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We report here on a novel analysis of the complete set of four Stokes parameters that uniquely determine
the linear and/or circular polarization of the radio signal for an extensive air shower. The observed
dependency of the circular polarization on azimuth angle and distance to the shower axis is a clear signature
of the interfering contributions from two different radiation mechanisms, a main contribution due to a
geomagnetically-induced transverse current and a secondary component due to the build-up of excess
charge at the shower front. The data, as measured at LOFAR, agree very well with a calculation from first
principles. This opens the possibility to use circular polarization as an investigative tool in the analysis of
air shower structure, such as for the determination of atmospheric electric fields.
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I. INTRODUCTION

Detecting the radio emission from extensive air showers
(EASs) as induced by energetic cosmic rays has shown to be
a very sensitive way to determine shower properties, such as
energy [1,2] and Xmax, the atmospheric (slant) depth where
the number of air-shower particles reaches amaximum [3,4].
These shower properties are used in turn to infer the nature of
the primary cosmic ray, in particular its mass [5,6]. To do so,
detailedmodels have been developed that calculate the radio
emission from the EAS based on the motion of individual
electrons and positrons in the air shower. Two such micro-
scopic models are CoREAS [7] and ZHAireS [8]. Their
close agreement with detailed radio-intensity footprints, as
have beenmeasuredwith LOFAR (LOw-Frequency ARray)
[9,10] and other radio antenna arrays [11], shows that the
microscopic approach can successfully reproduce the fea-
tures of the radio emission [4]. The signal has a dominant
linearly-polarized component along the direction of the
Lorentz force, ê~v!~B ∝ ê~v ! ê~B, due to the induced transverse
current in the shower front. Here the shower direction is
given by ê~v while ê~B denotes the direction of the

geomagnetic field. A secondary contribution, also known
as Askaryan radiation [12], is due to the build-up of excess
negative charge in the shower front [13]. This Askaryan
radiation is radially polarized and thus leads to the prediction
that the deviation from the main polarization direction
depends on the viewing angle, in good agreement with
observations [14–18]. The microscopic approaches to sim-
ulate the radio emission make no explicit assumption about
different emission mechanisms, instead their predictions
arise from first-principle calculations. Describing the emis-
sion based on emission mechanisms has shown, however, to
be a helpful tool in understanding event properties.
From thework of Ref. [19] it is known that the radio pulse

has also a certain amount of circular polarization. A very
appropriate way to express the complete polarization of
radio pulse is through the use of Stokes parameters [15] and
these have more recently also been used in the analysis of
ANITA data [20] of cosmic-ray events. Despite surprisingly
high measured fractions of circular polarization in reflected
signals reported by the ANITA collaboration, CoREAS
simulations and other models [4] predict the percentage of
circular polarization in direct air shower signals to be small.
In this work we report on the measurement at LOFAR of the
circular-polarization footprint of an EAS and present a novel
analysis in terms of a phase (time) delaywhich is an earmark
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of an important difference between the main, the transverse
current, and the secondary, charge excess, emission proc-
esses. Due to a different dependence of these emissions on
the viewing angle of the electric currents in the shower
[13,21], as shown later, a slight, order 1 ns, time-shift
between the pulses emitted by the two emissionmechanisms
is created, resulting in a rotation of the polarization vector
over the duration of the pulse. This circular polarization thus
constitutes an accurate measurement of the difference in the
arrival times of the two components.

II. LOFAR

LOFAR [22] is a digital radio telescope with Low Band
Antennas (LBAs, 10–90 MHz band) and High Band
Antennas (HBAs, 110–240MHz band). Each LBA consists
of two inverted V-shaped dipoles labeled X and Y. Radio
emission from cosmic rays has been measured with LBAs
as well as HBAs [9,10]; here we focus on LBA measure-
ments, as they record stronger air shower signals and their
hardware setup provides a cleaner way to disentangle
polarization properties from single antenna measurements
than the HBAs. A detailed description of the offline
analysis of the data can be found in [3,9,15]. However,
we will briefly review the essential steps in reconstructing
the full electric-field vector. For every detected air shower,
the time-dependent voltages as measured with the X and Y
dipoles of the LBAs are available. Usually, 2.1 ms of data,
sampled at 200 Msamples/s are recorded per antenna. Each
dipole trace shows a short pulse of a length that is
determined by the intrinsic length of pulse in combination
with the limited band width of the antenna and the filter
amplifier of the LOFAR system. The frequency spectrum of
the pulses is usually strongest at the lowest frequencies and
especially the high-frequency component changes strongly
as function of distance to the shower axis [10], which
influences the intrinsic length of the pulses. The recorded
pulses are usually strong and their amplitudes are com-
monly a factor of 10 or more larger than the average noise
amplitude in a single dipole [15]. The same read-out
hardware is used for all signals, so time-shifts artificially
introduced between a pair of dipoles are negligible. The
antenna response of a pair of dipoles has been simulated for
all possible arrival directions and has been shown to be in
good agreement with dedicated in-situ measurements [23].
The complex (i.e. time-dependent) responses of each
dipole to an incoming wave of a given polarization are
tabulated [9] and are used in an iterative approach to obtain
an arrival direction and to unfold the antenna response,
as for cosmic rays the arrival direction is not known
a priori. The simulated antenna response allows for a
time-dependent reconstruction of the on-sky polarization
(i.e. two perpendicular components of the transverse
electric field) of the incoming signal from the measured
voltages without additional assumptions about the content
of cross-polarization leakage and projections. Using the

reconstructed arrival direction, these on-sky polarizations
can be rotated in the direction of the Lorentz force ê~v!~B and
the perpendicular component ê~v!~v!~B. The thus recon-
structed electric field, is the band-width limited original
electric field. In this process, all instrumental influences
induced by the antenna and the amplifier have been
corrected for. Influences induced by the LOFAR system,
such as frequency dependent cable delays and additional
amplification [23], have, however, not been corrected for.
As they influence both signal paths of a pair of dipoles
equally, they do not induce a change in polarization that
would be relevant for this analysis, but might increase the
length of the pulse.
For the course of this analysis, the antenna positions

known to centimeter accuracy on ground are projected onto
the shower plane, defined as the plane perpendicular to the
shower, ê~v, and going through the point where the core of
the shower hits the ground.

III. DATA ANALYSIS

The Stokes parameters can be expressed in terms of the
complex voltages Ei ! Ei " iÊi, where Ei is sample i of
the electric field component in either the ê~v!~B or the ê~v!~v!~B
polarization direction and Êi its Hilbert transform [15], as

I ! 1

n

Xn−1

0

#jEj2
i;~v!~B

" jEj2
i;~v!~v!~B

$
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n
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%
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where one may define in additionW2!I2−#Q2"U2"V2$.
The summations are performed over n ! 5 samples, of 5 ns
each, centered around the pulse maximum, which is
determined by the strongest signal in one of the electric
field components. This time scale has been found to contain
the entire pulse, also for pulses at larger distance to the
shower axis, where the high frequency content of the pulses
is reduced and their intrinsic length increased. The linear-
polarization direction of the signal is given by the angle
ψ ! 1

2 tan
−1#U=Q$with the ~v ! ~B-axis, while V=I specifies

the circular polarization. For n ! 1 in Eq. (1) one obtains
W ! 0, however in general W ≥ 0 is a measure of the
difference in structure of the signal in the two polarization
directions, which is likely due to noise (see Appendix for a
more extensive discussion). It has been reported earlier [15]
that all recorded air shower pulses show a strong fraction of
polarization, where the unpolarized component decreases
when the signal-to-noise ratio increases. We therefore use a
function dependent on the signal-to-noise ratio to calculate
the relevant uncertainties. On average the signal-to-noise
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ratio decreases with increasing distance to the shower axis.
Additional uncertainties arise from the uncertainty on the
reconstructed arrival direction and the antenna model. Both
are propagated accordingly as discussed in [15].
Qualitatively the presence of circular polarization can be

understood as due to the arrival-time difference of the
signals in the two polarization directions. The polarization
of the field thus rotates over the duration of the pulse. To
make this more quantitative we interpret the circular
polarization in terms of a time lag between the transverse
current and the charge-excess pulses. To do so it is
conceptually easiest to consider a signal of fixed frequency
ω. We assume a phase difference

η ! ωΔt #2$

that corresponds to a delay Δt of the radially-polarized
charge-excess pulse,

EC#t$ ! ECeiωt−iη#cosϕê~v!~B " sinϕê~v!~v!~B$;

with respect to the transverse-current pulse,

ET#t$ ! ETeiωtê~v!~B:

Here ϕ denotes the angular position of the antenna with
respect to the ê~v!~B-direction. Substituting this into Eq. (1)
yields

I ! E2
T " E2

C " 2 cosϕ cos ηETEC

Q ! E2
T " cos#2ϕ$E2

C " 2 cosϕ cos ηETEC

U ! sin#2ϕ$E2
C " 2 sinϕ cos ηETEC

V ! 2 sinϕ sin ηETEC: #3$

For ϕ ! 0 or ϕ ! π one obtains U ! 0 ! V i.e. no circular
polarization and full linear polarization in the ê~v!~B-
direction. Extreme values for the circular polarization
are reached for ϕ ! π=2, giving I ! E2

T " E2
C, U !

ETEC cos η and V ! ETEC sin η while ϕ ! −π=2 yields
the opposite signs for U and V. This shows that U=I is a
measure for the relative strength of the charge excess, EC,
and the transverse current, ET , components [13] while
V=U ! tan η measures the phase delay, and thus the time-
lag, between the two.
For sake of concreteness we initially focus the present

discussion on a single air shower for which the radio signal
was detected in six LOFAR stations each consisting out of
48 antennas. For this event the full set of measured Stokes
parameters for each LOFAR antenna is shown versus
distance with respect to the shower axis in Fig. 1 and
Fig. 2. Also shown are the results of the CoREAS
simulation, where the values for Xmax ! 659 g=cm2, the
shower energy E ! 6.24 ! 1017 eV, zenith angle θ ! 26°,
and core position, have been taken from a fit solely to the

intensity footprint [3]. Like in Ref. [3] the simulations are
performed for a star-shaped pattern of antennas and
interpolated to obtain the results at the actual positions
of the antennas. The interpolation is accurate to within 10%
at distances used in the present analysis. The calculated
values for W=I (not shown) are small, less than a few
percent. Due to noise the measured values for W=I are
generally larger than predicted without noise, with a bias
increasing from less than a percent at small distances to less
than 10% at larger distances. The values of the Stokes
parameters depend not only on distance with respect to the
shower axis but also on the azimuthal position of the
antenna, see Eq. (3). Thus, when plotted versus distance
only, one observes a considerable scatter in the data points,
reflecting the layout of the antenna stations.
The angular dependence of the circular polarization is

most clearly seen in Fig. 3 where the footprint of the Stokes
parameter V is shown as obtained from the simulation and
data. As expected, see Eq. (3), ê~v!~B is the axis of anti-
symmetry, where V changes sign along ê~v!~v!~B to -ê~v!~v!~B.
In analyzing the accumulated data from LOFAR we

concentrate on a distance of 100 m from the shower axis
since this is close to the distance where Cherenkov effects
(relativistic time compression) are large and thus the pulse

FIG. 1. The intensity footprint of the air shower we consider
here as recorded with the LOFAR low-band antennas and
projected into the shower plane (open red circles) is compared
to the results of a CoREAS simulation (filled blue squares).
σ denotes one standard deviation error.
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will have a flat frequency spectrum within our observing
window. From the maximum values at 100 m, as can be
read from Fig. 2, where ϕ ! &90°, one obtains V=U ≈ 1=3
giving η ≈ 0.3 using Eq. (3).
In Fig. 4 the measured values for U=I and V=I are given

for all antennas at a distance between 90 and 110 m from
the core for the 114 high-quality events measured at
LOFAR as given in Ref. [6]. To restrict the analysis to
antennas at an angle close to 90° with respect to the ~v ! ~B

axis, the additional condition j cosϕj < 0.5 was imposed.
A quality cut is applied where only those data are retained
for which the measurement error in both U=I and V=I is
smaller than 10%. This leaves us with 106 antenna read-
ings. The average of the data given in Fig. 4 is V=U ! 0.32
giving η ≈ 0.31 with a considerable spread as can be seen
from the figure. This value supports the result derived from
the single event shown in Fig. 2. The Stokes parameters are
measured in the frequency band 30–80 MHz. Taking the

FIG. 2. The set of normalized Stokes parameters that characterize the polarization footprint of a single air shower. Refer to the caption
of Fig. 1 for the meaning of the symbols.
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FIG. 4. Values for Stokes parameters V=I and U=I at a distance
between 90 and 110 m from the core for the high-quality events
given in Ref. [6] after applying certain quality cuts (see text).

FIG. 3. The footprint of the value of the StokesV-parameter for a
measured air shower. The background color shows the results of
the CoREAS simulation while the coloring in the small circles
presents the data. This is the same data as shown inFig. 2 (rightmost
panel), however not normalized by I but by the maximum of V. At
close distances to the shower axis (cross) the predicted values for V
suffer from numerical instability in the simulation.
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central frequency as reference one obtains a time delay for
the charge excess signal of approximately Δt ! 1 ns
using Eq. (2).

IV. INTERPRETATION

To understand the difference in the timing of the radio
pulse emitted through the two mechanisms requires more
subtle arguments. Taking the z-axis along the shower and
the x-axis along ê~v!~B it can be shown that the transverse
current gives rise to the x-component of the vector
potential,

Aμ ! jμ=D ! jx#tret$=D #4$

where jμ is the four current in the EAS and D the retarded
distance [13]. The dependence on the height in the
atmosphere, z, is expressed using the retarded time,
tret ! −z=c. The magnitude of the transverse current is
roughly proportional to the number of particles in the
shower, N#tret$, thus jx#tret$ ∝ N#tret$ [24]. The charge
excess in the EAS is due to the knock-out of electrons from
air molecules and gives rise to the zeroth (time) and the
z-components of the current. This excess charge is also
roughly proportional to the number of particles in the EAS,
j0#tret$ ∝ N#tret$. The height (or retarded time) dependence
of the two currents is thus almost the same although, due to
different dependencies on air pressure, the transverse
current reaches its maximum at somewhat larger heights
than the charge excess [13].
The electric field is obtained from the vector potential as

~E ! − ~!A0 − d~A=dt: #5$

For the transverse current contribution this yields ~E !
−d~A=dt (called magnetic emission for this reason and
polarized in the ê~v!~B direction), while for the charge excess

contribution this gives ~E ! −dA0=dr (thus called electric
and polarized in the radial, r̂ direction). Since dtret=dt ≈
c#R=r$dtret=dr [24] and R is the distance to the emission
point, this implies that for magnetic emission the lower
parts of the shower (small R) are weighted less as compared
to electric emission. Numerical results show that the
distance along the shower axis between the points at which
the observed electric and magnetic emission reach their
maxima is about 1 km, depending in detail on shower
development and air slant depth profile.
An equivalent alternative explanation, in principle only

valid in vacuum, is that the transverse current emission has
a single lobe structure peaking at θ ! 0, while the charge
excess emission has a hollow cone structure, vanishing at
θ ! 0. The observed field strengths for both mechanisms
thus depend on the viewing angle in a different way. Since
the viewing angle changes as a function of time, the
transverse current and charge excess emission will in

general peak at different observer times, even when the
magnitude of the current and the charge excess reach their
maximum at the same time/location.
The first arrival of the radio signal at an antenna will be

the same for the electric and magnetic emission mecha-
nisms. However, due to the difference in emission-height
dependence the time-structure of the pulse differs for the
two mechanisms, where the electric pulse reaches its
maximum at a later time. This shift is of the order of
1 km for a shower Xmax at a height of 5 km. Ignoring
Cherenkov effects, the arrival time depends on height (h)
approximately as ct ! d2=2h where d is the distance from
the shower axis. For d ! 100 m the arrival time difference
is thus estimated to be 1 ns in agreement with the data. The
observed time delay depends on the observing frequency
band due to a difference in structure of the two contribu-
tions as well as due to Cherenkov compression effects.

V. CONCLUSIONS AND SUMMARY

We have shown a detailed comparison of the full set of
Stokes parameters as function of distance to the shower axis
for air showers measured with LOFAR. This is the first in-
depth discussion of circular polarization in air showers and
how it varies in accordance with expectations. The circular
polarization is in good agreement with the predictions from
current microscopic air shower simulations. In a macro-
scopic approach the circular polarization can be explained
in terms of different emission mechanisms. Due to different
effective emission heights there is a time delay between the
pulses generated by electric and magnetic emission result-
ing in a circular polarization component in the radio
emission from an EAS. This adds further justification to
the present arguments for distinguishing two emission
mechanisms based on their difference in the linear polari-
zation of the signal [15] also giving rise to the typical bean-
shaped intensity profile seen in Ref. [25].
The fact that we have a detailed understanding of the full

set of Stokes parameters for fair-weather events opens the
possibility to use these in an analysis as presented in
Ref. [15] to extract atmospheric electric fields. By being
able to account for the circular component in addition to the
linear components of the polarization will allow us to not
only track the overall fields but study changes of the
orientation of electric fields in more detail.
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APPENDIX: INTERPRETATION OF W

Most often Stokes parameters are used to express the
polarization of a narrow-bandwidth (single-frequency)
signal. In such a case one obtains W ! 0. For this case
the result is independent of the number of time-samples, n
in Eq. (3), that is used for the calculation. For the case of
our paper the signal has a large bandwidth which is
reflected by a signal that has a narrow structure in time.
Only when the complex signal in the two polarization
directions differs by a constant phase one obtains W ! 0,
independent of the number of time samples in Eq. (3),
while in the general cases one obtains W=I > 0. For the

general case the value of W=I depends on n. This can be
visualized most clearly when the pulses in the two
polarization directions, say x and y, are shifted in time
much more than their width. One then obtains I ≫ Q while
the cross product of the two signals, U " iV, obviously
almost vanishes, resulting in W=I ≈ 1 i.e. exceeding zero
by a sizable amount. When the displacement of the pulses
in the two polarization directions is much smaller than the
intrinsic width of the pulse one has the situation that is
pertinent to the case discussed in this paper. One then
obtains a large value for jU " iVj provided that the signals
in the two polarization directions are commensurate. Again
it is easy to see that for this case one obtainsW=I ≈ 0. Note
that in this ratio the number of samples, n, drops out.
For real data (in contrast to a model calculation) the

actual value of W=I will be dominated by the noise level.
For pure noise an average value is obtained of W=I !!!!!!!!!!!!!!!!!
1 − 1=n

p
where the n dependence is explicit. Still, for

relatively small values of W=I, the complex angle of
U " iV can be used to determine the time-lag, provided
of course that jU " iVj=I is sizable. This is shown in Fig. 4.
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