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Motivation

EAS Observables

Best indicator of nuclear composition is atmospheric depth
at which shower develops its maximum size + 〈Xmax〉 ∝ ln(E/A)

Further insight is expected to come from RMS fluctuation of Xmax

Unfortunately + extracting precise information from EAS
has proved to be exceedingly difficult
Most fundamental problem is that first generations of particles
are subject to large inherent fluctuations
and this limits event-by-event energy resolution of experiments
In addition + center-of-mass energy of first few cascade steps
is well beyond any reached in collider experiments
Therefore + one needs to rely on hadronic interaction models
that attempt to extrapolate our understanding of particle physics
using different mixtures of theory and phenomenology
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Motivation

Collateral Damage

HiRes has presented evidence that the CR composition
remains proton-like up to the highest energies
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the depth of the shower maximum. One can study the
shower front width by measuring the rise-time of the sur-
face detector signals. The attempt to do that is fully con-
sistent with the more detailed fluorescent detector anal-
ysis.
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FIG. 19 Depth of maximum measurements of UHECR by the
HiRes collaboration (2005) analysis shown with empty circles
and 2010 analysis with full circles and the Auger collabora-
tion - full squares are compared with the predictions of three
di!erent interaction models for H and Fe.

The final analysis of the stereo measurements of HiRes
in the period 1999-2006 was published in (Abbasi et al.,
2010). The cuts on the data are more stringent than in
the previous analysis. Apart from the good weather re-
quirement, they limit the chance of noise coincidence to
less than 1% and the longitudinal development fit !2 to
less than 4 p.d.f. The final data set of 815 events includes
only events with zenith angle uncertainty of less than 2o,
Xmax uncertainty of less than 40 g/cm2, zenith angle
less than 70o and distance to HiRes II more than 10 km.
The measured Xmax should be bracketed by the HiRes II
field of view and have shower detector plane between 40o

and 130o. The application of the vertical aerosol opti-
cal depth hourly measurements to the amount of light
received by the detectors requires a mean upward correc-
tion of !15% to shower energy for an event 25 km distant
from the observatory. Shower segments with emission an-
gles of less than 5o of a bin pointing direction are not used
in the analysis.

The measured light profile of the shower is fit to a
Gaussian function of the age parameter s to determine
the shower energy and Xmax. The claim is that the use
of the Gaisser-Hillas function does not change the results
within the errors. Showers of energy between 1.6"1018

eV and 6.3"1019 eV are included in the analysis.
All uncertainties in the Xmax measurement come from

the treatment of simulated showers after the detector is
accounted for. Comparisons of the reconstructed Xmax

with the original one showed that the selection and recon-
struction results in Xmax shallower by about 15 g/cm2

than the original one. For this reason for the interpreta-
tion of the measurements the predictions are appropriatly
scaled. The Monte Carlo measured uncertainty of Xmax

is better than 25 g/cm2 over most of the energy range.

This analysis finds a constant elongation rate of 47.9±6
g/cm2 with fit !2 of 0.86 p.d.f over the whole range with
systematic uncertainty of 3.2 g/cm2. Most of the system-
atic uncertainty is due to the event selection cuts.

HiRes also presents the energy dependence of the Xmax

fluctuations in the same energy bins. These numbers
are obtained in a di!erent way from those of the Auger
Collaboration. Since these Xmax distributions are wide
and asymmetric, the HiRes analysis fits them to Gaussian
distributions truncated at 2"RMS. The distributions are
still wide as shown in Fig. 20.
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FIG. 20 Width of the Xmax distributions as measured by
HiRes (full circles) and Auger (full squares). Note that the
width is presented in di!erent ways (see text) and the points
cannot be compared directly.

The heavy cosmic ray composition derived from the
Auger data suggests that the strong decline of the cos-
mic ray flux may be caused by exceeding the maximum
acceleration energy at the cosmic ray sources. In such
a case only iron nuclei could be accelerated to energies
exceeding 1020 eV.

D. Transition from galactic to extragalactic cosmic rays

One of the reasons for identifying di!erent features at
the end of the cosmic ray spectrum is to study the transi-
tion between the galactic and extragalactic components.
The common opinion is that most of the cosmic rays
above 1019 eV are of extragalactic origin and the GZK
feature supports that. The main question was (and is)
the origin of the dip at around 3"1018 eV. The prevailing
school of thought was that the dip is at the intersection of
the galactic and extragalactic components as explained in
(Hillas, 1984) and (Bahcall and Waxman, 2003). In this
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Motivation

Collateral Damage

HiRes has presented evidence that the CR composition
remains proton-like up to the highest energies
TA data are also compatible with proton primaries
+ but the statistics are still limited
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the depth of the shower maximum. One can study the
shower front width by measuring the rise-time of the sur-
face detector signals. The attempt to do that is fully con-
sistent with the more detailed fluorescent detector anal-
ysis.
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FIG. 19 Depth of maximum measurements of UHECR by the
HiRes collaboration (2005) analysis shown with empty circles
and 2010 analysis with full circles and the Auger collabora-
tion - full squares are compared with the predictions of three
di!erent interaction models for H and Fe.

The final analysis of the stereo measurements of HiRes
in the period 1999-2006 was published in (Abbasi et al.,
2010). The cuts on the data are more stringent than in
the previous analysis. Apart from the good weather re-
quirement, they limit the chance of noise coincidence to
less than 1% and the longitudinal development fit !2 to
less than 4 p.d.f. The final data set of 815 events includes
only events with zenith angle uncertainty of less than 2o,
Xmax uncertainty of less than 40 g/cm2, zenith angle
less than 70o and distance to HiRes II more than 10 km.
The measured Xmax should be bracketed by the HiRes II
field of view and have shower detector plane between 40o

and 130o. The application of the vertical aerosol opti-
cal depth hourly measurements to the amount of light
received by the detectors requires a mean upward correc-
tion of !15% to shower energy for an event 25 km distant
from the observatory. Shower segments with emission an-
gles of less than 5o of a bin pointing direction are not used
in the analysis.

The measured light profile of the shower is fit to a
Gaussian function of the age parameter s to determine
the shower energy and Xmax. The claim is that the use
of the Gaisser-Hillas function does not change the results
within the errors. Showers of energy between 1.6"1018

eV and 6.3"1019 eV are included in the analysis.
All uncertainties in the Xmax measurement come from

the treatment of simulated showers after the detector is
accounted for. Comparisons of the reconstructed Xmax

with the original one showed that the selection and recon-
struction results in Xmax shallower by about 15 g/cm2

than the original one. For this reason for the interpreta-
tion of the measurements the predictions are appropriatly
scaled. The Monte Carlo measured uncertainty of Xmax

is better than 25 g/cm2 over most of the energy range.

This analysis finds a constant elongation rate of 47.9±6
g/cm2 with fit !2 of 0.86 p.d.f over the whole range with
systematic uncertainty of 3.2 g/cm2. Most of the system-
atic uncertainty is due to the event selection cuts.

HiRes also presents the energy dependence of the Xmax

fluctuations in the same energy bins. These numbers
are obtained in a di!erent way from those of the Auger
Collaboration. Since these Xmax distributions are wide
and asymmetric, the HiRes analysis fits them to Gaussian
distributions truncated at 2"RMS. The distributions are
still wide as shown in Fig. 20.
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FIG. 20 Width of the Xmax distributions as measured by
HiRes (full circles) and Auger (full squares). Note that the
width is presented in di!erent ways (see text) and the points
cannot be compared directly.

The heavy cosmic ray composition derived from the
Auger data suggests that the strong decline of the cos-
mic ray flux may be caused by exceeding the maximum
acceleration energy at the cosmic ray sources. In such
a case only iron nuclei could be accelerated to energies
exceeding 1020 eV.

D. Transition from galactic to extragalactic cosmic rays

One of the reasons for identifying di!erent features at
the end of the cosmic ray spectrum is to study the transi-
tion between the galactic and extragalactic components.
The common opinion is that most of the cosmic rays
above 1019 eV are of extragalactic origin and the GZK
feature supports that. The main question was (and is)
the origin of the dip at around 3"1018 eV. The prevailing
school of thought was that the dip is at the intersection of
the galactic and extragalactic components as explained in
(Hillas, 1984) and (Bahcall and Waxman, 2003). In this
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Motivation

Collateral Damage

Auger data on depth of shower maximum and its RMS fluctuation
indicate a transition from a light (presumably proton-dominated)
towards a heavier composition
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the depth of the shower maximum. One can study the
shower front width by measuring the rise-time of the sur-
face detector signals. The attempt to do that is fully con-
sistent with the more detailed fluorescent detector anal-
ysis.
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FIG. 19 Depth of maximum measurements of UHECR by the
HiRes collaboration (2005) analysis shown with empty circles
and 2010 analysis with full circles and the Auger collabora-
tion - full squares are compared with the predictions of three
di!erent interaction models for H and Fe.

The final analysis of the stereo measurements of HiRes
in the period 1999-2006 was published in (Abbasi et al.,
2010). The cuts on the data are more stringent than in
the previous analysis. Apart from the good weather re-
quirement, they limit the chance of noise coincidence to
less than 1% and the longitudinal development fit !2 to
less than 4 p.d.f. The final data set of 815 events includes
only events with zenith angle uncertainty of less than 2o,
Xmax uncertainty of less than 40 g/cm2, zenith angle
less than 70o and distance to HiRes II more than 10 km.
The measured Xmax should be bracketed by the HiRes II
field of view and have shower detector plane between 40o

and 130o. The application of the vertical aerosol opti-
cal depth hourly measurements to the amount of light
received by the detectors requires a mean upward correc-
tion of !15% to shower energy for an event 25 km distant
from the observatory. Shower segments with emission an-
gles of less than 5o of a bin pointing direction are not used
in the analysis.

The measured light profile of the shower is fit to a
Gaussian function of the age parameter s to determine
the shower energy and Xmax. The claim is that the use
of the Gaisser-Hillas function does not change the results
within the errors. Showers of energy between 1.6"1018

eV and 6.3"1019 eV are included in the analysis.
All uncertainties in the Xmax measurement come from

the treatment of simulated showers after the detector is
accounted for. Comparisons of the reconstructed Xmax

with the original one showed that the selection and recon-
struction results in Xmax shallower by about 15 g/cm2

than the original one. For this reason for the interpreta-
tion of the measurements the predictions are appropriatly
scaled. The Monte Carlo measured uncertainty of Xmax

is better than 25 g/cm2 over most of the energy range.

This analysis finds a constant elongation rate of 47.9±6
g/cm2 with fit !2 of 0.86 p.d.f over the whole range with
systematic uncertainty of 3.2 g/cm2. Most of the system-
atic uncertainty is due to the event selection cuts.

HiRes also presents the energy dependence of the Xmax

fluctuations in the same energy bins. These numbers
are obtained in a di!erent way from those of the Auger
Collaboration. Since these Xmax distributions are wide
and asymmetric, the HiRes analysis fits them to Gaussian
distributions truncated at 2"RMS. The distributions are
still wide as shown in Fig. 20.

 0

 10

 20

 30

 40

 50

 60

 70

1018 1019 1020

RM
S(

X m
ax

),σ
X m

ax
 (g

/c
m

2 )

E (eV)

Auger
HRstereo

FIG. 20 Width of the Xmax distributions as measured by
HiRes (full circles) and Auger (full squares). Note that the
width is presented in di!erent ways (see text) and the points
cannot be compared directly.

The heavy cosmic ray composition derived from the
Auger data suggests that the strong decline of the cos-
mic ray flux may be caused by exceeding the maximum
acceleration energy at the cosmic ray sources. In such
a case only iron nuclei could be accelerated to energies
exceeding 1020 eV.

D. Transition from galactic to extragalactic cosmic rays

One of the reasons for identifying di!erent features at
the end of the cosmic ray spectrum is to study the transi-
tion between the galactic and extragalactic components.
The common opinion is that most of the cosmic rays
above 1019 eV are of extragalactic origin and the GZK
feature supports that. The main question was (and is)
the origin of the dip at around 3"1018 eV. The prevailing
school of thought was that the dip is at the intersection of
the galactic and extragalactic components as explained in
(Hillas, 1984) and (Bahcall and Waxman, 2003). In this
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Motivation

Collateral Damage

HiRes has presented evidence that the CR composition
remains proton-like up to the highest energies

TA data are also compatible with proton primaries
+ but the statistics are still limited

Auger data on depth of shower maximum and its RMS fluctuation
indicate a transition from a light (presumably proton-dominated)
towards a heavier composition

Apparent contradictory results reported by HiRes, TA, and Auger
suggest that known and/or unknown systematic uncertainties
may still affect the interpretation of EAS data
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Motivation

Postcards from oases in the desert

Various features in the CR spectrum can also provide
indirect evidence for the nuclear composition of UHECRs

E.g. + The ankle
hardening of spectrum at 1018.5 eV
naturally arises by superposition
of two power-law fluxes and
serves as a candidate of transition
between galactic heavy nuclei and
extra-galactic cosmic ray protons

2

The exploration of cosmic rays began as a mixture
of physics and environmental studies almost a hundred
years ago. After the discovery of radioactivity it was no-
ticed that between 10 and 20 ions were generated per
cubic centimeter of air every second. The main question
was if this ionization was a product of the natural ra-
dioactivity of the Earth. The agent of this radioactivity
was assumed to be !-rays because the two other types of
radioactive rays: "-rays (ionized He nuclei) and #-rays
(electrons) were easily shielded. To prove that natural ra-
dioactivity is the culprit physicists started measurements
of the ionization at di!erent heights above the surface.
Such measurements were done at the Ei!el tower.

Just before the First World War Victor Hess started
measuring the ionization on balloons. In 1912 he flew a
balloon from Austria to an altitude of 5 km and to every-
body’s surprise the ionization increased by a factor of two
rather than decrease. Werner Kohlhörster flew balloons
to altitudes exceeding 9 km in Germany and measured
even higher ionization level of the Höhenstrahlung (high
altitude radiation) as the cosmic rays were called by the
first explorers. The term cosmic rays was put together
by Robert Millikan, who was trying to prove that cosmic
rays are 10 to 100 MeV !-rays from nucleosynthesis of
the common C and O elements.

Kohlhörster continued his cosmic ray research during
1930s. In collaboration with Walther Bothe he proved
that cosmic rays can penetrate through heavy absorbers.
Bruno Rossi shielded his detectors with one meter of lead
and saw some cosmic rays still penetrating. Many expe-
ditions were organized at high mountains to study the
interactions of cosmic rays with the geomagnetic field.
Arthur Compton organized expeditions at di!erent ge-
omagnetic latitudes which proved that cosmic rays are
positively charged particles. More of them come from
the West than from the East because the geomagnetic
field bends positively charged particles coming from the
West towards the surface of the Earth and those from
the East away from it.

Cosmic ray research was the basis for the development
of the QED and the electromagnetic cascade theory. To-
wards the end of the decade Pierre Auger and collabo-
rators made several experiments at high mountain alti-
tude where they ran in coincidence Geiger-Müller tubes
at large distances from each other. They concluded that
primary cosmic rays generate showers in the atmosphere.
Kohlhörster and Rossi ran similar experiments even ear-
lier but of smaller dimensions. Auger estimated that the
showers that were detected came from a primary cos-
mic ray of energy up to 106 GeV. The term ‘shower’ is
an English translation by Patrick Blackett of the ital-
ian expression sciami that Rossi used in conversations
with Beppo Occhialini. The knowledge accumulated in
the 1930s was published in the magnificent article of
(Rossi and Greisen, 1941) “Cosmic Ray Theory”. This
is the beginning of the investigations of the high energy

cosmic rays, of their energy spectrum and composition.

Figure 1 shows the energy spectrum of cosmic rays with
energy above 1011 eV. Note that lower energy cosmic ray
spectrum at Earth is a!ected by the magnetic fields of
the heliosphere and the geomagnetic field. The cosmic
ray flux as a function of energy is multiplied by E2 to em-
phasize the spectral shape and to indicate the amount of
energy carried by cosmic rays of di!erent energy. This is
a smooth power law spectrum that contains three general
features: the cosmic ray knee above 1015 eV, the cosmic
ray ankle at about 3!1018 eV (3 EeV), and the cut-o!
above 3!1019 eV. The approximate positions of the knee
and ankle are indicated with arrows above them. The
cosmic ray spectrum below the knee is a power law E!!

with spectral index " = 2.7. Above the knee the spec-
tral index increases with "" = 0.3. Above the ankle the
power law spectrum becomes flatter and similar to that
before the knee.

Knee

Ankle

direct
measurements

air showers

LHC

103

104

105

106

107

108

109

1010

1011

1012

1011 1012 1013 1014 1015 1016 1017 1018 1019 1020 1021

E2  d
N

/d
E 

(m
-2

s-1
sr

-1
eV

)

Energy ( eV)

Proton
JACEE

MGU
Tien-Shan

Tibet
Akeno

CASA/MIA
Hegra

Kascade
Flys Eye
AGASA

HiRes
HiRes stereo

Auger

FIG. 1 Di!erential energy spectrum of cosmic rays of energy
above 1011 eV multiplied by E2. The positions of the cosmic
rays knee and ankle are indicated with gray arrows. The ex-
periments that contribute data to this graph are shown. The
equivalent laboratory energy of the Large Hadron Collider is
also shown.

The values of the spectral indices show that below the
knee the flux decreases by a factor of 50 when the en-
ergy increases by an order of magnitude. Above the knee
the decrease is by a factor of 100. Because of the de-
crease, cosmic rays of energy above 1014 eV are di#cult
to measure by direct experiments performed on balloons
and satellites. The flux of such cosmic rays is about 3
particles per hour per steradian in one square meter de-
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Motivation

Postcards from oases in the desert

Various features in the CR spectrum can also provide
indirect evidence for the nuclear composition of UHECRs

Proton-dominance beyond ankle
is ultimately limited by the onset
of photopion production on the
cosmic microwave background
while dominance of heavy stuff
is restricted by photodisintegration
through the giant dipole resonance
the so called GZK-suppression
at around 1019.7 eV

2

The exploration of cosmic rays began as a mixture
of physics and environmental studies almost a hundred
years ago. After the discovery of radioactivity it was no-
ticed that between 10 and 20 ions were generated per
cubic centimeter of air every second. The main question
was if this ionization was a product of the natural ra-
dioactivity of the Earth. The agent of this radioactivity
was assumed to be !-rays because the two other types of
radioactive rays: "-rays (ionized He nuclei) and #-rays
(electrons) were easily shielded. To prove that natural ra-
dioactivity is the culprit physicists started measurements
of the ionization at di!erent heights above the surface.
Such measurements were done at the Ei!el tower.

Just before the First World War Victor Hess started
measuring the ionization on balloons. In 1912 he flew a
balloon from Austria to an altitude of 5 km and to every-
body’s surprise the ionization increased by a factor of two
rather than decrease. Werner Kohlhörster flew balloons
to altitudes exceeding 9 km in Germany and measured
even higher ionization level of the Höhenstrahlung (high
altitude radiation) as the cosmic rays were called by the
first explorers. The term cosmic rays was put together
by Robert Millikan, who was trying to prove that cosmic
rays are 10 to 100 MeV !-rays from nucleosynthesis of
the common C and O elements.

Kohlhörster continued his cosmic ray research during
1930s. In collaboration with Walther Bothe he proved
that cosmic rays can penetrate through heavy absorbers.
Bruno Rossi shielded his detectors with one meter of lead
and saw some cosmic rays still penetrating. Many expe-
ditions were organized at high mountains to study the
interactions of cosmic rays with the geomagnetic field.
Arthur Compton organized expeditions at di!erent ge-
omagnetic latitudes which proved that cosmic rays are
positively charged particles. More of them come from
the West than from the East because the geomagnetic
field bends positively charged particles coming from the
West towards the surface of the Earth and those from
the East away from it.

Cosmic ray research was the basis for the development
of the QED and the electromagnetic cascade theory. To-
wards the end of the decade Pierre Auger and collabo-
rators made several experiments at high mountain alti-
tude where they ran in coincidence Geiger-Müller tubes
at large distances from each other. They concluded that
primary cosmic rays generate showers in the atmosphere.
Kohlhörster and Rossi ran similar experiments even ear-
lier but of smaller dimensions. Auger estimated that the
showers that were detected came from a primary cos-
mic ray of energy up to 106 GeV. The term ‘shower’ is
an English translation by Patrick Blackett of the ital-
ian expression sciami that Rossi used in conversations
with Beppo Occhialini. The knowledge accumulated in
the 1930s was published in the magnificent article of
(Rossi and Greisen, 1941) “Cosmic Ray Theory”. This
is the beginning of the investigations of the high energy

cosmic rays, of their energy spectrum and composition.

Figure 1 shows the energy spectrum of cosmic rays with
energy above 1011 eV. Note that lower energy cosmic ray
spectrum at Earth is a!ected by the magnetic fields of
the heliosphere and the geomagnetic field. The cosmic
ray flux as a function of energy is multiplied by E2 to em-
phasize the spectral shape and to indicate the amount of
energy carried by cosmic rays of di!erent energy. This is
a smooth power law spectrum that contains three general
features: the cosmic ray knee above 1015 eV, the cosmic
ray ankle at about 3!1018 eV (3 EeV), and the cut-o!
above 3!1019 eV. The approximate positions of the knee
and ankle are indicated with arrows above them. The
cosmic ray spectrum below the knee is a power law E!!

with spectral index " = 2.7. Above the knee the spec-
tral index increases with "" = 0.3. Above the ankle the
power law spectrum becomes flatter and similar to that
before the knee.
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FIG. 1 Di!erential energy spectrum of cosmic rays of energy
above 1011 eV multiplied by E2. The positions of the cosmic
rays knee and ankle are indicated with gray arrows. The ex-
periments that contribute data to this graph are shown. The
equivalent laboratory energy of the Large Hadron Collider is
also shown.

The values of the spectral indices show that below the
knee the flux decreases by a factor of 50 when the en-
ergy increases by an order of magnitude. Above the knee
the decrease is by a factor of 100. Because of the de-
crease, cosmic rays of energy above 1014 eV are di#cult
to measure by direct experiments performed on balloons
and satellites. The flux of such cosmic rays is about 3
particles per hour per steradian in one square meter de-
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Motivation

What Really Lies at the End of the CR Rainbow

In this talk + I will elaborate on the question as to what extent
spectral information in GZK region can be used to discriminate
between different CR source composition models

Due to strength of GZK mechanism + spectrum in this region
is dominated by (and requires the presence of) local sources

In this case the flux from a few CR sources
can significantly fluctuate from a homogeneous distribution
that is typically assumed in CR flux predictions

In contrast to Poisson fluctuations in the GZK region
–see De Marco, Blasi and Olinto, Astropart. Phys. 20, 53 (2003)–
manifestations of ensemble fluctuations +

persist in the limit of large event statistics
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Cosmic Variance Formulae

Cosmic Ray Propagation

Mean (ensemble-averaged) flux + described by Boltzmann equation

1
r2∂r (r2FA,i) '

δ(r)

4πr2 QA,i

−
∑

B<A

Γ(A,i)→(B,i)FA,i +
∑

B>A

Γ(B,i)→(A,i)FB,i

+ ΓCEL
A,i+1FA,i+1 − ΓCEL

A,i FA,i

binned flux + FA,i ≡ ∆EiA dF A(AEi)/dE
emission rates + QA,i ≡ A∆EiQA(AEi)

interaction rates +

ΓCEL
A,i ≡

bA(AEi)

A∆Ei

Γ(A,i)→(B,i) ≡ ΓA→B(AEi)
energy bin i

m
as

s
n
u
m

b
er

A

∆i = 1

∆
A

=
1
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Cosmic Variance Formulae

Ensemble Average

For local (r/H0 � 1) sources
probability distribution function (PDF) + is flat in Euclidean space
Consider ns sources distributed between redshift rmin and rmax
+ # of sources can be expressed via (local) source density H0 as:

ns = H0(4π/3)(r3
max − r3

min)

PDF of a single source is + p(r) = H0
ns

4πr2Θ(r − rmin)Θ(rmax − r)

Ensemble-average of a quantity A(r1, . . . , rns )
(depending on the distance of the ns sources)

can be expressed as + 〈A〉 =
∫

dr1 · . . . · drnsp(r1) · . . . · p(rns )A
Ensemble-average of local flux +

∑
ns

FA,i(rs) is simply

〈NA,i〉 ≡ H0

∫ rmax

rmin

dr ′4πr ′2FA,i(r ′)
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Cosmic Variance Formulae

Fux Variation

Mean total flux

〈Ntot(E)〉 ≡
∑

A

〈NA(E)〉

together with

cross variance between relative flux of two particle species

〈δNA,iδNB,j〉 ≡ 〈NA,iNB,j〉 − 〈NA,i〉〈NB,j〉

enables us to express relative variation of total flux
via two-point density perturbations as

σ2
loc =

∑

A,B

〈δNA(E)δNB(E)〉
〈Ntot(E)〉2
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Some Explicit Examples
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Some Explicit Examples
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Some Explicit Examples

Ensemble Fluctuations
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FIG. 2: The local relative error of the flux (Eq. (16); upper plots in red) and average mass composition (Eq. (18); lower plots
in blue) for a distribution of iron sources with the model parameters indicated above the plots. The green line in the left
plots indicate the corresponding relative error for the model shown in Fig. 1. All calculations assume a local source density of

H0 = 10�5 Mpc�3 and scale as H�1/2
0 .

local source distribution. In particular, it enables us to
study ensemble-variations of the flux. Using the abbre-
viation (6) we can write the variation of the CR flux in
an explicit analytic form as

h�NA,i�NB,ji ⌘ hNA,iNB,ji � hNA,iihNB,ji

=
X

c,c̄

ncX

k=1

nc̄X

k̄=1

Ak(c)Ak̄(c̄)⇣(�tot
ck

+ �tot
c̄k̄

)Qcnc
Qc̄nc̄

� 1

ns
hNA,iihNB,ji , (14)

where ⇣ is defined as the expression

⇣(�) ⌘ H0

rmaxZ

rmin

dr
e�r�

4⇡r2
. (15)

Note that the last term in Eq. (14) is sometimes omitted
since the number of sources ns is expected to be large, but
we keep it in our calculations. Based on these definitions
we can express the relative variation of the total flux via

the two-point density perturbations (14) as

�2
loc =

X

A,B

h�NA(E)�NB(E)i
hNtot(E)i2 . (16)

With Eq. (13) we can also define the mean mass num-
ber as

hAav(E)i ⌘
X

A

AhNA(E)i
hNtot(E)i . (17)

Note, that Eq. (17) is in the strict sense not the ensemble-
average but serves as a first order estimator. For small
fluctuations around the mean value we can approximate
the relative variation of the mean mass number (17) via
the two-point correlation function (14) as

�2
A '

X

B,C

✓
1 � B

hAav(E)i

◆✓
1 � C

hAav(E)i

◆

⇥ h�NB(E)�NC(E)i
hNtot(E)i2 . (18)

Local relative error of the flux for a distribution of iron sources
Green line indicates relative error for previously shown example
All calculations assume a local source density of H0 = 10−5 Mpc−3

which scale as H−1/2
0
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JEM-EUSO Sensitivity to Ensemble Fluctuations

JEM-EUSO pathfinder mission

JEM-EUSO mission
will orbit the Earth
on board the ISS

Instrument will monitor
≈ 1.3× 105 km2

and will observe annually
≈ 6× 104 km2 sr yr
a factor of 10 above Auger
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JEM-EUSO Sensitivity to Ensemble Fluctuations

Ensemble Fluctuations vs. Statistical Fluctuations
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Contour plots for previously shown iron contours
divided by the statistical uncertainty of JEM-EUSO

Contour 1 means that the statistical error equals the ensemble fluctuation
and for larger values the statistics is sufficient to see the ”spectral wiggles”
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JEM-EUSO Sensitivity to Ensemble Fluctuations

JEM-EUSO Integrated Exposure
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Since ensemble fluctuations are systematic errors
whereas statistical fluctuations are random errors
we can study cosmic variance by dividing the data sample in two halves
Systematic errors would be the same in both halves
but the random errors would be different
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Conclusions

The Take-Home Message
Flux and nuclear composition of ultrahigh energy cosmic rays
depend on cosmic distribution of their sources

Data are yet inconclusive about their exact location or distribution
+ but provide measure for average local density of these emitters
Due to the discreteness of the cosmic ray emitters
the flux is expected to show ensemble fluctuations
on top of statistical variations + the so-called “cosmic variance”
Future space-based observatories with colossal exposures
will allow to separate ensemble fluctuation
from the GZK suppression features on a statistical basis
In combination with information on arrival-direction distribution
and on secondary fluxes of gamma-rays and neutrinos
these spectral features can provide a coherent picture
for an indirect determination of the UHECR nuclear composition
This will naturally complement current direct measurements
through extensive air shower observables
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