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REMAINING CHALLENGES

Spectrum

Figure 2:

Spectrum of UHECRs multiplied by E3 observed by HiRes I (Abbasi et al. 2009) and Auger

(Abraham et al. 2010b). Overlaid are simulated spectra obtained for di↵erent models of the

Galactic to extragalactic transition and di↵erent injected chemical compositions and spectral

indices, s, described in Section 2.1 and 4.

trum whose shape supports the long-held notion that sources of UHECRs are extragalactic.

As shown in Figure 2, the crucial spectral feature recently established at the highest ener-

gies is a steep decline in flux above about 30 EeV. This feature is reminiscent of the e↵ect of

interactions between extragalactic cosmic rays and the cosmic background radiation, named

the Greisen-Zatsepin-Kuzmin (GZK) cuto↵ (Greisen 1966; Zatsepin & Kuzmin 1966). An-

other important feature shown in Figure 2 is the hardening of the spectrum at a few EeV,

called the ankle, which may be caused by the transition from Galactic to extragalactic

cosmic rays or by propagation losses if UHECRs are mostly protons.

As discussed in Section 2, recent reports of a trend toward a heavier composition from

a few EeV up to 40 EeV together with hints of anisotropies in the sky distribution above

60 EeV raise new and unexpected puzzles. An anisotropic sky distribution is expected for

trans-GZK energies (i.e., energies above 60 EeV), if UHECRs are mainly protons, due to

a combination of the GZK e↵ect (which limits trans-GZK observed sources to lie within a

few 100 Mpc), the anisotropic distribution of source bearing galaxies on 100 Mpc scales,

Astrophysics of UHECRs 3

Kotera & Olinto 2011

Ankle: galactic/extragal. transition? 
e+/e- pair production depletion?
High energy cut off: GZK ? Source 
acceleration limit?
Source horizon?

Auger

Composition
Heavier at high energy: seen by  

Auger, but not HiRes nor TA!
➟ Difference North/South sky ? 

Statistics ? Analysis method ?

Higher statistics at high energy
Better energy resolution
Coverage of North hemisphere
Measure of spectral index & composition

Needs

Auger 2011

Sources

Auger : E > 55 EeV ➟ Anisotropy
HiRes/TA don’t confirm !

AGN (Auger : 3σ) ? Cen-A ?
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WHAT ANSWERS ?

Higher statistics at high energies: 
detection surface 10 x SAuger ⇒ 30000 km2 ! 

Energy resolution, spectral index and composition: 
more accurate measurements ⇒ Multi-hybrid detection ?

Timeline ≾ 15 years ?

The solution would be a new giant instrument at ground

Radio detection ?
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B. Revenu, IPNO mars 2012

Radiodétection: début dans les années 60

Haverah Park 1968

Jodrell Bank 1964
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B. Revenu, IPNO mars 2012
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différentes sources :

Champ électrique

• rayonnement Cerenkov de l’excès d’électrons 
(l’excès est de 10-20 %), effet Askaryan (1962)

• émission par le courant macroscopique j, code 
MGMR (Scholten, Werner)

• rayonnement dans B des e-/e+, approche 
microscopique, codes REAS3 (Huege, Falcke), 
SELFAS (Marin, Revenu), ZHAires (Alvarez-Muniz 
et al)...

• polarisation de la gerbe (dipole)
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Electric field
Different approaches:

• Cerenkov radiation of negative charge 
excess (electron excess is ~10-20 %): 
Askary’an effect (1962)

• Macroscopic view: j current radiation ; 
MGMR simulation code (Werner & 
Scholten)

• Microscopic view: radiation of e-/e+ pairs 
in B ; codes REAS3 (Huege), SELFAS 
(Marin & Revenu), ZHAires (Alvarez-
Muniz et al.)

B. Revenu, IPNO mars 2012

pour l’ensemble des e-/e+ :

champ statique Variation de charge 
macroscopique

Variation du courant
(terme géomagnétique)

Somme sur tous les charges.
L’excès d’e- 

implique une variation de 
charge globale Q(t)= α N(t)

Somme des courants.
Vient de la dérive 

systématique des e-/e+ 
dans B

somme de tous les 
contributions statiques 

individuelles

Le signal est corrélé à l’ensemble du développement de la gerbe !

Champ électrique (exemple de SELFAS)
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Static field

Sum of all static field 
contributions

Macroscopic charge 
variation (charge excess 

term)

Sum on all charges. Electron 
excess implies a global charge 

variation Q(t) ∝ N(t)

Current variation 
(geomagnetic term)

Sum of currents produced 
by charge (e-/e+) drift in B

Radio signal is correlated to the complete air shower development

B. Revenu, IPNO mars 2012 19

Monday, March 5, 12

Marin and Revenu, 2012
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Xmax

November 2011 Auger "Large-Scale Hybrid Detection..." 5
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A. Van den Berg, 2011

X1

B. Revenu, IPNO mars 2012

CODALEMA (données EW)

31
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First interaction altitude and charge 
production maximum depend on CR mass

10 - 20 
ns

This is not a continuous, 
but a triggered 

observation (“snapshots” 
of few µs)
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CODALEMA (NANÇAY, SINCE 2003)
1.6 km

0.025 km2 - 10 cabled antennas
Compact phased array, external trigger

1 km2 - 57 radio stations
Autonomous, radio triggering
Antenna made in Subatech, 

LNA chosen for LSS

0.1 km2 - 13 particle detectors
CR validation and/or trigger
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Geomagnetic  contribution
E ∝ v^B, polarization ➞ f(θ,φ)RADIO RESULTS - 1

v^Bdata
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RADIO RESULTS - 2
Charge excess contribution

2nd order, polarization ➞ observer 
Radio core vs particle core shift
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IC
R

C
 2

00
9 

&
 2

01
1,

 s
ub

m
. 2

01
2 

A
st

ro
p.

 P
hy

s.

CODALEMA 2 / SELFAS

−60 −40 −20 0 20 40 60
−60

−40

−20

0

20

40

60

Predicted angle (deg)

M
ea

su
re

d 
an

gl
e 

(d
eg

)

CODALEMA 3

FIG. 7. The calculated value of R (see Eq. (5)) and its uncertainty for the AERA24 data set as a

function of the observation angle  . The dashed line denotes R = 0.
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AERA 1

CODALEMA 3
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RADIO RESULTS - 3 Lateral field profile and energy correlation
E0, d0, (X0,Y0) - E0 ∝ Ep
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B. Revenu,  ARENA 2012

Lateral Distribution Function

LOFAR/LORA

(see talk of A. Nelles)
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LOFAR

SELFAS

CODALEMA 3

CODALEMA 3 + COMPACT ARRAY
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RADIO RESULTS - 3 Lateral field profile and energy correlation
E0, d0, (X0,Y0) - E0 ∝ Ep
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CODALEMA 2 Figure 10: Scan for the best distance D0 for the energy estimator. The corrected signal strength at
110m leads to the best energy resolution.
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(a) Energy Calibration: The energy estimator is cal-
ibrated with the cosmic ray energy measured by the
surface detector. A power law is fit to the data. The
�2/ndf is 2.0.
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(b) Relative Energy Resolution

Figure 11
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Figure 19: Correlation between the primary energy of the showers and the electric-field value calculated
on the shower axis assuming an exponential decrease of the electric-field strength. Vertical error bars are
computed event by event and horizontal error bars (±30%) reflect the uncertainty of the reconstructed
primary energy. The grey scale indicates distance to shower axis.

(T5 events, see [21]). The number of resulting events is 19, corresponding to 23 radio traces. The raw
Pearson correlation coe�cient is 0.88. If we take into account the uncertainties on both the primary
energy of the showers and the estimated electric field at the location of the shower axis, the Pearson
correlation coe�cient is 0.81+0.12

�0.46 at 95% CL.

4.6 A fully reconstructed three-fold coincidence

On November 30, 2009, at 09:45 UTC, a three-fold coincident event of all three antennas with SD was
detected. It was an event detected by five SD stations, including the additional station Apolinario. The
energy of the event is estimated to be 1.4± 0.2 EeV using the standard reconstruction for the SD. Using
the core position and associated errors (± 23 m and ± 47 m in the EW and NS directions, respectively),
the shower axis of the event is at 164±25 m, 93±18 m and 188±18 m from A1, A2 and A3, respectively.
The arrival direction of the shower front of (✓ = 51.3±0.2�, � = 209.8.2±0.1�) could be determined from
the radio-detection setup compared to (✓ = 51.0 ± 0.5�, � = 209.8 ± 0.4�) for the SD. The 3D angular
di↵erence between the direction estimated by the radio stations and the direction estimated by the SD is
�↵ = 0.4�, showing that the two directions are perfectly compatible since the SD angular resolution for
this type of event is not better than 1� [31]. In Figure 20, the data recorded by the three stations for this
event are shown.

The knowledge of the complete antenna transfer function allows one to convert the voltage obtained
by the ADC into the strength of the electric field as received by the antenna (see section 2.1). Before
deconvolution, the signal was filtered in the band 40-80 MHz, in order to keep clear of large signals from
short wave transmitters visible below 35 MHz at this hour of the day. With the observed deconvoluted
signal, fitting an exponential decrease of the electric field amplitude EEW = max(EEW(t))�min(EEW(t))
with the axis distance d in the EW polarization leads to EEW

0 = 3.7+0.6
�1.9 mV m�1 at 68% CL, and

22

RAUGER 1

LOPES
(Schroeder, ARENA 2012)
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RADIO PROSPECTS - 1

Simulated transients 
associated with different Xmax

Filtered transients: same 
amplitude, same duration

Spectral indexes and 
frequency contents are 

different

Extension of frequency range
Toward high frequencies 
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PROSPECTS - 1 Extension of frequency range
Toward high frequencies 
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PROSPECTS - 1 Extension of frequency range
Toward high frequencies 

Signal

Noise

14
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PROSPECTS - 2 Extension of frequency range
Toward low frequencies 

∆t2

∆t1

1: charge is varying during shower’s 
development, and gives “main” signal.

Time difference in one antenna 
signals gives shower’s history (nature 

of primary?)

2: charges are strongly 
decelerated when arriving at 

ground, and gives “sudden 
death” signal. Time difference 

between 2 antennas gives 
shower’s location. The signal is 
produced at low frequencies 

(< 10 MHz).

Sudden death of the shower
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CODALEMA/NENUFAR BEYOND 2015
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 Ultra-High Energy Cosmic Rays
✓ Involves astrophysics & particle physics
✓ Community ➟ needs for a new instrument

✓ Augmentation of statistics, discrimination of composition, energy resolution

 Radio detection of cosmic rays
✓ Key method for the future ?
‣ French competence - great opportunity !
‣ CODALEMA and Nançay (includes LOFAR and LSS) as a development base

✓ AERA : multi-hybrid on Auger - pertinence of the method, R&D difficult on site
✓ Still to find the composition-related radio observable

✓ A new way to observe very fast transients: potential new window in radioastronomy ?

 Links with LOFAR and SKA
✓ High sensor (antenna) density: very fine shower profile
✓ Ability to discriminate showers on radio signal only (aim of compact array @ CODALEMA)

✓ CODALEMA & LSS/NenuFAR: proposal INSU 2014

OUTLOOK


