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Abstract: Since the Pioneer 10/11 mission, Jupiter is known as a source of MeV electrons in the inner heliosphere.
An interesting feature of the Jovian electron source is the fact that Jupiter’s rotation period (∼ 10 h) can frequently
be recovered in the energy spectrum of Jovian electrons in the vicinity of the planet. In order to search for the 10 h
modulation in the heliosphere during Ulysses’ second flyby in 2003/04, we re-examined Ulysses MeV-electron
data from the High Energy Telescope (HET) and Kiel Electron Telescope (KET). From day 140 to day 147 of
2004, when Ulysses was ∼ 1.2 AU away from the planet at low latitudes during the spacecraft’s second flyby, a
clear 10 h modulation was found. We also present data of an event that suggest the presence of the 10 h modulation
even at ∼ 2.2 AU and discuss our results with respect to the transport of Jovian electrons.
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1 Introduction
The Jovian magnetosphere is known as a dominant source
of MeV electrons in the inner and middle heliosphere (e.g.
[3, 16, 7]). These so-called “Jovian electrons” serve as a
valuable tool to study the propagation of charged particles
in the heliospheric environment (e.g. [17, 6, 14, 15]) on
several temporal and spatial scales using Parker’s transport
equation.

However, during the first approach of Ulysses to Jupiter
in 1992, short-lived and anisotropic MeV electron events
were detected in the vicinity of the planet, called Jovian
jets [5]. These events were confirmed during the second,
more distant Jupiter approach of Ulysses during the years
2003/04 [8]. Compared to the background Jovian electron
flux, Jovian jets are characterized by sharp increases and
decreases of the counting rates and the local magnetic
field in general shows a good alignment with the direction
to Jupiter. To establish a magnetic connection between
the Jovian magnetosphere and the observer, significant
deviations from the mean interplanetary magnetic field (i.e.
the Parker field) are often necessary and indeed observed.
In addition, [5] noted that up to a distance from the planet of
∼ 0.5 AU, a periodic variation of the spectral index of MeV
electrons with a periodicity of ∼ 10 h (i.e the rotation period
of Jupiter) was recovered during Jovian jets in 1992. Similar
observations were already made by [3], analysing Pioneer
10 MeV electron data in the vicinity of Jupiter during
events of enhanced intensities and anisotropies (called
“Jovian bursts” by the authors). As pointed out by [3], this
modulation can in particular be observed inside the Jovian
magnetosphere, manifested by an increase (decrease) of
the spectral index and a decrease (increase) of the counting
rates every 10 h, called the “Jovian clock”. Some authors
[3, 10, 12] argued that this feature is independent of the
position of the spacecraft, i.e. it is not a spatial effect. For
a more recent discussion and interpretation of the 10 h
periodicity of charged particles in the Jovian magnetosphere
see [1].

The distribution of Jovian jet events along the trajectory
of Ulysses during the first and second flyby in 1992 and

2003/04, respectively, is shown in Fig. 1. The orange shape
symbolises the Jovian magnetosphere, the spacecraft’s
trajectory during the first flyby is shown in green, for
the second flyby in blue. The dots localise observations
of Jovian jet events. The three dashed red lines near the
magnetosphere show the orientation of the nominal Parker
field line for three different solar wind speeds (400, 600
and 800 km/s). A group of events as well as a single events
are marked by blue squares at a distance of 1.2 (days
143-147/2004) and 2.2 AU (day 299/2004) from Jupiter,
respectively.

In this work we will discuss the presence of Jupiter’s
10 h periodicity in the MeV electron data during and in the
vicinity of these Jovian jet events.

2 Instruments & Methods
For the charged particle data we made use of the Kiel-
er Elektronen Teleskop (KET) and the High Energy Tele-
scope (HET) aboard the Ulysses spacecraft, in particular
the KET’s 2.5-7 MeV (E4) and 7-170 MeV (E12) as well
as HET’s 1-3 MeV (H6) and 5-10 MeV (H7) electron chan-
nels. Besides the counting rates of the electron channel-
s, we approximated the spectral index of the energy spec-
trum by the ratio of two adjacent channels, e.g. E4/E12
and H6/H7. Note that it is important to subtract the back-
ground flux (∼ 10 counts/s) from the H6 channel caused by
the Radioisotope Thermoelectric Generator (RTG) when
analysing the H6/H7 ratio. The KET and HET instruments
are discussed in detail in [11].

We used the Lomb-Scargle spectral analysis [9] in order
to search for periodic variations in the spectral index of
Jovian electrons. We modified the Lomb-Scargle analysis
by defining a moving (or sliding) spectral analysis using
a ∆t=2 day window, allowing us to visualize the wave
power as a function of time and frequency. A schematic
representation of this method is shown in Fig. 2. The Lomb-
Scargle periodogram is computed in the time interval t0 ±
1
2 ·∆t. Then t0 is shifted to the next data point and the new
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Fig. 1: Distribution of Jovian jet events along Ulysses’
trajectory during the first (green) and second (blue) flyby
(equatorial view). The coordinate system is centred to
Jupiter. The two dark blue squares indicate the events we
will investigate in this work.

periodogram is computed. The resulting periodograms can
then be represented in a three-dimensional way, i.e. the
colour-coded wave power is plotted as a function of time
and periodicity. This allows (within the limits of the used
time interval ∆t) a localisation of the presence of Jupiter’s
10 h periodicity. To verify this method we also applyed this
method to Pioneer 10 in 1973 and Ulysses data for the first
flyby in 1992 (not shown here) and found a good agreement
with previous findings of the 10 h periodicity in the spectral
index of MeV electrons.

3 Observations in 2004
We will now focus on Ulysses observations during the year
2004, in particular on the days ∼ 143 to ∼ 147. At this
time, Ulysses was about 1.2 AU away from Jupiter and
located relatively close to the ecliptic plane. Fig. 3 shows,
for the period from day 135 to 155, the result of the moving
Lomb-Scargle analysis of the H6/H7 ratio, i.e. the spectral
index, in the upper panel. Here, the wave power is plotted
in a colour coded way as a function of time (abscissa) and
periodicity (ordinate). The counting rates of the HET H6
channel are shown in the bottom panel. Between days 141
and ∼ 147.5 the counting rates are generally enhanced. This
time interval includes three Jovian jet events identified by
[8]. The identifiers #H, #I and #J were taken from Table. 1 in
[8]. The presence of enhanced wave power at a periodicity
of ∼ 10 h of the spectral index H6/H7 can be identified
between days ∼ 143 and ∼ 147. During this time, the
general counting rate level is highest and the time series
is strongly influenced by the Jovian jets #I and #J. Before
and after this time interval, there is no general indication
for enhanced wave power.

To further illustrate this finding, the bottom panel of
Fig. 4 shows the H6/H7 ratio as a proxy to the spectral
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Fig. 2: Schematic representation of the generation of a
moving/sliding Lomb analysis.

index. The light red curve shows the detrended data while
the dark red curve shows a smoothed version of the same
data. In particular during the second half of the time interval
a 10 h variation is visible. To guide the eye, the dashed
vertical lines are 10 h apart.

The influence of Jupiter’s 10 h periodicity for this time
period is not only visible in the energy spectrum but also
in the counting rates itself. The top panel of Fig. 4 shows
the detrended counting rates of HET’s H7 channel (light
green) and on top the detrended and smoothed H7 data
(dark green). Similar to the H6/H7 ratio, a 10 h periodicity
is present in the counting rates. Compared to the spectral
index, however, this periodicity already starts around day
143.0. The dashed vertical lines shown in the top panel are
again 10 h apart but a shifted by 5 h with respect to the ones
shown in the bottom panel. Most of the time, as indicated by
the dashed vertical lines, a peak in counting rates is visible
every 10 h, suggesting a long-lasting injection of particles
at Jupiter with this periodicity. Fig. 5 shows the result of
an autocorrelation of the detrended H7 couting rates. The
presence of a 10 h periodicity is clearly visible.

As noted above, inside the Jovian magnetosphere the
spectral index and the counting rates are anticorrelated. This
behaviour was also noted to be present outside the Jovian
magnetosphere for Pioneer 10 observations in 1973 and
Ulysses observations during the first flyby in 1992 [3, 12].
This effect can also be seen during the time interval shown
in Fig. 4: when the counting rates show a maximum, the
corresponding spectral index generally shows a minimum.
A corresponding correlation analysis of the spectral index
and the counting rates (H6/H7 versus the H7) for the time
interval spanning days 143-147 is shown in Fig. 6.

Another event that deserves to be mentioned is the Jovian
jet that occurred on day 299 in 2004 (event #L). This event
is the last one observed by Ulysses at a distance as far
away as 2.2 AU from Jupiter. However, this event shows
the highest counting rate level of the Jovian jets observed
during the 2003/04 time period [8]. In the following we
will discuss the question if Jupiter’s 10 h periodicity can be
discovered during this event.

The duration of this event (∼ 10 h, i.e. similar to the
periodicity of interest), however, is too short to successfully
apply a spectral analysis to the data, so we do not use the
moving Lomb analysis. Compared to the temporal evolution
of the E4/E12 ratio outside the jet, the curve is much
smoother and a sine-like variation with a periodicity close
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Fig. 3: Result of the sliding Lomb analysis for the H6/H7
ratio (top) and the corresponding H6 counting rates (bottom)
for days 135 to 155 in 2004. Between days 141 and ∼ 147.5
the counting rates are generally enhanced. This time interval
includes three Jovian jet events identified by [8] and are
labelled #H, #I, #J according to the author’s notation. The
presence of a 10 h periodicity can be identified between
days ∼ 143.5 and ∼ 147.

to 10 h may be visually present during the event. To validate
this impression, we fitted a cosine function of the form

γ(t) = A · cos
(

2π

T
· t +φ0

)
+ c, (1)

to the data. The amplitude is denoted by A, φ0 is the phase
and c the offset and are free parameters to be fitted. Jupiter’s
periodicity (T = 0.4132 d) was kept fixed. Taking the
periodicity as a free parameter as well results in a non-
convergent behaviour of the fitting procedure. The result
of the fitting procedure is represented by the solid pink
curve in Fig. 7 and is in good agreement with the visual
impression of the maximum represented by the red solid line
(including the error indicated by the light red bar) as well
as the amplitude of data. Note, however, that the statistical
uncertainty (i.e. the fluctuations of E4/E12) are large.

The presence of Jupiter’s 10 h periodicity is rather
unambiguous for the other time interval discussed above.
For the jet on day 299 in 2004, the result is more ambiguous.
As mentioned above, this is mainly related to the fact that
the time interval available for our investigation is just of
the order of one Jovian rotation in combination with the
statistical uncertainty of the data. Indeed, taking a time
window of ∼ 10 h for analysis from the time period 143-
147/2004 would result in similar problems.

4 Summary & Conclusion
We investigated Ulysses MeV-electron measurements dur-
ing the spacecraft’s second (distant) approach to Jupiter in
2004. During this time, Ulysses was 0.8-2.2 AU away from
Jupiter at low and mid latitudes.
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Fig. 4: Top: detrended and smoothed counting rates from
day 143 to 147. Most of the time, a peak in the counting
rates can be identified every 10 h (indicated by the dashed
vertical lines). Bottom: detrended and smoothed H6/H7
ratio as a proxy to the spectral index of MeV electrons.
Similar to the counting rates, a 10 h periodicity can be
observed, in particular during the second half of the time
interval. The maxima of the counting rates are anticorrelated
with the maxima of the spectral index.
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Fig. 5: Auto correlation of the H7 channel between days
143 and 147/2004. According to the visual impression in
Fig. 4, a periodicity of 10 h is visible.

A spectral analysis technique (the moving or sliding
Lomb-Scargle analysis) revealed the presence of a modula-
tion of the energy spectrum of Jovian electrons related to
the 10 h periodicity of Jupiter’s rotation during days 143-
147 in 2004 when the spacecraft was 1.2 AU away from
the planet. This modulation was found to be anti-correlated
with the counting rates which also showed a 10 h periodici-
ty, according to the observations of MeV electrons in the
Jovian magnetosphere. The presence of the 10 h during this
time interval is the most distant reported upstream from
Jupiter.

Another event we analysed was a single Jovian jet
observed at 2.2 AU from Jupiter. A visual investigation of
the electron’s spectral index revealed the possible presence
of the 10 h modulation signal even at these distances. A
further investigation of this event, by fitting a sine function
to the data, confirmed this impression. However, due to the
short duration of the event (about one Jovian rotation) and
the level of noise in the data, this conclusion is somewhat
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Fig. 6: Crosscorrelation analysis of the spectral index
(H6/H7) and the counting rates (H7) for the time interval
day 143-147. A clear anti correlation of both quantities is
visible similar to observations inside the Jovian magneto-
sphere.
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Fig. 7: E4/E12 ratio for day 299 to 299.6. A Jovian jet was
observed between day 299.07 and 299.5 (filled dots). The
result of fitting a cosine function with a periodicity of 10 h
to the data is shown by the purple curve.

more ambiguous than for the other events.
The observation of anisotropic Jovian electron events

(i.e. Jovian jets or bursts) and related properties like the
interplanetary magnetic field direction during the observa-
tions strongly suggests that magnetic connections between
the Jovian magnetosphere and an observer exists that are
not favoured by the nominal Parker field (cf. Fig. 1). Jovian
jets are an example of the possibility of particle transport
perpendicular to the average Parker field but along the local
magnetic field. The apparent need for local departures from
the average magnetic field was already discussed by [3, 13].
Local departures of magnetic flux tubes from the average
magnetic field was discussed e.g. by [2] in a wider context.

The observation of Jupiter’s 10 h periodicity more than
1 AU away from the planet is an interesting one concerning
the propagation of Jovian electrons in general. The finding
of considerable directional anisotropies of the particle fluxes
during Jovian jets in combination with the presence of
the 10 h periodicity [5] suggests that the particles had not

experienced strong pitch-angle scattering before they were
detected by the spacecraft. Strong scattering, e.g. parallel
mean free pathes much shorter than the distance between
the Jovian magnetosphere and the observer would lead
to an isotropization of the pitch-angle distribution of the
particles as well as a vanishing of the 10 h periodicity. The
observation of directional anisotropies of the particles does
not allow an application of the (pitch-angle averaged) Parker
transport equation, but a model that takes into account the
pitch angle, i.e. the focused transport equation (cf. [4]).
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