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Outline

•  Background and motivation
–  Open issues in cosmic ray physics
–  Latest results and their implications

•  Radio air shower detection
–  Theory / simulation
–  Results from pioneer experiments
–  Next-generation detectors

•  The neutrino connection
–  Cosmogenic neutrino flux
–  Radio neutrino detection
–  Next steps
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Cosmic Ray “Standard Model”

•  Charged particles with steep 
power law spectrum (flux changes 
by 1030)

•  Below “knee” (~106 GeV) mostly 
protons
–  gyroradius smaller than our 

Galaxy
–  shock acceleration in supernovae 

remnants (?)

•  “Ankle”: transition to 
extragalactic sources?
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Figure 1. Global view of the cosmic-ray spectrum.

would be an increase in the relative abundance of heavy nuclei as first protons, then helium,
then carbon, etc. reach an upper limit on total energy per particle [17]. The first evidence of
such a sequence (which I call a “Peters cycle” [1]) is provided by the recent publication of the
KASCADE experiment [21], which was discussed extensively at this workshop. The data from
KASCADE are limited in energy to below 1017 eV. The larger KASCADE Grande array [22],
which encloses an area of one square kilometer, will extend the reach of this array to 1018 eV.
KASCADE measures the shower size at the ground, separately for protons and for GeV muons.
Inferences from the measurements about primary composition depend on simulations of showers
through the atmosphere down to the sea level location of the experiment.

17
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Above Ankle: �
Ultra-High Energy Cosmic Rays (UHECR)

•  Highest energy particles 
known in the Universe

•  Composition unknown

•  Sources + acceleration 
mechanism unknown
–  presumably extragalactic
–  AGN?  GRBs?  Topological 

defects?

•  Cutoff in spectrum or not?
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GZK Suppression

•  Suppression expected above 50 EeV 
due to interaction with CMB 
photons (Greisen-Zatsepin-Kuzmin)

•  Spectrum keeps going?
–  Sources unexpectedly close (not many 

candidates within 50 Mpc) 
–  New physics (e.g. violation of Lorentz 

invariance) 
–  Situation 4-5 years ago totally unclear

30.11.2009 J. Kelley, ULB/VUB Seminar 5

Berezinsky et al. 2007 

1017 1018 1019 1020 1021 1022

E !eV"

100

101

102

103

104

105

lo
ss
le
n
g
th
!M
p
c"

Figure 1: Solid line: loss length
for photo-pion and photo-pair pro-

duction for protons 2,3. The
dashed lines report the separate
contributions of the two processes.
The dotted line shows the redshift

losses.
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Figure 2: Modification factors as a function of the energy for many-
source spectrum with γ = 2.1 (solid lines) and γ = 2.7 (dashed
lines). The sources are uniformly distributed up to the indicated

distances. After Ref. 2.

The last important mechanism which dominates near and below the pair production thresh-
old is redshifting due to the expansion of the universe. Fig. 1 shows the loss lengths for pion
and pair production as calculated in Ref.2.

It is worth stressing that what has been named the GZK cutoff is in fact a feature 4 as
the shape of the energy spectrum around 1020 eV depends on many unknowns. The modifica-
tions of the spectrum shape due to the above-mentioned loss processes was first investigated
by Berezinsky and Grigorieva in Ref. 2. They calculated the modification factor (basically the
observed spectrum divided by the injection spectrum) for a uniform distribution of sources up to
a maximum distance dmax. Fig. 2 shows their results for sources without cosmological evolution,
m = 0, for some values of the maximum distance of the sources. For large dmax, which is the
case we are interested in, the spectrum shows a steepening followed by a flattening and then by
a suppression. The flattening is due to the interplay between the features produced by the pair
and pion production processes and it is an important feature for these spectra since it has a
characteristic shape. There are claims that this feature has been observed in the experimental
data2, although it is not yet clear if the feature in the data is due to this effect or if it is due to
the transition between the galactic and extra-galactic components.

It is important to stress what we said above: what is generically called GZK-cutoff is actually
a feature as the spectrum does not end at 1020 eV (see Fig. 2), but has a flux suppression that
depends on many details such as the injection spectrum of cosmic rays, the luminosity evolution
of the sources, the local overdensity of sources and the magnetic field strength in the intergalactic
medium. As an example, including the luminosity evolution makes the sources at high redshift
brighter that the nearby ones and this enhances the flux suppression, while a local overdensity
of sources has the opposite effect 4; a flatter spectrum produces a lesser attenuation than a
steeper one and the strength of the magnetic field in the intergalactic medium con produce
many interesting features, see for example Ref.5.

2.2 Heavy Nuclei

For nuclei the situation is slightly different: the dominant loss process above about 1019 eV is
photodisintegration in the CMB and IR background (IRB) due to the giant dipole resonance,

e+e‐ 

photopion 



Air Shower Detection

•  Water (or ice) Cherenkov tanks
–  detect EM shower front on ground
–  spacing controls energy threshold
–  near-100% duty cycle

•  Fluorescence telescopes
–  follow Nitrogen fluorescence as 

shower develops
–  good for calorimetry, measurement of 

shower maximum
–  requires monitoring of atmospheric 

conditions
–  duty cycle is ~10%
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Pierre Auger Observatory

•  Hybrid air shower 
detector

•  Southern site (3000 
km2) in Argentina 
completed 2008

•  Northern site (21000 
km2) planned for 
Colorado, U.S.A.
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Sample Hybrid Event
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Latest Results: UHECR Energy 
Spectrum
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FIG. 2: Upper panel: The differential flux J as a function of energy, with statistical uncertainties. Data are listed at [28]. Lower Panel: The
fractional differences between Auger and HiRes I data [3] compared with a spectrum with an index of 2.69.

the highest-energy region and from reductions of the systematic uncertainties in the energy scale which will allow the derivation

of a deconvolved spectrum.
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l’Univers (SDU-INSU/CNRS), France; Bundesministerium für Bildung und Forschung (BMBF), Deutsche Forschungsgemein-
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Abraham et al. 2008

•  Continuation of 
power law rejected at 
6σ

•  Confirms result by 
HiRes experiment �
(Abbasi et al. 2008)

•  Suppression energy 
consistent with GZK 
onset



 UHECR Anisotropy

•  Extragalactic protons above 50 EeV or so should point 
back to sources (within a few degrees)

•  Pre-Auger: claims of excess from galactic center, BL-Lacs, 
etc.

•  Anisotropy with low statistics is a tricky business
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The observed composition at Earth has a distinctive dependence on the energy as can be
seen in Figure 8. In the interesting energy range ∼ 3 × 1019 − 1020 eV, i.e. where the GZK
suppression is expected for proton primaries, photodisintegration is most effective. For sources
injecting intermediate mass nuclei, the effective mass number at Earth reaches a well-defined
minimum, probably indistinguishable from proton primaries. This minimum is less pronounced
for injection of very heavy nuclei and the effective composition at Earth is distinctly heavier
than protons.

These issues are of critical importance, observationally speaking. The injected composition
of the UHECR spectrum is not directly accessible experimentally, and can only be reconstructed
from the composition observed at Earth. As stated earlier, the present observational status is
rather uncertain. Future data will hopefully reach a level of quality which makes it possible to
reliably infer the approximate composition at Earth. With such data, general trends such as
those seen in Figure 8 would aid in estimating the composition of cosmic rays at the sources.

VII. EFFECTS OF INTERGALACTIC MAGNETIC FIELDS

So far in this study, we have neglected the effects of magnetic fields on the propagation of
UHECRs. For protons or nuclear primaries, however, such effects can play an important role
in determining the cosmic ray spectrum. The importance of these effects depend, of course, on
the strength of the extragalactic magnetic fields which is currently a subject of some debate
with contrary conclusions drawn in Ref. [7] and in Refs. [30, 38].

A charged particle moving through a uniform magnetic field undergoes an angular deflection
upon traversing a distance, Lcoh, of α = Lcoh/RL, where RL is the Larmor radius of the particle.
Therefore a particle traversing a distance, L, through a series of L/Lcoh randomly orientated
uniform magnetic field regions of length Lcoh, suffers an overall angular deflection given by

θ(E, Z) ≈
(

L

Lcoh

)0.5

α ≈ 0.8◦
(

1020 eV

E

) (

L

10 Mpc

)0.5 (

Lcoh

1 Mpc

)0.5 (

B

1 nG

)

Z, (10)

where Lcoh is the representative coherence length of the extragalactic magnetic fields, B is their
representative magnitude and Z is the electric charge of the cosmic rays. Such deflections result
in an increase in the effective distance to a cosmic ray source given by:

Leff

L
(E, Z) ≈ 1 +

θ2

2
≈ 1 + 0.065

(

1020 eV

E

)2 (

L

10 Mpc

) (

Lcoh
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) (

B

1 nG

)2 (

Z

26

)2

. (11)

Thus for protons or light nuclei, nano-Gauss magnetic fields have little impact for the high
energies considered here. This is not true for heavy nuclei, e.g. for iron nuclei propagating
through nG-scale magnetic fields, the effective distance to a source 50 Mpc away is increased
by ∼ 30% at 1020 eV (alternatively, the energy loss length is reduced by about ∼ 30%). Since
this effect scales with the inverse square of the cosmic ray energy, such (plausible strength)
magnetic fields would have a dramatic effect on the propagation of lower energy heavy nuclei.

In Figure 9 we show the effects of such extragalactic magnetic fields on the UHECR spectrum.
For oxygen primaries, the effects are small, only becoming of any consequence at energies below
a few times 1019 eV. However the effects are more prominent for iron primaries.

Some words of caution are called for at this point. The effects of nG-scale magnetic fields
appear to set in at an energy of roughly 5 × 1019 eV for oxygen, whose primaries can arrive

11
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Anisotropy, cont.
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2007: 27 events above 55 EeV (ovals); 3.7σ correlation with nearby AGN (red 
crosses)

Isotropy rejected at 99% confidence level

Separate analyses: No correlation found with galactic center or BL-Lacs

Abraham et al. 2007



Latest Results: Anisotropy
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2 HAGUE et al. CORRELATION OF COSMIC RAYS WITH EXTRAGALACTIC OBJECTS

Total number of events (excluding exploratory scan)
5 10 15 20 25 30 35 40

L
ik

e
li
h

o
o

d
 R

a
ti

o

!2
10

!1
10

1

10

2
10

3
10

4
10

Data

99% Isotropic (p=0.21)

period II period III

Total number of events (excluding exploratory scan)
5 10 15 20 25 30 35 40

L
ik

e
li
h

o
o

d
 R

a
ti

o

!2
10

!1
10

1

10

2
10

3
10

4
10

Total number of events (excluding exploratory scan)
5 10 15 20 25 30 35 40

d
a
ta

p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

=0.21
iso

p

! 1±Data 

! 2±Data 

period II period III

Total number of events (excluding exploratory scan)
5 10 15 20 25 30 35 40

d
a
ta

p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fig. 1. Monitoring the correlation signal. Left: The sequential analysis of cosmic rays with energy greater than 55 EeV arriving after 27 May,
2006. The likelihood ratio log10 R (see Eqn (2)) for the data is plotted in black circles. Events that arrive within ψmax = 3.1◦ of an AGN with
maximum redshift zmax = 0.018 result in an up-tick of this line. Values above the area shaded in blue have less than 1% chance probability
to arise from an isotropic distribution (piso = 0.21). Right: The most likely value of the binomial parameter pdata = k/N is plotted with black
circles as a function of time. The 1σ and 2σ uncertainties in the observed value are shaded. The horizontal dashed line shows the isotropic
value piso = 0.21. The current estimate of the signal is 0.38± 0.07. In both plots events to the left of the dashed vertical line correspond to
period II of Table I and those to the right, collected after [1], correspond to period III.

TABLE I
A NUMERICAL SUMMARY OF RESULTS FOR EVENTS WITH E ≥ 55 EEV. SEE THE TEXT FOR A DESCRIPTION OF THE ENTRIES.

Period Exposure GP N k kiso P

I 4390 unmasked 14 9 2.9
masked 10 8 2.5

II 4500 unmasked 13 9 2.7 2× 10−4

masked 11 9 2.8 1× 10−4

III 8150 unmasked 31 8 6.5 0.33
masked 24 8 6.0 0.22

II+III 12650 unmasked 44 17 9.2 6× 10−3

masked 35 17 8.8 2× 10−3

I+II 8890 unmasked 27 18 5.7
masked 21 17 5.3

I+II+III 17040 unmasked 58 26 12.2
masked 45 25 11.3

flux were isotropic. This degree of correlation provided
a 99% significance level for rejecting the hypothesis that
the distribution of arrival directions is isotropic.

The left panel of Fig. 1 displays the likelihood ratio
of correlation as a function of the total number of
time-ordered events observed since 27 May, 2006, i.e.
excluding the data used in the exploratory scan that lead
to the choice of parameters. The likelihood ratio R is
defined as (see [9] and [10])

R =

∫ 1
piso

pk(1− p)N−k dp

pisok(1− piso)N−k+1
. (2)

This quantity is the ratio between the binomial prob-
ability of correlation – marginalized over its range of
possible values and assuming a flat prior – and the
binomial probability in the isotropic case (piso = 0.21).
A sequential test rejects the isotropic hypothesis at the
99% significance level (and with less than 5% chance
of incorrectly accepting the null hypothesis) if R > 95.
The likelihood ratio test indicated a 99% significance
level for the anisotropy of the arrival directions using
the independent data reported in [1]. Subsequent data
neither strengthen the case for anisotropy, nor do they
contradict the earlier result. The departure from isotropy
remains at the 1% level as measured by the cumulative

binomial probability (P = 0.006), with 17 out of 44
events in correlation.

In the right panel of Fig. 1 we plot the degree of
correlation (pdata) with objects in the VCV catalog as
a function of the total number of time-ordered events
observed since 27 May, 2006. For each new event the
best estimate of pdata is k/N . The 1σ and 2σ uncer-
tainties in this value are determined such that the area
under the posterior distribution function is equal to 68%
and 95%, respectively. The current estimate, with 17 out
of 44 events that correlate in the independent data, is
pdata = 0.38, or more than two standard deviations from
the value expected from a purely isotropic distribution
of events. More data are needed to accurately constrain
this parameter.

The correlations between events with E ≥ 55 EeV
and AGN in the VCV catalog during the pre- and post-
exploratory periods of data collection are summarized in
Table I. The left most column shows the period in which
the data was collected. Period I is the exploratory period
from 1 January, 2004 through 26 May, 2006. The data
collected during this period was scanned to establish the
parameters which maximize the correlation. Period II is
from 27 May, 2006 through 31 August, 2007 and period
III includes data collected after [1], from 1 September,
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2009: correlation with AGN catalog weakens (39% 
correlate, 21% expected for isotropy — 3.4σ)

Period III only: 1σ correlation

Isotropy rejected at about same CL (99.4%)

Hague et al. 2009 (ICRC)



Composition

•  Slant depth Xmax (integrated density) of 
shower maximum in atmosphere
–  energy and composition-dependent
–  higher in atmosphere for heavier nuclei �

(interact, lose energy sooner)

•  Shower-to-shower fluctuations of Xmax

–  iron showers (~superposition of 56 proton 
showers of 1/56 energy) have fewer 
fluctuations

30.11.2009 J. Kelley, ULB/VUB Seminar 13
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Latest Results: Composition
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Interpretation

•  Tension between…
–  anisotropy results (small deflection) and heavy composition (large 

deflection)
–  Auger and HiRes results on composition �

(latter data look proton-like, but fewer statistics)

•  GZK interpretation difficult if composition uncertain

•  A calorimetric air shower detection method with a high 
duty cycle can help resolve this

•  Need a technology that is scalable to even larger areas

30.11.2009 J. Kelley, ULB/VUB Seminar 15



Air Shower Radio Emission

•  Measured at 44 MHz by 
Jelley et al. in 1965

•  Approach shelved in 1970s 
(technological limitations)

•  High bandwidth receivers + 
fast digitizers: renewed 
interest 

30.11.2009 J. Kelley, ULB/VUB Seminar 16

Jelley et al. 1965



Emission Mechanism(s)

•  Cherenkov radiation from negative 
charge excess
–  proposed by Askaryan in 1962
–  verified at SLAC

•  Separation of e+, e- in geomagnetic 
field
–  macroscopic: transverse current
–  microscopic: synchrotron emission

•  For air, geomagnetic emission 
expected to dominate
–  other way around for dense media 

(like ice)

30.11.2009 J. Kelley, ULB/VUB Seminar 17

4

Status (I): Theory & Simulations

•microscopic approaches
•Geosynchrotron model

•REAS2 by Huege et al.

•AIRES-based code by Du Vernois et al.

•EGS-based code by Engel et al.

•macroscopic approaches
•transverse current model

•Kahn & Lerche

•Scholten et al. model

•Gousset et al. large impact parameter appr. 

•Meyer-Vernet et al. model

•Simplification:
•First to check!   ! geomagnetic origin
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see e.g. Kahn & Lerche, Werner & Scholten

see e.g. Falcke & Gorham, Huege et al.



Geomagnetic Origin

•  Simplification: geomagnetic 
origin implies 

•  Asymmetry confirmed with 
LOPES, CODALEMA 
experiments

30.11.2009 J. Kelley, ULB/VUB Seminar 18
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Figure 5 : Sky maps of observed radio events. Raw 
event sky map (top) and 10° gaussian smoothed map 
(bottom) are shown. The zenith is at the center, the 
azimuth is: North (top, 0°), West (left, 90°), South (bot-
tom, 180°) and East (right, 270°); the direction of the 
geomagnetic field at Nançay is indicated by the dot. 
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Figure 6 : Fraction of events for 7 independent sam-
ples of events (619 events in total). The fractions of 
events coming from the East and from the South are 
indicated by triangles and squares respectively. The 
expected ratio of 0.5 in the symmetric case is indicated.

Figure 7 : Evolution of the fraction of events (squares: 
coming from the East, triangles: coming from the 
South) with energy. The expected ratio of 0.5 in the 
symmetric case is indicated. 
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Coherence and Imaging

•  Radiation is coherent 
below ~100 MHz
–  E field ~ primary energy

•  Offline beam-forming!
–  image radio pulse in 5D:�

space, time, and frequency

–  angular resolution ~ 1°
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5.4. EVENT STATISTICS 85

a)

b)

c)

Figure 5.7: Normalised radio pulse height plotted against a) electron number, b)
muon number, and c) primary particle energy. (left: single events; right: binned
data. The error bars on the single events are the statistical errors from sec. 5.3.3)

Horneffer et al. 2006



Composition

•  Primary composition 
by:
–  lateral distribution

–  reconstruction of 
Xmax by shower front 
curvature

•  Simulations only at 
this point: need larger 
array, more events!
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3 The 60◦ zenith angle case

We first discuss the important characteristics of the radio signal for the case
of 60◦ zenith angle. In a first step we shall consider showers of 1019 eV energy
and later show that the results also apply to the energy range from 1018 to
1020 eV.

3.1 Characteristics of lateral profiles

Earlier analyses [7] have shown that the slope of the radio lateral distribution
function is correlated with the depth of the air shower maximum, Xmax, and
consequently contains information on the mass of the primary particle [25].
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Fig. 1. Lateral distribution of the 32–64 MHz filtered peak radio amplitude for
1019 eV showers coming from the south and observers north of the shower core.
Estimates of peak radio amplitudes that would yield a signal-to-noise ratio (SNR)
of 10 for ideal (galactic plus atmospheric), rural and urban noise as given in [26]
are marked. Please note that the SNR scales with the filtered peak radio amplitude
squared.

In Fig. 1, we show the lateral distribution of the 32–64MHz filtered peak
radio amplitude derived for the 90 air showers with fixed energy of 1019 eV.
The lateral distance is given in ground coordinates 1 in the direction defined
by the continuation of the air shower axis (i.e., in this case to the north, as the
showers are coming from the south). Measurements at distances up to one km
should be feasible for ultra-high energy cosmic rays, as the comparison with
continuous noise estimates based on ITU/CCIR measurements taken from [26]
illustrates.

1 We use ground-distances rather than shower-distances throughout this article, as
shower-distances would not remove the intrinsic asymmetries of the radio signal and
ground distances are experimentally relevant in the end.

4

Huege et al. 2008



AERA

•  AERA: Auger 
Engineering 
Radio Array

•  20 km2 
extension to 
southern site (at 
infill array)

•  Phase I: 25 
stations, early 
2010 �
(total: 150)
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found to be within a factor of two or better. Presently, the predictions for the radio-detector
array are at this level of precision. Further cross checks on the predicted results have been
made by other means of parameterizations using, e.g., world data on radio measurements.

While we are using RDAS for answering the design questions of the proposed radio detector
array, a task force is integrating the radio software into the Auger Offline framework (see section
7). With this effort it will be possible to simulate and reconstruct all three detector systems,
surface detector, fluorescence detector, and radio detector, within one framework, allowing for
cross checks and combination of complementary shower information.

5 Site layout

It is proposed to set up the radio antenna array at the site of the AMIGA array. The situation
is outlined in Fig. 11. For reference, tank names of the surface array are indicated. The large
hexagon indicates the position of the AMIGA infill array (water-Cherenkov detectors) and the
smaller hexagon represents a possible infill to the infill array. These arrays are located in the
field of view of the HEAT fluorescence telescopes (the latter are just outside the left border of
Fig. 11). In the map the position of the CRS, an abandoned train station, a high voltage power
line, and a fence are indicated.

fence

power lin
e

fence

popo

train
station

CRSHEAT

Figure 11: Layout of the proposed antenna field.

Baseline parameters for the antenna array are about 150 antennas distributed over an area
of approximately 20 km2. It is assumed that the construction will be divided into three stages,
starting with about 22 antennas in a prototype cluster, followed by further 52 antennas, and
finally 85 antennas. In the map, the locations of the antennas are marked as red boxes. Boxes
without border correspond to stage 1, black borders to stage 2, and white borders to stage 3.
To record large event numbers over the whole energy domain (E > 1017.2 eV), the configuration
includes several antenna spacings. Regions with high antenna density should be to the left-hand
side of the area, close to the HEAT fluorescence telescopes.

Different layout scenarios have been investigated and detailed in Ref. [32]. The proposed
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The Site

• ~20 km2

• ~150 antennas

• operation together with infill/HEAT/AMIGA

• three antenna spacings to cover efficiently 17.2 < lg E < 19.0

• three deployment stages (22 + 52 + 85 antennas)

• CRS: central container for DAQ & workshop; solar power2



Radio Detection Station

•  Autonomous, solar 
power

•  LPDA antenna, 
30-80 MHz bandpass

•  Local digitizer and 
trigger

•  Coincidence via 
central DAQ
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Digital Electronics
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GPS receiver
(timestamping) Cyclone III FPGA (triggering & readout)

4 channel, 200 MHz
ADCs w/heatsink

(passive)
DC/DC conv.

(shielded)

XScale-based PC �
board (running Linux)

Ethernet
(to comms)

serial interface



Sample Event
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this difference is not clear. The shape of the plot can easily be understood as our
scintillator timestamp is binned in 100 ns units, the antenna timing has a higher
resolution. The right part of figure 6 shows the comparison of two antenna readout
systems. This distribution is centered around zero and has a width of about 20 ns,
which corresponds to a timing uncertainty of 14 ns for each antenna.

Within an antenna trace, the timing is well known. The cable length to the
antennas has been measured to be 835 ns by using the reflection of a pulse. Sim-
ilarly, the cable length of our scintillator system is found to be 100 ns, and the
delay introduced by the trigger unit is measured to be 50 ns. As we record 2µs
of pre-trigger information, vertical incident showers should be centered at 2785 ns
from the start of the scope-trace.

3.2 Event 3388350

Figure 7: Event display of event 3388350.

7

Auger SD display (E ~ 2 EeV)

radio signal (3 antennas x 2 polarizations)



Self-Triggering

•  Technological challenge: 
impulsive RFI

•  Current algorithms focus 
on time-domain analysis

•  New techniques under 
development:
–  power detection circuit

–  periodic veto (e.g. 50 Hz)

–  wavelet filtering
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signal threshold 

noise threshold 

baseline 

Tper 

Tcmax 

Tprev 

 s]µtime [
2.4 2.5 2.6 2.7 2.8 2.9 3 3.1 3.2

v
o

lt
a
g

e
 [

m
V

]

-80

-60

-40

-20

0

20

40

60

80
EW

NS

pole 1

BW‐limited pulse 



Calibration Techniques (I)
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Harm Schoorlemmer 11

Measured background



Calibration Techniques (II)
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Event Rates

reconstructed by the radio array if the following requirements are fulfilled:
– at least 10 antennas have a signal bigger than the galactic noise (E > 3 µV/(m MHz))
– at least 3 antennas have a signal bigger than five times the galactic noise (E > 15 µV/(m MHz)).

Showers with zenith angles up to 60◦ have been taken into account. They are assumed
to arrive isotropically. The direction of the magnetic field in Malargüe has been taken into
account. The antenna response has been calculated for energies between 1017 and 1019 eV in
steps of ∆(10lg E) = 0.2. An example of the calculations is depicted in Fig. 12. The area has
been divided into elementary cells (20× 20 m2). For each elementary cell the average detection
efficiency has been calculated. The efficiency multiplied by the cell area gives the effective area.

lg E LOPES CODALEMA Monte-Carlo
[eV] extrapolation extrapolation simulation
17.0 – – 0.19
17.2 – 0.04 0.68
17.4 0.02 0.34 1.5
17.6 0.5 3.2 2.7
17.8 3.0 7.6 4.3
18.0 6.7 11.1 6.1
18.2 9.8 12.3 7.9
18.4 12.9 12.8 9.8
18.6 15.7 13.1 11.4
18.8 18.4 13.2 12.9
19.0 20.7 13.4 14.1

Table 6: Effective areas [km2] as calculated by extrapolations of LOPES and CODALEMA
measurements as well as Monte-Carlo simulations based on the REAS code.
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Figure 13: a: Effective area of the radio array as function of the shower energy according to
extrapolations of LOPES and CODALEMA measurements as well as Monte-Carlo simulations,
based on the REAS2 code. b: Expected number of events per year with zenith angle Θ < 60◦.

The effective area according to the LOPES extrapolations is tabulated in Table 6 and
shown in Fig. 13a. Similar investigations have been carried out based on extrapolations from
the CODALEMA experiment [52]. The efficiencies have also been calculated based on shower
simulations with the REAS code and taking into account experimental conditions (antenna gain,
galactic noise, ...) with the RDAS program [53]. The results of all three efforts are presented in
Table 6 and Fig. 13a for comparison. The different approaches agree well at high energies. The
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Conservative energy threshold: log(E / eV) ~ 17.2

5000 events / year with E > 3 x 1017 eV
800 events / year with E > 1 x 1018 eV



AERA Science Program

•  Detailed calibration of radio signal
–  self-triggering + coincidences other Auger 

components
–  full understanding of all RF mechanisms

•  Resolution of radio technique
–  energy, direction, composition

•  Composition of ankle region
–  galactic to extra-galactic transition
–  super-hybrid measurements
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AERA Physics

12

3. UHECR cosmic ray physics with AERA
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The Neutrino Connection
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•  Trans-GZK protons lose 
energy via CMB photopion 
production

•  Also produces UHE 
neutrinos!

•  Nuclei will tend to 
photodisintegrate first 
(reduced flux)

7

FIG. 7: The range of cosmogenic neutrino spectra we find for various chemical species which are consistent with both the
PAO spectrum and Xmax measurements. In each case, we have considered model parameters in the range α = 1.4 − 3.0 and
Emax/Z = 1020

− 1022 eV (although models with Emax/Z below approximately 1021 eV were found to be inconsistent with the
data). In the N+p, Si+p and Fe+p frames, we show the results for combinations of injected nuclei and protons. In each frame,
we show for comparison as a dashed curve the prediction for an all-proton spectrum with α = 2.2 and Emax = 1022 eV. The
solid lines denote the models with the highest and lowest rates predicted in a neutrino telescope such as IceCube.

The disassociated nucleons then interact with the cosmic microwave and infrared backgrounds to produce cosmogenic
neutrinos. In the limit that the cosmic backgrounds are opaque to cosmic ray nuclei, full disintegration occurs and
the resulting cosmogenic neutrino spectrum is not dramatically different from that predicted in the all-proton case
(assuming the cosmic ray spectrum extends to high enough energies to produce protons above the GZK cutoff). In
contrast, if a significant fraction of cosmic ray nuclei remain intact, the resulting flux of cosmogenic neutrinos can be
considerably suppressed.

The predicted neutrino flux depends on the chemical composition and spectrum of the injected cosmic rays. In
Fig. 7, we plot the spectrum of the cosmogenic neutrinos for various scenarios. In each frame, we show the maximal
and minimal neutrino spectra (in terms of the resulting event rate in a neutrino telescope) for a wide range of spectral
parameters (α, Emax and normalization) which were found to be consistent with the PAO measurements of the
UHECR spectrum and elongation rate. We have considered values of these parameters in the range of α = 1.4 to 3.0
and Emax/Z = 1020 to 1022 eV. In the first three frames, we have assumed pure nitrogen, silicon and iron at injection,

Anchordoqui et al. 2007

best-fit proton

range of iron

GZK neutrino flux



GZK Neutrino Flux

•  UHECR measurements 
probe only local universe
–  may be dominated by single 

close source (e.g. Cen A)
–  difficult to disentangle 

source evolution, source 
spectrum

•  GZK neutrino flux 
measurement: 
–  composition
–  source evolution
–  source spectrum
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FIG. 2: Neutrino production in three simplified models for
the source spectrum and evolution of UHECR. To enhance
the contrast between different models, the source luminosity
is extended out to 1 + zmax = 10.

may be disguised by contributions from the galaxy, or
by propagation effects. The model degeneracy can be
broken by considering the neutrino flux produced by the
UHECR via their interactions on the cosmic micro-wave
background [14, 15], the so-called GZK neutrino flux.

To make the point, we consider a set of simple power
law models in a matter dominated cosmology, with a ho-
mogeneous distribution of UHECR sources. On cosmo-
logical time scales, the UHECR interact quickly with the
CMB, so we model the production of GZK neutrinos as
instantaneous with particle injection. We use the neu-
trino yields of Ref. [16]. The neutrino flux at Earth due
to GZK production is

Eν
dΦ

dEν
(Eν) =

∫
dtdεp

dΓ

dεp
Eν

dy

dEν
(Eν , εp, t) (1)

where Γ is the injection rate of UHECR and y is the
neutrino yield per proton injected with energy εp, and
Eν is the neutrino energy today.

Equation 1 can be put into a more convenient form
by defining q = 1 + z and integrating over redshift. For
a matter dominated cosmology, H0dt = −q−3/2d(ln q),
where H0 is the present day Hubble parameter. As a

function of red shift, we model the UHECR injection rate
as

dΓ

dεp
= qmε−(1+γ)

p A (2)

where γ is the integral spectral index of the source, m
describes the evolution of the co-moving source density,
and A is chosen to normalize the emissivity of UHECR
sources to their energy density in the present Universe.
We use LCR = 4.5 × 1044 erg/Mpc3/yr as estimated by
Waxman [17]. The neutrino yield can also be scaled with
redshift. Defining the present day yield as dy0

dEν
(Eν , Ep),

the yield from a previous epoch is

Eν
dy

dEν
(Eν , εp, z) = Eν

dy0

dEν
(q2Eν , qεp) (3)

The factors of q are due to the redshift of neutrino en-
ergy from production to the current epoch, and to the
lowering of the reaction threshold due to the increased
CMB temperature in the early Universe. Let Y0 be the

integrated yield from injecting an E−(1+γ)
p spectrum to-

day: Eν
dY0γ

dEν
(Eν) =

∫
dEpE

−(1+γ)
p Eν

dy0

dEν
(Eν , Ep). Then

the integral yield at any other redshift is given by
∫

dεpε
−(1+γ)
p Eν

dy

dEν
(Eν , εp, t) = qγEν

dY0γ

dEν
(q2Eν) (4)

With these definitions, the GZK production integral can
be expressed as an integral over redshift,

Eν
dΦ

dEν
(Eν) =

A

H0

∫ qmax

0
d(ln q)q(m+γ− 3

2
)Eν

dY0γ

dEν
(q2Eν)

(5)
Written as an integral over ln q, it is straightforward to

see which epoch dominates the neutrino flux. If m + γ =
1.5 then all redshift intervals contribute with compara-
ble importance. This is illustrated by the top panel of
Fig. 2, where m = 0.5, γ = 1. The thin lines represent
the contribution to the neutrino flux from epochs spaced
equally in ln q, and of equal width in d(ln q). The peak
contribution for each interval occurs at an energy Epk(q),
which scales with redshift as Epk(q) = Epk(0)/q2. The
sum of the thin lines, back to a red shift of 1+zmax = 10,
gives the dotted curve - the predicted GZK neutrino flux
for the model. The integrated flux is flat, with a width
in Eν of order (1 + zmax)2.

Similarly, the middle panel illustrates a second model
with equal contribution per epoch, although here there
is no evolution (m = 0) and the spectrum is correspond-
ingly steeper (γ = 1.5). The total cosmogenic neutrino
flux is slightly lower because of the smaller number of
interacting protons. The larger value of γ is only evident
through the different slope of the high energy part of the
neutrino spectrum. In contrast, if m + γ > 1.5 the neu-
trino flux is dominated by past epochs, as illustrated in
the bottom panel of Fig. 2. This corresponds to the sit-
uation for a flat source model with significant evolution,
m = 3, γ = 1. Note that this illustrative model is not

Seckel & Stanev 2005

illustrative models



Askaryan Emission

•  Coherent radio pulse from charge 
excess (60-1000 MHz) in neutrino-
induced showers

•  Radiation characteristics confirmed 
in sand, salt, and ice

•  Low fluxes: even e.g. IceCube is too 
small — but again, radio is scalable

•  Cold ice is exceptionally RF-
transparent
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ANITA

30.11.2009 J. Kelley, ULB/VUB Seminar 34

3

! !

"!#$%
&!#$%
'()#
*+(,-%-+

Halley (UK)

Patriot
Hills/
Mt.
Vinson

WAIS

SP

Siple

McMurdo (US)

Divide (US)

Dome (US)

! !

"!#$%
&!#$%
'()#
*+(,-%-+

-,./0.12

-,3204/02

-,1.314..

-,/56/76/

-,.71217

-,.641027

FIG. 2: Left: Plot of all reconstructed events, in both horizontal and vertical polarization; major Antarctic stations are indicated on the map.

Right: events remaining after cuts to remove anthropogenic interference. 6 events remain in the horizontally polarized group, but these are

non-candidates for neutrino events, as discussed in the text.

randomly into the data stream, and the final energy-averaged

efficiency of all cuts is estimated to be 81%.

In Figure 2 we show the before-and-after maps of recon-

structed ANITA-1 events superposed on the Antarctic conti-

nent. The strong correlation to a small number of stations is

evident. The 6 surviving Hpol events are by contrast widely

distributed across the continent, with no known camps or

bases, either current or former, anywhere in their locale. We

have investigated the possibility of impulsive signals from

earth-orbiting satellites seen in reflection off the ice surface

as a source for these events. This hypothesis is ruled out be-

cause the waveforms for these events do not show any evi-

dence of differential group delay from ionospheric dispersion

which is several ns per MHz in the 200-400 MHz frequency

range where these events have most of their spectral power. In

fact the signals are all of durations less than 10 ns. We know

of no other anthropogenic sources for these events.

With regard to possible physics sources, our simulations

of the high-frequency tail of impulsive geo-synchrotron ra-

dio emission [13, 14, 15] from ultra-high energy cosmic ray

extensive air showers (EAS) suggest that these signals may

be EAS events seen in reflection off the ice surface [9]. Such

events are expected to be predominantly Hpol because of the

strong Fresnel reflectivity in the region near Brewster’s an-

gle, and the overall initial preference for Hpol because of the

more vertical polar magnetic fields. Our simulations predict a

handful of such events for the flight, all of which arise from

UHECR EAS with energies above 1019 eV; however, the un-

certainties are large [9]. While these events do not constitute

a background for our neutrino search because of their incor-

rect polarization, they are a potentially interesting signal in

their own right. Further analysis, including a search for simi-

lar events from above the horizon, is in progress.

FIG. 3: ANITA-1 limits based on no surviving candidates for 18

days of livetime. Other limits are from AMANDA [16], RICE [17],

ANITA-lite [8], Auger [18], HiRes [20], FORTE [19]. The BZ

(GZK) neutrino model range is determined by a variety of mod-

els [11, 21, 23, 25, 26, 27, 29].

Based on the approach described in Refs. [19, 24], the re-

sulting model-independent 90% CL limit on neutrino fluxes

with Standard Model cross-sections [22] is shown in Fig. 3.

Here we have included the net livetime and 81% analysis ef-

ficiency. Exclusion of the volume of ice near all camps and

events reduces the net effective volume by a few percent. We

Gorham et al. 2009
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Askaryan Radio Array

•  RF extension of IceCube 

•  GZK rates from 1-25 
events / year

•  Possible cross-calibration 
with IceCube
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In-Ice ARA Cluster
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ARA + Surface Radio Array

•  Hybrid in-ice and surface 
radio stations
–  Hardware, triggering 

techniques are very similar
–  GZK detection + air shower 

physics
–  Super-hybrid radio + IceTop 

+ IceCube 
–  Veto for IceCube (downgoing 

neutrino searches)
–  Neutrinos from inclined air 

showers?
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Summary

•  Latest results from Auger: spectral cutoff clear, but anisotropy, 
composition still unclear / surprising

•  Will likely need both new air shower techniques (even larger 
arrays) and multi-messenger measurements (neutrinos) to 
fully understand UHECRs

•  Fortunate confluence: radio techniques may be the future for 
both
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Between Knee and Ankle

Composition gets heavier
–  expected if Galactic cutoff rigidity-dependent
–  transition to iron?
–  composition analysis tricky �

(unfolding dependent on hadronic models + simulation)
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investigated that the corresponding unfolding results form an upper and lower
bound for the spectra. This range can be considered as an estimate for the
systematic uncertainty due to the unknown shape of the distribution tails.
It should be mentioned that the size of this systematic uncertainty should,
according to simulations, be considerably reduced for observations close to
shower maximum (e.g. around 5000 m a.s.l.).

In Fig. 14 the unfolding result is displayed together with the estimate of the
total systematic uncertainty, shown as shaded bands. For low energies, the
dominant contribution to the systematic uncertainty is due to the tails of the
distributions.

Below the knee helium is the most abundant element, followed by protons and
carbon. The energy spectra of both proton and helium show a knee-like feature
whereas for carbon no knee structure is visible. The spectra of the heavier
elements look rather unexpected, especially in the case of iron. For energies
below 10 PeV practically no iron is present, above 20 PeV it dominates the
cosmic ray spectrum together with silicon.

7.2 Results based on SIBYLL 2.1

The outcome of the unfolding using CORSIKA/SIBYLL/GHEISHA for calcu-
lation of the response matrices is presented in Fig. 15 for the Gold algorithm
and five particle types. As in the case of the QGSJet analysis the different un-
folding methods give essentially equal results. The estimated total systematic

Fig. 15. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on SIBYLL simulations. The shaded bands are estimates of the systematic
uncertainties due to the used parameterizations and the applied unfolding method
(Gold algorithm).
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