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Cosmic	Ray	Detection	at	LOFAR

300 m

• LOFAR Radboud Array
• scintillator detectors
• Provides trigger for 

antenna readout

6 LBA stations (6 x 48 antennas)
+ stations outside Superterp

buffer
2 ms read-out

offline analysis

trigger

P. Schellart et al., A&A 560, 98 (2013)

• RFI cleaning
• direction reconstruction
• antenna pattern unfolding
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1.	Improved	frequency	calibration

See talk Katie Mulrey on Saturday (CRI session 8)  /  K. Mulrey et al., Astropart.Phys 111 (2019) 1-11

LFmap
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30	Mhz 80	MHz
30	Mhz 80	MHz

Galaxy vs	reference	source



2.	Absolute	radio	energy	calibration	
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See talk Katie Mulrey on Saturday (CRI session 8)
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LORA	scintillator	array

Systematic	uncertainty	on	radio	energy	14%
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• CoREAS:	Simulate	~	30	showers	per	event,	spanning	Xmax range
• Fit	chi-squared	as	function	of simulated	Xmax: optimum
• State-of-the-art	resolution	of	<	20	g/cm2

• Fit	now	uses	only	radio	data

3.	Xmax reconstruction	now	independent	from	particle	
detectors



4.	Matching	footprints	with event-specific	atmospheres
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Reconstructing air showers with LOFAR using event 
specific GDAS atmospheres

Effect of atmosphere on shower development

   Implementation of GDAS     
in CORSIKA/CoREAS

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

● Limitation: toy model, only local refractivity considered, 
integrated RI between emission point and observer is required.

                    

CORSIKA
(Particles)

CoReas
(Radio)

Atmosphere

Density
Refractive 

Index

               CORSIKA:
● Fit layered atmosphere model to

     GDAS data with continuity 
     at layer boundary.

● Feed fit parameters into the 
simulation.

COREAS:
● Replaces calculation of 

refractive index with look-up  
table.

● Read refractivity table from 
file.

     CORSIKA

New option in CORSIKA 

keyword ATMF:Atmosphere.dat

    CoREAS

Reads refractive index 
from lookup table

     File:atmosphere.dat
Atmosphere

Layer 
Definitions

New program (python): gdastool
(inputs:utctimestamp,coordinat
es etc)

Tabulated 
Refractive Index

creates

reads

calls

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

Radio emission from air shower:

Geomagnetic                  Charge excess
linearly polarized,                   linearly polarized,
along vXB                                      radially to shower axis

   Radio footprint:

• Depends mainly on the 
distance from the Xmax.

• Size correlated to the mass of 
primary. 

 Proton shower : Xmax= 794 g/cm2  Iron shower: 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.
• Core of 24 stations in the Netherlands
• Superterp: 6 central stations .
• Low Band Antennas: 30-80 MHz .
• CR energy ~ 1016-1018 eV.

    Systematic Uncertainties
         Atmospheric effects:
● Dedicated simulation sets used in 

LOFAR for each detected shower.

● Inclusion of detailed
atmospheric profiles at the time 
of observation in EAS simulation 
codes CORSIKA / CoREAS are 
important for  precise 
reconstruction of Xmax.

Knowledge about atmospheric parameters like pressure, temperature 
and humidity are important for  calculating:

1. Refractive index (RI) of air:
● Causes highly time-compressed radio signal on ground for 

observers located at corresponding cherenkov angle.
● Cherenkov angle sensitive to RI.
● In the radio frequency regime RI increases with higher humidity.
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for same shower

 2. Accurate mass overburden at          
shower maximum.

            GDAS atmospheric profiles

 Global Data Assimilation System:
●  Database of atmospheric data used for weather forecasting. 
●  1°x1°, data in 3 hour grid.  
●  Data for 23 constant pressure levels over the atmosphere.
●  Altitude profiles of temperature, pressure, humidity.
●  Density and refractive index are calculated to be used in

    the simulations. 

                        Atmospheric profiles at LOFAR:

‘gdastool’ available for public use as of CORSIKA version 7.6300

           Results and discussion

● Analysed LOFAR data with GDAS atmospheres.

● Compared between 3 different simulation sets.

Effects of humidity on radio fluence:

Lateral distribution profiles for a 1017 eV proton shower coming from 45o zenith and Xmax=593 g/cm2 

compared between two different atmospheric profiles with zero and high humidity.

Effects of humidity on reconstructed Xmax:

● Monte Carlo study between sets with high-low humidity
● Difference between reconstructed and real Xmax estimates

for the effect of humidity.

Mean relative N profile for 100 different 
atmospheric conditions ; ΔNrelative= (NGDAS- NUS)/NUS

Difference in atmospheric depth XGDAS-Xus 
profile for 8 different atmospheric conditions.  

Conclusions:

● GDAS based atmospheric parameters are implemented in CORSIKA.
● Program available for public use.
● Proper treatment of refractive index and mass overburden and density.
● Full GDAS based atmosphere is more accurate over an existing linear 
atmospheric correction for cases with very low ground pressure.
● Effects of humidity on radio profiles are studied; effects are stronger 
at higher frequencies.

● Comparison between  reconstructed Xmax with GDAS 
atmospheres and  the linear atmospheric correction

● For bulk of the events both agree well , ΔXmax~ 2 g/cm2

● For cases with very low ground pressure, the linear 
correction is not sufficient,  ΔXmax~15 g/cm2

         Low frequency band: 30-80 MHz                                                                    High frequency band: 50-350 MHz

                       Low frequency band: 30-80 MHz                              High frequency band: 50-350 MHz

higher  RI: 
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higher

  

standard RI: 
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Xmax 

α
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 actual Xmax

S.Buitink et.al,Nature,531:70,2016 

                           Low frequency band: 30-80 MHz                                    High frequency band: 50-350 MHz

C.Glaser et al,arXiv:1706:01451[astro.ph.IM]

A.Corstanje et al, arXiv:1701.07338v1

Set-B
 US stdA + 

CORSIKA v-7.4385

 
    Set-C
 US stdA + 

  atm corr. +
CORSIKA v-7.4385

Set-A
 GDAS atm. + 

CORSIKA v-7.6300

In the high frequency regime :
● Cherenkov like effects are stronger.
● The signal has higher sensitivity to RI.
● Effects of humidity (via RI) are prominent.

Reconstructing air showers with LOFAR using event 
specific GDAS atmospheres

Effect of atmosphere on shower development

   Implementation of GDAS     
in CORSIKA/CoREAS

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

● Limitation: toy model, only local refractivity considered, 
integrated RI between emission point and observer is required.
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In the high frequency regime :
● Cherenkov like effects are stronger.
● The signal has higher sensitivity to RI.
● Effects of humidity (via RI) are prominent.

• Use	GDAS	to	make	atmospheric	profile	
(density	&	index	of	refraction)	for	each	
shower

• ‘gdastool’	shipped	with	CORSIKA	now!

• Previous	analysis	used	linear	correction	for	
changing	air	pressure

• Residual	errors	of	~	15	g/cm2 for	days	of	
very	low	air	pressure	
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In the high frequency regime :
● Cherenkov like effects are stronger.
● The signal has higher sensitivity to RI.
● Effects of humidity (via RI) are prominent.

Difference	w.r.t.	US	StdA
Difference	w.r.t.	previous	analysis

See poster Pragati Mitra on Tuesday Poster Session 3 (CRI)



Avoiding	a	composition	bias
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Low	Xmax (high	up)
Lower	particle	density	on	
the	ground
(may	not	trigger	LORA)

High	Xmax (close	to	ground):	
radio	footprint	is	small
(may	not	trigger	3	LOFAR	stations)

Criterion:

• Each	measured	shower	must	be	able	to	
trigger	both	LORA	and	LOFAR,	would	it	
have	any	other	Xmax level	within	natural	
range

• 196	showers	included



Test	for	residual	bias
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Particle	flag	removes	mostly	
inclined and	deep events	

Higher	altitude	counterparts	
(heavy	nuclei)	would	not	have	
triggered	LORA

Radio	flag	removes	mostly	
vertical and	shallow	events

Lower	altitude	counterparts	(light	
nuclei)	would	have	a	footprint	
that	is	too	small



Test	for	residual	bias
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Slope	of	linear	fit
0.14	+/- 0.4

• Consistent	with	zero

Constant	fit:	uncertainty	
3.2	g/cm2



Results:	average	Xmax for	196	events	

10from	A.	Corstanje (2019),	PhD	thesis

PRELIMINARY



Future:	increasing	statistics
• Added 20	scintillators	at	

neighboring	stations
• Expect	45%	increase	in	events
• Lower	energy	threshold	(~	1016.5	eV)

First	data	fall	2019
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• Hybrid	trigger:	trigger	on	
particle	+	radio	for	bias-free	
composition	down	to	at	least	
1016.5 eV

• LOFAR	2.0:
100%	duty	cycle	
low	band	(30-80	MHz)	
+	high	band	(110-190	MHz)

See poster Katie Mulrey on Tuesday Poster Session 3 (CRI)



• 1.	Improved	frequency	calibration	✔
• 2.	Absolute	radio	energy	✔
• 3.	Xmax reconstruction	independent	of	particle	detectors	✔
• 4.	Event-specific	GDAS	atmospheres	✔
• 5.	Investigate	possible	biases	✔…

• 6.	Expansion	of	LORA in	progress:	first	data	fall	2019

• 7.	Hybrid	trigger in	progress

• 8.	LOFAR	2.0 implementation	of	100%	duty	cycle	LBA+HBA:	2019-2023

Conclusions	&	outlook
Reducing	systematic	uncertainties	[	energy	14%,	Xmax 7	g/cm2	]	

Increasing	statistics	+	lowering	energy	threshold
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Systematic	uncertainties

Xmax:

• Choice	of	hadronic	interaction	model: 5	g/cm2

(for	Xmax reconstruction)

• Remaining	uncertainty,	atmosphere ~	1	g/cm2 2	g/cm2

• Atmospheric	uncertainty	(5-layer	Corsika): 2	g/cm2 4	g/cm2

• Possible	bias,	from		<Xmax>	vs zenith: 4	g/cm2

Total,	added	in	quadrature: 7 g/cm2

Energy: 14 %	 10 %
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