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instrument exposure even further30. As a comparison, plastic scintilla-
tor arrays (like AGASA, or the Telescope Array in Utah, see below)
typically limit their reconstructed events up to 45u.

Evidence for the GZK suppression
Results recently published by the Auger Collaboration11 report the
existence of a deficit of cosmic rays at the highest energies. Still, this
result alone is not enough as to prove that the GZK suppression has
been observed. It could be that the energy spectrum is limited by the
maximum energy available at the cosmic-ray acceleration sites.

When the evidence on the deficit in the flux of cosmic rays is put
together with the energy at which the correlation with nearby extra-
galactic objects28 sets in, one could then argue that the GZK suppres-
sion has been observed. If objects beyond an approximate distance of
75 Mpc were to be included in the analysis, the correlation would very
rapidly diminish.

Although both HiRes and the Pierre Auger Southern Observatory
have observed a suppression in the cosmic-ray flux above an energy
of approximately 4 3 1019 eV, differences still exist in the measured
spectrum index and the overall energy normalization. The energy
scales of these two observatories differ by about 17% (ref. 31).

The sources
One of the main questions to be answered regarding UHECRs is how
these particles can be accelerated to such energies. The size of the
acceleration region and the magnetic field present in it must follow a
relation, usually represented in a Hillas plot like that shown in Fig. 4.
Only a few astrophysical objects could then be potential sources.

Arguably, the most relevant recent observation has been the dis-
covery of a correlation between cosmic-ray arrival directions and
nearby extragalactic objects12,28. The correlation found in the Pierre
Auger Southern Observatory data becomes significant for cosmic
rays above 5.7 3 1019 eV and AGN within 75 Mpc. With those

parameters, 20 events (out of a total of 27) lie within 3.1u from an
object listed in the Veron-Cetty-Veron catalogue32.

AGN have traditionally been considered as possible candidates for
cosmic-ray acceleration sites. However, any other astrophysical object
close enough to Earth to avoid the GZK suppression, with a spatial
distribution similar enough to that of AGN, could be the source.

The AGN hypothesis seems to be supported by the correlation
found between the arrival direction of cosmic rays reported by the
Auger Collaboration12 and the positions of the Swift hard X-ray cata-
logue of AGN, when weighted by the X-ray flux and constrained to
distances less 100 Mpc (ref. 33). At the same time, using the same
events measured by the Pierre Auger Southern Observatory, a correla-
tion was also found with the HIPASS catalogue of H I spiral galaxies
(when weighted by their H I flux)34. The latter results do not contradict
the correlation found with AGN, as all these objects trace the distri-
bution of matter. The hypothesis of H I galaxies as cosmic-ray sources
is interesting, as it would explain the lack of events from the Virgo
cluster (which is not rich in H I galaxies).

HiRes members have searched their data for correlations35 based
on the Pierre Auger Southern Observatory parameters, and their
analysis does not support the result published by the Auger
Collaboration. Reference 31 shows that if corrected by the energy
mismatch between both experiments, HiRes would have only 5
events in their stereo data sample, which might not be enough as
to establish or reject any correlation.

Open questions
Despite having measured a suppression in the spectrum compatible
with the GZK suppression and arrival direction anisotropies (or
perhaps because of those facts), some exciting and intriguing questions
still remain to be solved.
Sources and acceleration models. Nearby extragalactic objects have
been found to correlate with the arrival direction of cosmic rays, but it
is not yet possible to study the energy spectrum of individual sources.
Such a spectrum would lead to a better understanding of acceleration
processes at the sources. At the same time, the search for other poten-
tial sources should continue. Cosmic rays could be generated by
different astrophysical objects.
Energy spectrum. The GZK suppression is produced by the inter-
action of nucleons with photons, at energies higher than 4 3 1019 eV.
At energies higher than 3 3 1020 eV, the interactions become much
less probable. Hence, cosmic rays with those energies could propagate
almost undisturbed through space, allowing the study of the Universe
at extreme energies. This feature, predicted by quantum physics, is
known as the ‘GZK recovery’. Observing it would prove quantum
physics at an energy range that has not been explored before. The lack
of a GZK recovery could imply new physics.
Mass composition and particle physics. A very important point to be
studied is the mass composition of cosmic rays. This will either prove
or reject different acceleration and propagation models, which favour
either light or heavy primary particles. Moreover, at these high
energies, cosmic-ray interactions with atoms in the upper atmosphere
are in the range of a few hundred TeV (in the centre of mass frame).
Studies of shower development in the atmosphere (known as elonga-
tion rate) will give an opportunity to unveil features of hadronic
interactions at these energies, which are more than one order of mag-
nitude higher than those achievable by the Large Hadron Collider, the
most powerful human-made particle accelerator36.
Magnetic fields. Magnetic fields could be studied by looking at the
arrival direction pattern of cosmic rays as a function of energy. If
‘strings’ of events were identified, their relative deviation at different
energies would allow us to set limits (or possibly even measure) the
strength of Galactic and extragalactic magnetic fields.

A larger set of events, measured with good resolution, will answer
several questions. As it is true for so many scientific disciplines, the
main problem to be solved regarding the study of UHECRs is obtain-
ing a significantly larger number of events.
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Figure 4 | Hillas diagram. Non-exotic acceleration processes require a
particle to be confined within a region (of size L) where magnetic field shocks
are present (with a field intensity value of B). Once the particle reaches its
maximum energy, then the magnetic field is not able to keep the particle
confined within the acceleration region and the particle escapes. This gives
an approximate value for the maximum achievable energy of Emax 5 BL,
shown as a solid/dashed line for a 1020 eV proton/iron nuclei, respectively.
We show data for a variety of astrophysical objects; only those above the line
can accelerate particles to energies into the GZK region. Crab indicates the
Crab nebula; SNR, supernova remnant, IGM, intergalactic magnetic field.
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Cannot trace back CRs to 
sources due to magnetic fields 
 
 
Hillas criterion for maximum 
energy of particles produced 
by a given source (proportional 
to charge Z) 
 
 
Transition galactic – 
extragalactic origin expected 
between ~ 1017 and 1018 eV  
(in range of LOFAR!) 
First for protons, heavier nuclei 
can reach higher energies 



Pulses	in	LBA	Antennas	
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Air	shower	simula,ons	

Calculate footprint 



Air	shower	maximum	Xmax	
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Heavy particles:  
low Xmax (high up)  
on average  

High Xmax (close to ground):  
radio footprint is smaller 

•  Over-simplified 
•  not only size, also the exact 

footprint shape and strength 
varies – and can be 
measured to constrain Xmax 
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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 works on radio data only 

Matching	simulated	footprints		
to	LOFAR	data	



Matching	simulated	footprints		
to	LOFAR	data	
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•  Simulate ~ 30 showers per event, spanning Xmax range 
•  Reconstruction uncertainty from Monte Carlo procedure 

•  Take simulated showers, add LOFAR noise levels, reconstruct 
with other showers from ensemble 

Air shower dataset: 
 
data points 
(Xmax ± σX, log E ± σlog E) 
 
  
 

x N ~ 350  



Xmax	distribu,ons	for	the	elements	

Statistical challenge 
 
Determine which linear 
combination of these 
curves fits best to the 
measured Xmax set 
 
Determine confidence 
intervals for the element 
fractions 
 
 
•  Challenging, need to 

reduce systematics 
wherever possible! 

 

Fe 

N 

He 
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Problem:  
Syst uncertainty! 

De Domenico et al. (2013) 



Bias-free	sample	selec,on	
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Low Xmax (high up) 
Few particles reach 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 
 



Improving	accuracy		
(reducing	systema,c	uncertain,es)	
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•  Add	local	atmospheric	profiles	to	Corsika	/	CoREAS,	including	
refrac,ve	index	
–  Saves	a	contribu,on	of	4	to	11	g/cm2	(low	to	high	zenith	angle)	

•  More	elaborate	fiducial	selec,on	criteria	
–  Bias	now	bounded,	<	4	g/cm2	

•  AZen,on	to	curve-fi[ng	for	op,mal	Xmax	
–  Reconstructed	Xmax	inside	densely	simulated	region	
–  Saves	contribu,on	of	a	few	g/cm2	

	



Systema,c	uncertain,es	
On	Xmax:	
•  Choice	of	hadronic	interac,on	model:	 	 	5	g/cm2	
						(for	Xmax	reconstruc,on)	
•  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	
For	composi,on	analysis:	
•  Parametrized	Xmax	distribu,ons,	Conex: 	 	5	g/cm2	

		 		 		 	Total,	added	in	quadrature:	 	9	g/cm2 	 		 	20	g/cm2	
	
Energy: 	 	 	 	 	 	 	 	 	 	27	%	 	 	 	10	%	
Syst	uncertainty	from	comparison	to	par,cle	detector	energy	(standalone	later)	
Sta,s,cal	uncertainty:	average	from	radio	data	(improved!	Was	32	%)	
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STAT SYST 



Sta,s,cal	analysis	

– Measurements	take	,me	and	effort	
–  Sta,s,cally	dis,nguishing	Xmax	distribu,ons	is	tricky	

•  Unbinned	maximum	likelihood	analysis	for	op,mal	
dis,nguishing	power	

•  Addi,onal	goodness-of-fit	analysis		
				from	cumula,ve	distribu,on	(i.e.	unique,	no	binning)	
•  Likelihood	ra,o	test	for	confidence	intervals	

14	



Results:	average	Xmax	
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Average of Xmax 
is in line with other 
experiments, 
except Auger 
which finds 
consistently higher 
values 
 
 
 

Figures from A. Corstanje (2019), PhD thesis (to appear this summer) 



Results:	Xmax	histogram	
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Best fit: 
(from unbinned 
statistical analysis) 
 
17 % p 
0   % He 
78 % N 
5   % Fe 
 
Protons and helium 
somewhat 
interchangeable 
 



Results:	goodness	of	fit	
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Unbinned analysis 
gives no goodness of 
fit estimate 
 
Do separately; 
Kolmogorov-Smirnov 
test is a simple method 
for this. 
 
Uses cumulative 
distribution and 
empirical distribution 
(uniquely defined) 
 
Fit quality is good 
 



Results:	protons	vs	helium	
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Within the one-sigma 
(green) contour, 
protons and helium 
can be interchanged, 
in a ratio  
near 1:3 for p:He 
 
Contours show one-
sigma, 95 and 99% 
C.L., respectively 
 



Results:	likelihood	ra,o	test	
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Test statistic for 
likelihood ratio test 
 
Confidence intervals 
defined by having the 
curves above the 
horizontal line 
for the desired C.L. 
 
 



Composi,on	result	per	element	
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CRs in our energy 
range are mostly 
intermediate-mass 
nuclei 
Some tendency to     
C/N/O rather than He 
(syst. limited) 
 
Upper bound on 
protons of 40 %, 
at 95 % C.L. and 
across 3 hadronic 
interaction models 
 
•  Cannot (yet) 

resolve He and N  



Summary	
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•  Composition analysis for our data set 
•  Mostly intermediate-mass elements 
•  Upper bound on protons and on iron 

•  Distinguishing power is still limited by statistics,  
     N=196 is a small set compared to e.g. Auger (> 3000 per bin) 

•  However, result for iron is already systematics-limited 

•  Radio Xmax measurements: stat. uncertainty < 20 g/cm2 and 
syst. uncertainty ~ 9 g/cm2 

•  Competitive with state-of-the-art experiments! 

•  Proton component likely from extragalactic origin; heavier nuclei 
may be (re)accelerated inside the Galaxy e.g. supernova 
remnants with strong magnetic fields, or termination shocks 



Outlook	
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•  Radio Xmax measurements: stat. uncertainty < 20 g/cm2 and 
syst. uncertainty ~ 9 g/cm2 

•  Competitive with state-of-the-art experiments! 
 
Improvements: 
•  LORA expansion, doubles detector count 
•  Extension to lower energies, not available with e.g. fluorescence 

detection; capture ‘second knee’ in CR spectrum:  
     hybrid trigger needed 
•  24/7 LBA background mode 

All these increase the effective (bias-free) exposure,  
for the next factor of 3 in statistics. 


