtesy H. Holties)CEP1: 24 x 24 TB & CEP2: 100 x 21TB ⇒ ∼ 3 PB

Benito Marcote (UB) An Overview of the Modern Radio Universe 28 of 36



LOFAR

Quasar B1834+620 at 150 MHz (Orru’s talk at LOFAR Dalfsen II)
1.4 GHz 5 GHz8.4 GHzVLA

LOFAR-150 MHz  Dalfsen 2011 LOFAR-150 MHz Dalfsen 2013 
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LOFAR

3C196 at 30–80 MHz (Wucknitz’s talk at LOFAR Dalfsen II)
NL only: 35′′×22′′ beam NL+DE: 1.5′′ × 0.9′′ beam
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LOFAR

Solar radio bursts (Ireland station)
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Cosmic Rays

MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov Telescopes)
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Cosmic Rays

With LOFAR you can also detect air showers. . .
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Figure 8: Cosmic-ray event detected by LOFAR. The left plot shows the so called footprint. The circles
represent the measured total signal (quadratically added amplitudes of all polarizations) in the individual
antennas, where the size indicates the signal strength. The arrival time of the signal is coded in colour going
from red (early) to yellow (late). The dark red pentagons represent the signals measured in the particle
detectors, where size corresponds to signal strength. In the right plot the lateral distribution of the radio
signal with respect to the shower axis is shown. Kinks in the lateral distribution might be due to non-
axis-symmetrical behaviour of the signal or due to the not yet fully validated inter-station calibration. The
energy of the shower as provided by the scintillator array is (2.67 ± 0.80) · 1016 eV. The inclination of the
shower is ✓ = (40 ± 1)�.

Figure 9: Geometry for a shower core that is not contained within the array of particle detectors. The red
cross indicates the geometry as seen by the particle detectors. Here, one clearly cannot estimate the distance
of the shower core correctly, as the minimization will lead to ambivalent results for larger distances. The
gray square marks the barycenter (signal weighted mean) of the radio shower, which is largely dominated
by the highest signals. The blue octagon indicates the geometry from a fit of the radio data only. The right
side then shows the lateral distribution corresponding to the fitted core positions from the radio data.
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A. CORSTANJE et al., LOFAR

Figure 4: Top: time-series radio signal for all channels in-
dividually (superimposed). Bottom: the beam-formed sig-
nal, in the same voltage units. Note the much larger pulse
height as well as a larger signal-to-noise ratio in the beam-
formed signal.

ization channel can be calculated by integrating over fre-
quency ν:

Pn = 1.25 Ωsky

∫
kB Tsky(ν)

λ2
Aeff(ν) f(ν) dν (3)

where f(ν) is the power response of the filter. The radio
signal Veas of an extensive air shower is coherent and must
be calculated in the voltage domain from its intrinsic field
strength S(ν) and angle θp of the receiver to the polariza-
tion vector:

Veas = cos θp

∫
S(ν)

√
f(ν)Aeff(ν) dν. (4)

This must sufficiently exceed the RMS noise voltage
V 2

rms = PnZ0 in order to result in a trigger. Simula-
tions of the expected signal S(ν) indicate an increased
strength at lower frequencies [4]; however, we use a em-
pirical frequency-independent parameterization based on
LOPES measurements [10].
Using a trigger threshold of |Veas| > 5|Vrms|, we find a
minimum energy threshold of ∼ 5 × 1016 eV. However,
the strength of the geomagnetic emission mechanism is
strongly dependent on the angle between the shower axis
and the Earth’s magnetic field, and a typical shower geom-
etry results in a threshold closer to 1017 eV. Taking the sta-
tion effective area to be equal to that of a circle with radius
given by the characteristic signal fall-off length of∼ 200m
[10], the total expected event rate for all 40 core and remote

stations will be of the order of 1/hr. The coincidence rate
of the superterp stations with the LORA particle detector is
estimated to be of order 1/day.
For LORA-triggered events (where the arrival direction is
given by the particle detectors), the radio threshold is given
instead by the beam-formed data from all 48 antennas.
Thus the threshold for LORA events will be lower than
radio-only mode by a factor of between

√
48 and

√
96, de-

pending on the relative strengths of the signal in each of the
polarization channels (2 per antenna). Therefore we expect
a threshold of ∼ 1016 eV over the central region covered
by LORA, and a corresponding event rate of order 2/hr.

2.4 Current Status and Outlook

As of May 2011, the first and second-level triggers are
operational, as well as the offline analysis pipeline de-
scribed in the previous section. Directional reconstruction
of pulses with an angular resolution of 1 to 2 degrees is
possible using single-station data. Distance estimates to the
shower core will be improved by considering multiple LO-
FAR stations for the same event (i.e. longer baselines). Re-
construction methods using more sophisticated wavefront
shapes are also under development.
Optimization of the radio trigger algorithmswill allow a re-
duction of deadtime as well as the veto of RFI sources from
above the horizon, such as those from airplanes. The exter-
nal trigger from the LORA particle array is being finalized
and will allow an important cross-check of the radio trigger
as well as unambiguous identification of radio signals from
air showers. This will in turn lead to the most densely in-
strumented measurements of air shower radio emission to
date.
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Figure 5: Energy distribution of cosmic rays detected
with LOFAR from July 2011 - June 2012. The graph
includes only events, where the energy is reliably
measured with the scintillator array.

istics unfolded in combination with a plane-wave fit
of the direction and the signal projected into polar-
izations x,y,z. This step will also be the place where
the absolute gain calibration is applied as soon as its
results are verified.

4 Data set

The current cosmic ray data set is depicted in figure
4. It shows the directions of all events that have been
identified as candidate events. For further analysis we
will only use those that also have high-quality shower
parameters provided by the particle detector, such as
a core position being contained in the detector array.
The skyplot shows a clear north south asymmetry
with a probability of 0.69±0.037 of detecting an event
from the north in radio emission. As the Earth’s
magnetic field points almost north at LOFAR (89.3�

azimuth, 67.9� down) this asymmetry is expected if
the geomagnetic emission mechanism is the dominant
process [4]. For showers that do not show a pulse the
probability is 0.479 ± 0.017 to arrive from the north,
which is not a significant deficit and indicates that
the trigger is uniform and e↵ective below the energy
threshold for radio detection.

The energy distribution of the high-quality events
is shown in figure 5. Clearly visible is a threshold
e↵ect towards lower energies and the flux limitations
of the spectrum at higher energies. The excellent
conditions at LOFAR with low background ensure
detections of radio emission from air showers exceed-
ing 1016 eV in energy. With the current trigger set-

Figure 6: A signal from a cosmic ray air-shower as
detected with an antenna at LOFAR in modified
Analogue-Digital Converter Units (ADU). In addi-
tion the result of the Hilbert-transformation, the en-
velope, and the RMS level is shown.

tings of the scintillator array about one good-quality
cosmic-ray event is measured per 12 hours of obser-
vation with the LBAs, i.e. in the order of 200 events
per year.

5 Air shower properties

Despite the fact that radio emission of air showers
has been known to exists since the 1960s [5, 6] the
dependencies on shower parameters are still not fully
understood. However, the theoretical picture is mak-
ing first steps towards consolidation and is therefore
in need of high-quality data to support or disprove
the theoretical concepts [7].

With the results from LOFAR, which require a
minimum of 40 antennas for an event, a better un-
derstanding of emission mechanisms and the depen-
dencies is expected. Only when the emission mecha-
nisms are fully understood, detecting radio emission
from cosmic rays can be an option for an independent
large scale detector.

5.1 Pulse Parameters

In figure 6 an example of the measured field strength
as function of time recorded with LOFAR is shown.
It is obvious that the pulse is unambiguously identi-
fiable. The agreement of the reconstructed direction
from the LOFAR data of these pulses with the one
from the particle detector identifies it as originating
from the air shower. The trace has been cleaned for

4

# Events from July 2012 to June 2013

Nelles et al. 2013
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Using LOFAR for Gamma-Ray Binaries

• LOFAR is the first radio observatory at low frequencies with enough
resolution and sensitivity

• At these frequencies we should detect the emission present at larger
scales away from the system

• We have two LOFAR observations during commissioning stage:
LS 5039 & LS I +61 303
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Using LOFAR for Gamma-Ray Binaries
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The Old Ones−→

←− The New ones
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