
Jörg R. Hörandel Radboud University Nijmegen & Nikhef http://particle.astro.ru.nl

Measurement of the properties of 
cosmic rays with the LOFAR radio 

telescope

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 

galactic 
cosmic rays

 
 

LOPES

LOFAR

 
AERA

extragalactic
cosmic rays

characterize 
cosmic rays:
-direction
-energy
-mass
@100% duty cycle

XXV European Cosmic Ray Symposium
4-9 September 2016

X
m

ax



each (dutch) station:
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LOFAR Radboud Air Shower Array 
- LORA

20 scintillator units
(~1 m2 each)
in LOFAR core

             provide 

- properties of EAS 
- and trigger
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frequency range of 110–240 MHz. The signals from the antennas
are digitized and stored in a ring buffer (transient buffer board,
TBB). A triggered read-out of these buffers will send the raw data
to a central processing facility.

An ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisticated trigger
algorithm that analyses the digitized antenna signals in real time.
To assist with the development of the trigger algorithm and to
measure basic air shower parameters, an array of particle detec-
tors has been at LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an array of
scintillation counters, located in the innermost center of LOFAR,
the superterp. It has been designed to register air showers initiated
by primary particles with energies exceeding 1016 eV. Strong radio
signals are expected from air showers in this energy region. This
energy regime is also of astrophysical interest, as a transition is
expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into five units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A field program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the offline data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the fluctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the five mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
first threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event file that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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Fig. 1. Layout of LORA in the dense core in the center of LOFAR. The squares
represent the positions of the particle detectors. The crosses and open squares
represent the two different types of LOFAR radio antennas. The dotted lines
indicate the grouping of the detectors for the data acquisition.
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Fig. 2. Schematic view of a scintillation detector. Sheets of plastic scintillator are
read out by photomultiplier tubes via wavelength shifter bars [14].

2 The detectors were previously operated in the KASCADE calorimeter [14].
3 Internally, two ADCs are used per channel, sampling the same input signal at

200 MHz with an offset of half a clock cycle.
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frequency range of 110–240 MHz. The signals from the antennas
are digitized and stored in a ring buffer (transient buffer board,
TBB). A triggered read-out of these buffers will send the raw data
to a central processing facility.

An ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisticated trigger
algorithm that analyses the digitized antenna signals in real time.
To assist with the development of the trigger algorithm and to
measure basic air shower parameters, an array of particle detec-
tors has been at LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an array of
scintillation counters, located in the innermost center of LOFAR,
the superterp. It has been designed to register air showers initiated
by primary particles with energies exceeding 1016 eV. Strong radio
signals are expected from air showers in this energy region. This
energy regime is also of astrophysical interest, as a transition is
expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into five units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A field program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the offline data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the fluctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the five mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
first threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event file that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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Fig. 1. Layout of LORA in the dense core in the center of LOFAR. The squares
represent the positions of the particle detectors. The crosses and open squares
represent the two different types of LOFAR radio antennas. The dotted lines
indicate the grouping of the detectors for the data acquisition.
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Figure 13: Left: All-particle cosmic-ray energy spectrum measured with LORA, assuming that cosmic rays are only protons (squares) and iron nuclei (filled
circles). The error bars represent statistical uncertainties and the shaded areas represent systematic uncertainties. The lines represent single power law fits to the
measurements, excluding the highest three energy bins. Right: LORA measurements compared to the all-particle energy spectrum from IceTop (crosses) and
KASCADE-Grande (empty circles) measurements.

where the subscript i denotes the ith energy bin and ∆n is the
number of showers in an energy bin of width ∆E. For con-
structing the spectrum, only the energy region that has a total
(trigger and reconstruction) efficiency greater than 98% is used.
This corresponds to an energy of 1.9×107 GeV for protons and
2.7× 107 GeV for iron nuclei (see Figure 4).
Figure 13 (left panel) shows the reconstructed energy spec-

trum multiplied by E3, assuming that cosmic rays are only pro-
tons or iron nuclei. The spectrum is given in the energy range
of (1.9 × 107 − 1.2 × 109) GeV for protons, and in the range
of (2.7 × 107 − 1.7 × 109) GeV for iron nuclei. The mea-
sured values along with the uncertainties are listed in Table 3.
The measured spectra cannot be described by single power laws
over the full energy range because of the structures present in
the spectra, particularly the dip at ∼ 6 × 108 GeV. A power
law fit to the measured spectra data below 5 × 108 GeV gives
spectral index values of γP = −3.18 ± 0.13 for protons and
γFe = −3.22± 0.08 for iron nuclei.
In Figure 13 (right panel), our measured spectra are com-

pared with the all-particle spectra measured with the IceTop
[29] and KASCADE-Grande [30] experiments. Both their
spectra lie between our reconstructed spectra, which is expected
in the case of a mixed cosmic-ray composition. They are close
to our proton spectrum at∼ 2× 107 GeV, and become closer to
our iron spectrum as the energy increases. This might be an in-
dication of a change in the mass composition of cosmic rays in
the energy region between 107 and 109 GeV, which is expected
as due to a transition from a Galactic to an extragalactic origin
of cosmic rays.

9. Conclusion and outlook

We have conducted a detailed energy reconstruction study for
the extensive air showers measured with the LORA particle de-
tector array. Important parameters such as the energy resolution
of the array and the systematic uncertainty of the reconstructed
energy have been obtained. The energy resolution is found to be

in the range of∼ 28−48% for showers induced by protons and
∼ 12− 32% for iron nuclei. The total systematic uncertainty of
the reconstructed energy is within ∼ (+20%,−10%) for pro-
tons and within ∼ (+10%,−5%) for iron nuclei. Applying
the reconstruction method to the measured data, the all-particle
cosmic-ray energy spectrum has been obtained, assuming that
cosmic rays are only constituted of protons or iron nuclei for
energies above ∼ 1016 eV with a systematic uncertainty in in-
tensity of ∼ 20 − 60%. Our future effort will concentrate on
combining the energy measurement of LORA with the compo-
sition measurement from the LOFAR radio antennas to deter-
mine an all-particle energy spectrum, taking into account the
actual cosmic-ray composition.
Especially the primary energy determined using the energy

calibration given here is being used in the reconstruction of air
shower properties with the radio data from LOFAR. Calcula-
tion of energy calibration parameters for higher zenith angles
above ∼ 40◦ is underway. This is particularly important for
the LOFAR radio measurements where a significant fraction of
showers have been observed at larger zenith angles. At present,
the small size of the LORA array effectively limits the effective
area of LOFAR. Efforts are ongoing to expand the size of the
array to exploit the full potential of LOFAR.
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Figure 12. Calibration factor X for the amplitude as function of frequency across the LOFAR band as
derived from the reference source calibration. The dark region denotes the statistical uncertainties of the
method, while the lighter region illustrates the systematic uncertainties on the absolute scale.

5.1.1 Calibration curve

The frequency-dependent calibration factor X(⇥) signifies the translation between the expected
power Pe(⇥) in physical units and the measured power Pm(⇥) in system units. The measured power
in each frequency-bin is obtained from the Fourier transform of the measured analog-digital con-
verter (AD) units as |F (⇥)|2. The expected power is calculated as the square of the expected
voltage, divided by the vacuum impedance Z0 and combined with the antenna VEL �H(⇥), so that
for X(⇥)

X(⇥)2 ⇥ Pe(⇥)
Pm(⇥)

(5.1)

=
1
Z0

|V (⇥)|2

|F (⇥)|2 =
1
Z0

|�E(⇥) · �H(⇥)|2

|F (⇥)|2 (5.2)

In the case of the reference source calibration, �E(⇥ ,⇤ = 0,� = 0) is the electromagnetic field
emitted by the source, the amplitude of which is obtained from the manufacturer [32]. �H(⇥) cor-
responds to the VEL from this same direction. Since the source antenna is linearly polarized, only
the JX⇤ component of �H(⇥) contributes. Note that X(⇥)2 is proportional to power, so that X(⇥) is
only proportional to the amplitude.

For the analysis, data are used with block sizes of 65400 samples of 5 ns, corresponding
to a frequency resolution of ⇤3 kHz in the 1�100 MHz range. The bandwidth is clipped to
30�80 MHz. A Gaussian smearing of the edges affecting 5 frequency bins at both ends of the
spectrum has been applied to the filter to reduce sharp cut-off effects. Signal peaks from the comb
generator have a width of less than 9 kHz, corresponding to at most 3 frequency bins with this
resolution. The background noise, as well as single narrowband noise-lines are at least three orders
of magnitude lower than the signal, and therefore contribute less than 1% in power.
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Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended from a crane at about 12 m above the chosen antenna. The signal is received with the
LOFAR LBA antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a
LOFAR station are read-out via the LOFAR system using the transient buffer boards (TBB) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30�80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.
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Figure 12. Calibration factor X for the amplitude as function of frequency across the LOFAR band as
derived from the reference source calibration. The dark region denotes the statistical uncertainties of the
method, while the lighter region illustrates the systematic uncertainties on the absolute scale.
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power Pe(⇥) in physical units and the measured power Pm(⇥) in system units. The measured power
in each frequency-bin is obtained from the Fourier transform of the measured analog-digital con-
verter (AD) units as |F (⇥)|2. The expected power is calculated as the square of the expected
voltage, divided by the vacuum impedance Z0 and combined with the antenna VEL �H(⇥), so that
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responds to the VEL from this same direction. Since the source antenna is linearly polarized, only
the JX⇤ component of �H(⇥) contributes. Note that X(⇥)2 is proportional to power, so that X(⇥) is
only proportional to the amplitude.

For the analysis, data are used with block sizes of 65400 samples of 5 ns, corresponding
to a frequency resolution of ⇤3 kHz in the 1�100 MHz range. The bandwidth is clipped to
30�80 MHz. A Gaussian smearing of the edges affecting 5 frequency bins at both ends of the
spectrum has been applied to the filter to reduce sharp cut-off effects. Signal peaks from the comb
generator have a width of less than 9 kHz, corresponding to at most 3 frequency bins with this
resolution. The background noise, as well as single narrowband noise-lines are at least three orders
of magnitude lower than the signal, and therefore contribute less than 1% in power.
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Uncertainty (� ) Value [%]
Antenna-by-antenna Variations between antennas 1

Total 1

Event-by-event Environmental 5
Total 5

Calibration Choice of sky model 2
Absolute scaling of model 9
Relative scaling of model 5
Electronic noise 37
Total 38

Table 2. Summary of the uncertainties on the calibration curve in amplitude that have to be considered for
the calibration on the diffuse emission from the Galaxy.

Figure 18. Calibration factors X as function of frequency across the LOFAR band for Galactic and reference
source calibration. Both calibration curves contain statistical uncertainties of the method in the dark region,
with systematic uncertainties illustrated by the lighter region (dashed for Galactic, filled for terrestrial).

60 MHz, and only above this frequency slight deviations are visible. Here, it is interesting to note
that the shape of the two curves also deviate. This can probably be attributed to the fact that the
two methods use different types of signals. While the reference source calibration exploits signals
of several order of magnitude above the noise level, the Galactic calibration relies on the noise
level itself. The LBA is due to its size most sensitive to the resonance frequency, meaning that for
higher frequencies the antenna becomes too long (inductive) and its impedance is no longer small
with respect to the LNA. Thus, the gain of the LNA decreases and the contributions of the noise
budget accumulated in the coax cables and the several amplification stages becomes relevant. This,

– 23 –

Reference source
VSQ 1000

LBAs + LNAs

Crane

�
12m

RCUs TBBs

Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended from a crane at about 12 m above the chosen antenna. The signal is received with the
LOFAR LBA antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a
LOFAR station are read-out via the LOFAR system using the transient buffer boards (TBB) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30�80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.
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with a crane with Galactic emission

Figure 15. Integrated median uncalibrated power, as a function of the Local Sidereal Time, for the 50 - 60
MHz sub-band. Also shown is the predicted received power in both dipoles (dashed red lines), before (left)
and after (right) applying electronic noise corrections.

system is sky noise dominated and did not focus on providing an uncertainty. Thus, our data are
used to directly determine the most probable fraction of sky noise.

Different noise offsets have been applied to the predictions for the alactic emission in order
to find the best overlap between expected and measured powers. The most probable offsets due to
the electronic noise have been found using a least-squares fit. The data was binned in LST-bins of
about 15 minutes. With the current complete data-set every bin then contains the noise background
of an average 34 air showers per antenna. As the electronic noise is frequency-dependent, offsets
need to be determined in frequency sub-bands. Here, sub-bands of 10 MHz (i.e. ranging [30 - 39,
40 - 49, . . . , 70 - 79] MHz) were chosen. The reduced �2 was calculated for every combination
of electronic noise offset per frequency band and the simulations of the Galaxy with respect to
the binned data. The best fitting voltage offset for each frequency sub-band was determined by
minimizing �2 = �2

min. The uncertainties per sub-band correspond to noise corrections at the point
where �2 = �2

min +1.
With these values, a measure for Tsky/Tsys can be constructed per sub-band ⇥0 as

T⇥0, sky

T⇥0, sys
=

T⇥0, sky

(
V 2

⇥0 , noise

J2
30 � 80, mean

)+T⇥0, sky

. (5.11)

Here the temperature T⇥0, sky in a certain sub-band ⇥0 is determined as the average sub-band voltage
divided by the average VEL amplitude in each sub-band. The electronic noise offset per band is
divided by the average value of the VEL in the full 30 - 80 MHz range for normalization. Resulting
values are depicted in Figure 16. Values are comparable to what has been established earlier [10].
The largest discrepancy is near the resonance frequency, which is most easily affected by using a
slightly different antenna model. As the uncertainties on the astronomical method can no longer be
obtained, no significance of this discrepancy can be given.

The variation of both measured spectral power and predicted power before and after noise
corrections are shown in Figure 15, for the 50�60 MHz sub-band, where LOFAR is most sensitive
due to the resonance frequency of the dipole. The figure shows that the predicted curves match
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A measured air shower
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Fig. 20. Distribution of radio signals (peak amplitude in arbitrary units)
with respect to the distance from the shower axis as reconstructed from
the scintillator data. Shown are the three components of the recon-
structed electric field.

can be seen as groups), but azimuthal symmetry in the shower
plane is assumed. This rather complicated looking distribution
can be explained using detailed models of the radio emission,
which also include non-rotational symmetrical e↵ects. Further
details of event by event characteristics will be reported in forth-
coming publications.

4. Properties of reconstructed air showers

In order to verify the data quality and the method of recon-
struction a short overview of the first data taken with LOFAR
is given. The data set used here (June 2011 until April 2013)
contains 3341 recorded triggers, of which 1597 pass the strict
quality cut for a good data reconstruction of the particle mea-
surement. Of all triggers, 405 events contain signals of cos-
mic rays as identified by the pipeline, with a threshold energy
of 5 ⇥ 1015 eV.

4.1. Triggers from the array of particle detectors

On the reconstruction of air showers from the particle data
quality cuts are applied. The reconstruction is considered reli-
able, when the reconstructed shower core is contained within
the array, the shower is not too horizontal (✓ < 50�) and the
reconstructed Molière radius8 falls in the range of 20�100 m.
After cuts, the lowest energy of a shower that triggered a read-
out of the LOFAR bu↵ers is 1.8 ⇥ 1015 eV and the highest
is 1.9 ⇥ 1018 eV. The LORA scintillator array becomes fully ef-
ficient above 2 ⇥ 1016 eV.

All triggers sent by the scintillator array follow a nearly uni-
form distribution in azimuth and a sin(✓) cos(✓)-distribution in
zenith angle as it is expected from the geometry for a horizontal
array with flat detectors.

The number of events with a detectable radio signal increases
with the number of triggered particle detectors, as can be seen in
Fig. 21, where the fraction of triggered events, with and without
a detected radio signal, is plotted against the number of particle
detectors per event. The fraction is clearly increasing with the
number of triggered detectors, as shown by a fitted straight line.
According to this fit, at a threshold of 13 detectors about 10% of
the events contain a cosmic-ray signal.

8 Characteristic transverse size of an air shower.
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Fig. 21. Fraction of air showers with a detectable radio signal over the
number of air showers triggered with a scintillator signal is plotted
against the number of particle detectors above threshold in an event.
The red straight line is a fit to the data.
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Fig. 22. Angular di↵erence between the shower axis reconstructed from
the particle data and the direction estimate from the radio signal. To
make the events comparable, the di↵erence is scaled with the uncer-
tainty of the individual reconstruction �LORA.

4.2. Event rates and sensitivity

For a first estimate all reconstructed triggers are considered valid
events which show radio pulses coming from a direction that
agrees to 10� angular distance with the direction that was recon-
structed from the arrival times measured with the particle de-
tectors. This choice is based on the results shown in Fig. 22.
This figure shows the angular di↵erence between the two recon-
structed axes for all events. A steep fall-o↵ in number of events
with an increasing angular di↵erence can be seen. Any event
that deviates more than 10�LORA certainly lies outside the cor-
rect distribution. The shower axis is on average reconstructed
with an uncertainty �LORA ⇠ 1� from the data of the particle
detectors. Thus, a quality cut of 10� is chosen.

Figure 23 shows all 405 cosmic-ray events successfully de-
tected with the LBAs as distributed on the local sky. Visible is
a clear north-south asymmetry, where 276 events arrive from
the northern hemisphere. This corresponds to a probability p =
0.68 ± 0.02 for a detected event to arrive from the north. As the
magnetic field at LOFAR is parallel to the north-south axis this is
expected, if the main contribution to the signal is of geomagnetic
origin (Falcke et al. 2005; Ardouin et al. 2009).
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P. Schellart et al.: Detecting cosmic rays with the LOFAR radio telescope

Fig. 23. Arrival directions of the cosmic-ray events detected with
LOFAR from June 2011 until April 2013. East is 0� and north corre-
sponds to 90�. Also indicated (cross) is the direction of the magnetic
field at LOFAR.
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Fig. 24. Binned distribution of the azimuth angles of all events mea-
sured with the particle detectors (black squares) and those in coinci-
dence of particle detectors and radio antennas (red triangles). The best
fit of a straight line to the particle data is also shown. The fit has a
�2/nd.o.f. = 0.9.

The e↵ect is also illustrated in Fig. 24, which shows the frac-
tion of detected air showers as a function of azimuth angle for
the events with radio signal, as well as for all LORA triggers
sent. While the events registered with the LORA detectors are
uniformly distributed in azimuth, the radio events show a clear
deficit from the south. Due to the orientation of the LOFAR an-
tennas and thereby the reduced sensitivity for purely east-west
polarized signals, events arriving directly form the north are not
necessarily preferred, as their signal is expected to be mainly
polarized in the east-west direction (Huege 2013). The detection
e�ciency as a function of direction follows from a deconvolu-
tion of the expected emission strength with the antenna pattern
and will not be discussed in detail here.

The energies of the air showers with a detectable ra-
dio signal are shown in Fig. 25. The depicted energy is the
one reconstructed from the corresponding particle data. This
reconstruction has an overall systematic uncertainty of 27% and
varying event by event uncertainties (Thoudam et al., in prep.).
One clearly sees that below ⇠1017 eV the detection of air show-
ers through their radio signal is not fully e�cient, as the strength
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Fig. 25. Distribution of the energies of the cosmic rays which had a
measurable radio signal in the LOFAR data. The depicted energy is
the one reconstructed from the corresponding particle data. The quality
cuts, as described in Sect. 4.1, are applied.

of the radio signal scales with the energy of the shower. Higher
energies in this distribution are constrained by the steeply falling
cosmic-ray energy spectrum and limited size of the detector ar-
ray, which leads to limited event statistics at the highest energies.
There are significant hints that showers of higher energies have
been measured with LOFAR (especially when including the sta-
tions outside the Superterp), but these events are not well enough
constrained by the data from the particle detectors in order to
have a reference energy of the necessary accuracy. After a cal-
ibration of the energy of the radio measurements, those events
will be used in a radio-stand-alone reconstruction.

5. Conclusions

At LOFAR cosmic-ray induced air showers are regularly mea-
sured with an array of particle detectors, LORA, and a large ar-
ray of radio antennas. The cosmic-ray pipeline is routinely find-
ing their distinctive radio signatures in the measurements and a
full three-dimensional electric field vector is reconstructed for
every antenna position.

A large dataset has been gathered with hundreds of identified
cosmic-ray events in data from the LBAs. With up to a thousand
antennas per events, these are the first highly detailed measure-
ment of the radio signal of air showers. These measurements will
be used for a detailed characterization of the shower shape and
will be the benchmark data for comparison with models of radio
emission in air showers.
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is given as a function of the cosmic-ray arrival direction for two HBA
sub-station orientations and two beam directions. The simplest pat-
tern is obtained for a beam pointing towards zenith, where the
delay corrections are zero and the signals from the individual
antennas are simply added (left-hand side in Fig. 3). The gain pat-
tern is in this case solely the result of delays introduced by the arri-
val direction of the cosmic ray. However, for many LOFAR
observations the beam is not pointing towards zenith, but rather
towards some astronomical object. A frequently occurring pointing
is towards the North Celestial Pole, which is given as a second
example (right-hand side). While the beam shapes for tiles in two
sub-stations look similar, there are significant differences as
depicted in the bottom row of Fig. 3. These differences translate into
differences in observed pulse amplitude of up to a factor of % 15
between tiles in two different sub-stations depending on the
shower arrival direction. This means that while the beamforming
always introduces an additional gain for cosmic rays arriving from
the direction of the beam, the effect of the beamforming for off-
beam cosmic rays will not be the same for every tile. While some
signals might still be enhanced, others will be reduced to essentially
noise-level.

The exact differences depend on the shape of the pulse and on
the frequency response of the electronics. Furthermore, the com-
plex direction and frequency dependent response pattern of the
individual elements needs to be taken into account as well. Cross-
talk between antenna elements, due to the close spacing within a
tile, requires a response pattern per element as the patterns will
be slightly different. Such a detailed antenna model currently does
not exist. Therefore, differences between tiles due to beamforming
and the antenna pattern are not corrected for in the present
analysis.

In addition to the beam effect, there are intrinsic differences
between stations and tiles. Gain differences between tiles within
a station are corrected for using standard LOFAR calibration tables.
These tables are generated regularly using the algorithms
described in [21,22]. The effect of possible gain differences
between stations was tested, using data from the HBA part of the
LOFAR MSSS survey [23]. The calibration values obtained form
the pre-processed data of this survey vary between observations,
but differ on average about 5% between stations in any given
observation. As these values are not stable on longer time-scales,
they are not used to correct for gain differences in this analysis.
This introduces a 5% uncertainty on the pulse amplitudes mea-
sured in different stations.

Given the above mentioned lacking knowledge of the precise
characteristics of the system, there is currently no absolute calibra-
tion for the electric field strength of the measurements.

4. Dataset

Cosmic-ray data have been gathered with the HBAs since
October 2011. Until November 2013, 155 events have been
detected in the band of 110–190 MHz. In addition, two events were
detected in the band of 170–230 MHz. The time spent observing
the lower of the two HBA bands was about 20 times longer. There-
fore, this article concentrates on the events measured in the lower
band.

The triggers from the scintillator array were sent according to
the same specifications as for LBA observations [18]. These settings
give a threshold energy of 2 " 1015 eV for the particle detection.
While being recorded with the same trigger settings, the detection
probability for an air shower based on its radio signal is found to be
roughly a factor two lower for HBA than for LBA. This difference

can be attributed either to an intrinsically reduced emission
strength at higher frequencies or instrumental effects such as
higher background levels and hardware differences.

4.1. Information from particle data

Every triggered radio event is complemented with parameters
reconstructed from the particle data. For every event two recon-
structed directions are available, one from the particle data and
one based on the radio signals. The angular resolution of the particle
detectors is on average 1!. Further parameters obtainable from the
particle data are the position of the shower axis and an energy esti-
mate of the primary cosmic ray. Both parameters are only reliably
reconstructed for a certain parameter space [18], and therefore
not available for all events. The high quality events which are
detected with the HBAs span an energy range from 1:7 " 1016 eV
to 1:1 " 1018 eV.

4.2. Arrival directions

The arrival directions of the cosmic rays detected with the radio
antennas are shown in Fig. 4. A clear north–south asymmetry is
visible, which will be discussed in detail in Section 4.4.

The angular resolution achieved with the HBA antennas is not
the same for all directions. Many events are only measured with
one station. As the antennas are clustered in two sub-stations, this
results in a poorer angular resolution for showers arriving perpen-
dicular to the axis connecting the two sub-stations. Also, the tile-
beamforming has a negative effect on the accuracy as it affects
the pulse shape and thereby influences the reconstruction of the
arrival time. Thus, in a similar analysis as presented in [18],
the angular resolution was determined to be 7! with respect to
the particle data. This angular resolution strongly decreases as a
function of number of stations with detected pulses, but is on aver-
age worse than with the LBAs. Thus, a cosmic-ray candidate event
is now accepted as a cosmic-ray event when the directions recon-
structed from particle data and radio agree within 20!, instead of
10!. This relaxed cut excludes two obvious RFI candidates that

Fig. 4. Directions of the detected cosmic rays on sky as reconstructed from the
particle data. 0& corresponds to west and 90& is north. The zenith angle ranges from
0& to 70& . Also indicated (blue circle) is the direction of the magnetic field at the
LOFAR core, which is pointing downwards to north. A clear asymmetry of number of
detected events is visible. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

A. Nelles et al. / Astroparticle Physics 65 (2015) 11–21 15

110 - 190 MHz
A. Nelles et al., Astroparticle Physics 65 (2015) 11P. Schellart et al., A&A 560 (2013) A98

arrived from close to the horizon and can also be identified by their
deviating pulse form. This loosened cut provides larger statistics at
a possible cost of lesser purity.

4.3. Effect of the tile-beamforming

Due to the statistical nature of the cosmic ray arrival directions,
no event arrived directly (< 1!) from the direction in which the
beam of the observation was pointing.

The main effect of tile-beamforming in the direction of the
shower is an increase in signal strength, which lowers the detec-
tion threshold. The main effect of beamforming in another direc-
tion than the arrival direction is a distortion of the pulse shape.
This makes events of low signal strength harder to detect. Strong
pulses are detectable, but the frequency content of the pulse as
well as the position of the maximum will be affected. This effect
is observed in data and visualized in Fig. 5, where the likelihood
of detection is plotted as a function of angular distance between
arrival direction and beam. The overall detection efficiency is
determined by the energy threshold of the HBA tiles, which is
higher than the threshold of the particle array. However, the figure
shows that events arriving closer to the beam direction are more
likely to be detected and also that the detection probability does
not go to zero with increasing distance. Interesting to note is that
the distribution roughly follows the predicted dimensions of the
beam of the HBAs. Using the relation for the diffraction pattern
of an interferometer
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with typical wavelength k and detector size D, gives a full width half
maximum beamwidth of about a ¼ 20! for an HBA tile and the dis-
tribution shown in Fig. 5. This beamwidth also describes the
roughly 20! region depicted Fig. 3(e), in which the gain is indepen-
dent of the rotation of the sub-station. Both beam effects essentially
limit the field of view and sensitivity for cosmic ray observations
with the HBAs.

4.4. Observation of north–south asymmetry

If the main contribution to the radio emission from cosmic ray
air showers is geomagnetic in origin, a north–south asymmetry in

the arrival direction of air showers measured in radio is expected
[24,25]. This has indeed been observed by many experiments in
the frequency range up to " 100 MHz [3,16]. If this still holds true
for the frequency range considered in this paper (110–190 MHz),
such a north–south asymmetry should also be visible in Fig. 4. This
indeed is the case. However, for the particular setup at LOFAR there
is an additional complication. As the sensitivity of the instrument
depends on the arrival direction of the cosmic ray relative to the
current pointing of the tile-beam, an observed asymmetry in air
shower arrival directions might be the result from an asymmetry
in the beam pointing rather than caused by the intrinsic air shower
radio emission process.

In Fig. 6 it can be seen that while the reconstructed arrival
directions of the cosmic rays detected by the particle detectors
are uniformly distributed in azimuth, the subset of those triggers
that had a detectable radio signal are not. In the same figure the
tile-beam directions for all triggered events are also indicated.
Although at first glance, the distribution of radio events seems to
follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example,
the fraction of detected radio events is much larger than the frac-
tion of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sen-
sitivity is higher in the beam direction, it is not zero outside of the
beam. Thus, a cosmic ray coming from outside the beam can still be
detected if the signal is sufficiently strong.

A total of 155 cosmic rays were detected. Of those cosmic rays
116 arrived from the northern half of the hemisphere and 39 from
the southern half giving a ratio N=S ¼ 3:0. In order to check if this
asymmetry can be explained solely by the asymmetric distribu-
tions of tile-beams (a ratio of 1.46 for all beams, resulting in 92
north vs. 63 south for 155 observations), a simple Monte Carlo pro-
cedure is followed. For each trial the number of events arriving
from north and south are drawn from a Poissonian distribution
with expectation values 92 and 63 respectively. The ratio of events
from north over events from south is calculated. This ratio follows
a neither Poissonian nor Gaussian distribution. A total number of
107 trials are performed to give the probability distribution of
the north over south ratio. This procedure was repeated 100 times
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Fig. 5. Probability of detecting an air shower as a function of angular difference
between the direction of the observation and the arrival direction of the incoming
cosmic ray. The detection probability is given per bin for all air showers with an
arrival direction in this bin as a fraction of detected events, Ndetected, and received
triggers Ntotal . The gray contour shows a model of the extent of the beam-shape of
an HBA tile. The model is scaled to match the cosmic ray data.
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Fig. 6. Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in which
the data were tile-beamformed (black circles), the directions of the air showers that
triggered LOFAR (red triangles) and the directions of the cosmic rays, which were
detected in the radio (blue squares). The triggers are almost uniformly distributed
while the beams of the astronomical observations and the radio detections are not.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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arrived from close to the horizon and can also be identified by their
deviating pulse form. This loosened cut provides larger statistics at
a possible cost of lesser purity.

4.3. Effect of the tile-beamforming

Due to the statistical nature of the cosmic ray arrival directions,
no event arrived directly (< 1!) from the direction in which the
beam of the observation was pointing.

The main effect of tile-beamforming in the direction of the
shower is an increase in signal strength, which lowers the detec-
tion threshold. The main effect of beamforming in another direc-
tion than the arrival direction is a distortion of the pulse shape.
This makes events of low signal strength harder to detect. Strong
pulses are detectable, but the frequency content of the pulse as
well as the position of the maximum will be affected. This effect
is observed in data and visualized in Fig. 5, where the likelihood
of detection is plotted as a function of angular distance between
arrival direction and beam. The overall detection efficiency is
determined by the energy threshold of the HBA tiles, which is
higher than the threshold of the particle array. However, the figure
shows that events arriving closer to the beam direction are more
likely to be detected and also that the detection probability does
not go to zero with increasing distance. Interesting to note is that
the distribution roughly follows the predicted dimensions of the
beam of the HBAs. Using the relation for the diffraction pattern
of an interferometer
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with typical wavelength k and detector size D, gives a full width half
maximum beamwidth of about a ¼ 20! for an HBA tile and the dis-
tribution shown in Fig. 5. This beamwidth also describes the
roughly 20! region depicted Fig. 3(e), in which the gain is indepen-
dent of the rotation of the sub-station. Both beam effects essentially
limit the field of view and sensitivity for cosmic ray observations
with the HBAs.

4.4. Observation of north–south asymmetry

If the main contribution to the radio emission from cosmic ray
air showers is geomagnetic in origin, a north–south asymmetry in

the arrival direction of air showers measured in radio is expected
[24,25]. This has indeed been observed by many experiments in
the frequency range up to " 100 MHz [3,16]. If this still holds true
for the frequency range considered in this paper (110–190 MHz),
such a north–south asymmetry should also be visible in Fig. 4. This
indeed is the case. However, for the particular setup at LOFAR there
is an additional complication. As the sensitivity of the instrument
depends on the arrival direction of the cosmic ray relative to the
current pointing of the tile-beam, an observed asymmetry in air
shower arrival directions might be the result from an asymmetry
in the beam pointing rather than caused by the intrinsic air shower
radio emission process.

In Fig. 6 it can be seen that while the reconstructed arrival
directions of the cosmic rays detected by the particle detectors
are uniformly distributed in azimuth, the subset of those triggers
that had a detectable radio signal are not. In the same figure the
tile-beam directions for all triggered events are also indicated.
Although at first glance, the distribution of radio events seems to
follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example,
the fraction of detected radio events is much larger than the frac-
tion of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sen-
sitivity is higher in the beam direction, it is not zero outside of the
beam. Thus, a cosmic ray coming from outside the beam can still be
detected if the signal is sufficiently strong.

A total of 155 cosmic rays were detected. Of those cosmic rays
116 arrived from the northern half of the hemisphere and 39 from
the southern half giving a ratio N=S ¼ 3:0. In order to check if this
asymmetry can be explained solely by the asymmetric distribu-
tions of tile-beams (a ratio of 1.46 for all beams, resulting in 92
north vs. 63 south for 155 observations), a simple Monte Carlo pro-
cedure is followed. For each trial the number of events arriving
from north and south are drawn from a Poissonian distribution
with expectation values 92 and 63 respectively. The ratio of events
from north over events from south is calculated. This ratio follows
a neither Poissonian nor Gaussian distribution. A total number of
107 trials are performed to give the probability distribution of
the north over south ratio. This procedure was repeated 100 times
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Fig. 5. Probability of detecting an air shower as a function of angular difference
between the direction of the observation and the arrival direction of the incoming
cosmic ray. The detection probability is given per bin for all air showers with an
arrival direction in this bin as a fraction of detected events, Ndetected, and received
triggers Ntotal . The gray contour shows a model of the extent of the beam-shape of
an HBA tile. The model is scaled to match the cosmic ray data.
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Fig. 6. Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in which
the data were tile-beamformed (black circles), the directions of the air showers that
triggered LOFAR (red triangles) and the directions of the cosmic rays, which were
detected in the radio (blue squares). The triggers are almost uniformly distributed
while the beams of the astronomical observations and the radio detections are not.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by 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 axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.

– 13 –

Polarization footprint 
of an individual air shower

P. Schellart et al., JCAP 10 (2014) 014

geomagnetic Askaryan



Charge excess fraction
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Table 1. Charge-excess fraction as a function of the distance from the shower axis for three di�erent
zenith angle bins.

Charge-excess fraction (a)
r⇥ � = [0�, 20�) � = [20�, 40�) � = [40�, 60�)

0� 50m (8.15± 1.59)% (6.87± 0.68)% (3.47± 0.79)%
50� 100m (13.71± 0.47)% (11.15± 0.25)% (5.84± 0.43)%
100� 150m (16.91± 0.66)% (12.80± 0.21)% (9.93± 0.46)%
150� 200m (18.74± 0.57)% (14.89± 0.24)% (10.76± 0.49)%
200� 250m (20.80± 0.98)% (15.66± 0.35)% (10.44± 0.54)%

Figure 12. Charge-excess fraction as a function of distance from the shower axis for three di�erent
zenith angle bins.

obtained, and listed in table ??, still depend on the event set used due to shower-to-shower
fluctuations.

7 Systematic uncertainties

While the addition of background noise results in an additional statistical uncertainty on the
polarization angle and thus the charge-excess fraction, which is accounted for in the Monte
Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
the angle of polarization [? ] which worsens with decreasing signal-to-noise ratio. While
this in principle can be corrected for by subtracting the Stokes parameters calculated on
background noise alone before calculating the angle of polarization, this has the downside
of increasing the statistical uncertainty. For this reason it was opted to not correct for
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by 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 axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.
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(i.e., nonrandom) over all antennas but no longer in the
expected êv×B direction. In addition, for some of these
showers the intensity of the radio signal at low 10–90 MHz
frequencies is strongest on a ring around the shower axis
with a radius of approximately 100 m (see also Fig. 2). This
“ring structure” in the intensity pattern is not present in
normal fair-weather air showers that all lack rotational
symmetry in the intensity pattern and instead show a single
maximum that is displaced in the êv×B direction from the
shower axis [14,20]. Twenty of these 31 showers occur
within 2 h of lightning strikes recorded within ∼150 km
distance from LOFAR by the Royal Dutch Meteorological
Institute. Given the similarity of the polarization patterns of
the remaining showers where no lightning strikes were

FIG. 1. Polarization as measured with individual LOFAR
antennas (arrows) in the shower plane for three measured air
showers. LOFAR antennas are grouped into circular stations, of
which seven are depicted. The expected polarization direction for
fair-weather air showers is indicated with “normal.” The position
of the shower axis, orthogonal to the shower plane, is indicated by
the intersection of the dashed lines.

FIG. 2 (color online). Radio intensity pattern during a thunder-
storm. Top: the circles represent antenna positions. Their color
reflects measured pulse power. The best-fitting COREAS simu-
lation is shown in color scale in the background. Where the colors
of the circles match the background, a good fit is achieved.
Bottom: measured (circles) and simulated pulse power (squares)
as a function of distance to the shower axis.
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shower axis [14,20]. Twenty of these 31 showers occur
within 2 h of lightning strikes recorded within ∼150 km
distance from LOFAR by the Royal Dutch Meteorological
Institute. Given the similarity of the polarization patterns of
the remaining showers where no lightning strikes were

FIG. 1. Polarization as measured with individual LOFAR
antennas (arrows) in the shower plane for three measured air
showers. LOFAR antennas are grouped into circular stations, of
which seven are depicted. The expected polarization direction for
fair-weather air showers is indicated with “normal.” The position
of the shower axis, orthogonal to the shower plane, is indicated by
the intersection of the dashed lines.

FIG. 2 (color online). Radio intensity pattern during a thunder-
storm. Top: the circles represent antenna positions. Their color
reflects measured pulse power. The best-fitting COREAS simu-
lation is shown in color scale in the background. Where the colors
of the circles match the background, a good fit is achieved.
Bottom: measured (circles) and simulated pulse power (squares)
as a function of distance to the shower axis.

PRL 114, 165001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

24 APRIL 2015

165001-3tool to probe the atmospheric electric fields present in
thunderclouds. Unlimited by violent wind conditions and
sensitive to a large fraction of the cloud, this technique may
help answer the long-standing question “how is lighting
initiated in thunderclouds?” It has been suggested by
Gurevich et al. [21,22] that cosmic-ray-induced air showers
in combination with runaway breakdown may initiate
lightning. If this is indeed true then LOFAR with its
combination of particle detectors and radio antennas is
well positioned to measure it.
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Lateral distribution of radio signals
as measured by LOFAR

A. Nelles et al., Astropart. Phys. 60 (2015) 13

Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the
shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is
encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the
measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive X
max

based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of X

max

, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a su�ciently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.

Appendix A. Fit parameters

References

[1] H. R. Allan, Radio emission from extensive air showers, Prog. Element. Part. Cosmic Ray Phys. 10
(1971) 169–302.

[2] J. Jelley, J. Fruin, N. Porter, T. C. Weekes, F. G. Smith, R. Proter, Radio pulses from extensive
Cosmic-Ray Air Showers, Nature 205 (1965) 327.

[3] F. D. Kahn, I. Lerche, Radiation from cosmic ray air showers, Proc. R. Soc. Lond. A. 289 (1966)
206–213.

[4] H. Falcke, P. Gorham, Detecting radio emission from cosmic ray air showers and neutrinos with a digital
radio telescope, Astropart. Phys 19 (2003) 477–494.

[5] T. Huege, H. Falcke, Radio-Emission from Cosmic Ray Air Showers: Coherent Geosynchrotron Radia-
tion, Astronomy and Astrophysics 412 (2003) 19–34.

[6] G. Askaryan, Excess negative charge of an electron-photon shower and its coherent radio emission,
Soviet Physics JETP 14 (1962) 441–443.

[7] C. W. James, H. Falcke, T. Huege, M. Ludwig, General description of electromagnetic radiation processes
based on instantaneous charge acceleration in “endpoints”, Physical Review E 84 (2011) 056602.

13



Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the
shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is
encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the
measurements, the full red circles show the fit to the data.
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simplify and speed up the identification of X

max

, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a su�ciently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.
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Figure 5: Detailed result of the fit of a single simulated shower. In both figures the original simulation is depicted in black
squares and the value of the fit is indicated by a red circle. The results are shown with respect to two perpendicular axes in the
shower plane, thereby respectively ignoring the coordinates in the other axes. The figure illustrates a good agreement between
the simulation and the fit to the simulation.

Figure 6: Illustration of the residuals of the fit shown in figure 5. Left: Relative di↵erences between simulation and fit with
respect to the individual simulation. Right: Relative di↵erences between simulation and fit with respect to the maximum of the
simulation. Features that can be interpreted as straight edges are caused by the interpolation for the plot.

Additionally, it was found that the Y� parameter is almost constant ( Y� < 1m) for all fits and it is
therefore also not needed.

An example of a successful fit is shown in figure 5. Both, the fit and the simulated data are shown and
represented as circles and squares, respectively. For better visibility cuts through the x0-axis (~v⇥ ~B) and the
y0-axis are shown, which illustrate in which coordinates the asymmetry is present. Given the constructive
interference of the geomagnetic e↵ect and the charge excess, the asymmetry is especially visible with respect
to ~v ⇥ ~B. The figure shows a good agreement between simulated data and the fit.

In order to assess the quality of the fit, the relative uncertainty is calculated. As there are no measurement
uncertainties on the simulated showers, the absolute residuals are not directly comparable between events.
This is especially true, given the fact that the simulated events span three orders of magnitude in energy,
which delivers pulse powers that span six orders of magnitude. Therefore, the relative di↵erence between
original simulation and fit is calculated, as it is shown in figure 6. The relative uncertainty with respect to
every individual signal is shown on the left. At regions with lower signal this gets rather large as a small value
is divided by another small value. These are however the less relevant parts of the shower as they contain
low (possibly experimentally not measurable) signals. In order to make the relevant part better visible the
di↵erence with respect to the maximum signal is shown on the right.

Those regions of the fit that show the largest deviations, are those that lie at the outer fall-o↵ (in figures 5

6

Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.
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Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
and it holds A

+

> A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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84 Chapter 5. Properties of the measured air showers and their radio emission

Figure 5.12: Simulated pulse power (CoREAS) as a function of distance to shower axis for different
ideal filter settings on an idealized grid of antennas. For this shower the primary particle was a proton
of 7.2 · 1017eV, arriving at a zenith angle of 38�. As the pulse power is not only a function of distance
to shower axis, the spread at any particular distance represents the asymmetry in the signal.

5.2.2 Observation of Cherenkov rings in air showers

The high antenna density of LOFAR enables detailed studies of the radiation pattern gener-
ated by individual showers. This is needed due to the intrinsic asymmetry of the signal which
hinders averaging over showers. LOFAR is the only current experiment that can confirm the-
oretical predictions about the signal pattern in a single event study, especially for the range
above 100MHz.

Comparison to simulations

Using the air showers simulations it can be predicted what is expected from an observation
at higher frequencies. Figure 5.12 shows one single simulated air shower filtered in the two
different LOFAR frequency bands. The shape of the lateral signal distribution changes and the
ring like structure is more enhanced at higher frequencies, while the total power of the signal
is decreasing with frequency. Also, the azimuthal asymmetry, which is visible in the spread
for the lower frequency band, seems to decrease for the higher band.

A direct comparison of the HBA data using the method of [134] can only be accomplished
under certain conditions. As discussed earlier, the additional gain differences of the HBA sub-
stations according to their rotation make it challenging to correct for the hardware response.
To do this correctly, one would have to simulate single pulses and feed them through a full
model of the hardware, including especially the analogue beam former, which is very sensitive
to uncertainties on the arrival direction. Such a realistic model of the full hardware is however
not available yet.

Instead, we concentrate on air showers that arrived from close to the direction of the beam.
As discussed above (figures 3.14 and 5.10) the response of all HBA sub-stations is similar for
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(reconstructed from the arrival times of the radio pulses) and
energy (reconstructed from the particle detections). The CoREAS
[8] plugin of CORSIKA [26], employing QGSJETII.04 [27] as the
hadronic interaction model, is used to generate radio emission
intensity patterns for the given input parameters. Due to shower-

to-shower fluctuations the generated pattern will be different for
each simulated shower. The main factor determining pattern dif-
ferences is Xmax, the distribution of which depends on the type of
the primary particle. Thus, 25 showers are generated with a proton
as the primary and 15 with an iron nucleus using the energy

Fig. 9. Comparison of measurements and simulations for three air showers. Left: Signal distribution in shower plane. The circles indicate the positions of all measured signals
from tiles operational at that moment. The background map is the interpolated signal strength from the best fitting simulated CoREAS shower. The integrated power from
110–190 MHz both for measurements and simulations is encoded in color. The reference coordinate system is the shower plane defined by the propagation velocity vector of
the shower v and magnetic field direction B. The shower axis is located at the plus sign. Right: Corresponding integrated radio pulse power for simulation (blue squares) and
LOFAR HBA measurements (red circles) as a function of distance to shower axis. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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estimate and arrival direction from the particle data as input. The
predicted radio intensity pattern for each shower is compared with
the measured data. Free parameters in this least-squares fit are the
position of the shower axis and a single scaling factor, compensat-
ing for the missing absolute calibration. The simulation with the
best matching pattern is selected as the comparison event.

The best fitting simulations for the three events are shown in
Fig. 9. In the images on the left-hand side, the interpolated total
power from the simulation is given in the background map. Over-
laid are the measured data as circles. Where the colors match there
is an agreement in signal strength. The Cherenkov ring dominates
the structure for all events, which is clearly visible in both simula-
tions and measurements.

The same can be seen in a projection of the signals as a function
of distance to shower axis as shown on the right-hand side of Fig. 9.
This lateral distribution is dominated by the amplified ring struc-
ture at distances of about 100 m. These measurements confirm
the importance of the propagation of the radiation, which causes
these relativistic time compression of the measured emission,
which itself is still dominated by the geomagnetic effect (see Sec-
tion 4.4).

5.3. Sensitivity of the Cherenkov ring to the depth of the shower
maximum

It was suggested in [13] that the radius of the Cherenkov ring is
sensitive to the depth of shower maximum Xmax. Experimentally, it
has to be tested how precisely the radius of the ring can be mea-
sured and what resolution this yields for Xmax.

The three events introduced above are used to determine the
precision with which the radius of the Cherenkov ring can be
obtained. The ring size is defined as that distance to the shower
axis at which the pulse power reaches its maximum value. This
distance of the highest signal strength is obtained by fitting a
Gaussian function to the distribution of pulse power as function
of distance to the shower axis.

When applying this method a number of uncertainties have to
be taken into account. The main contribution to the overall uncer-
tainty is the uncertainty on the position of the shower axis. Unless
there is a complete fit of the signal distribution of the radio data
[28], the axis as obtained with the particle array has to be used.
The array delivers uncertainties on the axis position that vary from
5 m to 30 m and on the arrival direction of about 1!.

In order to account for these uncertainties, the signal strength
as a function of distance to the shower axis is recalculated 500
times for a shower axis that is varied within its uncertainties.
The resulting ring sizes obtained by fitting the Gaussian to the
new distributions are filled into a histogram. From this histogram
the most probable value of the ring size and the corresponding
uncertainty can be obtained.

As can be seen in Fig. 9, the signal pattern is not completely
axis-symmetric. This is not taken into account, when using a
one-dimensional fit to describe the whole distribution. It seems,
however, that the radius of the ring is sufficiently symmetric in
the shower plane to approximate this feature in one dimension,
and thus a fit of a Gaussian function is chosen to determine the ring
size.

The parameters reconstructed from the radio pulse powers of
the three example showers are shown in Table 1.

In [13] Xmax is calculated by fitting the following relation to a set
of air showers, simulated using the EVA code [29], with energies
between 1017 ! 1019 eV:

Xmax ¼ aþ b $ dmax: ð3Þ

The parameters a and b are fitted constants and dmax denotes
the radius of the ring.

In [13] the generated air showers are vertical and the configura-
tion of the magnetic field is different in both direction and strength
from that at the central site of LOFAR. This makes it necessary to
redo the calculations to obtain a prediction for the relation of the
ring size to the height of the shower maximum appropriate for
LOFAR observations. The same analysis for showers of a more
typical arrival direction (h ¼ 45') in the frequency range of
110–190 MHz with the magnetic field configuration at the LOFAR
location, delivers the results shown in Fig. 10.

For vertical showers and frequencies below 200 MHz, [13] find
a double-peaked structure in the distribution of signal strengths,
which complicates the usage of the ring size as tracer of the shower
maximum. For the magnetic field configuration of LOFAR and the
higher inclination angle this feature does however not occur.
Therefore a linear relation between ring size and shower maximum
can still be used, as evidenced by Fig. 10.

For a perfectly measured radius of the ring a resolution of better
than 25 g=cm2 is achieved. Combining this uncertainty with the
uncertainties for the reconstruction of the ring size, yields the
results as shown in Table 2. The results are compared to the best
fit obtained from CoREAS simulations, as described above.

This shows that there is, for the given three events, no statisti-
cally significant discrepancy between the value for Xmax obtained
with the two methods. However, the precision obtained by directly
comparing to simulations is much higher than the one from using
only the ring size. It should also be noted, that one cannot use the
discrepancies between the values to compare the two models (EVA
and CoREAS), as two completely different methods are applied to
obtain Xmax.

Table 1
Shower parameters determining the measurement of Xmax. The angle is measured
from zenith (upwards: 0') and reconstructed from radio data. The arrival directions
are compatible with the ones reconstructed from particle data. The ring size is
determined according to the procedure described in Section 5.3.

Event Zenith angle [!] Radius of ring [m]

1 43:4( 2:0 117:3( 4:7
2 34:9( 1:0 93:3( 2:1
3 40:5( 1:0 119:6( 22:1
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Fig. 10. Distribution of ring sizes obtained from EVA simulations for different
values of the height of the shower maximum. Air showers were simulated with iron
(blue squares) and proton primaries (red circles), a zenith angle of 45' and a
random azimuth angle. The radio signals are filtered to match the frequency range
of the HBAs. The magnetic field configuration was the one of the center of LOFAR.
The height of the shower maximum can be expressed by a linear function of the ring
size, which is indicated by the fit. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 7: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom) wavefront shape.

to shower maximum increases with decreasing elevation angle (✓), the shape of the radio wavefront is also
expected to depend on the elevation angle. This can be seen in Fig. 2 where the radius of curvature of the
inner part, its extent and the slope of the conical part are all expected to depend on the distance to the last
emission point. This in turn would depend on X

max

.
Similar to [10], we can take e.g. the time lag of the radio wavefront at r = 100m, with respect to the

arrival time of the emission along the shower axis (r = 0). It is not possible to use the hyperbola parameter
b (the slope of the asymptote) directly, as in some cases the asymptotic regime is (far) outside the data
range. Fig. 9 shows the time lag at r = 100m as a function of elevation angle. We find a weak correlation
with a Pearson correlation coe�cient of 0.32. The probability of obtaining this value for uncorrelated data
is 4 · 10�5.

To give an order of magnitude of the angular deviation between the measured wavefront and the shower
plane, we can use t

100

to get

↵ =
c t

100

100m
, (13)

which is on average 0.11 rad = 0.63 �. As the hyperbola becomes steeper further out, we could also use t

250

instead (still inside the data range), which would give on average 0.94 �. These numbers agree qualitatively
with the average deviation angle from a plane of 0.83 � found by [10]. The small angle of less than one degree
explains why accurate timing is required in order to measure the wavefront shapes.

In practice however, it appears to be di�cult to use wavefront timing by itself to determine (the distance
to) X

max

. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to X

max

[21]. Combining this technique with
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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(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). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
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the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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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). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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5

sphere

(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). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 8: Angular di�erence between reconstructed shower axis direction for three wavefront shape as-
sumptions. Assuming a planar wavefront shape typically introduces an error in the direction of up to � 1 �,
when the shape is in fact hyperbolic (top plot). The di�erences in reconstructed direction between a conical
and hyperbolic wavefront shape are approximately a factor of ten smaller (bottom plot).

14

Figure 8: Angular di�erence between reconstructed shower axis direction for three wavefront shape as-
sumptions. Assuming a planar wavefront shape typically introduces an error in the direction of up to � 1 �,
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field � and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of

Energy of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.

P (x0, y0) = A
+

· exp
✓
�[(x0 �X

+

)2 + (y0 � Y
+

)2]

�2

+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]
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�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
and it holds A

+

> A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field � and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of

Energy of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.

P (x0, y0) = A
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Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
and it holds A

+

> A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field � and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of

Properties of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.
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Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
and it holds A

+

> A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the �+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for ⇥+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(�) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of ⇥+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

⇥+ = �54.3 + 0.438 ·D(Xmax)� 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · ⇥+ + 0.0080 · ⇥2
+ (7.16)

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are

distance to Xmax



Xmax reconstruction with radio detection S. Buitink

Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).
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van Haarlem et al. : LOFAR: The Low-Frequency Array

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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[1] At the LOFAR core, radio emission from air showers is 
detected by hundreds of 30-80 MHz antennas simultaneously
[2] The radio power footprint can be simulated with the 
CoREAS code, but depend on Xmax. For each shower we 
produce a set of 50 proton and 25 iron showers. The best fitting 
shower is shown here.
[3] The pattern is not rotationally symmetric due to interference 
between geomagnetic and charge excess radiation. Therefore, 
the lateral distribution function is not single-valued. A 2D 
approach is needed to achieve high-resolution reconstructions  
[4] The quality-of-fit depends strongly on Xmax and is used to 
reconstruct the shower depth.   

1

2 3 4

[5] The energy resolution of 32% is given by the distribution of 
the ratio between the energy scaling factor of the radio 
reconstruction and the particle reconstruction from the LORA 
array
[6] The uncertainty on Xmax is found with a Monte Carlo study. 
For this sample the mean uncertainty is 17 g/cm2 [7] Composition measurement based on 118 

showers. See 34th ICRC Oral #780

5 6
7

example shower

118 showers

Xmax reconstruction with radio detection S. Buitink

Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).
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telescope. Showers that occurred within an hour of lightning activity 
or that have a polarization pattern that is indicative of influences from 
atmospheric electric fields are excluded from the sample15.

Radio intensity patterns from air showers are asymmetric, owing to 
the interference between geomagnetic and charge-excess radiation. 
These patterns are reproduced from first principles by summing the 
radio contributions of all electrons and positrons in the shower. We 
use the radio simulation code CoREAS16, a plug-in of CORSIKA17, 
which follows this approach.

It has been shown that Xmax, the atmospheric depth of the shower 
maximum, can be accurately reconstructed from densely sampled 
radio measurements18. (The atmospheric depth is the air density 
integrated over the path that the particle has travelled, starting at the 
top of the atmosphere.) We use a hybrid approach that involves simul-
taneously fitting the radio and particle data. The radio component is 
very sensitive to Xmax, whereas the particle component is used for the 
energy measurement.

The fit contains four free parameters: the shower core position (x, y), 
and scaling factors for the particle density (fp) and the radio power (fr). 
If fp deviates substantially from unity, then the reconstructed energy 
does not match the simulation and a new set of simulations is pro-
duced. This procedure is repeated until the energies agree within the 
chosen uncertainties. The ratio of fr and fp should be the same for all 
showers, and is used to derive the energy resolution of 32% (see Fig. 1).

The radio intensity fits have reduced χ2 values ranging from 0.9 to 
2.9. All features in the data are well reproduced by the simulation (see 
Extended Data Figs 1–5), which demonstrates that the radiation mech-
anism is well understood. The reduced χ2 values that exceed unity 
could indicate uncertainties in the antenna response or the atmos-
pheric properties that were not already accounted for, or limitations 
of the simulation software.

Radio detection becomes more efficient for higher-altitude show-
ers that have larger footprints (that is, larger areas on the ground in 
which the radio pulse can be detected). However, the particle trigger 
becomes less efficient because the number of particles reaching the 
ground decreases. To avoid a bias, we require that all the simulations 
produced for a shower satisfy a trigger criterion (see Methods). Above 
1017 eV, this requirement removes four showers from the sample. At 
lower energies, the number of showers excluded increases rapidly, and 
so we exclude all showers with energies less than 1017 eV from our 
analysis.

Furthermore, we evaluate the reconstructed core positions of all 
simulated showers. Showers with a mean reconstruction error greater 

than 5 m are rejected. This criterion does not introduce a composition 
bias because it is based on the sets of simulated showers, not on the 
data. The final event sample contains 118 showers.

The uncertainty in Xmax is determined independently for all show-
ers18, and has a mean value of 16 g cm−2 (see Extended Data Fig. 6). 
Figure 2 shows our measurements of the average Xmax, 〈Xmax〉, which 
are consistent with earlier experiments using different methods. The 
high resolution for Xmax per shower allows us to derive more informa-
tion about the composition of cosmic rays, by studying the shape of 
the Xmax distribution. For each shower, we calculate a mass-dependent 
parameter:

=
〈 〉−
〈 〉− 〈 〉

( )a
X X
X X

1proton shower

proton iron

in which Xshower is the reconstructed Xmax, and 〈Xproton〉 and 〈Xiron〉 
are mean values of Xmax for proton and iron showers, respectively,  
predicted by the hadronic interaction code QGSJETII.0419.

The cumulative probability density function (CDF) for all showers 
is plotted in Fig. 3. First, we fit a two-component model of protons and 
iron nuclei (p and Fe), with the mixing ratio as the only free parameter.  
To calculate the corresponding CDFs we use a parameterization of the 
Xmax distribution fitted to simulations based on QGSJETII.04. The 
best fit is found for a proton fraction of 62%, but this fit describes  
the data poorly, with p = 1.1 × 10−6. (The test statistic for this fit is 
the maximum deviation between the data and the model CDFs, and p 
represents the probability of observing this deviation, or a larger one, 
assuming the fitted composition model; see Methods.)

A better fit is achieved with a four-component model of protons and 
helium, nitrogen and iron nuclei (p, He, N and Fe), yielding p = 0.17. 
Although the best fit is found for a helium fraction of 80%, the fit qual-
ity deteriorates slowly when replacing helium nuclei with protons. This 
is demonstrated in Fig. 4, in which p is plotted for four-component 
fits for which the fractions of helium nuclei and protons are fixed, and 
the ratio of nitrogen and iron nuclei is the only free parameter. The 
total fraction of light elements (p and He) is in the range [0.38, 0.98] 
at a 99% confidence level, with a best-fit value of 0.8. The heaviest 
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Figure 1 | Energy resolution. The distribution of fr/fp (blue bars) is fitted 
with a Gaussian (red dashed curve), yielding a standard deviation of 
σ = 0.12 on a logarithmic scale, which corresponds to an energy resolution 
of 32%; this value is the quadratic sum of the energy resolution of the radio 
and particle resolutions. In this analysis, there was no absolute calibration 
for the received radio power, so fr has an arbitrary scale.

log10[E (eV)]

〈X
m

ax
〉 (

g 
cm

–2
)

750

700

650

600

800

Pierre Auger (ref. 26)
LOFAR

HiRes/MIA (ref. 27)

Yakutsk  (ref. 28)
Tunka  (ref. 29)

550
17.517.0 18.0

Figure 2 | Measurements of 〈Xmax〉. Mean depth of the shower maximum 
Xmax as a function of energy E for LOFAR, and for previous experiments 
that used different techniques26–29. Error bars indicate 1σ uncertainties. 
The systematic uncertainties are +
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indicated by the shaded band. The Pierre Auger Observatory26 measures 
the fluorescent light emitted by atmospheric molecules excited by  
air-shower particles. HiRes/MIA27 used a combination of this fluorescence 
technique and muon detection. The Yakutsk28 and Tunka29 arrays use  
non-imaging Cherenkov detectors. The green (upper) lines indicate 〈Xmax〉 
for proton showers simulated using QGSJETII.04 (solid) and EPOS-LHC 
(dashed); the red (lower) lines are for showers initiated by iron nuclei.
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A large light-mass component of cosmic rays at 
1017–1017.5 electronvolts from radio observations
S. Buitink1,2, A. Corstanje2, H. Falcke2,3,4,5, J. R. Hörandel2,4, T. Huege6, A. Nelles2,7, J. P. Rachen2, L. Rossetto2, P. Schellart2,  
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Cosmic rays are the highest-energy particles found in nature. 
Measurements of the mass composition of cosmic rays with energies 
of 1017–1018 electronvolts are essential to understanding whether 
they have galactic or extragalactic sources. It has also been proposed 
that the astrophysical neutrino signal1 comes from accelerators 
capable of producing cosmic rays of these energies2. Cosmic 
rays initiate air showers—cascades of secondary particles in the 
atmosphere—and their masses can be inferred from measurements 
of the atmospheric depth of the shower maximum3 (Xmax; the depth 
of the air shower when it contains the most particles) or of the 
composition of shower particles reaching the ground4. Current 
measurements5 have either high uncertainty, or a low duty cycle 
and a high energy threshold. Radio detection of cosmic rays6–8 is 
a rapidly developing technique9 for determining Xmax (refs 10, 11) 
with a duty cycle of, in principle, nearly 100 per cent. The radiation 
is generated by the separation of relativistic electrons and positrons 
in the geomagnetic field and a negative charge excess in the shower 
front6,12. Here we report radio measurements of Xmax with a mean 
uncertainty of 16 grams per square centimetre for air showers 

initiated by cosmic rays with energies of 1017–1017.5 electronvolts. 
This high resolution in Xmax enables us to determine the mass 
spectrum of the cosmic rays: we find a mixed composition, with 
a light-mass fraction (protons and helium nuclei) of about 80 per 
cent. Unless, contrary to current expectations, the extragalactic 
component of cosmic rays contributes substantially to the total flux 
below 1017.5 electronvolts, our measurements indicate the existence 
of an additional galactic component, to account for the light  
composition that we measured in the 1017–1017.5 electronvolt range.

Observations were made with the Low Frequency Array (LOFAR13), 
a radio telescope consisting of thousands of crossed dipoles with 
built-in air-shower-detection capability14. LOFAR continuously 
records the radio signals from air showers, while simultaneously 
running astronomical observations. It comprises a scintillator array 
(LORA) that triggers the read-out of buffers, storing the full wave-
forms received by all antennas.

We selected air showers from the period June 2011 to January 2015 
with radio pulses detected in at least 192 antennas. The total uptime 
was about 150 days, limited by construction and commissioning of the 
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition region
from Galactic to extra-galactic cosmic rays. A clear distinc-
tion between the models would be possible from a detailed
measurement of the five major mass groups shown in Figure
10, in which they all have their characteristic “fingerprint”:
for example, around 109 GeV the minimal model is domi-
nated by the CNO group, the PCS model by helium, and
the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2).

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and
(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-

tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g., Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium dom-
inance over proton around the knee, and iron taking over
at higher energies at ∼ 107 GeV in the SNR-CRs and at
∼ 6× 106 GeV in the poly-gonato model. The helium dom-
inance is more significant in the SNR-CRs which is due to
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Fig. 8. Mean logarithmic mass, 〈lnA〉, of cosmic rays predicted using the three different models of the additional Galactic
component: WR-CRs (C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA
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correspond to two different hadronic interaction models (EPOS-LHC and QGSJET-II-04) used to convert Xmax values to 〈lnA〉.

which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 4) × 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation effects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The effects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed

Article number, page 12 of 23



S. Thoudam and J. R. Hörandel: GeV-TeV cosmic-ray spectral anomaly as due to reacceleration by weak shocks

10-1

100

101

100 101 102 103 104 105 106

E
2.

75
 ×

 In
te

ns
ity

 [c
m

-2
 s

r-1
 s

-1
 G

ev
1.

75
]

E (GeV)

ProtonCREAM
ATIC

AMS-01
PAMELA

Model

10-2

10-1

100 101 102 103 104 105 106

E
2.

65
 ×

 In
te

ns
ity

 [c
m

-2
 s

r-1
 s

-1
 (

G
ev

/n
)1.

65
]

E (GeV/n)

HeliumCREAM
ATIC

AMS-01
PAMELA

Model

Fig. 6. Result for protons (top) and helium nuclei (bottom). Solid line:
our calculation. Model parameters used: qP = 2.21, qHe = 2.18, fP =
6.95%, fHe = 0.79%. The propagation and the reacceleration model pa-
rameters (D0, ρ0, a, η, s) are the same as in Fig. 4. Data: CREAM (Yoon
et al. 2011), ATIC (Panov et al. 2007), AMS-01 (Alcaraz et al. 2000;
Aguilar et al. 2002), and PAMELA (Adriani et al. 2011).

present set of model parameters, there is also an additional effect
due to the steeper proton source index of qp = 2.21 compared to
that of helium nuclei of qHe = 2.18. Choosing a larger index
produces a steeper spectrum of background cosmic rays in the
Galaxy. This leads to two effects on the re-accelerated compo-
nent. First, a larger number of low-energy background particles
become available for reacceleration, leading to an increase in
the number of re-accelerated particles. Second, because now the
normal component also becomes steeper, the contribution of the
re-acelerated component becomes more extended to higher en-
ergies. Therefore, the reacceleration effect turns out to be more
prominent, and also somewhat more extended in energy for pro-
tons than for helium.

For heavier nuclei for which the inelastic cross-sections are
much larger, the reacceleration effect is significantly less. This
is demonstrated in Fig. 7 with our result on the iron nuclei.
The calculation assumes the source parameters to be qFe =
2.28 and fFe = 4.9 × 10−3% to reproduce the measured spec-
trum. The propagation and the reacceleration model parameters
(D0, ρ0, a, η, s) are taken to be the same as in Fig. 4. Even for the
steeper source spectrum assumed for the iron nuclei as compared
to the proton and helium nuclei, the reacceleration effect is hard
to notice in Fig. 7, and the model spectrum above ∼20 GeV/n
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Fig. 7. Result for iron nuclei. Solid line: our calculation. Model pa-
rameters used: qFe = 2.28, fFe = 0.0049%. All other model parameters
remain the same as in Fig. 4. Data: CREAM (Ahn et al. 2009), ATIC
(Panov et al. 2007), CRN (Swordy et al. 1990), HEAO (Engelmann
et al. 1990), and TRACER (Obermeier et al. 2011).

follows approximately a single power law, unlike the proton and
helium spectra. Thus, our present model predicts a mass depen-
dent spectral hardening, which can be used to differentiate it
from other models in the future. Furthermore, in our model, such
a spectral hardening is not expected for electrons as they suffer
severe radiative losses that will dominate the reacceleration ef-
fect even at few GeV energies.

4. Conclusion

In short, we conclude that the spectral anomaly of cosmic rays at
GeV-TeV energies, observed for the proton and helium nuclei by
recent experiments, can be an effect of reacceleration of cosmic
rays by weak shocks associated with old supernova remnants in
the Galaxy. The reacceleration effect is shown to be important
for light nuclei such as proton and helium, and negligible for
heavier nuclei such as iron. Our prediction of the decreasing ef-
fect of reacceleration with the increase in the elemental mass
can be checked by future sensitive measurements of heavier nu-
clei at TeV/n energies. The reacceleration effect is expected to
be negligible for electrons.

Acknowledgements. The authors wish to thank Prof. Reinhard Schlickeiser for
his critical comments and suggestions on the mathematical derivation given in
the appendix.
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ABSTRACT

Recent cosmic-ray measurements have found an anomaly in the cosmic-ray energy spectrum at GeV-TeV energies. Although the origin
of the anomaly is not clearly understood, suggested explanations include the effect of cosmic-ray source spectrum, propagation effects,
and the effect of nearby sources. In this paper, we propose that the spectral anomaly might be an effect of reacceleration of cosmic
rays by weak shocks in the Galaxy. After acceleration by strong supernova remnant shock waves, cosmic rays undergo diffusive
propagation through the Galaxy. During the propagation, cosmic rays may again encounter expanding supernova remnant shock
waves, and get re-accelerated. As the probability of encountering old supernova remnants is expected to be larger than the younger
remnants because of their bigger sizes, reacceleration is expected to be produced mainly by weaker shocks. Since weaker shocks
generate a softer particle spectrum, the resulting re-accelerated component will have a spectrum steeper than the initial cosmic-ray
source spectrum produced by strong shocks. For a reasonable set of model parameters, it is shown that the re-accelerated component
can dominate the GeV energy region while the non-reaccelerated component dominates at higher energies, thereby explaining the
observed GeV-TeV spectral anomaly.

Key words. ISM: general – cosmic rays – ISM: supernova remnants – acceleration of particles

1. Introduction

Measurements of cosmic rays by the Advanced Thin Ionization
Calorimeter (ATIC; Panov et al. 2007), Cosmic Ray Energetics
and Mass (CREAM; Yoon et al. 2011), and Payload for
Antimatter Matter Exploration and Light-nuclei Astrophysics
(PAMELA; Adriani et al. 2011) experiments have found a spec-
tral anomaly at GeV-TeV energies. The spectrum in the TeV re-
gion is found to be harder than at GeV energies. Although the
hardening is found to be more prominent in the proton and he-
lium spectra, it also seems to be present in the spectra of heav-
ier cosmic-ray elements, such as carbon and oxygen. The spec-
tral anomaly is difficult to explain with simple general models
of cosmic-ray acceleration, and their transport in the Galaxy.
Simple linear theory of cosmic-ray acceleration (Krymskii 1977;
Bell 1978; Blandford & Ostriker 1978), and the nature of their
propagation in the Galaxy (Ginzburg & Ptuskin 1976) predict
a single power-law cosmic-ray spectrum over a wide range in
energy.

The origin of the anomaly is still not clearly understood.
Possible explanations that have been suggested include the ef-
fect of cosmic-ray source spectrum (Biermann et al. 2010; Ohira
et al. 2011; Yuan et al. 2011; Ptuskin et al. 2013), effects due to
propagation through the Galaxy, (Tomassetti 2012; Blasi et al.
2012; Aloisio & Blasi 2013), and the effect of nearby sources
(Thoudam & Hörandel 2012, 2013; Erlykin & Wolfendale 2012;
Bernard et al. 2013; Zatsepin et al. 2013).

In this paper, we discuss the possibility that the anomaly
could be an effect of reacceleration of cosmic rays by weak
shocks in the Galaxy. This scenario was also briefly discussed

! Appendix A is available in electronic form at
http://www.aanda.org

recently by Ptuskin et al. 2011. After acceleration by strong su-
pernova remnant shock waves, cosmic rays escape from the rem-
nants and undergo diffusive propagation in the Galaxy. The prop-
agation can be accompanied by some level of reacceleration due
to repeated encounters with expanding supernova remnant shock
waves (Wandel 1988; Berezhko et al. 2003). As older remnants
occupy a larger volume in the Galaxy, cosmic rays are expected
to encounter older remnants more often than the younger rem-
nants. Thus, this process of reacceleration is expected to be pro-
duced mainly by weaker shocks. As weaker shocks generate a
softer particle spectrum, the resulting re-accelerated component
will have a spectrum steeper than the initial cosmic-ray source
spectrum produced by strong shocks. As will be shown later, the
re-accelerated component can dominate at GeV energies, while
the non-reaccelerated component (hereafter referred to as the
“normal component”) dominates at higher energies.

Cosmic rays can also be re-accelerated by the same magnetic
turbulence responsible for their scattering and spatial diffusion in
the Galaxy. This process, which is commonly known as the dis-
tributed reacceleration, has been studied quite extensively, and
it is known that it can produce strong features on some of the
observed properties of cosmic rays at low energies. For instance,
the peak in the secondary-to-primary ratios at ∼1 GeV/nucleon
can be attributed to this effect (Seo & Ptuskin 1994). Earlier
studies suggest that a strong amount of reacceleration of this
kind can produce unwanted bumps in the cosmic-ray proton and
helium spectra at few GeV/nucleon (Cesarsky 1987; Stephens
& Golden 1990). It was later shown that for some mild reaccel-
eration, which is sufficient to reproduce the observed boron-to-
carbon ratio, the resulting proton spectrum does not show any
noticeable bumpy structures (Seo & Ptuskin 1994). In fact, the
efficiency of distributed reacceleration is expected to decrease
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Fig. 2. Carbon (top) and boron (bottom) spectra for η =
(0, 0.1, 0.3, 0.5, 0.8, 1.1). Other model parameters remain the same as
in Fig. 1.
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Fig. 3. Boron-to-carbon ratio for η = (0, 0.1, 0.3, 0.5, 0.8, 1.1). Other
model parameters are the same as in Fig. 1.

than that of the primaries by the index of diffusion. This allows
the re-accelerated component to dominate to higher energies in
the case of boron.

Figure 3 shows the boron-to-carbon ratio for the different
values of η. The model parameters and the line representations
remain the same as in Fig. 2. Similar effects observed in the
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Fig. 4. Boron-to-carbon ratio. Solid line: our present result for maxi-
mum reacceleration. Dashed line: best-fit result for pure diffusion model
(Thoudam & Hörandel 2013). Model parameters used: η = 1.02, D0 =
9 × 1028 cm2 s−1, ρ0 = 3 GV, a = 0.33, qC = 2.24, qO = 2.26, s = 4.5,
pc = 1 PeV/c, fC = 0.024%, fO = 0.025%, ν̄ = 25 SNe Myr−1 kpc−2

and φ = 450 MV. Data: HEAO (Engelmann et al. 1990), CRN (Swordy
et al. 1990), CREAM (Ahn et al. 2008), AMS-01 (Aguilar et al. 2010),
ATIC (Panov et al. 2008; Orth et al. 1978; Simon et al. 1980; Webber
et al. 1985), and TRACER (Obermeier et al. 2011).

energy spectra shown in Fig. 2 are also observed in the ratio. In
the model without reacceleration (η = 0), the ratio follows an in-
verse relation with the diffusion coefficient, and hence, the slope
of the ratio follows the inverse of the diffusion index as E−a (see
thick solid line in Fig. 3). When comparing the result for η = 0
with the results obtained for η > 0, it is clear that in the reaccel-
eration model, the secondary-to-primary ratio does not represent
a direct measure of the cosmic-ray diffusion coefficient in the
Galaxy as in pure diffusion models. The ratio also depends on
the reacceleration parameters such as the efficiency of reaccel-
eration and the spectral index of the re-accelerated particles s.
Moreover, the ratio depends weakly on the primary source pa-
rameters such as q and f , unlike in the pure diffusion models
where the ratio is almost independent of the source parameters.

3.2. Comparison with the data

For the rest of the study, we take the size of the source
distribution R = 20 kpc, the proton high-momentum cutoff
pc = 1 PeV/c, and the supernova explosion rate as ν̄ =
25 SNe Myr−1 kpc−1. The latter corresponds to a rate of ∼3 SNe
per century in the Galaxy. The cosmic-ray propagation param-
eters (D0, ρ0, a), the reacceleration parameters (η, s), and the
source parameters (q, f ) are taken as model parameters. They
are derived from the measured cosmic-ray data.

We first determine (D0, ρ0, a, η, s) based on the measure-
ments of the boron-to-carbon ratio, and the spectra for the car-
bon, oxygen, and boron nuclei simultaneously. Their values are
found to be D0 = 9 × 1028 cm2 s−1, ρ = 3 GV, a = 0.33,
η = 1.02, and s = 4.5. These values correspond to the maximum
amount of reacceleration permitted by the available boron-to-
carbon data, while at the same time produce a reasonably good
fit to the measured carbon, oxygen, and boron energy spectra si-
multaneously. Figure 4 shows the result on the boron-to-carbon
ratio (solid line) along with the measurement data. The data are
from High Energy Astronomy Observatory Program (HEAO:
Engelmann et al. 1990), Cosmic Ray Nuclei Experiment (CRN;
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Fig. 1. Energy spectra for different cosmic-ray elements. Solid line: Model prediction for the SNR-CRs. Data: CREAM (Ahn et al.
2009; Yoon et al. 2011), ATIC-2 (Panov et al. 2007), AMS-02 (Aguilar et al. 2015a,b), PAMELA (Adriani et al. 2011), CRN
(Müller et al. 1991; Swordy et al. 1990), HEAO (Engelmann et al. 1990), TRACER (Obermeier et al. 2011), and KASCADE
(Antoni et al. 2005). Cosmic-ray source parameters (q, f) used in the calculation are given in Table 1. For the other model
parameters (D0, a, η, s), see text for details.
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the different species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

Particle type q f (×1049 ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 2.21 2.42× 10−2

Oxygen 2.25 2.52× 10−2

Neon 2.25 3.78× 10−3

Magnesium 2.29 5.17× 10−3

Silicon 2.25 5.01× 10−3

Iron 2.25 4.95× 10−3

mechanism (see e.g., Malkov & Drury 2001). We assume
that the maximum energy for cosmic-ray nuclei produced
by the supernova shock is Z times the maximum energy
for protons. Based on the observed high concentration of
supernova remnants and atomic and molecular hydrogen
near the Galactic disk, in Equation 1, we assume that both
cosmic-ray sources and interstellar matter are distributed
in the disk (i.e., at z = 0). The distributions are assumed
to be uniform, and extended up to a radius R.

Recalling the analytical solution of Equation 1 derived
in Thoudam & Hörandel (2014), the cosmic-ray density at
the position r = 0 for p > p0 follows,

N(z, p) = ν̄R

∫ ∞

0
dk

sinh [k(L− z)]

sinh(kL)
×

J1(kR)

B(p)

{

Q(p)

+ ξsp−s

∫ p

p0

dp′p′
s
Q(p′)A(p′) exp

(

ξs

∫ p

p′

A(u)du

)

}

,

(3)

where J1 is a Bessel function of order 1, and the functions
B and A are given by,

B(p) = 2D(p)k coth(kL) + n̄v(p)σ(p) + ξ

A(u) =
1

uB(u)
. (4)

From Equation 3, the cosmic-ray density at the Earth can
be obtained by taking z = 0 considering that our Solar
system lies close to the Galactic plane.

2.2. Model prediction for the low-energy measurements

By comparing the abundance ratio of boron-to-carbon nu-
clei predicted by the model with the measurements, the
cosmic-ray propagation parameters (D0, a) and the re-
acceleration parameters (η, s) have been obtained to be,
D0 = 9 × 1028 cm2 s−1, a = 0.33, η = 1.02, and s = 4.5
(Thoudam & Hörandel 2014). We adopt these values in our
present study. The supernova remnant radius is taken to be
# = 100 pc. The inelastic interaction cross-section for pro-
tons is taken from Kelner et al. (2006), and for heavier nu-
clei, the cross-sections are taken from Letaw et al. (1983).
The surface matter density is taken as the averaged den-
sity in the Galactic disk within a radius equal to the size
of the diffusion boundary L. We choose L = 5 kpc, which
gives an averaged surface density of atomic hydrogen of
n̄ = 7.24× 1020 atoms cm−2 (Thoudam & Hörandel 2013).

An extra 10% is further added to n̄ to account for the he-
lium abundance in the interstellar medium. The radial ex-
tent of the source distribution is taken as R = 20 kpc. Each
supernova explosion is assumed to release a total kinetic en-
ergy of 1051 ergs, and the supernova explosion frequency is
taken as ν̄ = 25 SNe Myr−1 kpc−2. The latter corresponds
to a rate of ∼ 3 supernova explosions per century in the
Galaxy.

Using the values of various parameters mentioned
above, the energy spectra of SNR-CRs for different elements
are calculated. In Figure 1, results for eight elements (pro-
ton, helium, carbon, oxygen, neon, magnesium, silicon and
iron, which represent the dominant species at low energies)
are compared with the measured data at low energies. The
source parameters (q, f) for the individual elements are kept
free in the calculation, and they are optimised based on the
observed individual spectra at low energies. The parame-
ter values that best reproduce the measured data are listed
in Table 1. The source spectral indices are in the range of
2.21− 2.29, and out of the total of 8% of the supernova ex-
plosion energy channelled into SNR-CRs, the largest frac-
tion goes into protons at the level of 6.95%, followed by
helium nuclei with 0.79%. The calculated spectra repro-
duce the measured data quite well including the behaviour
of spectral hardening at TeV energies observed for protons
and helium nuclei. In our model, the absence of such a spec-
tral hardening for heavier nuclei is explained as due to the
increasing effect of inelastic collision over re-acceleration
with the increase in mass (Thoudam & Hörandel 2014).

2.3. Extrapolation of the SNR-CR spectrum to high energies

In Figure 1, we also show an extrapolation of the model pre-
diction to high energies. For protons, helium, carbon, silicon
and iron nuclei, the predictions are compared with the avail-
able measurements from the KASCADE experiment above
∼ 106 GeV. The calculation assumes an exponential cut-off
for the proton source spectrum at Ec = 4.5× 106 GeV, and
for the heavier nuclei at ZEc. This value of Ec, which is
obtained by comparing the predicted all-particle spectrum
with the observed all-particle spectrum as shown in Fig-
ure 2, represents the maximum Ec value permitted by the
measurements. While obtaining the all-particle spectrum
shown in Figure 2, we also include contributions from the
sub-dominant primary cosmic-ray elements (Z < 26), cal-
culated using elemental abundances at 103 GeV given in
Hörandel (2003a) and a source index of 2.25. Their total
contribution amounts up to ∼ 8% of the all-particle spec-
trum. The predicted all-particle spectrum agrees with the
data up to ∼ 2 × 107 GeV, and reproduces the observed
knee at the right position. Choosing Ec values larger than
4.5× 106 GeV will produce an all-particle spectrum which
is inconsistent both with the observed knee position and
the intensity above the knee. Although our estimate for
the best-fit Ec value does not rely on the proton measure-
ments at high energies, it can be noticed from Figure 1
that both the predicted proton and helium spectra are in
good agreement (within systematic uncertainties) with the
KASCADE data. For carbon, silicon and iron nuclei, the
agreement with the data is less convincing, which may be
related to the larger systematic uncertainties in the shapes
of the measured spectra.

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the different species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

Particle type q f (×1049 ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 2.21 2.42× 10−2

Oxygen 2.25 2.52× 10−2

Neon 2.25 3.78× 10−3

Magnesium 2.29 5.17× 10−3

Silicon 2.25 5.01× 10−3

Iron 2.25 4.95× 10−3

mechanism (see e.g., Malkov & Drury 2001). We assume
that the maximum energy for cosmic-ray nuclei produced
by the supernova shock is Z times the maximum energy
for protons. Based on the observed high concentration of
supernova remnants and atomic and molecular hydrogen
near the Galactic disk, in Equation 1, we assume that both
cosmic-ray sources and interstellar matter are distributed
in the disk (i.e., at z = 0). The distributions are assumed
to be uniform, and extended up to a radius R.

Recalling the analytical solution of Equation 1 derived
in Thoudam & Hörandel (2014), the cosmic-ray density at
the position r = 0 for p > p0 follows,

N(z, p) = ν̄R

∫ ∞

0
dk

sinh [k(L− z)]

sinh(kL)
×

J1(kR)

B(p)

{

Q(p)

+ ξsp−s

∫ p

p0

dp′p′
s
Q(p′)A(p′) exp

(

ξs

∫ p

p′

A(u)du

)

}

,

(3)

where J1 is a Bessel function of order 1, and the functions
B and A are given by,

B(p) = 2D(p)k coth(kL) + n̄v(p)σ(p) + ξ

A(u) =
1

uB(u)
. (4)

From Equation 3, the cosmic-ray density at the Earth can
be obtained by taking z = 0 considering that our Solar
system lies close to the Galactic plane.

2.2. Model prediction for the low-energy measurements

By comparing the abundance ratio of boron-to-carbon nu-
clei predicted by the model with the measurements, the
cosmic-ray propagation parameters (D0, a) and the re-
acceleration parameters (η, s) have been obtained to be,
D0 = 9 × 1028 cm2 s−1, a = 0.33, η = 1.02, and s = 4.5
(Thoudam & Hörandel 2014). We adopt these values in our
present study. The supernova remnant radius is taken to be
# = 100 pc. The inelastic interaction cross-section for pro-
tons is taken from Kelner et al. (2006), and for heavier nu-
clei, the cross-sections are taken from Letaw et al. (1983).
The surface matter density is taken as the averaged den-
sity in the Galactic disk within a radius equal to the size
of the diffusion boundary L. We choose L = 5 kpc, which
gives an averaged surface density of atomic hydrogen of
n̄ = 7.24× 1020 atoms cm−2 (Thoudam & Hörandel 2013).

An extra 10% is further added to n̄ to account for the he-
lium abundance in the interstellar medium. The radial ex-
tent of the source distribution is taken as R = 20 kpc. Each
supernova explosion is assumed to release a total kinetic en-
ergy of 1051 ergs, and the supernova explosion frequency is
taken as ν̄ = 25 SNe Myr−1 kpc−2. The latter corresponds
to a rate of ∼ 3 supernova explosions per century in the
Galaxy.

Using the values of various parameters mentioned
above, the energy spectra of SNR-CRs for different elements
are calculated. In Figure 1, results for eight elements (pro-
ton, helium, carbon, oxygen, neon, magnesium, silicon and
iron, which represent the dominant species at low energies)
are compared with the measured data at low energies. The
source parameters (q, f) for the individual elements are kept
free in the calculation, and they are optimised based on the
observed individual spectra at low energies. The parame-
ter values that best reproduce the measured data are listed
in Table 1. The source spectral indices are in the range of
2.21− 2.29, and out of the total of 8% of the supernova ex-
plosion energy channelled into SNR-CRs, the largest frac-
tion goes into protons at the level of 6.95%, followed by
helium nuclei with 0.79%. The calculated spectra repro-
duce the measured data quite well including the behaviour
of spectral hardening at TeV energies observed for protons
and helium nuclei. In our model, the absence of such a spec-
tral hardening for heavier nuclei is explained as due to the
increasing effect of inelastic collision over re-acceleration
with the increase in mass (Thoudam & Hörandel 2014).

2.3. Extrapolation of the SNR-CR spectrum to high energies

In Figure 1, we also show an extrapolation of the model pre-
diction to high energies. For protons, helium, carbon, silicon
and iron nuclei, the predictions are compared with the avail-
able measurements from the KASCADE experiment above
∼ 106 GeV. The calculation assumes an exponential cut-off
for the proton source spectrum at Ec = 4.5× 106 GeV, and
for the heavier nuclei at ZEc. This value of Ec, which is
obtained by comparing the predicted all-particle spectrum
with the observed all-particle spectrum as shown in Fig-
ure 2, represents the maximum Ec value permitted by the
measurements. While obtaining the all-particle spectrum
shown in Figure 2, we also include contributions from the
sub-dominant primary cosmic-ray elements (Z < 26), cal-
culated using elemental abundances at 103 GeV given in
Hörandel (2003a) and a source index of 2.25. Their total
contribution amounts up to ∼ 8% of the all-particle spec-
trum. The predicted all-particle spectrum agrees with the
data up to ∼ 2 × 107 GeV, and reproduces the observed
knee at the right position. Choosing Ec values larger than
4.5× 106 GeV will produce an all-particle spectrum which
is inconsistent both with the observed knee position and
the intensity above the knee. Although our estimate for
the best-fit Ec value does not rely on the proton measure-
ments at high energies, it can be noticed from Figure 1
that both the predicted proton and helium spectra are in
good agreement (within systematic uncertainties) with the
KASCADE data. For carbon, silicon and iron nuclei, the
agreement with the data is less convincing, which may be
related to the larger systematic uncertainties in the shapes
of the measured spectra.

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be
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2. Cosmic rays from supernova remnants
(SNR-CRs)

Although the exact nature of cosmic-ray sources in the
Galaxy is not yet firmly established, supernova remnants
are considered to be the most plausible candidates both
from the theoretical and the observational points of view.
It has been theoretically established that shock waves as-
sociated with supernova remnants can accelerate particles
from the thermal pool to a non-thermal distribution of en-
ergetic particles. The underlying acceleration process, com-
monly referred to as the diffusive shock acceleration pro-
cess, has been studied quite extensively, and it produces
a power-law spectrum of particles with a spectral index
close to 2 (Krymskii 1977; Bell 1978; Blandford & Ostriker
1978; Drury 1983; Ptuskin et al. 2010; Caprioli et al. 2011),
which is in good agreement with the values inferred from
radio observation of supernova remnants (Green 2009).
Moreover, the total power of ∼ 1042 ergs s−1 injected by
supernova explosions into the Galaxy, considering a su-
pernova explosion energy of ∼ 1051 ergs and an explo-
sion frequency of ∼ 1/30 yr−1, is more than sufficient to
maintain the cosmic-ray energy content of the Galaxy.
In addition to the radio measurements, observational ev-
idence for the presence of high-energy particles inside su-
pernova remnants is provided by the detection of non-
thermal X-rays (Vink & Laming 2003; Parizot et al. 2006)
and TeV gamma rays from a number of supernova rem-
nants (Aharonian et al. 2006, 2008; Albert et al. 2007). For
instance, the detection of TeV gamma rays up to energies
close to 100 TeV from the supernova remnant RX J1713.7-
3946 by the H.E.S.S. Cherenkov telescope array indicates
that particles with energies up to ∼ 1 PeV can be acceler-
ated inside supernova remnants (Aharonian et al. 2007).

2.1. Transport of SNR-CRs in the Galaxy

After acceleration by strong supernova remnant shock
waves, cosmic rays escape from the remnants and undergo
diffusive propagation through the Galaxy. During the prop-
agation, some fraction of cosmic rays may further get re-
accelerated due to repeated encounters with expanding su-
pernova remnant shock waves in the interstellar medium
(Wandel 1988; Berezhko et al. 2003). This re-acceleration
is expected to be produced mainly by older remnants, with
weaker shocks, because of their bigger sizes. Therefore, the
re-acceleration is expected to generate a particle spectrum
which is steeper than the initial source spectrum of cosmic
rays produced by strong shocks. This model has been de-
scribed in detail in Thoudam & Hörandel (2014), and it has
been shown that the re-accelerated cosmic rays can dom-
inate the GeV energy region while the non-re-accelerated
cosmic rays dominate at TeV energies, thereby explaining
the observed spectral hardening in the TeV region. Below,
we briefly summarise some key features of the model which
are important for the present study.

The steady-state transport equation for cosmic-ray nu-
clei in the Galaxy in the re-acceleration model is described
by,

∇ · (D∇N)− [n̄vσ + ξ] δ(z)N

+

[

ξsp−s

∫ p

p0

du N(u)us−1

]

δ(z) = −Qδ(z), (1)

where we have adopted a cylindrical geometry for the prop-
agation region described by the radial r and vertical z co-
ordinates with z = 0 representing the Galactic plane. We
assume the region to have a constant halo boundary at
z = ±L, and no boundary in the radial direction. This
is a reasonable assumption for cosmic rays at the galacto-
centric radius of the Sun as the majority of them are pro-
duced within a radial distance ∼L from the Sun (Thoudam
2008). Choosing a different (smaller) halo height for the
Galactic center region, as indicated by the observed WMAP
haze (Biermann et al. 2010b), will not produce significant
effects in our present study. N(r, z, p) represents the dif-
ferential number density of the cosmic-ray nuclei with mo-
mentum/nucleon p, and Q(r, p)δ(z) is the injection rate of
cosmic rays per unit volume by supernova remnants in the
Galaxy. The diffusive nature of the propagation is repre-
sented by the first term in Equation 1. The diffusion co-
efficient D(ρ) is assumed to be a function of the particle
rigidity ρ as, D(ρ) = D0β(ρ/ρ0)a, where D0 is the diffu-
sion constant, β = v/c with v(p) and c representing the
velocity of the particle and the velocity of light respec-
tively, ρ0 = 3 GV is a constant, and a is the diffusion in-
dex. The rigidity is defined as ρ = Apc/Ze, where A and
Z represent the mass number and the charge number of
the nuclei respectively, and e is the charge of an electron.
The second term in Equation 1 represents the loss of par-
ticles during the propagation due to inelastic interaction
with the interstellar matter, and also due to re-acceleration
to higher energies, where n̄ represents the surface density
of matter in the Galactic disk, σ(p) is the inelastic inter-
action cross-section, and ξ corresponds to the rate of re-
acceleration. We take ξ = ηV ν̄, where V = 4π$3/3 is
the volume occupied by a supernova remnant of radius
$ re-accelerating the cosmic rays, η is a correction factor
that is introduced to account for the actual unknown size
of the remnants, and ν̄ is the frequency of supernova ex-
plosions per unit surface area in the Galactic disk. The
term containing the integral in Equation 1 represents the
gain in the number of particles due to re-acceleration from
lower energies. The effect of Galactic wind and ionisation
losses which are important mostly at low energies, below
∼ 1 GeV/nucleon, are not included explicitly in the trans-
port equation. Instead, we introduce a low-momentum cut-
off, p0∼ 100 MeV/nucleon, in the particle distribution to
account for the effect on the number of low-energy parti-
cles available for re-acceleration in the presence of these pro-
cesses (Wandel et al. 1987). We assume that re-acceleration
instantaneously produces a power-law spectrum of parti-
cles with spectral index s. The source term Q(r, p) can
be expressed as Q(r, p) = ν̄H[R − r]H[p − p0]Q(p), where
H(m) = 1(0) for m > 0(< 0) represents a Heaviside step
function, and the source spectrum Q(p) is assumed to follow
a power-law in total momentum with an exponential cut-off
which, in terms of momentum/nucleon, can be written as

Q(p) = AQ0(Ap)
−q exp

(

−
Ap

Zpc

)

, (2)

where Q0 is a normalisation constant which is proportional
to the amount of energy f channelled into cosmic rays by a
single supernova event, q is the spectral index, and pc is the
cut-off momentum for protons. The exponential cut-off in
Equation 2 represents a good approximation for particles
at the shock produced by the diffusive shock acceleration

Article number, page 3 of 23

S.
 T

ho
ud

am
 e

t a
l.,

 A
&

A
 in

 p
re

ss
 (2

01
6)

, a
rX

iv
 1

60
5.

03
11

1



A&A proofs: manuscript no. CR_paper

Energy E (GeV)
1 10 210 310 410 510 610 710 810 910 1010 1110

 ]2
 G

eV
−1

 s
−1

 s
r

−2
 In

te
ns

ity
 [c

m
×3 E

−110

1

10

210

310
H
He
C
O
Ne
Mg
Si
Fe

TIBET III
KASCADE
IceTop
HiRes II
Auger

Total SNR−CRs

Fig. 2. Contribution of SNR-CRs to the all-particle cosmic-ray spectrum. The thin lines represent spectra for the individual
elements, and the thick-solid line represents the total contribution. The calculation assumes an exponential cut-off energy for
protons at Ec = 4.5 × 106 GeV. Other model parameters, and the low-energy data are the same as in Figure 1. Error bars are
shown only for the proton and helium data. High-energy data: KASCADE (Antoni et al. 2005), IceTop (Aartsen et al. 2013), Tibet
III (Amenomori et al. 2008), the Pierre Auger Observatory (Schulz et al. 2013), and HiRes II (Abbasi et al. 2009).

dominated by helium nuclei, not by protons. The CREAM
measurements have shown that helium nuclei become more
abundant than protons at energies ∼ 105 GeV. Such a trend
is also consistent with the KASCADE measurements above
∼ 106 GeV (see Figure 1). Based on our prediction, helium
nuclei dominate the all-particle spectrum up to ∼ 1.5× 107

GeV, while above, iron nuclei dominate. The maximum en-
ergy of SNR-CRs, which corresponds to the fall-off energy
of iron nuclei, is 26×Ec = 1.2× 108 GeV. Although this en-
ergy is close to the position of the second knee, the predicted
intensity is not enough to explain the observed intensity
around the second knee. Our result shows that SNR-CRs
alone cannot account for the observed cosmic rays above
∼ 2× 107 GeV. At 108 GeV, they contribute only ∼ 30% of
the observed data.

3. Additional component of Galactic cosmic rays

Despite numerous studies, it is not clearly understood at
what energy the transition from Galactic to extra-galactic
cosmic rays (EG-CRs) occurs. Although it was pointed out
soon after the discovery of the CMB and the related GZK
effect that it is possible to construct an all-extra-galactic
spectrum of cosmic rays containing both the knee and the
ankle as features of cosmological propagation (Hillas 1967),
the most natural explanation was assumed to be that the
transition occurs at the ankle, where a steep Galactic com-
ponent is taken over by a flatter extra-galactic one. To ob-
tain a sharp feature like the ankle in such a construction,
it is necessary to assume a cut-off in the Galactic com-
ponent to occur immediately below it (Rachen et al. 1993;
Axford 1994), thus this scenario is naturally expecting a
second knee feature. For a typical Galactic magnetic field

strength of 3 µG, the Larmor radii for cosmic rays of en-
ergy Z×108 GeV is 36 pc, much smaller than the size of the
diffusion halo of the Galaxy, which is typically considered
to be a few kpc in cosmic-ray propagation studies, keep-
ing comic rays around the second knee well confined in the
Galaxy. This suggests that the Galactic cut-off at this en-
ergy must be intrinsic to a source population or acceleration
mechanism different from the standard supernova remnants
we have discussed above. In an earlier work, Hillas (2005)
considered an additional Galactic component resulting from
Type II supernova remnants in the Galaxy expanding into
a dense slow wind of the precursor stars. In the follow-
ing, we discuss two other possible scenarios. The first is
the re-acceleration of SNR-CRs by Galactic wind termi-
nation shocks in the Galactic halo (Jokipii & Morfill 1987;
Zirakashvili & Völk 2006), and the second is the contribu-
tion of cosmic rays from the explosions of Wolf-Rayet stars
in the Galaxy (Biermann & Cassinelli 1993). Both these
ideas have been explored in the past when detailed mea-
surements of the cosmic-ray spectrum and composition at
low and high energies were not available. Using new mea-
surements of cosmic rays and astronomical data (like the
Wolf-Rayet wind composition), our study can provide a
more realistic estimate of the cosmic-ray contribution from
these two possible mechanisms. In the following, the re-
accelerated cosmic rays from Galactic wind termination
shocks will be referred to as “GW-CRs”, and cosmic rays
from Wolf-Rayet stars as “WR-CRs”. Some ramifications of
these basic scenarios will be discussed in Section 6, after
investigating the effect of different extra-galactic contribu-
tions below the ankle in Section 5.
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Fig. 3. Contribution of GW-CRs to the all-particle cosmic-ray
spectrum. The thin lines represent spectra for the individual
elements, and the thick dashed line represents the total contri-
bution. The injection fraction, kw = 14.5%, and the exponential
cut-off energy for protons, Esh = 9.5×107 GeV. See text for the
other model parameters. Data are the same as in Figure 2.

3.1. Re-acceleration of SNR-CRs by Galactic wind
termination shocks (GW-CRs)

The effect of Galactic winds on the transport of cosmic
rays in the Galaxy has been discussed quite exten-
sively (Lerche & Schlickeiser 1982a; Bloemen et al.
1993; Strong & Moskalenko 1998; Jones et al. 2001;
Breitschwerdt et al. 2002). For cosmic rays produced
by sources in the Galactic disk such as the SNR-CRs,
the effect of winds on their transport is expected to be
negligible above a few GeV as the transport is expected to
be dominated mainly by the diffusion process. However,
Galactic winds can lead to the production of an additional
component of cosmic rays which can dominate at high
energies. Galactic winds, which start at a typical velocity
of about few km/s near the disk, reach supersonic speeds at
distances of a few tens of kpc away from the disk. At about
a hundred kpc distance or so, the wind flow terminates
resulting into the formation of termination shocks. These
shocks can catch the SNR-CRs escaping from the disk
into the Galactic halo, and re-accelerate them via the
diffusive shock acceleration process. The reaccelerated
cosmic rays can return to the disk through diffusive
propagation against the Galactic wind outflow. For an
energy dependent diffusion process, only the high-energy
particles may be effectively able to reach the disk.

To obtain the contribution of GW-CRs, we will first cal-
culate the escape rate of SNR-CRs from the inner diffusion
boundary, then propagate the escaped cosmic rays through
the Galactic wind region, and calculate the cosmic-ray flux
injected into the Galactic wind termination shocks. The es-
caped flux of SNR-CRs from the diffusion boundary, Fesc,
can be calculated as,

Fesc = [D∇N ]z=±L =

[

D
dN

dz

]

z=±L

, (5)

where N(z, p) is given by Equation 3. Equation 5 assumes
that cosmic rays escape only through the diffusion bound-
aries located at z = ±L. Under this assumption, the total
escape rate of SNR-CRs is given by,

Qesc = Fesc × 2Aesc, (6)

where Aesc = πR2 is the surface area of one side of the
cylindrical diffusion boundary which is assumed to have
the same radius as the Galactic disk, and the factor 2 is to
account for the two boundaries at z = ±L. The propaga-
tion of the escaped SNR-CRs in the Galactic wind region
is governed by the following transport equation:

∇.(Dw∇Nw − VNw) +
∂

∂p

{

∇.V

3
pNw

}

= −Qescδ(r), (7)

where we have assumed a spherically symmetric geometry
characterised by the radial variable r, Dw represents the
diffusion coefficient of cosmic rays in the wind region which
is taken to be spatially constant, Nw(r, p) is the cosmic-
ray number density, V = Ṽ rr̂ is the wind velocity which
is assumed to increase linearly with r and directed radially
outwards, Ṽ is a constant that denotes the velocity gradi-
ent, and Qesc(p) is given by Equation 6. The exact nature of
the Galactic wind is not known. The spatial dependence of
the wind velocity considered here is based on the model of
magnetohydrodynamic wind driven by cosmic rays, which
shows that the wind velocity increases linearly with dis-
tance from the Galactic disk until it reaches an asymptotic
value at a distance of around 100 kpc (Zirakashvili et al.
1996). The second term on the left-hand side of Equation
7 represents the loss of particles due to advection by the
Galactic wind, and the third term represents momentum
loss due to the adiabatic expansion of the wind flow which
is assumed to be spherically symmetric. In writing Equa-
tion 7, considering that the size of the wind region is much
larger than the size of the escaping region of the SNR-CRs,
we neglect the size of the escaping region and consider Qesc

to be a point source located at r = 0. By solving Equation
7 analytically, the density of cosmic rays at distance r is
given by (see Appendix A),

Nw(r, p) =

√

Ṽ p2

8π3/2

∫ ∞

0
dp′

Qesc(p′)
[

∫ p′

p uDw(u)du
]3/2

× exp



−
r2Ṽ p2

4
∫ p′

p uDw(u)du



 . (8)

From Equation 8, the cosmic-ray flux with momen-
tum/nucleon p at the termination shock is obtained as,

Fw(p) =

[

−Dw
∂Nw

∂r
+ VNw

]

r=Rsh

, (9)

where Rsh represents the radius of the termination shock.
The total rate of cosmic rays injected into the termination
shock is given by,

Qinj(p) = Fw(p)×Ash, (10)

where Ash = 4πR2
sh is the surface area of the termination

shock. Assuming that only a certain fraction, ksh, partic-
ipates in the re-acceleration process, the cosmic-ray spec-
trum produced by the termination shock under the test
particle approximation can be written as (Drury 1983),

Qsh(p) = γp−γ exp

(

−
Ap

Zpsh

)
∫ p

p0

kshQinj(u)u
γ−1du, (11)
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents EG-CRs, and the thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra
for the individual elements. For the SNR-CRs, an exponential energy cut-off for protons at Ec = 4.1 × 106 GeV is assumed. See
text for the other model parameters. Data are the same as in Figure 2.

based on the observed all-particle spectrum between ∼ 108

and 109 GeV. For C/He = 0.1, we obtain an injection en-
ergy of 1.3 × 1049 ergs into helium nuclei from a single
supernova explosion and a proton source spectrum cut-
off of 1.8 × 108 GeV, while for C/He = 0.4, we obtain
9.4 × 1048 ergs and 1.3 × 108 GeV respectively. For both
the progenitor wind compositions, the total amount of en-
ergy injected into cosmic rays by a single supernova explo-
sion is approximately 5 times less than the total energy

injected into SNR-CRs by a supernova explosion in the
Galaxy. The total WR-CR spectrum for the C/He = 0.1
case is dominated by helium nuclei up to ∼ 109 GeV, while
for the C/He = 0.4 case, helium nuclei dominate up to
∼ 2× 108 GeV. At higher energies, carbon nuclei dominate.
One major difference of the WR-CR spectra from the GW-
CRs spectrum (Figure 3) is the absence of the proton com-
ponent, and a very small contribution of the heavy elements
like magnesium, silicon and iron. Another major difference
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents EG-CRs, and the
thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra for the individual elements. For
the SNR-CRs, an exponential energy cut-off for protons at Ec = 3× 106 GeV is assumed. See text for the other model parameters.
Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(×1049 ergs) f(×1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11× 10−2 0.73× 10−2

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

12 will lead to further suppression of the flux at low ener-
gies. But, at energies of our interest, i.e., above ∼ 107 GeV,
the result will not be significantly affected as the particle
diffusion time, tdif = R2

sh/(6Dw), is significantly less than
the adiabatic energy loss time, tad = 1/Ṽ = 6.52× 107 yr.
The steep spectral cut-offs at high energies are due to the
exponential cut-offs introduced in the source spectra.

3.2. Cosmic rays from Wolf-Rayet star explosions (WR-CRs)

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova
shock in such a field can lead to particle acceleration of en-

ergies up to ∼ 3 × 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.,
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = ν̄0H[R − r]H[p − p0]Q(p), where ν̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of ∼ 1200 in the Galaxy and an average
lifetime of ∼ 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of ∼ 1 Wolf-Rayet explosion
in every 210 years. This corresponds to ∼ 1 Wolf-Rayet ex-
plosion in every 7 supernova explosions occurring in the
Galaxy. The propagation parameters for the WR-CRs in
the Galaxy are taken to be the same as for the SNR-CRs.

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
different compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of different elements with re-
spect to helium for the two different wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into different elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents EG-CRs, and the
thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra for the individual elements. For
the SNR-CRs, an exponential energy cut-off for protons at Ec = 3× 106 GeV is assumed. See text for the other model parameters.
Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(×1049 ergs) f(×1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11× 10−2 0.73× 10−2

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

12 will lead to further suppression of the flux at low ener-
gies. But, at energies of our interest, i.e., above ∼ 107 GeV,
the result will not be significantly affected as the particle
diffusion time, tdif = R2

sh/(6Dw), is significantly less than
the adiabatic energy loss time, tad = 1/Ṽ = 6.52× 107 yr.
The steep spectral cut-offs at high energies are due to the
exponential cut-offs introduced in the source spectra.

3.2. Cosmic rays from Wolf-Rayet star explosions (WR-CRs)

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova
shock in such a field can lead to particle acceleration of en-

ergies up to ∼ 3 × 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.,
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = ν̄0H[R − r]H[p − p0]Q(p), where ν̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of ∼ 1200 in the Galaxy and an average
lifetime of ∼ 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of ∼ 1 Wolf-Rayet explosion
in every 210 years. This corresponds to ∼ 1 Wolf-Rayet ex-
plosion in every 7 supernova explosions occurring in the
Galaxy. The propagation parameters for the WR-CRs in
the Galaxy are taken to be the same as for the SNR-CRs.

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
different compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of different elements with re-
spect to helium for the two different wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into different elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents EG-CRs, and the thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra
for the individual elements. For the SNR-CRs, an exponential energy cut-off for protons at Ec = 4.1 × 106 GeV is assumed. See
text for the other model parameters. Data are the same as in Figure 2.

based on the observed all-particle spectrum between ∼ 108

and 109 GeV. For C/He = 0.1, we obtain an injection en-
ergy of 1.3 × 1049 ergs into helium nuclei from a single
supernova explosion and a proton source spectrum cut-
off of 1.8 × 108 GeV, while for C/He = 0.4, we obtain
9.4 × 1048 ergs and 1.3 × 108 GeV respectively. For both
the progenitor wind compositions, the total amount of en-
ergy injected into cosmic rays by a single supernova explo-
sion is approximately 5 times less than the total energy

injected into SNR-CRs by a supernova explosion in the
Galaxy. The total WR-CR spectrum for the C/He = 0.1
case is dominated by helium nuclei up to ∼ 109 GeV, while
for the C/He = 0.4 case, helium nuclei dominate up to
∼ 2× 108 GeV. At higher energies, carbon nuclei dominate.
One major difference of the WR-CR spectra from the GW-
CRs spectrum (Figure 3) is the absence of the proton com-
ponent, and a very small contribution of the heavy elements
like magnesium, silicon and iron. Another major difference
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