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Radio emission from 
air showers
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Two emission mechanisms

2 Theory

any dependency on the shower height is not taken into account. This value
should describe the pancake distribution near the shower axis. However,
this has not been measured. In this thesis simulations are used in which a
value of L = 3.9 m was adopted. However, recent Monte Carlo studies [14]
indicate that this value should be significantly smaller (L ⇡ 0.5 m). Smaller
values for L could lead to higher power at higher frequencies.

2.3 Geomagnetic mechanism

(a) (b)

Figure 2.2: Schematic overview of the geomagnetic (a) and charge-excess
(b) emission mechanisms.

While traveling through the geomagnetic field in the atmosphere, tra-
jectories of particles, with charge q, are bent under the influence of the
Lorentz force
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Polarization angle depends on:

At the other observer positions, the situation is more complex. The geomagnetic
component is still east-west-polarized, yet the charge excess component has a
linear polarization with the electric field vector aligned radially. In addition, the
pulses caused by the two components are not completely in synch. Therefore,
the superposition of the two components leads to an ellipse in the scatter plots
(rather than a line). In other words, the total polarisation has a certain amount
of circular polarization, and the resulting total polarisation is elliptical. These
subtleties have to be kept in mind when analyzing measurements with respect
to polarisation characteristics.
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Figure 2: The time-dependence of the electric field vector in the 40-80 MHz
frequency band for observers at 100 m lateral distance to the north, north-east,
east , south-east, south, south-west, west, and north-west (counting clockwise
from the top panel) of the axis of a vertical 1017 eV air shower induced by an iron
nucleus at the LOPES site. The map in the center shows the total amplitude
footprint.

3 Simulations at high frequencies

With the inclusion of a realistic refractive index in the air shower radio emission
simulations, Cherenkov effects arise for suitable geometries. This means that
signals emitted at different times arrive simultaneously at an observer, or putting
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Image from Huege et. al 2013

5 Determining the contributions of the emission mechanisms

Following [25] the expected electric field at any given time t can be written as

~

E(t) = ~

EG(t) + ~

EC(t)

= (| ~EG(t)|+ | ~EC(t)| cos�0)ê~v⇥ ~B+

(| ~EC(t)| sin�0)ê~v⇥~v⇥ ~B.

(5.1)

Here ~

EG(t) is the electric field produced by the geomagnetic contribution that is purely
polarized along the direction of the Lorentz force, and ~

EC(t) the radial electric field, produced
by charge-excess. The charge-excess fraction is then defined as

a ⌘ sin↵
|EC|
|EG|

, (5.2)

where |EC| is the amplitude of the electric field produced by charge-excess when the total
electric field vector amplitude reaches its maximum value.

The sin↵ factor, with ↵ the angle between the magnetic field ~

B and the propagation
direction of the shower ~v, reflects the known dependence of the geomagnetic contribution.

Thus, the electric field at the time of the pulse maximum can be written as

~

E = |EG|
h⇣

1 +
a

sin↵
cos�0

⌘
ê~v⇥ ~B +

⇣
a

sin↵
sin�0

⌘
ê~v⇥~v⇥ ~B

i
. (5.3)

Therefore, the expected angle that the electric field vector at the time of the pulse maximum
makes with the ê~v⇥ ~B axis is given by

 

0 = tan�1

 
sin�0

sin↵
a + cos�0

!
. (5.4)

This angle is equal to the angle of the semi major axis  0 =  of the polarization ellipse.
Thus, the charge-excess fraction, a, can be determined by fitting eq. (5.4) to  as a function
of azimuthal angle �0 in the shower plane.

6 Uncertainties

When determining the charge-excess fraction by fitting eq. (5.4) to data, three main factors
contribute to the uncertainty. These are background noise, through  , and the uncertainties
on the reconstructed position and arrival direction of the air shower, through �

0,  and
↵. Here the statistical and systematic uncertainties associated with these contributions are
discussed and quantified.

6.1 Statistical uncertainty on the angle of polarization

Both direction dependent e↵ects and background noise contribute to the uncertainty on the
angle of polarization  .

Any uncertainty on the direction of the shower axis translates into an uncertainty on
the Stokes parameters through the combination of the measured signals in both dipoles in the
antenna model. In order to estimate the uncertainty on  due to this e↵ect a Monte Carlo
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relative strength 
of contributions:

and, position in 
the shower plane:
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Automated detection pipeline (400+ showers measured)

Particle Detector & Radio Direction Reconstruction

Single LBA dipole! 
300+ measurement 

points Schellart et al. 2013

Typical event:



Use antenna simulation 
to reconstruct polarization
• WIPLD EM-simulation + 

electronics model 
(by Michel Arts @ ASTRON)


• Complex direction and 
frequency dependent gain per 
polarization per dipole


• Interpolate directly to get 2x2 
complex Jones matrix for pulse 
direction


• Invert and multiply to get E(t)
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Figure 3. On-sky polarization coordinate frame (ê✓, ê�, �ê~v). Also depicted is the (north, east,
zenith) coordinate frame corresponding to the x, y and z-axis, respectively. Furthermore the dipole
antennas X and Y are shown (projected onto the ground plane).
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Figure 4. The natural coordinate frame for air shower polarization measurements is given by the
unit vectors ê~v, ê~v⇥ ~B and ê~v⇥~v⇥ ~B . The polarization components of the emission as reconstructed by
the antenna model ê✓, ê� are transformed to this frame by simple rotation around the shower axis.

fitting a two-dimensional lateral distribution function to the integrated pulse power of the
radio signal, following the procedure described in [31]. This provides the core position with
an estimated statistical uncertainty of ⇠ 15m.

The arrival direction is the average of those obtained per station. This has an estimated
statistical uncertainty of⇠ 1�. A better angular resolution of⇠ 0.1� can be obtained by fitting
a hyperbolic wavefront to the arrival times at the antennas for all stations [32], however this
is not needed for the current analysis.

4.2 Stokes parameters

Due to the expected elliptically polarized nature of the received signal [33] it is di�cult to
directly compare the electric field amplitudes in both polarization components. A better
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Observed polarization pattern



Charge-excess fraction
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Confirmed predicted dependence 
on zenith angle and radial distance

Made possible by high antenna density at LOFAR
(Schellart et al. 2014, submitted to JCAP)



Pre
lim
ina
ry

Atmospheric electric fields



Conclusions
• Polarization measurements can be used to reconstruct 

relative contributions of emission mechanisms to air 
shower radio emission 

• Uniquely high antenna density offered by LOFAR allows 
for first time confirmation of predicted radial and zenith 
angle dependence of charge-excess fraction  
(Schellart et al. 2014, submitted to JCAP) 

• Strong atmospheric electric fields (thunderstorms) alter 
the observed polarization pattern


