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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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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

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



• Earth magnetic field 
electrons/positrons deflected 
E ~ dnch/dt

• Charge excess 
negative charge due to electron 
knockouts 
E ~ d(ne-np)/dt

• Non-unity index of refraction 
Cherenkov-like effects 
ring structure possible 
 

Multiple emission 
mechanisms

! Geomagnetic

! Electrons and positrons are 
deflected in the 
geomagnetic field

! Linearly polarized in v x B 
direction

! Charge excess

! Negative charge buildup at 
shower front

! Linearly polarized in radial 
direction away from shower 
axis

! Cherenkov e"ects

What drives the radio emission?

P. Schellart

Coherent at 100 MHz (higher at Cherenkov angle!)
wavelength > shower front size
P ~ n2



LOFAR
low frequency array

10 - 250 MHz

Epoch of Reionization 
Radio Transients  

Astroparticle Physics 
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SUPERTERP
~600 low band antennas

30 - 80 MHz
5 ns time resolution
> GB buffer/antenna

+ LORA
LOFAR Radboud air shower array

20 scintillator stations (ex-KASCADE)

24 core stations 
9 remote stations 

8 international stations 

low band antenna



LOFAR is designed to support many different observation 
strategies 

CR detection runs in the background during other 
observations

CR observations
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trigger
LORA

LOFAR Radboud Array
scintillator detectors

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

offline analysis

low band antenna
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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 
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core & direction
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station outside 
superterp



Figure 5: Relative arrival times for an example air
shower measured with the LOFAR low band anten-
nas. Circles indicate LBA antenna positions and
their color corresponds to the measured pulse delay
with respect to the best fitting plane wave solution.
The shower axis is indicated by the blue line cor-
responding to the azimuthal arrival direction and
cross where it intersects the ground.

those showers that do not show curvature, we see
that either the timing errors are too large to see
it (e.g. for weak showers), or the shower axis loca-
tion is too far away from the closest antennas, or
the geometry of the shower intrinsically produces a
non-curved wavefront shape.

In order to check which wavefront shape is fa-
vored by the overall dataset we perform a likelihood
ratio test. The test statistic for the conical case is:

D = �2
ln(likelihood hyperbolic)

ln(likelihood conical)
(11)

=
N�

k

�2
con � �2

hyp (12)

where the sum k is over all N showers. For an ap-
propriate choice of parameters the hyperbolic func-
tion can turn into either a conical or (in a limited
range of r) a spherical function. Thus, the solution
space of the spherical and conical fit functions are
subsets of the solution space of the hyperbolic fit.
Therefore (if the fit converged correctly) the hyper-
bolic fit will always have a lower �2/n/f value, even
when the wavefront shape is intrinsically spherical
or conical.

Under the null hypothesis that the wavefront
shape is intrinsically conical (or spherical) the test
statistic D should follow a �2(N) distribution.
From the data we obtain the value D = 6309. The
probability for this value to occur if the shape is
conical is very small, p ⇥ 10�4. There are two pos-
sible reasons for obtaining a higher value. Either

(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time di�erences from a plane
wave as a function of distance to the shower axis
with the best fitting shape solutions. A hyperbolic
(top), conical (middle) and spherical (bottom) fit
has been applied, respectively. Each plot shows the
arrival times as a function of the distance to the
shower axis (top panel) and deviations from the
best fit scaled to the uncertainty for each datapoint
(bottom panel).
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Nanosecond timing precision

radio wavefront = hyperbolic

0.1 degree resolution

Motivated by this toy model we therefore com-
pare three parametrizations of the wavefront shape:
a sphere, a cone and a hyperboloid, and we evaluate
the quality of the fits to the LOFAR measurements.

3. Measurements

For this analysis we have used air-shower mea-
surements with LOFAR accumulated between June
2011 and November 2013. In order to have a dense,
high-quality sampling of the radio wavefront, and
a substantial distance range of more than ⇤ 150m,
we require an air shower to be detected in at least
four LOFAR core stations (each with two rings of 48
dual-polarized antennas). Furthermore, the high-
est quality data is obtained with the outer ring of
low-band antennas and therefore the sample is re-
stricted to this subset. This leaves a total of 165
measured air showers. Of these 165, three fail cal-
ibration of time di�erences between stations (see
Sect. 3.2) and one is unreliable due to thunder-
storm conditions (see Sect. 4.6). This leaves a to-
tal of 161 high quality air shower measurements for
this analysis.

All measured air showers are processed by the
standard cosmic-ray reconstruction software as de-
scribed in [12].

3.1. Pulse arrival times & uncertainties

The arrival time of the radio pulse in each dipole
is determined using the raw-voltage traces. We de-
fine the arrival time as the time of the pulse maxi-
mum in the amplitude (or Hilbert) envelope of the
analytic signal A(t).

A(t) =
�

x2(t) + x̂2(t), (1)

where x̂(t) is the Hilbert transform of the voltage-
trace signal1 x(t). The Hilbert transform is defined
by

F [x̂(t)] (⇤) = �i sgn(⇤) F [x(t)] (⇤), (2)

where F is the Fourier transform.
Uncertainties in the arrival time are assigned in-

dependently to each datapoint using the measured
signal-to-noise ratio (S/N) in amplitude and the
following relation.

⇥tmax =
12.65

S/N
ns (3)

1Upsampled by a factor of 32.

(a) Near

(b) Intermediate

(c) Far

Figure 2: Toy model motivating a hyperbolic
wavefront shape. In all three cases the wavefront
is shown for a point source emitting for a time �t
and moving downward at a velocity v > c/n, where
c is the speed of light and n the index of refrac-
tion of the medium. When viewed from a distance
d close to the point of last emission d ⇧ �t · c (top
panel) the shape is approximately conical. At inter-
mediate distances d > �t · c (middle panel) there is
curvature near the shower axis and a conical shape
further out. At large distances d ⌅ �t · c (bottom
panel) a spherical wavefront is observed.
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v x B 

v x v x B 

v x B 

v x v x B 

geomagnetic

Understanding the polarization

charge excess

Figure 6. Polarization footprint of a single cosmic ray air-shower, as recorded with the LOFAR low-
band antennas, projected into the shower plane. Each arrow represents the signal from one antenna.
The direction of the arrow is defined by the polarization angle ⇤ with the ê⇤v� ⇤B axis and its length is
proportional to the degree of polarization p. The shower core is located at the origin.

6.1 Relative strength of the charge excess mechanism contribution

Although both the geomagnetic and charge excess mechanisms are expected to be active in
every shower their relative strengths are not expected to be constant. Therefore it is instruc-
tive to determine the charge excess fraction by fitting eq. (5.4) for each event separately. In
figure 7 this fit can be seen for two example events. The distribution of the best fitting values
for the charge excess fractions of all events can be seen in figure 8. The uncertainty on a
is determined as described in appendix B and its distribution is plotted in figure 9. The fit
quality, as parameterised by ⇥2

r , is given in figure 10. With a mean ⇥2
r value of � 1.67 the

fit of single events works reasonably well. However, as will be discussed in section 6.3 there
is an additional dependence on the distance to the shower axis, that is not yet taken into
account at this stage, which will necessarily lead to suboptimal fit results.

6.2 Checking for additional dependencies on the geomagnetic angle

It is important to note that eq. (5.2) assumes that the charge excess fraction a only depends
on the angle �, that the propagation axis of the shower makes with the geomagnetic field,
through the strength of the geomagnetic contribution which is proportional to sin�. This
assumption can now be checked by looking for an additional dependence of a to � in figure 11.
No trend is seen, therefore we conclude that the charge excess contribution is independent
of the geomagnetic angle and that sin� is the proper way of normalizing the geomagnetic
component. Note that the scatter of the points is greater than their uncertainties suggest.
This indicates an additional dependence which does not scale with the geomagnetic angle.

– 9 –

PRIMARY

SECONDARY

Interference: emission pattern = asymmetric Pim Schellart et al., JCAP 10 14 (2014)



Charge excess fraction a
based on polarization measurements

Pim Schellart et al. [ LOFAR ], JCAP 10 14 (2014)
Aab et al. [ Auger ] PRD 89 052002 (2014)

LOFAR: ~ 3% - 20% 
AERA (Auger): ~ 14%



CoREAS simulations

v x B 

v x v x B 

v x B 

v x v x B 

vector sum of geomagnetic and charge excess component
relativistic beaming

Cherenkov-like propagation effects (n≠1)

CoREAS: 
- plugin for CORSIKA 
- calculates contribution from each particle 
- based on first principles 

(no assumption on emission mechanism)



Xmax ~ 600 g/cm2 Xmax ~ 650 g/cm2 Xmax ~ 700 g/cm2

LOFAR:
200 - 400 antennas/event

→ fit full 2D pattern !
distance along v x B axis (m) 

shape depends  
on Xmax

Pu
ls

e 
po

w
er

 (
a.

u.
)



For each LOFAR shower:

• Reconstruct direction from antennas (plane wave)  
+ energy estimate from particle array (LORA) 

• Produce 50 p + 25 Fe showers 
CoREAS 
CORSIKA 7.4 (QGSJETII.04, Fluka, thinning 10-6) 

• Calculate total power in 55 ns around peak 
emission 

•  GEANT4 LORA simulation: total deposited energy 

low band antenna

LORA particle detector



Fit for each simulation:
Minimize χ2 of radio and particle data simultaneously

4 fit parameters:  
core position 

radio power scale factor 
particle density scale factor

Radio Xmax determination with LOFAR
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

tion of the radio power on the ground is a complex function
because of the interference of geomagnetic and charge ex-
cess radiation. To fully capture all the information that is
encoded in this pattern it is not sufficient to fit a lateral dis-
tribution function (LDF): all azimuthal asymmetry would
be averaged out. Instead, we fit a two-dimensional distri-
bution function (2DF), which is acquired by interpolating
simulation results. In these 2DFs the center corresponds to
the shower core position, which, in general, does not coin-
cide with the location were the radio pulse power reaches
its maximum value.

Several codes are now available for the production of
air shower radio simulation. Programs like CoREAS [11],
ZHAireS [12], and EVA [13] simulate a combination of
effects, like geomagnetic radiation, charge excess radia-
tion, and the Cherenkov-like propagational effects that arise
when including a realistic index of refraction of the atmo-
sphere. Microscopic codes that treat each particle individu-
ally (CoREAS, ZHAireS) and macroscopic codes that cal-
culate the global charge and current distributions (EVA)
are converging towards similar results [14]. Here, we use
CoREAS, which is a radio extension to CORSIKA [15].
This allows us to generate radio and particle output for each
individual shower simulation.

For each high-quality LOFAR event we generate sim-
ulations of 25 protons and 15 iron showers. We use the
QGSJETII and Fluka interaction models. The radio pulse
is calculated for 160 positions on the ground. The power
between these points is found by interpolation. For this in-
terpolation to work properly, the locations must be chosen
strategically. Since the radiation pattern is not rotationally
symmetric around the shower axis, it is important to know
at what angles the radiation reaches its maximum and min-
imum. The asymmetry arises from the vector sum of the
two radiation components. While both mechanisms produce
linearly polarized emission, their polarization angle is dif-
ferent. The geomagnetic component is always polarized in
the v⇥B plane, where v is the direction of propagation of
the shower and B is the magnetic field. The charge excess
component, on the other hand, has a polarization radially
outwards with respect to the shower axis. The interference
is therefore completely constructive or destructive along the
direction of v⇥B vector and reaches intermediate values at
other angles. The pattern of ground positions that we use
for simulations is a star-shaped pattern with two of its arms
lying along the projected v⇥B axis. Note that the physical
location of the positions in ground coordinates is therefore
different for each event, depending on the arrival direction
of the air shower.

The interpolated 2DF is plotted in Fig. 1. The small
circles indicate the positions for which the radiation was
simulated. Note that the maximum radio power is reached
to the right of the shower core, while a deficit is visible to
the left along the v⇥B axis.

The antenna gain of LOFAR antennas is given by a
complex 2x2 Jones matrix that describes how the two on-sky
polarizations are received as two instrumental polarizations
[9]. To compare data to simulations we can either apply
the inverted Jones matrix to the data, which gives the
‘physical’ signal, or apply the Jones matrix to the simulation
to acquire the simulated received signal. While the two
seem equivalent there is a subtle difference with respect
to the way the background noise is treated. The antenna
response depends on the arrival direction of the signal.
When applying the inverted Jones matrix corresponding to

Figure 1: Projection of the two-dimensional radio power
distribution on the shower plane. The x axis is in the direc-
tion of the v⇥B vector. The background colors represent
the interpolated simulation results for a proton shower with
Xmax = 650 g/cm2. The large circles represent the LOFAR
antennas and their colors the received power. The small cir-
cles indicate the locations for which the radio signal was
simulated. The shower core is located at the origin, indi-
cated with a +. Its location is found by fitting the radio and
particle data simultaneously. The power scaling is arbitrary.

the reconstructed arrival direction of the air shower to the
data, one implicitly assumes that the background noise also
comes from this direction. Since the background consists
of contributions from all directions this assumption is
false, and the noise is not transformed correctly. Especially
for polarized emission this can lead to wrong values for
the signal-to-noise ratio. This issue does not exist when
applying the Jones matrix to the simulated data, since the
simulation has no noise included. We therefore choose to
apply the antenna model to the simulation and compare
total received power. This includes a bandpass filter in the
range 30–80 MHz.

We now fit the simulation to the radio and particle data
simultaneously by minimizing:

c2 = Â
antennas

✓
Pant � frPsim(xant + xo f f ,yant + yo f f )

sant

◆2

+ Â
detectors

✓
ddet � fpdsim(xdet + xo f f ,ydet + yo f f )

sdet

◆2

, (1)

where Plo f ar is the power measured at an antenna at location
(xant ,yant) with noise level slo f ar, Psim is the simulated
power, dlora is the particle density as measured by a LORA
detector at location (xstat ,ystat) with noise slora, and dsim
is the CORSIKA particle density. The fit has four free
parameters: the core offset (xo f f ,yo f f ), and scaling factors
fr and fp for the radio and particle distribution functions.
The radio scaling is needed because the LOFAR data has no
absolute calibration yet, while the particle density scaling is
used because the energy of the simulated event is in general
different from the real energy. The fitted core position is
then used to obtain an updated energy estimate from LORA.

For each of the 40 shower simulations, this procedure
is repeated. Since the direction and energy of the primary
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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
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the simulation, because the radio signal depends on the longitudinal distribution of the electrons

and positrons in the shower, as is the case for the fluorescence technique. Although the interaction

model determines the range of Xmax that is covered by the simulation, it does not have an influence

on which Xmax fits the radio data best. Only when interpreting the data, i.e. inferring the mass

composition from Xmax values, does the hadronic interaction model play an important role.

We use the shape of the Xmax distribution to derive information on the composition of cosmic

rays. For each shower we calculate:

a =
⇥Xproton⇤�Xshower

⇥Xproton⇤�⇥Xiron⇤
(1)

where Xshower is the reconstructed Xmax, and ⇥Xproton⇤ and ⇥Xiron⇤ are the mean depth of shower

maximum for proton and iron nuclei as predicted by the hadronic interaction model QGSJETII.0422.

Extended Data Fig. 4 shows the distribution of a for simulated proton and iron showers that have

been reconstructed with our technique.

The cumulative probability density function (CDF) for the fifty showers is plotted in Fig. 3.

We fit two different models to it, both containing one free parameter. The first assumes all cosmic

rays have an atomic mass A. The second assumes a mixture of proton and iron nuclei, where the

free parameter is the mixing ratio. To calculate the corresponding CDFs we use a parameterization

of QGSJETII simulations23. The mixed model fits the data better and gives the best fit for a proton

fraction of 60%. Adding more mass components does not improve the fit, but would introduce

more free parameters.
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Calculate a for each individual shower



Composition at 1017 -1018 eV
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Proton

QGSJETII

QGSJETII

• LOFAR:  
high precision per event! 

• Use full distribution of Xmax  
not only mean value 

• First calculate mass parameter a 
 
 

• Fit model distribution to measured 
distribution 

the simulation, because the radio signal depends on the longitudinal distribution of the electrons

and positrons in the shower, as is the case for the fluorescence technique. Although the interaction

model determines the range of Xmax that is covered by the simulation, it does not have an influence

on which Xmax fits the radio data best. Only when interpreting the data, i.e. inferring the mass

composition from Xmax values, does the hadronic interaction model play an important role.

We use the shape of the Xmax distribution to derive information on the composition of cosmic

rays. For each shower we calculate:
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maximum for proton and iron nuclei as predicted by the hadronic interaction model QGSJETII.0422.
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been reconstructed with our technique.

The cumulative probability density function (CDF) for the fifty showers is plotted in Fig. 3.

We fit two different models to it, both containing one free parameter. The first assumes all cosmic
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Figure 6. Polarization footprint of a single cosmic ray air-shower, as recorded with the LOFAR low-
band antennas, projected into the shower plane. Each arrow represents the signal from one antenna.
The direction of the arrow is defined by the polarization angle ⇤ with the ê⇤v� ⇤B axis and its length is
proportional to the degree of polarization p. The shower core is located at the origin.

6.1 Relative strength of the charge excess mechanism contribution

Although both the geomagnetic and charge excess mechanisms are expected to be active in
every shower their relative strengths are not expected to be constant. Therefore it is instruc-
tive to determine the charge excess fraction by fitting eq. (5.4) for each event separately. In
figure 7 this fit can be seen for two example events. The distribution of the best fitting values
for the charge excess fractions of all events can be seen in figure 8. The uncertainty on a
is determined as described in appendix B and its distribution is plotted in figure 9. The fit
quality, as parameterised by ⇥2

r , is given in figure 10. With a mean ⇥2
r value of � 1.67 the

fit of single events works reasonably well. However, as will be discussed in section 6.3 there
is an additional dependence on the distance to the shower axis, that is not yet taken into
account at this stage, which will necessarily lead to suboptimal fit results.

6.2 Checking for additional dependencies on the geomagnetic angle

It is important to note that eq. (5.2) assumes that the charge excess fraction a only depends
on the angle �, that the propagation axis of the shower makes with the geomagnetic field,
through the strength of the geomagnetic contribution which is proportional to sin�. This
assumption can now be checked by looking for an additional dependence of a to � in figure 11.
No trend is seen, therefore we conclude that the charge excess contribution is independent
of the geomagnetic angle and that sin� is the proper way of normalizing the geomagnetic
component. Note that the scatter of the points is greater than their uncertainties suggest.
This indicates an additional dependence which does not scale with the geomagnetic angle.
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2

is detected [21]. When a trigger is received, 2ms of raw
voltage data around the trigger time are stored for every
active antenna.

These data are processed in an o✏ine analysis [8, 19].
At the end of the analysis a number of physical param-
eters are extracted and stored. These include the esti-
mated energy of the air shower (as reconstructed from
the particle detector data), the arrival direction of the
air shower (as reconstructed from the arrival times of the
radio pulses in all antennas), and for each antenna polar-
ization information in the form of the Stokes parameters:
I (intensity), Q, U and V. The orientation of the polar-
ization vector is reconstructed from Stokes Q and U.

Over the period between June 2011 and September
2014, LOFAR has recorded a total of 762 air show-
ers. The reconstructed complex intensity pattern on the
ground of almost all measured showers can be well re-
produced in all its intricate details by state of the art
air shower simulation codes [22, 23]. These codes aug-
ment well tested Monte Carlo air shower simulations
with radio emission calculated from first principles at
the microscopic level [11, 24]. In this analysis we use
the CoREAS plugin of CORSIKA [25] with QGSJETII
[26] and FLUKA [27] as the hadronic interaction models.
It was found previously that the exact shape of the pat-
tern depends on the distance to the shower maximum,
X

max

, and that the absolute field strength scales with
the square of the energy of the primary particle.

A total of 58 air showers cannot be correctly repro-
duced by simulations. Of these, 27 air showers have a
measured signal-to-noise ratio below ten in amplitude
which is too low to get a reliable reconstruction. For
the remaining 31 showers three additional observations
are made. Twenty of the showers occur within two hours
of lightning strikes recorded by the Royal Dutch Meteo-
rological Institute (KNMI). Moreover, their polarization
pattern di↵ers significantly from that of a ‘normal’ fair-
weather air shower. This can be seen in Fig. 1. For air-
showers recorded during thunderstorm conditions the po-
larization direction is clearly coherent (e.g. non random)
over all antennas but no longer in the expected ê~v⇥ ~B
direction. In addition, the intensity pattern of some of
these showers shows a ring structure where its center is
near the shower axis. The ring structure in the intensity
pattern cannot be fit by ’normal’ fair-weather simulations
which show a bean shape at low 10�90MHz frequencies
[23, 28]. The eleven remaining showers show a similar po-
larization pattern but have no recorded lightning strikes
around the time of the event. Given the similarity of
the polarization patterns it is likely that at these times
the atmospheric electric field was also strong albeit not
strong enough to initiate lightning. Since a dedicated,
ground based, electric field meter was not yet available
at the time this cannot be independently confirmed.

The measured polarization patterns during strong elec-
tric field conditions come in two varieties. The most com-

FIG. 1: Polarization pattern as measured by LOFAR for
three air showers. Arrows represent the reconstructed
polarization vector direction in the shower plane. The
top panel displays a normal fair-weather air shower.

The middle and bottom panels show air showers recored
during thunderstorm conditions. The middle panel
represents the most common uniform type, also

indicated in this plot is the net force direction used as
input for air shower simulations.

regular polarisation
what is going on??

Strange polarization patterns



Air showers in thunderstorms
• Regular: geomagnetic field 

induces traverse current (vxB 
direction) 

• Strong E-field ( E ~ cB): 
current direction changes 

• Air showers in thunderstorms: 
different polarisation & 
different intensity pattern 

• Allows remote sensing of 
thunderstorm fields!  
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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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Thunderstorm 
events

• What can we infer from two-layer model 
fits? 
Field direction, strength, altitudes?

• Do air showers influence the 
thunderstorm?  
deposit of large amounts of free electrons 
formation of streamers…. lightning 
initiation?

• LOFAR can image electrical processes in 
the thunderstorm with nanosecond 
precision!



Precision measurements of cosmic ray air showers

Figure 2: Antenna layouts for several observatories (axes denote distances in metres). The antennas of
LOFAR (left) are clustered in stations of 48 antennas each. Six of these stations lie in a dense core, additional
stations are positioned at increasing distances. The background colors represent the radio footprint of an air
shower simulated with CoREAS. The shape is elongated because the shower has a zenith angle of 55�.
The same footprint is shown in comparison with the AERA layout (middle), and the layout of SKA1-LOW
(right), approximated by a Gaussian distribution of 866 antennas (i.e. a very small fraction of the actual
number of antennas in the dense core). Both LOFAR and SKA sample the footprint with hundreds of
antennas simultaneously, but at SKA the coverage is much more uniform. The instrumented area of SKA1-
LOW is slightly smaller than AERA.

by pair production of cosmic rays on the cosmic microwave and infrared background radiation
(Berezinskii & Grigoreva 1988). Furthermore, there may be a secondary Galactic component due
to very energetic sources or re-acceleration of cosmic rays in the Galactic halo. To investigate
how and at what energy the transitions between components take place, accurate mass composition
measurements are crucial.

The main observable to study the mass of the primary particles initiating extensive air showers
is the atmospheric depth (in g/cm2) at which an air shower has evolved to its maximum particle
number, the “shower maximum” Xmax. LOFAR has demonstrated that with a dense antenna array,
Xmax can be measured with a precision below 20 g/cm2 by fitting simulated two-dimensional
radio power profiles to the data (Buitink et al. 2013). For showers with a particularly advantageous
geometry, i.e. when the radiation profile on the ground is sufficiently well-sampled by antennas,
the precision can be as good as 8 g/cm2. More advanced analysis techniques that incorporate the
polarization, spectrum and arrival time of the radio pulse will improve the reconstruction quality
further. We expect that the application of such advanced techniques to the SKA will yield a mean
precision of 10 g/cm2. This is significantly better than the Xmax resolution achievable to date:
The highest quality Xmax measurements are made with Fluorescence Detectors which achieve a
resolution of ⇠ 20 g/cm2, but with a duty cycle of only ⇠ 10%. With the Xmax precision achievable
with the SKA, it will be possible to measure the energy spectra of individual elements or groups of
elements with unprecedented precision. In particular, it will be possible to cleanly separate proton
showers from other nuclei. This will allow the identification of the different source components
between the second knee and the ankle.

3.2 Hadronic physics beyond the LHC scale

The longitudinal development of air showers depends on several important features of hadronic
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Future of CR radio detection

LOFAR AERA (Auger) 
towards large array

SKA 
extreme precision



• 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 

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

• Future:  
CR-radio with Auger, SKA, …  
lunar technique with LOFAR & SKA  

Conclusions

Thanks


