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7 Radio measurements of cosmic rays

7.1 Introduction

In Section 5.3, a search was made for events that are coincident between the 

first-generation radio setup and the Auger surface detector. For antennas 1, 2 

and 3, this resulted in 348, 434, and 362 events, respectively. Furthermore, it 

was established that these events are not accidental coincidences. Nothing has 

been said, however, about the radio signal in the traces of these events. Since the 

events were acquired using a scintillator trigger, i.e. a trigger based on a particle 

detector, it is not guaranteed that a clear radio signal from a cosmic-ray induced 

air shower is present.

After the first coincident events were measured in April  and May 2007, the 

traces of  these events  were examined by eye,  in search for  any radio  signals 

related to the air  shower.  The first  radio signals  from cosmic-ray induced air 

showers at the Pierre Auger Observatory were soon found. The first coincident 

event  of  which  clear  radio  signals  were  measured  is  often  referred  to as the 

“golden event” (Auger ID=3388350); the radio traces of this event are shown in 

Figure 3.7 on p. 39.

According to a reconstruction of the data as measured with the Auger SD, the 

energy of this event is (1.1 ± 0.3)·1018 eV. (Here, the “NEWFD” energy estimator 

was used; see Section 6.1.1.) The shower axis hit the surface of the Earth at a 

distance of ~380 m from the centre of the three antennas. The closest distance 

between  the  shower  axis  and  the  centre  of  the  three  antennas  was  ~260 m. 

Furthermore, the zenith and azimuth angles of the reconstructed SD event are 

consistent with the relative time differences of the pulses that were measured by 

each of the three antennas. The first detection of radio signals from cosmic rays 

at the Pierre Auger Observatory was reported in [110].

The radio traces of two other coincident events are plotted in Figure 7.1. Only 

the  traces  from  antenna  2  are  shown.  In  the  event  on  the  left  (Auger 
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ID=4226086) a signal (i.e. pulse) can clearly be seen, while the event on the right 

(Auger ID=4229023) does not show a signal above the noise.

There are many parameters that can influence the size of the radio pulse from 

an air shower which is measured at an antenna: the distance to the shower core, 

the bearing of the shower core, the energy of the shower, its azimuth and zenith 

angles, etc. This chapter will discuss the presence (or absence) of radio signals in 

traces  that  were  recorded  during  the  event  of  an  extensive  air  shower. 

Furthermore,  the  signal-to-noise  ratio  (SNR)  and the  spectral  composition  of 

radio signals from air showers will be discussed.

7.2 Timing comparison of SD and radio data

As described in Section  5.3, the coincident events were found by comparing 

the data from the radio setup with the data from the surface detector.  If  the 

timestamp of an event from the radio setup did not differ more than 10 μs from 

the  timestamp  of  a  reconstructed  “SD  event”,  then  a  coincident  event  was 
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Figure 7.1: Left: radio traces from some coincident events clearly show a signal, 
while (right) others do not.
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identified.  This  process  was  performed  for  each  of  the  three  antennas 

individually.

The distribution of the time differences for each of the three antennas, defined 

by τ≡t SD – t radio , is shown in  Figure 7.2. From the definition it follows that  τ  is 

negative if the radio event is recorded “later” than the SD event, because in that 

case the timestamp of the radio event will be a larger number. The three graphs 

of the distribution of τ  for each antenna are very similar: a course Gaussian, not 

centred around zero. This similarity is not surprising; the digitizers and their GPS 

antennas  were  at  the  same  location,  receiving  the  same  trigger  signal.  The 

position in the trace of any pulse that was induced by an air shower, has not 

been taken into account. The different positions of the three antennas therefore 

do not influence these three graphs.

Since the physical antenna is not important for the shape of the distributions 

in  Figure 7.2, one may ignore this variable. This allows adding the three data 

sets,  resulting  in  another  Gaussian-shaped  distribution  with  slightly  better 
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Figure 7.2: Measured time difference of events correlated between Auger SD and 
radio, calculated for each antenna individually. The timestamps of the radio 

events have been corrected for the GPS offset, which can be 1 or 2 full seconds 
(Section 5.3).
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statistics. This distribution is shown in Figure 7.3, as well as a Gaussian function 

that was fitted to the data.

The fitted Gaussian is centred at  τ 0  = (-2.63 ± 0.02) μs and has a standard 

deviation of  σ measured Δt  = (0.57 ± 0.02) μs. In Section 6.2 the average statistical 

uncertainty on the timing of the digitizers was found to be σ digitizer = 13 ns. The 

overall time resolution of the individual SD stations is of comparable size: σ SD = 

10 ns [111]. These last two values are both much smaller than σ measured Δt  and do 

not explain its value of 0.57 μs.

The  value  of  σ measured Δt  can  be  explained,  however,  by  considering  the 

geometry  of  the  reconstructed  SD  events.  The  timestamp  of  the  SD  event 

indicates the moment that the shower core hits the ground. For showers with a 

non-zero zenith angle, i.e. nearly all showers, this is not the same moment as 

the time when the shower front passes the scintillators at the BLS. In other words, 

the location of the shower core and that of the BLS are not the same, and the 

shower front reaches both locations at different times. The difference between 
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Figure 7.3: Measured time difference of events correlated between Auger SD and 
radio, for all three antennas combined. Only the statistical uncertainty is shown. A 

Gaussian has been fitted to the distribution.
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these  two  times  can  be  calculated  on  an  event-by-event  basis,  using  CDAS' 

reconstructed shower parameters.

Using  the  list  of  the  482  coincident  events  between  radio  and  SD,  the 

distribution of “predicted time differences” was calculated. In this calculation, a 

flat shower front was assumed. The speed of the shower front was approximated 

with the speed of light c . The result is shown in Figure 7.4.

Also  to  this  distribution  a  Gaussian  function  was  fitted.  This  Gaussian  is 

centred at 0 μs and has a standard deviation of σ predicted Δt  = (0.57± 0.02) μs. This 

is in perfect agreement with the value of the standard deviation of the measured 

time difference σ measured Δt , which is hereby explained.

The number of entries in the distribution of Figure 7.4 is smaller than that of 

Figure 7.3. This is a result of the fact that in Figure 7.4 every coincident event is 

counted  once,  while  in  Figure 7.3 the coincident  events  of  each  of  the three 

antennas were summed.

99

Figure 7.4: Predicted (calculated) time difference between the moment of the 
shower front reaching the surface at the BLS, and the moment of it reaching the 

surface at the location of the shower core. Only the statistical uncertainty is 
shown. Another Gaussian has been fitted to the distribution.
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As was already mentioned, the distribution in Figure 7.4 was calculated using 

the  list  of  the  482  coincident  events  between  radio  and  SD.  If  the  same 

calculation  would  be  performed  on  all  2,028  SD  events  that  were  registered 

during the data taking period, a standard deviation of 0.97 μs would have been 

found.  A  possible  explanation  for  this  larger  value  is  that  the  “radio  has 

triggered” requirement, which involves a coincidence between both scintillators 

at the BLS, apparently disfavours remote and/or inclined showers.

7.3 Properties of triggered events

In  Section 5.2,  a  list  of  2,028 events  from the Auger  surface  detector  was 

selected. Next, a search for coincidences between radio and SD was performed in 

Section 5.3. For antennas 1, 2 and 3, this resulted in 348, 434, and 362 events, 

respectively. The section was concluded with a count of the number of events for 

which the traces from at least one antenna were recorded, which is 482. In the 

following sections, we will refer to these 482 events with “the coincident events”.

Thus, 482 events have radio traces available. What we would like to investigate 

is which of these traces show a clear air-shower induced signal, which of them 

do not, and why this is the case. However, since only 482 of 2,028 events have 

triggered  the  radio  setup,  we  first  need  to  consider  the  properties  of  these 

triggered events. How do their properties differ from the events in the full set of 

2,028 events?

7.3.1 Core positions and shower energies

For the coincident events the positions of the shower cores, i.e. the locations 

where the shower axis reaches the surface of the Earth, are shown in Figure 7.5. 

This figure is very similar to Figure 6.1 in which the core positions of the full set 

of selected SD events are shown. When comparing both figures, at least three 

differences can be seen. First,  Figure 7.5 does not contain any events that are 

very  far  from the  scintillators  at  the BLS:  the  furthest  event  is  1.7 km away. 

Second, Figure 6.1 shows three clusters of events around SD station Olaia: one to 

the north-west, one to the north-east, and another one to the south. However, 

Figure 7.5 contains far fewer events in the location of the north-eastern cluster. 

As can be seen in Figure 7.5, this cluster is further away from the scintillators at 
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the  BLS  than  the  other  two  clusters.  The  third  difference  that  can  be  seen 

between both figures is the overall  density of events,  which is much lower in 

Figure 7.5 than in Figure 6.1.

In conclusion, the scintillators appears to be less efficient to trigger on distant 

air showers than SD station Olaia. This is not surprising because the detector 

volume of Olaia is much larger than that of a scintillator, thus having a larger 

probability to measure a single muon or other charged particle. Additionally, the 

scintillator trigger requires a charged particle to travel through each of the two 

scintillators, while Olaia may trigger on only a single particle.
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Figure 7.5: The x- and y-coordinates of the shower cores of coincident events. 
The x-coordinate is positive towards the east; y is positive towards the north. The 
origin of the coordinate system is located at the centre of the Auger observatory. 
The locations of nearby SD stations, the three antennas and the BLS are indicated 

as well.
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A second conclusion, based on the lower overall density of events in Figure 7.5 

could be, that the trigger probability of the scintillators is lower, even when the 

shower  core is  nearby and the particle  density high. However,  one should be 

cautious to draw this conclusion. From  Figure 6.2 on p. 67 we know that the 

majority of the events are air showers with a low energy (< 0.5 EeV). The Auger 

surface detector is not 100 % efficient for showers at these energies; this is also 

the reason for the peculiar shape of  Figure 6.1, as discussed in Section 6.1.1. 

Therefore,  even  though  some  air  showers  triggered  the  SD  and  not  the 

scintillator  trigger,  the reverse  is  also  true:  some air  showers  did  trigger  the 

scintillators but not the SD.

The differential flux spectrum of the coincident events is plotted in Figure 7.6 

(solid  circles)  and  is  very  similar  to  that  of  the set  of  all  selected  SD events 

(reproduced from Figure 6.4). Due to the smaller number of events the spectrum 

contains less counts, however the slope, i.e. the energy dependency, remains the 
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Figure 7.6: Differential flux spectrum of all selected SD events and of the 
coincident events. The vertical error bars indicate the statistical uncertainty only. 
Two power law functions are shown to misguide the eye. The energy-dependent 

acceptance of the SD has not been taken into account.
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same. Thus, the use of the scintillator trigger does not introduce a bias on the 

slope of the flux spectrum.

7.3.2 Arrival direction

For both sets of events, i.e. all selected SD events and the coincident events, 

the  distributions  of  the  zenith  and  azimuth  angles  are  shown  in  Figure  7.7. 

Besides the smaller number of entries, the distributions for the coincident events 

are not significantly different.

One interesting note can be made about a possible bias on the zenith angle 

caused by the use of the scintillators as a trigger. Unlike the water tanks of the 

SD stations, the scintillators are very flat; roughly 2 cm thick. The solid angle of 

the scintillators  is  thus smaller  for  inclined showers  and is  close  to zero  for 

purely  horizontal  events.  Therefore,  it  could  be  expected  that  the  trigger 

probability  of  the  scintillator  trigger  is  smaller  for  events  with  larger  zenith 

angles. From Figure 7.7 (left) however it is not clear whether this effect occurs. 

Therefore,  the relative  acceptance of  the coincident events with respect  to all 

selected SD events was estimated using the formulas derived in Appendix B. The 

results are shown in Figure 7.8.

Figure 7.8 (right) shows that the estimated relative acceptance of coincident 

events with respect to all selected SD events is independent of the azimuth angle, 

as  was  expected.  Figure  7.8 (left)  however  shows  that  the  estimated  relative 
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Figure 7.7: Distributions of both sets of events, as a function of cos(θ) (left) and 
φ (right). Only statistical uncertainties are shown.
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acceptance is slightly lower for inclined events cosθ0.5 ;θ60°  . Due to a lack 

of  statistics  nothing  can  be  said  about  the  acceptance  for  the  most  inclined 

events.  For zenith angles below  60 ° cosθ0.5  the trigger probability of the 

scintillators appears roughly constant.

In Section 6.1 “Properties of SD events” the effects of the atmosphere on low-

energy events were discussed. Due to absorption,  the detection probability  of 

inclined low-energy events is lower than that of nearly vertical events of the same 

energy.  This  is  true  for  all  SD  events  (Figure  6.6)  and  also  for  the  set  of 

coincident events (Figure 7.9).

7.4 Pulse detection

As was discussed in  Section 7.1,  some radio  traces  from coincident  events 

show a clear signal from an air shower, while other traces do not. An example 

was  given  in  Figure  7.1.  This  section  discusses  the  method  that  is  used  to 

determine whether a clear pulse is present in each of the recorded radio traces. 

This way, the set of coincident events is bisected into two subsets: events with 

and without a pulse in the trace. In Section 7.5 the physics properties of these 

two subsets will be explored. Furthermore, three alternative methods for pulse 

detection are discussed in Appendix C.

The method for pulse detection is based on a comparison of the power of the 

trace within a certain time window with a threshold level.  The time window is 
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Figure 7.8: Estimated relative acceptance of coincident events with respect to all 
selected SD events. Statistical uncertainties are shown.
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chosen around the location in the trace where a pulse could be expected. The 

threshold level is determined by a certain factor x  times a typical value for the 

power of the radio background. In essence, the power of the signal is compared 

with the power of the noise.

For  each  of  the  two  channels,  i.e.  north-south  and  east-west,  the  pulse 

detection algorithm performs the following steps:

1. Perform a 4096-point fast Fourier transformation (FFT) on the traces. 

The 4000-point traces are padded with 96 additional points (4001 to 

4096), which are identical to the last points of the original traces (4000 

down to 3905). The mirroring step ensures continuity of the trace.

2. Remove all  frequency  components  below 10 MHz and above 90 MHz. 

This step is mainly intended to remove some low-frequency noise that is 

present in the traces that were measured with the SBP-60 filters between 

May 16 and July 20, 2007 (Table 5.1 on p. 56). For all other traces this 

step  has  little  effect  since  the  amount  of  power  outside  the  pass-

frequencies of the filters is low.
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Figure 7.9: Scatter plot of the energy versus the zenith angle of the coincident 
events.
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3. Perform an inverse FFT; this returns the data to the time domain. The 96 

padded  data  points  are  removed,  thus  traces  have  a  length  of  4000 

points again.

4. Calculate  the  mean  voltage  V begin  and  mean  power 

Pbegin=
1

R⋅N ∑i=i0

i0N

V i− V begin
2  of the first  512 data points of the trace (

i0=0,N=512 ). Do the same for the last 512 data points. The reference 

power P ref  is the minimum of Pbegin  and P end .

5. Define a threshold level  at  x⋅P ref  where  x  is a variable given to the 

algorithm.

6. Define a time window of 400 ns around the moment at which a pulse is 

expected. This moment was calculated by Fraenkel [112], based on the 

timing information of the digitizers,  time delays of cables and trigger 

components, and the parameters of CDAS' reconstruction of the event 

based on the SD data.

7. Calculate the mean power within the time window Pwindow . Since the size 

of the window is 400 ns and the sampling frequency is 400 MHz, the 

number  of  data  points  N  is  160.  Return  true if  Pwindow  exceeds the 

threshold level, else return false.

In step 4 of the algorithm, the reference power P ref  is chosen as the minimum 

of Pbegin  and P end . This is done to better handle the case where a short burst of 

noise (transient) is present in the start of the trace. When a transient is present in 

this location, the value calculated for  Pbegin  will be significantly larger than its 

median value. In this situation, it is unwise to use the value of Pbegin  for P ref . In 

the algorithm an attempt is made to prevent this by using P end  from the end of 

the  trace  if  it  is  smaller  than  Pbegin .  Here  it  is  assumed  that  transients  are 

relatively infrequent and shorter than the trace length.

The size of the time window in step 6 was chosen to be sufficiently large to 

contain an air-shower induced pulse, even for the cases where the uncertainty in 

the location of the time window is higher.
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The result of using the algorithm on the set of 482 triggered events is shown 

in Figure 7.10. For each of the three antennas, the algorithm was applied, using 

different values of the threshold level x . The results show the fraction of events 

that pass when a threshold crossing is required in north-south, in east-west, or 

in at least one of these two.

In order to optimise the detection of air-shower-induced pulses, we choose to 

use  the  “pulse  in  north-south  or  in  east-west”  criterion.  The  results  of  the 

algorithm  using  this  criterion  are  summarized  in  Figure  7.10 (d).  The  figure 

shows that this criterion gives very similar results in each of the three antennas. 

This is also the criterion that was used to bisect the dataset of coincident events, 

using a threshold level of x=3 .

As  can  be  seen  in  Figure  7.10 (d),  for  each  antenna  about  13 %  of  the 

coincident events passed the test. The set of 482 coincident events (Section 5.3) 
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(a) (b)

(c) (d)

Figure 7.10: Fraction of events that pass the algorithm, for each of the three 
antennas and as a function of the threshold level. A pulse can be required in the 

north-south data, in the east-west data, or in at least one of these two.



 7   Radio measurements of cosmic rays

was bisected into a subset for which a pulse was detected in at least one of the 

three antennas, and a subset for which no pulse could be found. The subset “with 

pulse” consists of 94 events and the subset “no pulse” contains 388 events.

7.5 Radio signals of extensive air showers

7.5.1 Core positions and shower energies

The x- and y-coordinates  of  the shower  cores  of  events  with  and without 

pulse are shown in Figure 7.11.

Models that simulate the radio emission by air showers (Section 2.5) predict a 

larger radio signal for events whose shower core is near the antennas. Therefore, 

the fraction of events in which a radio pulse is visible, should be larger for nearby 

events. However,  Figure 7.11 does not clearly show whether this is reflected in 
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Figure 7.11: The x- and y-coordinates of the shower cores of coincident events 
with pulse (black) and without pulse (grey). A few other locations are indicated for 

reference.
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the  data.  Therefore,  the  distribution  of  all  coincident  events  and  coincident 

events for which a pulse was detected, are plotted in Figure 7.12 as a function of 

distance.

In Figure 7.12, a distinction is made between the distance to the shower core 

and the distance to the shower  axis.  The first  distance is  measured over  the 

ground, from the centre of the three antennas to the place where the shower axis 

reached the surface of the Earth. The second distance is measured perpendicular 

to the shower axis from the centre of the three antennas.
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(a) (b)

(c) (d)

Figure 7.12: Distributions of all coincident events and coincident events for which 
a pulse was detected, as a function of distance between the event and the centre 
of the 3 antennas. Plots (a) and (b) use the distance to the shower core, i.e. the 
location where the shower axis reaches the surface of the Earth. This distance 

may be considered the distance “over the ground”. Plots (c) and (d) use the 
distance to the shower axis; this is measured perpendicular to the shower axis, 
i.e. in the frame of the shower. Plots (b) and (d) show the relative acceptance of 
the coincident events with pulse with respect to the total number of coincident 

events. The relative acceptance was estimated using the formulas derived in 
Appendix B.
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For each event,  the distance to the shower  axis  is  always  shorter  than the 

distance to the shower core. This effect can be seen in the distributions of Figure

7.12 (a)  and  Figure  7.12 (c).  According  to  Figure  7.12 (d),  about  50 %  of  the 

events within a distance of 200 m display a pulse (according to the algorithm 

described in Section 7.4).

The distribution of the energy, in the form of the differential flux spectrum, 

was already discussed in Section 6.1 for all SD events, and in Section 7.3 for the 

coincident events.  Figure 7.13 (left) shows the differential flux spectrum of the 

coincident events for which a pulse could be found (by the algorithm described in 

Section 7.4). Both flux spectra in this figure have roughly the same dependency 

on the energy. As seen in Figure 7.13 (right), events with an energy above 1 EeV 

seem to be more likely to show a detectable pulse in radio than lower-energy 

events.  However,  some  caution  is  required  here,  since  only  16 events  above 

1 EeV showed a pulse in radio, i.e. the amount of statistics is low.

7.5.2 Arrival direction

The distributions of the zenith angles and azimuth angles of the coincident 

events with pulse are shown in Figures 7.14 and 7.15, respectively. The fraction 

of events for which a pulse could be found is larger if the zenith angle is larger. 
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Figure 7.13: Left: differential flux spectrum of the coincident events (data from 
Figure 7.6) and of the coincident events for which a pulse was detected. The 

energy-dependent acceptance of the SD has not been taken into account. Right: 
the relative acceptance of the coincident events with pulse with respect to the 

total number of coincident events, as a function of energy.
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Additionally, events with an azimuth angle around -90°, i.e. the south, are more 

likely to show a signal in radio.

The larger visibility in radio of events coming from the south is explained by 

the direction of the Earth's magnetic field. At the site of the BLS, the magnetic 

declination is 3° (i.e. 3° eastward from the north). The magnetic inclination, also 

known  as  the  magnetic  dip,  is  -35°  (i.e.  upwards,  out  of  the  Earth).  These 

coordinates are equivalent to an azimuth angle of 87° and a zenith angle of 55°. 
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Figure 7.15: Left: distributions of the azimuth angles φ. Right: the relative 
acceptance of coincident events with pulse with respect to all coincident events.

Figure 7.14: Left: the distribution of the coincident events with pulse as a 
function of cos(θ). Right: the relative acceptance of coincident events with pulse 

with respect to all coincident events. Only statistical uncertainties are shown.
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Therefore,  the angle between the shower  axis  and the Earth's  magnetic  field, 

indicated by    in Allan's formula (Section 2.5; p. 24), is larger for events from 

the  South.  According  to  Allan's  formula,  the  signal  strength  in  radio  is 

proportional to sin ; this can explain the larger visibility in radio of events from 

the south. This effect is sometimes referred to as the v×B  effect.

Figure 7.16 shows a sky map of the arrival directions of the coincident events. 

The zenith angle is plotted in the radial direction; the azimuth angle is plotted in 

the tangential  direction.  As seen in the right  part  of  the figure,  there  are  no 

coincident events with pulse if the angle between the arrival direction and the 

Earth's magnetic field is small (less than about 25°).

7.5.3 Radio signals of higher-energy events

Figure 7.14 (right)  shows that  for  the selected dataset,  events  with  a  large 

zenith angle, i.e. inclined events, more often show a pulse in radio. However one 

should  be  careful  to  draw  any  conclusions  from  this,  since  we  know  from 

Figures 6.6 (p. 72) and 7.9 (p. 105) that inclined events have on average a higher 
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Figure 7.16: Sky map of the arrival directions of the coincident events (left) and 
the coincident events with pulse (right). The zenith is in the middle of each plot; 
the two circles indicate zenith angles of 30° and 60°. B indicates the direction of 

the Earth's magnetic field.
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energy than non-inclined events.  Indeed,  Figure 7.9 shows that all  coincident 

events with a zenith angle ≥60 °  have energies of 1 EeV or more. It may simply 

be this higher energy that is responsible for the observed pulses in radio.

To investigate this  a bit  further,  we refer  to the scatter  plot  of  the energy 

versus the zenith angle in Figure 6.6 (p. 72) and make a cut on the data, using 

the following criteria:

■ E≥1EeV

■ ≤70°

The atmospheric absorption, which causes the reduced number of low-energy 

inclined events, does not influence events that fulfil these two criteria, according 

to Figure 6.6. Additionally, for the case of coincident events, there are no events 

with  70°  (Figure 7.9). Therefore we can let go of the second criterion and 

simply require E≥1EeV .

Using this extra requirement, there are 43 coincident events remaining; 16 of 

them show a pulse in radio (according to the algorithm described in Section 7.4). 

Although the amount of data is very small, the distributions of these events as a 

function of cos   are shown in Figure 7.17.
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Figure 7.17: Left: distribution of the events with energies above 1 EeV as a 
function of cos(θ). Large bins of 0.4 π sr  have been used because of the small 

number of events above 1 EeV. Right: the relative acceptance of coincident events 
with pulse with respect to all coincident events.
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In the figure, we see that there are no events for which cos 0.4 66 °  . 

For  cos 0.6 53 °  ,  the  relative  acceptance  is  estimated  lower  than  for 

0.4cos 0.6 .

It appears that air showers with a large zenith angle more often have a clear 

pulse in radio, and that this effect is not merely a result of a bias on energy due 

to atmospheric absorption. Interestingly, our conclusion that events with a large 

zenith  angle  emit  a  stronger  signal  in  radio  is  contrary  to  Allan's 

phenomenological  formula  (Section 2.5;  p. 24).  Allan's  formula  predicts  a 

stronger radio signal for air showers with a small zenith angle  .

The arrival directions of events for which E≥1EeV  have been plotted as a sky 

map in  Figure 7.18. Due to the small number of coincident events in which a 

pulse was detected, the influence of the v×B  effect can not be seen.

The distribution of the events for which E≥1EeV , as a function of distance to 

the shower axis, is shown in Figure 7.19. There are 9 air showers for which the 

distance to the shower axis is less than 300 meters. All of these showers were 

seen in radio. The estimated relative acceptance for events 100 m≤d axis300m  is 
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Figure 7.18: Sky map of the arrival directions of the coincident events (left) and 
the coincident events with pulse (right). Only events for which E≥1EeV  have 

been plotted.
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very good (about 0.85). Furthermore, all 11 air showers within 350 meters were 

seen in radio (not shown in Figure 7.19).

7.6 Spectral  composition of  radio signals from air 
showers

In addition to examining radio signals from air showers in the time domain, 

one  may  also  investigate  these  signals  in  the  frequency  domain.  At  which 

frequencies  is  the signal  the strongest,  and  how does  this  compare  with  the 

noise? The noise,  i.e. the general  radio background,  was already discussed in 

Section 6.4, “Properties of the radio background”.

For this analysis, we will only consider signals from antenna 2. Antenna 1 is 

excluded because signals from this antenna contain relatively more noise, due to 

the presence  of  a  nearby  AC power  line.  Antenna  3 is  excluded because  the 

actual  antenna on pole no. 3 was changed during the data-taking period (see 

Table 5.1; p. 56).

In Section 5.3, “Events coincident between radio and SD” (p. 60), 434 events 

were found in coincidence between antenna 2 and SD. Most of these events were 

measured using the “SHP-25 + SHP-25 + SLP-70 + SLP-70” filter configuration. 
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Figure 7.19: Left: distributions of the coincident events and coincident events for 
which a pulse was detected, both with the requirement that E≥1EeV , as a 

function of distance between the shower axis and the centre of the 3 antennas. 
The distance is measured perpendicular to the shower axis, i.e. in the frame of the 

shower. Right: the estimated relative acceptance.
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However, as can be seen in Table 5.1, alternative filter configurations were used 

during the following periods:

■ 16 May 2007 – 20 July 2007

■ 8 April 2008 – 13 April 2008

■ 19 May 2008 – 26 May 2008

During these periods, the “SBP-60” [113] filters were used; these filters have a 

pass-band that is significantly narrower than that of the regular filter chain. Since 

we will examine the frequency spectrum of the coincident events, we exclude 85 

coincident events that were measured during the mentioned periods. Therefore 

there are 349 events remaining.

The radio  traces  of  these 349 coincident events contain  both radio  signals 

from air showers and noise. In Section 7.4, a time window with a size of 400 ns 

was taken around the location in the trace at which a pulse is expected. This 

location was calculated by Fraenkel [112] and is amongst others based on CDAS' 

reconstruction  of  the  event.  However,  to  analyse  the  spectral  composition  of 

radio signals from air showers, we will expand the size of this time window to 

640 ns. This is convenient because a window of this size contains 256 points 

from  the  trace,  suitable  for  a  fast  Fourier  transform.  With  the  term  “signal 

window” we will refer to the time window around the location in the trace where a 

signal is expected. 

The average  radio  background,  i.e.  the noise,  is  calculated  from the same 

traces, again using (time) windows of 256 data points (640 ns). However, instead 

of taking a single window from a trace, 7 windows are taken. Within each trace, 3 

windows are taken from the beginning of the trace (at t=0, 640 and 1280 ns) and 

4 are taken from the end of the trace (at t=7440, 8080, 8720 and 9360 ns). 

These windows are taken from pieces of the trace where no air-shower signals or 

systematic noise, such as the TTL noise that was discussed in Section 6.3, are 

expected.

The power spectral  densities (PSDs) of these 7 windows are then calculated 

and subsequently  averaged.  The PSD of  the signal  window is  also  calculated. 

Thus, for each coincident event a signal PSD and an average background PSD can 

be compared.
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In the next step, the signal PSDs of the 349 coincident events are averaged; 

the same is done with the 349 average background PSDs. The resulting spectra 

are compared in Figure 7.20.

Earlier  in this chapter  we discussed that some radio traces from coincident 

events show a clear signal from an air shower, while other traces do not show a 

signal above the noise. In Section 7.4 a method for pulse (i.e. signal) detection 

was used to divide the set of coincident events into two pieces: with and without 

(a clear)  pulse. For an event to be considered “with pulse”,  it had to pass the 

selection method in at least 1 of the 3 antennas, in the north-south and/or east-

west channel.

In this section, the 349 coincident events are again divided into two sets, using 

the same selection method.  However,  there is one difference.  Because we are 

only  looking  at  data  from  antenna 2,  we  require  a  pulse  in  the  north-south 

and/or east-west channel of this antenna. Thus, events that showed a pulse in 

antenna 1 or 3, but not in antenna 2, will be considered “without pulse” in this 

context.
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Figure 7.20: Average power spectral density of radio signals measured during air 
showers. This can be compared with the average power spectral density of the 

radio background.
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The bisection of the set of 349 coincident events resulted in a set of 51 events 

that showed a pulse, and another set of 298 events that did not have a pulse. The 

average power spectral densities of these two sets are shown in Figure 7.21.

Figure 7.21 (right) shows that for the set of events “without pulse”, the average 

PSD in the signal window is equal to the average PSD of the background. Thus, 

the air shower induced signals in this window are not above the noise. Also the 

systematic noise,  such as the TTL-induced noise,  is not larger than the noise 

from other sources.

The average PSDs from the set of events “with pulse” are shown in Figure 7.21 

(left). Here, the average spectrum in the signal window is clearly larger than the 

average background spectrum. This of course is not surprising because traces 

with  power  in  the  signal  window  were  explicitly  selected.  However,  it  is 

interesting that the difference between both curves appears to be rather constant 

between 35 and 70 MHz.

The signal-to-noise ratio (SNR) as a function of frequency can be calculated by 

dividing the signal PSD by the background PSD. When expressing the PSDs in the 

logarithmic scale of dBm/MHz, the SNR in dB is simply the difference between 

both curves. The SNR of the events that showed a pulse in antenna 2 is plotted in 

Figure 7.22.

Between  35  and  70 MHz,  the  average  SNR  is  ~6 dB  in  the  north-south 

direction,  and  ~8 dB  in  the  east-west  direction.  The  SNR  in  the  east-west 
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Figure 7.21: Left: average power spectral density of events that have a clear pulse 
in the NS and/or EW channel of antenna 2. Right: average power spectral density 

of events that do not have a clear pulse.
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direction  shows  a  dip  at  72 MHz;  Figure  7.21 (left)  shows  a  peak  in  the 

background spectrum at this frequency. In Section 6.4, “Properties of the radio

background” (p. 81), a peak at this frequency was already observed.

Within the frequency range in which the DAQ is sensitive, the SNR is roughly 

constant.  On the low-frequency  side,  the SNR is  limited by the antenna.  The 

sensitivity of the aluminium LPDA begins at a frequency of 36 MHz (the -3 dB 

point, see Section 4.2); the SNR is small (or zero) at frequencies that are much 

lower than 36 MHz. On the high-frequency side, the SNR is reduced due to the 

SLP-70 low-pass filters [93].

The SNR is significantly above zero in a wide frequency band. Therefore, an 

antenna that is sensitive in a wide frequency band is preferable for the optimal 

detection of radio signals from air showers. On the other hand, frequency bands 

containing strong sources of RFI should be avoided.

7.6.1 Events measured during thunderstorms

During thunderstorm conditions, rapid and large changes in the strength and 

direction of the ambient electric field can occur. Buitink et al. have shown that 
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Figure 7.22: Average signal-to-noise ratio as a function of frequency, for the 
events that showed a pulse in the signal window.
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these changes can amplify the radio signals generated by air showers [114, 115]. 

Since the signal-to-noise ratio of radio signals from air showers may be very 

different  during  thunderstorms,  we  investigate  whether  the  results  of  the 

previous section change if thunderstorm events are excluded.

Collaborators from the Pierre Auger collaboration have installed electric field 

measurement equipment at the BLS. Using the data from this equipment, Grebe 

compiled a list  of  coincident events that were measured during thunderstorm 

conditions [116]. In addition to these thunderstorm events, the list also includes 

events  that  were  measured  during  periods  for  which  no electric  field  data  is 

available. This “thunderstorm blacklist” consists of 56 events; 42 thunderstorm 

events and 14 no-data events.

In Section 7.6, a list of 349 coincident events was selected and analysed. When 

events that are on the thunderstorm blacklist are excluded, 305 events remain.3 

These numbers are summarized in Table 7.1.

The analysis of the data sets listed in row #1 in  Table 7.1 was performed in 

Section 7.6 . The same analysis was repeated for the data sets in row #2. Because 

the  power  spectra  look  very  similar  to  those  previously  shown,  they  are  not 

repeated here. However, there is one spectrum that is notably different, and that 

is the signal-to-noise ratio in the north-south direction of events that contain a 

pulse. The average SNR of these 46 events is shown in Figure 7.23 (left).

3Not all 56 events on the thunderstorm blacklist are part of the set of 349 coincident 
events.  This  is  because  some  events  are  excluded  from  the  latter  set,  e.g.  events 
measured with the “SBP-60” filters.
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# selection
events

all with pulse without pulse

1 antenna 2, coincident, regular filters 349 51 298

2 as #1, and not on thunderstorm blacklist 305 46 259

3 as #1, and on thunderstorm blacklist 44 5 (4+1)* 39

Table 7.1: Numbers of events that remain after applying various cuts to the 
data. *: Of the 5 events with pulse that are on the blacklist, 4 events are actual 

thunderstorm events; for 1 event there is no E-field data available.
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The average  SNR  in  the  east-west  direction  is  slightly  smaller  without  the 

thunderstorm  events;  from  ~8 dB  to  ~7 dB.  In  the  north-south  direction,  the 

average SNR is much smaller without the thunderstorm events;  from ~6 dB to 

~3 dB.  Since  the  difference  between  both  data  sets  is  only  5 events,  these 

5 events must have a rather strong signal in the north-south direction.

For  one  of  these  5  excluded  events  no  electric-field  data  is  available. 

Therefore it is not possible to determine whether it is a thunderstorm event. The 

average SNR of the remaining 4 thunderstorm events (with pulse)  is shown in 

Figure 7.23 (right).

An  analysis  to  identify  thunderstorm  events  using  a  different  method  was 

performed by Melissas et al. [117]. This analysis also classifies the 4 events that 

were selected for  Figure 7.23 (right) as thunderstorm events. It did not classify 

the “indeterminate” event as a thunderstorm event.

7.6.2 Spectral composition of radio signals from near and 
far events

In  Section  2.5,  “Radio  emission  by  air  showers”,  two theoretical  models  of 

radio signals from air showers were discussed. These are the microscopic REAS3 

model and the macroscopic MGMR model. These models predict a suppression of 

the higher frequencies in the radio spectrum of remote events; see  Figure 2.4 

(p. 27).  Remote  events  are  events  whose  shower  axis  is  a  large  distance 
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Figure 7.23: Left: average SNR as a function of frequency, for the events that 
show a pulse. 4 thunderstorm events and 1 possible thunderstorm event have 

been excluded from the analysis. Right: average SNR of 4 events that show a pulse 
and that have been measured during thunderstorm conditions.
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(e.g. > 200 m) from the antenna (the observer). In this section, the distance to 

the shower axis is measured in a plane perpendicular to the shower axis, i.e. in 

the frame of the shower.

To test this prediction against the measured data, we use the 46 coincident 

events  that showed a pulse  in  antenna 2 and that were not measured during 

thunderstorm conditions (Table 7.1, row #2). Since the amount of events is not 

very large, we have chosen to divide the 46 events into two groups.  The first 

group consists of 15 events with a distance to the shower axis of 200 m or less; 

the second group comprises  31 events  at  a  distance  larger  than  200 m. The 

average SNRs of these two groups are compared in Figure 7.24.

The figure shows that for both groups the SNR in the east-west direction is 

nearly identical at frequencies around 40 MHz. However, for frequencies around 

65 MHz the nearby events (d ≤ 200 m) have a higher SNR than the remote events 

(d > 200 m).

It  should  be  noted  however  that  there  are  only  15  selected  events  with 

d ≤ 200 m. The calculated average SNR of this group is greatly influenced by the 
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Figure 7.24: Average signal-to-noise ratio as a function of frequency, for the 
events that showed a pulse in the signal window and that are not thunderstorm 
events. The events have been divided into two groups: events with a distance 

between the shower core and antenna 2 that is smaller than 200 m, and events 
where this distance is larger than 200 m.
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4-5 strongest events within this group. Since the amount of statistics (i.e. events) 

is very small, the observed difference has limited statistical significance.

To  improve  the  amount  of  statistics,  we  repeated  this  analysis  for  the 

coincident  events  of  antenna 1.  Again,  events  that  were  measured  during 

thunderstorms  or  with  different  filter  configurations  were  excluded.  Then,  a 

pulse  was  required  in  the  signal.  After  these  cuts  on  the  data,  30  events 

remained, 19 of which had a distance of more than 200 m between the shower 

axis  and  antenna  1.  The  average  SNR  of  these  events  is  shown  in  Figure

7.25 (left).

Between  45  and  70 MHz  in  Figure  7.25 (left),  the  average  SNR  in  the  EW 

direction is slightly larger for the nearby events than for the remote events. At 

~40 MHz, however, the opposite is true: here the remote events have a slightly 

better SNR. However the differences are very small  and, considering the small 

amount of events (11 nearby and 19 remote), not statistically significant.

Since the same effect was observed in antennas 2 and 1 (resp. Figure 7.24 and 

Figure  7.25 (left)),  we expect  to  also  see  the  effect  when  both  data  sets  are 

joined.  This  has  been  done  in  Figure  7.25 (right),  with  26 nearby  events 

(d ≤ 200 m)  and  50  remote  events  (d > 200 m).  (The  distance  has  been 

calculated between the shower axis and the antenna that measured the trace.)
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Figure 7.25: Left: as in Figure 7.24, but then for antenna 1. Right: the same plot, 
but then with the combined data of antennas 1 and 2.




