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Abstract Measurements made recently with the PAMELA
satellite during a period of 8 years have shown with good
evidence that a fraction of the cosmic rays detected on Earth
comes from Jupiter. This result draws attention to the idea that
magnetospheres of astrophysical objects could contribute to
the sources of cosmic rays. In this paper we extend our analysis of the cosmic rays measurements made with PAMELA
finding further evidence that the cosmic ray fluxes are larger
on average when the Earth orbit intersects the lines of the
measured interplanetary magnetic field connecting Jupiter
with Earth. This effect shows up with more than ten standard deviations, difficult to explain without the idea that part
of the cosmic ray protons comes directly from the Jupiter
magnetosphere.

1 Introduction
A recently published paper [1] has provided evidence that a
small but not negligible fraction of cosmic rays detected by
the Earth satellite PAMELA1 comes from the planet Jupiter.
The suggestion was that higher energy particles leak out from
the Jupiter trapped particle region and then are ejected into
space following the interplanetary magnetic field (IMF) lines
of force, eventually reaching Earth.
This result draws attention to the idea put forward long
ago [3] that magnetospheres of astrophysical objects could
contribute to the sources of cosmic rays.
On the other hand it is believed today that pulsars be one of
the candidates of the observed ultra-high-energy cosmic rays,
getting power by a centrifugal mechanism of acceleration.
1

PAMELA, launched on 15th June 2006, in a 350–600 km heigh
orbit, is a space-based experiment designed for precise measurements
of charged cosmic rays – protons, electrons, their antiparticles and
light nuclei in the kinetic energy interval from several tens of MeV up
to several hundreds of GeV [2].
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The result obtained with the cosmic rays coming from the
Jupiter magnetosphere reinforces the possibility that astrophysical magnetosphere be indeed the source of the cosmic
radiation.
In this paper we wish to investigate more thoroughly the
experimental result obtained with PAMELA. The use of 8
years of data allows to obtain useful information on statistical
basis. The aim is to increase our confidence that astrophysical
magnetospheres be a source of cosmic rays.

2 Trapped radiation in magnetosphere
An unexpected discovery was the Van Allen belt in 1958.
Although in earlier times Kristian Birkeland, Carl Störmer,
and Nicholas Christofilos considered the possibility that
fluxes of charged particles could dwell in the magnetic field
surrounding the Earth, nobody was expecting so large density
of charged particle population that formed a sort of permanent belt surrounding the Earth.
Afterwards many experiments by means of several spacecraft (Pioneer 10 and 11, Voyager 1 and 2, Ulysses. Galileo,
Cassini) have shown that all major planets in the solar system
possessing a magnetic field (and hence having a magnetosphere) also have Van Allen belts surrounding them [4], in
particular Jupiter which has a dipole magnetic field about two
thousand times greater than that of the Earth and a trapping
region containing very high energy particles.
The natural question is how the Van Allen belts are originated. In the Earth’s magnetosphere electromagnetic waves
have been detected since the beginning (see [5–7]), presumably originated by the action of the solar wind on the magnetosphere [8] and this justifies the presence of acceleration
mechanisms which act on the magnetospheric particles.
Reeves et al. [9] using data from the Van Allen Radiation
Belt Storm Probes, launched by NASA on 30 August 2012,
discovered that radiation belt electrons are accelerated locally
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by wave-particle interactions. This local energy comes from
electromagnetic waves coursing through the belts, tapping
energy from other particles residing in the same region of
space.
In the Jovian magnetosphere, trapped particles are about
ten times more energetic than the ones from the equivalent
radiation belts of Earth. In addition, they are several orders
of magnitude more abundant [10]. Indication of accelerating
mechanisms have also being published [11–13].
In this paper we want to study whether magnetospheric
systems, home of accelerating mechanisms, contribute to the
cosmic radiation that pervades the Universe.

r S ∼ 71,500 km and M J ∼ 1800 × M E , we try to scale up
from the Earth 500 MeV, obtaining

3 Generation of cosmic rays in magnetospheres

E max ∼ 3 × 1019 eV.

Gold [14] suggested that cosmic rays be generated by the
explosion of supernovae, but it is likely that there can be
a variety of sources like, i.e. active galactic nuclei and, as
suggested by Fermi [15], sources of continuos nature acting
in the intergalactic space.
The observation [16] of ultrahigh-energy cosmic rays
(UHECR), with energies above 6 × 1019 eV, obtained with
the Pierre Auger Observatory during 3.7 years, suggests that
AGN or similar objects could be possible sources.
In the following we discuss, using the cosmic ray detected
by PAMELA and the vicinity of the Jovian powerful magnetosphere, whether the energetic protons generated in magnetospheres could contribute to the measured cosmic rays.
We discuss briefly what is the possible largest energy of
protons accelerated in a magnetosphere. The protons leak
out from the trapping region when their motion violate the
adiabatic invariance. This occurs when the Alfven condition
(see also the Hillas criterion [17])

This value compares with the highest cosmic ray proton
energy detected so far. Higher values can be obtained for
larger values of M.

(d B/dr )R L
≤ ,
B

(1)

is not satisfied anymore [18,19] (B is the magnetic field,
R L the Larmor radius and  -the Alfven discriminant- is a
dimensionless quantity order of a few percent (in Ref. [3]
 ∼ 5%).
A prediction of this model is a cosmic cutoff energy given
by
E max =

cq M
,
3r S2

(2)

where r S is the radius of the source and M its magnetic dipole.
In the Van Allen belt of Earth with M ≡ M E = 8 ×
1015 Tm3 , the largest energy of protons is of the order of a
several 100 MeV [2].
Although the largest energy might depend on other parameters, in addition to those appearing in Eq. 2, for Jupiter, with
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E max ∼ 70 GeV.

(3)

This is a very upper limit for Jupiter, greater than the observed
proton energy in the Jovian magnetosphere. Because of the
complexity of the Jovian magnetosphere (including the effect
of its Io satellite) with respect to the Earth’s one, it is likely
that the real upper limit be smaller.
In the case of cosmic rays of extra solar-system origin, for
a neutron star with r S ∼ 10 km and M N S = 1021 T m 3 , we
calculate
(4)

4 Experimental evidence about the Jovian contribution
to cosmic rays
Earth based instrumentation has been considered for studying
whether was possible that an even small fraction of the cosmic rays detected by this instrumentation came from Jupiter.
The first attempt was made with the available neutron
monitors, operating with rigidity thresholds of the order of
10 GV. It was found [20] that the measured cosmic ray flux
was enhanced at certain times when considered in a reference
system co-rotating with Jupiter. The enhancement was of the
order of 0.4%.



Defining the angle Φ E J = J upiter.Sun.Ear th, the angle
between Jupiter, the Sun and the Earth, the enhancement
occurred for values Φ E J ∼ 60◦ − 180◦ with maximum at
Φ E J ∼ 125◦ .
A similar study was made by Mitra et al. [21,22]. They
found a strong modulation at the synodic Jupiter period above
99% confidence level and an angle Φ E J = 140◦ − 160◦ , and
concluded that there was a strong possibility that a part of
cosmic rays comes from Jupiter.
A negative result was instead found in [23,24]. They were
focused in particular on the idea that the magnetic field of
Jupiter could shield the cosmic rays coming from the outer
space. Their conclusion was that the Jovian effect on cosmic
rays observable at the Earth’s ground is minimal.
The indications obtained with the Earth based instrumentation remain rather vague, but an important test can be
made with the measurements made during 8 years with the
PAMELA satellite.
If charged particles are accelerated in the Jovian magnetosphere and then escape, they should follow the interplanetary
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magnetic field lines,2 finally reaching Earth where they are
detected within the cosmic rays fluxes.
In the following we start by considering the Interplanetary
Magnetic Field (IMF) as measured by interplanetary spacecrafts and then we study the cosmic rays measured on Earth
aboard the PAMELA satellite.

Table 1 The angle Φ E J (degree) for V R = 400 km/s and V R =
500 km/s
γ

ΦE J
V R = 400 km/s

ΦE J
V R = 500 km/s

Reference

1

216

270

Parker model [25]

0.57

140

176

Khabarova [27,32]

0.37

117

146

Behannon [28]

4.1 The interplanetary magnetic field
The IMF plays an important role, because its lines of force
guide the protons with energy up to a few GeV from their
possible source, Jupiter, to Earth.
In the Parker model [25] the IMF originates in the Sun
and is transported by the solar wind. If the Sun did not rotate,
the magnetic lines would have been radial straight lined. Due
to the Sun rotation (Ω ∼ 25 days) the lines become spirals
around the Sun [25].
In this model the components of the magnetic field in the
ecliptic plane, Br and Bt , are associated to the two invariants:
Br r 2 = f ir st invariant and Bt r V R = second invariant,
where r is the distance from the Sun and V R the radial velocity
of the solar wind. The first invariant is due to the conservation
of the magnetic flux, the second one to the vanishing of the
electric field because of the high conductivity of the solar
wind plasma.
The equation of the magnetic field lines in the ecliptic
plane can be derived from the equation
Bt V R
VR
Bt
r dφ

= 0.9
,
dr
Br Ω
400 km/s Br

(5)

where we have put Ω = 25 days, the distances are expressed
in AU and the angles in radians. The magnetic lines of force
obtained by integrating this equation have the shape of spirals.
It is well known that the IMF, being affected by great
turbulence due to the solar activity, has large fluctuations. In
this paper we consider 8 years of data which could average
out many fluctuations.
We could simply adopt the IMF as given by the Parker
theory, but, in my opinion, it is more realistic to consider
the measurements of the IMF made with various spacecrafts
(Helios 2, IMP8, Pioneer, Venus Orbiter, Voyager 1, Ulysses).
The experiments with space borne magnetic field detectors all give an IMF with spiral lines of force, but the precise
behavior depends on the radial gradients of the ratio Bt /Br ,
that, in the Parker theory, scales linearly with r . Measurements made, in particular, with the Pioneer 11, Voyager and
Ulysses spacecrafts [26–32] show some discrepancies from
the behavior predicted in the Parker theory.
2

This is possible, because 1 GeV protons have a Larmor radius, for a
IMF between Jupiter and Earth of about 1 nT, of the order of 0.02 AU.

Let us calculate the angle Φ E J , the angle between Jupiter,
the Sun and the point where the IMF line intersect the Earth
orbit. Integrating Eq. 5 and putting, as already suggested in
[28], Bt /Br ∼ r γ we find the magnetic line of force connecting Jupiter with Earth
ΦE J =


VR
0.9  γ
γ
r J upiter − r Ear th
,
γ
400 km/s

(6)

where γ = 1 in the Parker theory (r J upiter = 5.2 and
r Ear th = 1) and the angles are expressed in radians.
We show in the Table 1 the angle Φ E J for the Parker
model and that obtained from the measurements made with
the space probes, considering that the solar wind velocity
varies, roughly, between V R = 400 km/s and V R = 500
km/s with occasional peaks up to V R = 700 km/s.
We notice that the angles Φ E J where the IMF lines intersect the Earth orbit are smaller than 180◦ for a large range of
solar wind velocities.
A schematic view of Sun, Earth and Jupiter with the IMF
lines connecting Jupiter with Earth is shown in Fig. 1.
4.2 Data analysis
The analysis of the data obtained with PAMELA during a
period of about eight years has been described in detail in
Ref. [1]. We illustrate schematically the main steps and then,
in this paper, we deepen and extend the study of the data, in
order to be more confident that some part of the cosmic rays
measured by PAMELA comes from Jupiter.
The data have been provided by the PAMELA team [1]
in three independent files according to the proton energy:
protons with energy in the range 0.4–0.65 GeV, in the range
0.65–15 GeV and in the range 15–50 GeV.
For each day, daily averages were calculated, from the
beginning of the PAMELA operation, 9 July 2006–31 August
2014 with a few gaps in the data taking.
To ensure a clean galactic sample, contamination of solar
particles from solar flares [33] has been avoided, discarding
data taken during major solar particle events. Other shortterm effects on GCRs, like Forbush decreases, caused by
coronal mass ejections passing through Earth, have been
removed, even if their impact on the proton intensities
appears negligible for most events. Information about the

123

848 Page 4 of 7

Eur. Phys. J. C (2018) 78:848

Fig. 1 A schematic view of Sun, Earth and Jupiter with the IMF lines
connecting Jupiter with Earth, for V R = 400 km/s. The dashed line
refers to γ = 0.57, the dotted line to γ = 0.37. The dot-dashed line
refers to the Parker model. (We notice that the IMF lines based on
measurements intersect the Earth orbit at angles Φ E J < 180◦ )

procedure adopted for obtaining the daily averages used in
the present analysis can be found in [34,35].
A total of 2193 daily averages of proton fluxes have
been obtained. At low energy the proton flux measured by
PAMELA increased up to the year 2009 at sunspot minimum,
then decreased when the solar activity increased.
To get rid of the long term variations associated with the
solar cycle, the proton fluxes f (t) have been fitted versus
time and the fluctuations ξ were evaluated.
ξ(t) = f (t) − f it.

(7)

The data were fitted in each file with two distinct third
degree3 polynomials (one for the data before the maximum
in the proton intensity, and one for data after the maximum),
in the form ξ(t) = a + bt + ct 2 + dt 3 excluding the time
during the maximum (t indicates number of days from 9 July
2006, for both fits). The results (already shown in Fig. 1 of
[1]) are given in Fig. 2.
We now study the behavior of ξ(t) versus time, while
PAMELA, orbiting around the Earth, makes about eight turns
around the sun and we associate to each value ξ(t) the angle
Φ E J (t). If our hypothesis is correct, when the Earth, during
3

The smallest degree for a reasonable fit.

123

Fig. 2 Days from 9 July 2006. On upper graphs the daily proton flux
(number of protons/(cm2 sr s GV)) in the range 0.4-0.65 GV versus
time (1865 fitted daily averages). In the middle one protons in the range
0.65–15 GeV (1866 fitted daily averages). In the lower one protons in
the range 15–50 GeV (1809 fitted daily averages)

the orbits around the Sun, intersects the lines of the IMF
which come from Jupiter the proton flux should be enhanced.
In our previous study, looking at Fig. 1, we had noticed that
the Earth intersects the lines of the measured IMF coming
from Jupiter at angles Φ E J < 180◦ and we had distributed
the daily proton fluxes in two categories; (a) those with angles
Φ E J ≤ 180◦ , (b) those with angles Φ E J > 180◦ .
Taking the averages of these two categories we had found
[1] that the average proton flux for Φ E J < 180◦ exceeded the
average flux for Φ E J > 180◦ by several standard deviations,
namely about 12 standard deviations for rigidities in the range
0.4–0.65 GV, about 10 for rigidities in the range 0.65–15 GV
and 4 for rigidities in the range 15–50 GV.
Here we have decided to look for all possible directions, in
order not to be biased by previous choices. For a given angle
Φ we divide the daily averages in a series of two categories:
(a) Na daily averages with Φ −90◦ < Φ E J < Φ +90◦ and b)
Nb remaining daily averages, with Φ varying from 0o to 180◦
in steps of 1◦ (the ±90◦ for taking care of large fluctuations
due to the solar activity and to the solar wind variations). The
case considered in [1], shown above, corresponds to the case
Φ = 90◦ .
For each category, which includes Na,b daily averages, the
average value ηa for category (a), the average value ηb for
category (b) and the standard deviations σa and σb of these
two averages are calculated. We then calculate the quantities
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Table 2 Results. The Φ value at the center of the flat tops in Fig.
3, the difference D between the average flux with Φ − 90◦ < Φ E J <
Φ +90◦ and the average flux outside this range, SNR and the percentage
excess of cosmic ray calculated as D/(average flux). The average flux
is obtained by the Fig. 2
Rigidity
GV

Φ
±90◦

D
N /(cm2 sr s GV)

SNR

CR excess
∼%

0.4–0.65

105

(6.50 ± 0.52)10−4

12.6

4.8

100

± 0.60)10−3

10.5

(1.82 ± 0.41)10−6

4.5

0.65–15
15–50

60

(6.32

2.7
1

Fig. 4 Distribution of ξ(t) for rigidity 0.4–0.65 GV. On the top the
gaussian distribution for all ξ(t) with 1865 daily averages (0◦ < Φ E J <
360◦ ), in the middle the distribution with 1069 daily averages having
129◦ − 90◦ < Φ E J < 129◦ + 90◦ , on the bottom the distribution with
796 daily averages having Φ E J outside the above angle interval

Fig. 3 The S N R = D/σtotal versus Φ. Left graph for the rigidities
0.4–0.65 GV, middle graph for 0.65–15 GV, right graph for 15–50 GV

D = ηa − ηb

σtotal = σa2 + σb2 .

categories a) and b) (middle and lower graph) are both gaussian and have different averages, ηa = (2.69 ± 0.33)10−4
and ηb = (−4.06 ± 0.36)10−4 .
Using these two averages of the two gaussian distributions
we get D = ηa − ηb = (6.75 ± 0.49)10−4 , that is D = 0
with S N R = 0.680
0.049 = 13.9 standard deviations. Using the
averages of the measured daily data we get SNR=13.2, as
shown in Fig. 3.
We conclude that the asymmetric behavior of the proton
fluxes is a real phenomenon, not due to chance.

(8)
(9)

If the proton fluxes are distributed uniformly along the Earth
orbit we expect D = 0, within errors.
The result is shown in the Table 2 and in Fig. 3 where
S N R = D/σtotal (number of standard deviations) is given
versus Φ.
If we want to associate the SNR to the probability that
the result was due to chance, we must verify that the data
ξ(t) have gaussian distribution. This is done in Fig. 4 for the
rigidity 0.4–0.65 GV and the case 129◦ − 90◦ < Φ E J <
129◦ + 90◦ , when SNR = 13.2 is the largest one.
The upper graph gives the distribution of all the daily
averages (0◦ < Φ E J < 360◦ ). The distribution is gaussian and the average ηtotal = (−0.26 ± 0.26)10−4 is null,
as expected. We also find that the distributions for the two

5 Discussion
The results shown in Fig. 3 give important information on
the behavior of the proton fluxes measured by PAMELA.
Starting from the graph on the left, for rigidities 0.4–0.65
GV, we notice that SNR is roughly flat from Φ = 80◦ to
Φ = 130◦ at values SNR = 12–13, reaching the maximum
SNR = 13.2 at Φ = 129◦ .
We interpret this as follows:
consider the Φ = 105o value at the center of the flat top of
Fig. 3 where SNR = 12.6 (see the Table 2). The large SNR
indicates that the average proton flux when PAMELA, during
its orbit around the Sun, is at locations where 105◦ − 90◦ <
Φ E J < 105◦ + 90◦ is certainly greater than the average flux
when Φ E J is outside that range.
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From Table 1 and Fig. 1, we deduce that the average proton flux is higher when PAMELA intercepts the IMF lines
coming from Jupiter. The top flatness is due to the fluctuations of the IMF and especially is due to the variations of the
solar wind speed that cause the IMF lines to sweep the entire
quadrant from 0◦ to 180◦ .
The graph in the middle, for rigidities 0.65–15 GV, also
shows a larger average proton flux from Φ = 60◦ to Φ =
140◦ , with S N R  10, smaller than that at lower rigidity.
The graph on the right, for rigidities 15–50 GV, also has
a flat top, from Φ = 20◦ to Φ = 100◦ and S N R  4.
A possible, plausible explanation for these differences is
that, while at low energy the proton Larmor radius is small,
about 0.01 AU for 0.65 GeV, meaning that the protons can
follow closely the IMF lines, at higher energies the Larmor
radius is greater, 0.3 AU for a 50 GeV proton, so the high
energy protons might not follow closely, on average during
the 8 years of measurements, the IMF lines and might have
a straighter path that intersect Earth’s orbit at smaller Φ E J .
The different values of SNR indicate that the contribution of the proton flux from Jupiter decreases with increasing
energy. This is likely related to the cutoff energy of Jupiter
which limits the production of high energy protons.
In conclusion we find a clear excess of proton fluxes at
Φ E J angles where the IMF lines of force from Jupiter, calculated from the experiments, intersect the Earth’s orbit, for
all proton energies. We have also verified (see [1]), that the
enhancement of the proton fluxes at Φ E J angles smaller than
180o occurs separately for all energies both before and after
day 1200 of Fig. 2.

6 Conclusion
The discovery of the Van Allen belt in a magnetosphere due
to the dipole field of the Earth showed, already in 1958,
that electrically charged particle are concentrated in certain
regions of space where acceleration mechanisms operate.
Thus the idea that the magnetospheres leak out the most energetic particles comes out in a natural way.
The vicinity of a powerful magnetosphere, as that possessed by the planet Jupiter, has allowed to test if part of
the cosmic rays observed on Earth comes from Jupiter. The
test has given a positive result with over ten standard deviations, that happens very rarely when new experimental data
are studied.
If another cause is proposed to explain the observed effect,
it must account for why, on average over a period of 8
years, the high energy interplanetary proton fluxes are larger,
beyond any reasonable doubt, when the Earth is at a particular
position in its orbit around the Sun.
If the most simple explanation of a Jovian contribution
is valid, the theory that pulsars be one of the candidates
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of the observed ultra-high-energy cosmic rays is reinforced
and makes reasonable to extrapolate this feature to all astrophysical magnetospheres where powerful acceleration mechanisms operate (say: Pulsars, AGN, Black Holes...).
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