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Origin of cosmic rays

• Likely diffusive shock 
acceleration in Supernova 
remnants below ~1015 eV 

• Extragalactic above ~1019 eV 
Active Galactic Nuclei ? 

• Transition region ? 
Supernova Remnants of Wolf-
Rayet stars ? 

• Measure mass composition!

Galactic

extra  
galactic

transition?

2



Origin of cosmic rays

• Likely diffusive shock 
acceleration in Supernova 
remnants below ~1015 eV 

• Extragalactic above ~1019 eV 
Active Galactic Nuclei ? 

• Transition region ? 
Supernova Remnants of Wolf-
Rayet stars ? 

• Measure mass composition!

Galactic

extra  
galactic

transition?

2



Origin of cosmic rays

• Likely diffusive shock 
acceleration in Supernova 
remnants below ~1015 eV 

• Extragalactic above ~1019 eV 
Active Galactic Nuclei ? 

• Transition region ? 
Supernova Remnants of Wolf-
Rayet stars ? 

• Measure mass composition!

Galactic

extra  
galactic

transition?

2



Origin of cosmic rays

• Likely diffusive shock 
acceleration in Supernova 
remnants below ~1015 eV 

• Extragalactic above ~1019 eV 
Active Galactic Nuclei ? 

• Transition region ? 
Supernova Remnants of Wolf-
Rayet stars ? 

• Measure mass composition!

Galactic

extra  
galactic

transition?

2



fluorescence light 
Pierre Auger Observatory, 
Telescope Array, …

radio detection 
LOFAR,  AERA, Tunka-rex, …

How to measure the mass?
Atmospheric depth of shower maximum Xmax

Two independent techniques with very different systematic uncertainties



LORA
LOFAR Radboud Array

scintillator detectors

Low Band Antennas (LBA)
30 - 80 MHz

trigger

buffer: 2ms readout 

Superterp:
* diameter ~ 300 m
* 20 LORA detectors
* 6 LBA stations  
  (= 6 x 48 antennas)

Around superterp:
* more LBA stations
* NEW: +20 LORA detectors
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ID 86129434

zenith 31 deg
336 antennas
χ2 / ndf = 1.02

30-80 MHz

SB et al. (2014)

circles: 
pulse power in  
LBA antennas

background: 
simulated power 

CORSIKA/CoREAS

• Radio patterns not 
rotationally 
symmetric! 

• Interference 
between 
geomagnetic and 
charge excess 
radiation. 

• Excellent agreement 
data & simulation 
for intensity, 
polarization, and 
frequency spectrum 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Cosmic Ray Mass Composition

Xmax reco = 612 g/cm2

• For each simulated shower the 2D radiation 
pattern is fitted to data 

• Reconstruct depth of shower maximum 
Xmax 

• Same Monte Carlo sets  
are used to remove bias  
towards deep (Iron-like)  
or shallow (=proton-like)  
showers.
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Event-specific atmospheres
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• Correction for pressure is 
important.

• Linear correction is not sufficient at
lower pressure.

• full GDAS-based simulations 
required.

Mean Xmax vs ground 
pressure

Introduction 

Radio emission from air shower: 
 
Charge excess           Geomagnetic 
 Polarized radially              Polarized linearly 
 along vxB                         along vxB 

              Radio footprint: 
 
• Depends mainly on the distance from 

the Xmax. 
• Size correlated to the mass of primary.  
 

 

Proton shower : Xmax= 794 g/cm2    Ironshower: Xmax= 573 g/cm2 
Energy E= 2 x 108 GeV,  zenith = 49o 

Mass composition studies with LOFAR: 

•   Hadronic interaction model 
~  5 g/cm2. 

• Zenith angle dependence  ~  8 
g/cm2. 

•  Atmospheric effect and index  
of refraction ~ 10 g/cm2 

              LOFAR 
• Radio antenna array in 

Northern Europe. 
• 6 central stations in the 

Netherlands. 
• Low Band Antennas: 10-90 

MHz . 
• CR energy ~106-108  eV. 

Detailed atmospheric 
models need to be 
included in EAS 
simulation codes like 
CORSIKA / CoREAS 
instead of US Std 
atmosphere  for 
better precision of 
Xmax. 

Does the Radio Emission of Cosmic Rays  
Depend on the Weather? 

The Effect of the Atmospheric Refractive Index on the Radio Signal of EAS with GDAS 
 
 
a 

Effect of Refractive Index  on Radio Footprint 

Real Atmosphere with GDAS 

      Systematics 

Higher value of N translates to larger 
Cherenkov angle; measured size of 
footprint corresponds to lower 
altitude of emission thus higher Xmax                     

10% higher N underestimates  Xmax 
by 17g/cm2 

                   
          Simulations with CoREAS 
 
• Two ensembles each consisting of  

50 showers are compared 
  1. One with default N used in CoREAS         
  2. Other with 10% higher N 

 
• One shower from ensemble 2 was 

taken out as test and lateral distribution 
was fitted with all of 1 

  
• A mean squared error used as fit quality 

measure and fitted to parabola, minimum 
gives best fit value. 

 

The offset in Xmax for 10% higher 
N as a function of distance to 
Xmax at different zenith angles 
for LOFAR low band frequency 
range (30-80 MHz) ~ 9-18 g/cm2 
    
 

• Global Data Assimilation System (GDAS) is developed at NOAA/NECEP. 
 
• Provides 3 hourly data based on the interpolation of meteorological 

measurements taken from all over the world packed on a global  
   1°-spaced latitude-longitude grid (180° by 360°) . 
 
• Atmospheric parameters like temperature, humidity are given for 23           

constant pressure levels complemented by surface data. 
 

• Atmospheric refractivity can be calculated from  : 
                    𝐍 = 𝟕𝟕. 𝟔𝟖𝟗

𝐩𝐝𝐫𝐲

𝐓
+ 𝟕𝟏. 𝟐𝟗𝟓𝟐

𝐩𝐰

𝐓
+ 𝟑𝟕𝟓𝟒𝟔𝟑

𝐩𝐰

𝐓𝟐 
 

Relative humidity profile obtained from GDAS 
for few different events at LOFAR; data 
shows huge variance. 

Relative refractivity profile  for 100 
different CR events recorded at 
LOFAR; 3-5 % variation at 5-8 km 

                 Implementation of GDAS to CORSIKA/CoREAS 

Density profile for an arbitrary event.   
Rms values of relative density between data and                                  
fit as a measure of fit quality 

Discussions and Outlook 

• Variations in atmospheric refractive index gives rise to one of the major 
systematic uncertainties in Xmax. 
 

• Typically 4% increase in refractivity translates to the offset  in Xmax ~ 3-11 g/cm2 
for the frequency range 30-80 MHz. 
 

• A toy model based on the emission along Cherenkov angle describes the effect of 
higher refractivity on radio footprint qualitatively especially for higher frequency 
(110-250 MHz). 
 

• GDAS atmospheric profiles, compatible to be used for any location on earth 
will be included in the future release of CORSIKA/CoREAS. 
 

• Work in progress for re-evaluating LOFAR simulations for Xmax measurements    
with modified atmosphere.  
 
 

 
         Long story short: The answer  is – “yes” !! 
 

 
 

 

      Cherenkov model 

• Radio signal is compressed in time.  
• Emission is maximum along Cherenkov angle - cosα  = 1/βn . 
• Rrefractivity is defined as N= (n-1)x106 . 
• Assumptions: a) radiation is produced near Xmax  
                           b) footprint size scales with distance to  Xmax          
                               and Cherenkov angle. 
  

CORSIKA 
(Particles) 

CoReas 
(Radio) 

Atmosphere 
 
 Density Refractive Index 

               CORSIKA: 
¾ Fit layered atmosphere model to 
     GDAS data with continuity  
     at layer boundary. 
¾ Feed fit parameters unto 

simulation. 

COREAS: 
¾ Replace calculation of refractive 

 index with look-up of table. 
¾ Read refractivity table from file. 

CORSIKA 
 
NEW: CORSIKA Option in 
 cfg file: 
 ATMF  Atmosphere.dat` 
If present, reads atmosphere 
layer parameters from  
Atmosphere.dat for corsika 
and tabulated refractive 
index for corsika 
 

CoReas 
 

Replace on-the-fly  
calculation of 
 refractive index with look 
up from table 

 
 
 
 
 

File: Atmosphere.dat 
 
 
 

Atmosphere 
Layer Definitions 

New program (python): 
gdastool Tabulated  

Refractive Index 

creates 

reads 

calls 

P. Mitra*, A. Corstanje, A. Bonardi, S. Buitink, H. Falcke, B. M. Hare, J. R. Hörandel, K. Mulrey, A. Nelles, J. P. Rachen,  
L. Rossetto, P. Schellart, O. Scholten, G. Trinh, S. ter Veen., S. Thoudam, T. Winchen 

Email: pragati.mitra@vub.ac.be 

S. Buitink et al., 

A. Corstanje et al., 

• Refractive index of air depends on weather ➜ effect on 
Xmax reconstruction 

• GDAStools reads online weather database ➜ builds air 
density & refractive index profiles for CORSIKA 
now bundled in CORSIKA download, also used for gamma-ray telescopes 

• Each LOFAR shower is simulated with unique 
atmosphere

error w.r.t. US stdA 
error after linear correction

P. Mitra et al 2021

A. Corstanje et al 2017
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S. Buitink et al., 

A. Corstanje et al., 

• Refractive index of air depends on weather ➜ effect on 
Xmax reconstruction 

• GDAStools reads online weather database ➜ builds air 
density & refractive index profiles for CORSIKA 
now bundled in CORSIKA download, also used for gamma-ray telescopes 

• Each LOFAR shower is simulated with unique 
atmosphere

error w.r.t. US stdA 
error after linear correction

Important correction for low pressure days 

P. Mitra et al 2021

A. Corstanje et al 2017
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Energy calibration
• Calibration on Galactic background radiation; syst. uncertainty ~14% below 77 MHz  

In development: portable radio array for energy-scale calibrations between experiments (K. Mulrey) 

• Agreement between independent energy scales radio ↔ particle

K. Mulrey et al 2019 K. Mulrey et al 2020



Mass composition 2021

• Results

A. Corstanje et al 2021
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Cosmic Ray Mass Composition

TALE

Corstanje et al 2021 
Pierre Auger Observatory ICRC 2021 

Agreement between LOFAR and TALE  
(= Low energy extension of the Telescope Array)

Agreement between Auger fluorescence detectors  
and radio array (AERA)
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LOFAR mass composition
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Upgrade, upgrade, upgrade!
• LOFAR 2.0: possibility to run cosmic ray 

observations with low+high band continuously  
increased observation time  

• Expansion of the LORA trigger array 
increased observation area 

• Development of hybrid trigger (radio + particle) 
increased data purity 

1.5 km
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Hybrid trigger system

Proton

Iron

Preferred trigger

Current trigger

Particle trigger 
       

   High rate with low trigger threshold 
   Composition bias at low energies 
   Guaranteed cosmic ray

Radio trigger 

     

   Flooded with RFI 
   Ensures a usable CR signal

Cosmic ray 

good radio signal  

RFI rejection 

Reduced trigger  
threshold

+

+

+

-
-

-
+

+
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Shape of longitudinal evolution

• LOFAR reconstructs Xmax with 
precision < 20 g/cm2 

• Longitudinal development can be 
parametrised with R/L parameters 

• Radio signal is sensitive to L 
(P. Mitra, thesis)

R

L
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Why measure L?
Chapter 4. Shape parameters 58

Figure 4.6: The average Xmax�L profile with the average mass < ln(A) >. Each
point was generated averaging 5000 CONEX showers. The color gradient darkens
towards higher mass. The orange color represents simulations with QGSJETII.04
(top plot), the blue color for SIBYLL2.3c, and green for EPOS-LHC (bottom
plot).Two di↵erent energy scenarios for 1017 eV and 1018 eV are shown. Due to
a large overlap between the profiles with QGSJETII.04 and EPOS-LHC they are
shown separately along with SIBYLL2.3c.

• Shower length L depends on:  
- mass composition 
- hadronic interaction model 

• Disentangle astrophysics and 
hadronic physics! 
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Can LOFAR measure L?

• LOFAR: fit quality depend on L 

• Not yet possible to simultaneously 
reconstruct Xmax and L 

• Needed (1): faster, smarter simulation 
code 

• Needed (2): more homogeneous array 
with extended bandwidth

16



Template Synthesis 
• Template shower = full simulation (CORSIKA/ 

CoREAS) 

• Atmosphere divided in slices of 5 g/cm2 

• Calculate radio signal per slice 

• Target shower = created by rescaling slices 

• Scaling relations depend on shower 
parameters & geometry 

• Now works for vertical showers

17

Slicing of	the atmosphere.	Figure taken	from:	Butler,	D.	(2020)	
“The	Radio	Signal	 of	Cosmic	 Ray	Air	Showers	and	its	Synthesis	
through	Templates”	[Unpublished	 PhD	thesis].	Karlsruhe	Institute	
of	Technology	(KIT).
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Rescaling in action

M. Desmet et al (in prep)

20-500 MHz



The Square Kilometer Array
• SKA-low is the 50-350 MHz part in Australia 

• Almost 60,000 antennas (LPDA) 

• Extremely high density & homogeneous 
coverage 
most precise radio observations of air 
showers ever

Prototype @MRO (256 antennas)

CoREAS simulation for SKA footprint
Corstanje et al (in prep)19
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The LOFAR NuMoon project

Galactic

extra  
galactic

transition?

Is there anything here?
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1020 - 10?? eV: Moon = 107 km2 detector area

CR/neutrino

radio flash
ns scale!

2

Tobias Winchen - Lunar Detection of Cosmic Particles

The LOw Frequency ARray

 Fully digital radio telescope

 48+ Stations throughout Europe

 Dense core of 24 stations in the Netherlands

- 96 Low-Band (10 – 90 MHz) antennas 

- 768 High-Band (110 – 240 MHz) antennas

LBA antennas HBA tiles of 4x4 antennas

7

Tobias Winchen - Lunar Detection of Cosmic Particles

Resulting Central Beam

● Strong suppression beyond 3 deg from moon
● Complex sidelobes on moon

Simulation Simulation

Stations: CS003, CS013, CS030, CS031, CS501

Observations with GPU cluster 

- HBA antennas (110-240 MHz) 
- Beamforming: add antenna signals 

with phase shifts to gain sensativity to 
spot on Moon 

- trigger on pulses from that spot
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Observing at low frequencies
• At low frequencies (~ 100-200 MHz) the spread of 

emission around Cherenkov angle is larger 

• Better chance for radiation to escape the Moon

Emission patterns

1.5 GHz

150 GHz

Moon

Vacuum

Godwin Krampah 24
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Expected sensitivity (200 hrs)

• Currently testing observation pipeline on first 5-minute observation run (Godwin Krampah)
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Cosmic rays Neutrinos

T. WinchenT. Winchen



Future of hyperdense radio arrays

• Potential to disentangle astrophysics & hadronic physics: measure L 

• New simulation approaches: fast & accurate  

• Mass composition in transition region with LOFAR 2.0 + SKA 

• New constraints on hadronic interactions in showers. 

• Most sensitive search for CRs and neutrinos > 1021 eV with LOFAR 2.0
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