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Abstract: JEM-EUSO is a space telescope proposal, devoted to the observation of the ultraviolet fluorescence light
emitted by extreme energy cosmic ray (EECR) atmospheric cascades [1]. The fluorescence technique has proved to be
extremely successful from the ground and JEM-EUSO will be the first detector to use it from space. The telescope
possesses an innovative wide field of view Fresnel optics which, combined with a highly sensitive focal surface and an
observation altitude in excess of 360 km, will allow it to reach an unprecedented exposure of 106 km2 sr yr at 3 × 1020

eV. These capabilities go far beyond what can be practically achieved by ground observatories. The large number of
expected events will allow the identification of relatively nearby individual sources of EECR and determine their spectra.
Point spread function analysis will also be used to study the Galactic magnetic field. Furthermore, baryons, photons and
neutrino primaries can be discriminated with considerable accuracy, and upper limits to the fluxes of the last two will
be improved by at least a factor of 10 beyond present experiments. Moreover, the mass target inside the field of view
is ∼ 1012 ton which, depending on the actual astrophysics scenario, makes very likely the observation of up to a few
cosmogenic neutrinos per year. Other exploratory objectives include the observation of atmospheric phenomena, like
night-glow, high altitude plasma discharges and meteors.
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1 Introduction

Cosmic rays (CR) at the highest energies may be messen-
gers of the most extreme environments in the universe.
This challenging extreme energy region, at the frontier
of present scientific knowledge, is the scope of the JEM-
EUSO mission. JEM-EUSO is intended to address basic
problems of fundamental physics and high energy astro-
physics by investigating the nature and origin of extreme
energy cosmic rays (EECR). JEM-EUSO will pioneer the
observation from space of EECR-induced extensive air
showers (EAS), making accurate measurements of the
energy, arrival direction and identity of the primary particle
using a target volume far greater than which is possible
from the ground. The corresponding quantitative jump
in statistics will clarify the origin (sources) of the EECR
and, possibly, the particle physics mechanisms operating
at energies well beyond those achievable by man-made

accelerators. Furthermore, the spectrum of scientific goals
of the JEM-EUSO mission also includes as exploratory
objectives the detection of high energy gamma rays
and neutrinos, the study of cosmic magnetic fields, and
testing relativity and quantum gravity effects at extreme
energies. In parallel, all along the mission, JEM-EUSO
will systematically survey atmospheric phenomena over
the Earth surface.

2 Main objectives

The CR can be considered as the Particle channel comple-
menting the Electromagnetic one of conventional astron-
omy. The main objective of JEM-EUSO is to initiate a
new field of astronomy and astrophysics that uses the ex-
treme energy particle channel (1019.5eV < E < 1021 eV).
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Figure 1: Probability that positive excess in the arrival dis-
tribution of EECRs (for Fe injection at LSMD from IRAS
PSCz), compared to an isotropic distribution, is NOT re-
alized (p). The probability that positive excess is realized
(1-p) is indicated by numbers in the figure [8].

JEM-EUSO is designed to achieve more than 105 km2 sr
yr above 7 × 1019 eV during its first three years of opera-
tion which, given current uncertainties, amounts to the de-
tection of between 500 and 800 events with energy above
5.5 × 1019 eV [2]. Such a number of events makes pos-
sible the following targets: (a) identification of sources by
high-statistics arrival direction analysis; (b) measurement
of the energy spectra from individual sources to constrain
acceleration or emission mechanisms.
A remarkable characteristic of the EECR flux is that few
astrophysical candidates are known which can attain such
energies with the acceleration mechanisms we are presently
aware of [3, 7]. This fact makes imperative the identifica-
tion of both, those sources and of the powering mechanisms
at play.
Given that a correlation between the arrival directions of
EECR and the Galactic plane has never been observed, not
to mention the relative calmness of the Milky Way, it is
broadly accepted that the particles have an extragalactic o-
rigin. Furthermore, in all the most conservative models,
the sources either follow the distribution of luminous mat-
ter or that of the associated dark matter. In either case, at
large enough energies, anisotropy in the arrival direction-
s is expected in the form of an enhanced correlation with
nearby luminous matter, as data from the Pierre Auger Ob-
servatory presently implies [4]. To complicate the picture
even further, the particles are widely thought to be predom-
inantly baryons and, therefore, to posses charge during at
least a significant portion of their transit through the inter-
galactic medium. Magnetic fields of poorly known inten-
sity and topology are likely widespread throughout the u-
niverse, blurring any correlation between arrival directions
and source position on the sky.
Particles also interact with the CMBR and the IR back-
ground. At the energies of JEM-EUSO the dominant tar-

get is the CMB which leads, in the case of HE protons,
to photo-pair and photo-pion production. Above ∼ 1019.6

eV the latter dominates and can effectively decelerate par-
ticles to below the threshold for photo-pion production in
few tens of Mpc, strongly suppressing the EECR energy
spectrum (the GZK cut-off), and effectively setting a hori-
zon at ∼ 100 Mpc. Nuclei, on the other hand, lose energy
mainly by photo-disintegration. The end result is a similar
attenuation length for Fe, but shorter for intermediate nu-
clei. Therefore, the volume of universe sampled by EECR,
regardless of their mass, is local in cosmic terms and en-
compasses a region where the large scale matter distribu-
tion (LSMD) is inhomogeneous. Thus, under general as-
sumptions and given enough statistics, the footprint of the
source distribution should emerge from the EECR flux.

Figure 2: Simulated distribution of arrival direction of
EECRs protons with E > 55 EeV, for (top) ULX sources
and (bottom) a combination of ULX sources which con-
tribute 37% of the events to a background originated in
LSMD IRAS galaxies contributing 63% of events. Black
circles denote ULX positions. The energy of events is
color-coded in a log-scale. The intergalactic field (IGMF)
is modeled following Faraday Rotation constraints and the
LSMD traced by de IRAS PSCz. The GMF corresponds to
a BSS-S disk with vertical component and hz ∼ 250 pc,
immersed in an ASS-A magnetized halo extending up to
20 kpc. The injection at the sources follows dNinj/dE ∝
E−2.7 [9].

The identification of the sources can follow different path-
s. First, a statistical identification can be attempted. In
this case, arrival directions and source positions from can-
didate astrophysical catalogues are globally compared and
the corresponding correlation is quantified. This has been
attempted many times in the literature for the various exper-
iments for a variety of astronomical catalogues and, most
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notably, recently for Auger [4] and HiRes [5] data. How-
ever, the results are always severely bounded by the low
available statistics at the highest energies and, to a lesser
extent, by the small observed fraction of the sky and the
strong exposure dependence on declination. JEM-EUSO,
with its full sky coverage, low declination dependence of
the exposure and large aperture, can significantly improve
this kind of analysis.
There are several approaches to infer the density of nearby
sources of EECR. If magnetic deflections are not too large,
a low density of sources implies a relatively high EECR
luminosity per source and, therefore, a smaller number of
large multiplicity clusters of events is expected, while the
opposite should occur in a large density scenario. The
degree of clustering over the celestial sphere should also
be dependent on the large scale spatial distribution of the
sources. However, in practice, the number of parameters
involved when trying to explore this avenue leads to am-
biguous results due to the present limited data set [6]. A-
gain, JEM-EUSO will have a strong impact in this arena,
since its increased statistics will allow the discrimination of
source densities in the interval ns ∼ 10−7 − 10−3 Mpc−3

at more than 99% confidence level, as it is shown in Figure
2 in comparison to the present statistics of Auger above 55
EeV.

Figure 3: Simulated observed spectra of a point sources as
a function of distance. The median and the upper and low-
er 68% CL are shown for each spectrum. The hypotheti-
cal sources have the same flux at Earth, which amounts to
∼ 160 − 190 events above 55 EeV. If achieved in 5 yrs of
operation of JEM-EUSO, it corresponds to a collection rate
at Auger of < 4 yr−1 per source. dNinj/dE ∝ E−2, IGM-
F ∼ 1 nG and Lc ∼ 1 Mpc. Incoming events are selected
with an appropriate trigger probability and their energies
are convoluted with an energy and azimuth dependent er-
ror [9].

Another novel possibility is to directly observe individu-
al sources. In this context, an individual source is a very
high multiplicity cluster whose events are genetically relat-
ed. Indications of such a cluster may be already popping
up in the Auger data in the general direction of Cen A.
Whether this enhancement is the product of a single astro-
physical object or the combined effect of a compact more
distant region of individual sources, e.g., the huge Shap-
ley supercluster behind Cen A, is impossible to tell at the
present level of statistics. Other relatively nearby sources
may be also contributing significantly to the EECR flux, al-
though masked at present by the limited fraction of the sky
available to Auger and the strong declination dependence
of its exposure. In fact, M87 and the Virgo cluster may be
just such an example. JEM-EUSO, on the other hand, will
be able to detect those sources if they exist. Figure shows
how the JEM-EUSO sky after 3 yrs of exposure could look
like if some particular class of object, ultra-luminous X-ray
Galaxies (ULX), were sources of EECR contributing 37 %
of the total flux originated from the LSMD as traced by
the IRAS catalog (bottom). Furthermore, if several sources
are found with at least dozens of observed EECR events,
then the observed differences in spectral features among
those sources Figure , combined with a multi-wavelength
approach, will provide direct clues on the identity of the
sources and the acceleration mechanism involved.
The energy dependent distortions of the sources’ point
spread functions as a result of the Galactic magnetic field
can be clearly seen as a function of the position on the sky
(top panel in Fig.). This pattern of distortions, over the ce-
lestial sphere can be used to infer the large scale structure
of the Galactic magnetic field (GMF).

3 Exploratory objectives

Gamma rays at extreme energies are a natural consequence
of π0 production during EECR proton propagation through
the CMB. A gamma-ray flux higher than expected from
this secondary production would signify a new produc-
tion mechanism, such as top-down decay/annihilation, or a
breaking of Lorentz symmetry. Nuclei, on the other, would
produce a much smaller gamma background. Therefore,
the flux of gamma rays in extreme energy is a key parame-
ter to discriminate origin models. Figure 3 summarizes ex-
isting limits on the gamma-ray flux and shows the sensitivi-
ty of gamma rays by five years operation of the JEM-EUSO
Mission. The Auger Observatory reported the upper limit
on gamma ray flux as a few percent of EECR flux above
10 EeV [12]. Under the null gamma ray assumption, JEM-
EUSO is capable of putting more stringent upper limit by
an order of magnitude at overlapping energies. To give the
constraint on origin models or their parameters, the gamma
ray flux above 100 EeV is essential and will be constrained
in an unprecedented way after five years operation of JEM-
EUSO.
During proton propagation through the CMBR, ν are pro-
duced. These cosmogenic neutrinos constitute a guaranteed
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Figure 4: Upper limits on the fraction of photons in the in-
tegral cosmic ray flux at 95% of confidence level. Dashed
line corresponds to the ideal case in which it is known that
there is no photon in the data. Blue solid lines are the up-
per limits obtained by using Xmax; from bottom to top,
different Xmax reconstruction uncertainties of 0, 70, 120
and 150 g cm−2 are considered. See [10] for detils.

flux at Earth and contain extremely valuable information
on the redshift evolution of the sources. Besides the cos-
mogenic flux there may also be contributions from hadron-
ic interactions at the acceleration sites and from top-down
processes. JEM-EUSO can detect neutrinos evolving deep
in the atmosphere or, in the case of bursts of upward go-
ing neutrinos interacting inside the outermost layers of the
crust, as expected form GRB, through direct Cherenkov.
Figure shows the flux sensitivity of JEM-EUSO for several
neutrino production models for both nadir and tilted mode
operation of the telescope. The discovery of EE ν beyond
100 EeV has profound implications on our understanding
of production mechanisms, since protons of energy > 1
ZeV at the source are required to create such energetic ν
via the pion chain. Higher energy neutrinos should origi-
nate either by top-down mechanisms or by less understood
bottom-up channels, like exotic plasma phenomena or u-
nipolar induction in extreme environments.
Furthermore, the ν cross-section is uncertain and highly
model-dependent. Extra-dimension models [13] in which
the Universe is supposed to consist of 10 or 11 dimensions
are among the favored models to unify quantum mechan-
ics and gravitation theory. In these models, the predicted
neutrino cross-section is 102 times larger than the Standard
Model prediction. Under these conditions, JEM-EUSO
should observe 100s of ν events, which would immediately
validate experimentally low-scale unification. In addition,
the ratio of horizontal to upward ν-originated EAS gives a
quantitative estimation of ν cross-section around 1014 eV
center of mass energies [14].
Additionally, a stringent test of relativity could be made
from high multiplicity sources at known distances. If the
GZK steepening functions consistently deviate at some di-

Figure 5: Flux sensitivity of JEM-EUSO detecting 1
event/energy-decade/yr. An observational efficiency of
25% is assumed. Thick blue and red curves show the case
of nadir and tilted modes, respectively. Adapted from [11]

rections in the sky, external vector fields might be emerging
which are not unidirectionally Lorentz Invariant. On the
other hand, verification of LI at EHE would disfavor such
vector fields. [15].
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