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Abstract

The largest entity in our solar system besides the
heliosphere itself is the Jovian magnetosphere. Its
dimensions with a diameter of about 10 times the
diameter of the Sun and its extension of more than 5
AU in the magnetotail as well as their richness of
plasma processes makes it a special place.
Understanding the global configuration and the
dynamics of that magnetosphere is key to all the
other magnetospheres in our solar system and beyond.
Jupiter and its magnetic environment could serve a
template for all the "Hot Jupiters" in other the
universe. Brice and loannidis (1970) was among the
first who described the Jovian system as a fast-
rotating magnetosphere, highly stretched due to the
centrifugal force due to mass-loading of magnetic
field lines fed by the internal source Io and partially
Europa.

One of the most important parameters of the Jovian
magnetosphere is the understanding of the global
flow patterns of plasma and energetic particles in
Jupiter's magnetosphere. Early measurements taken
by the particle spectrometers onboard the Pioneer 10
(P10) and 11 (P11), Voyager 1 (V1) and 2 (V2), and
the Ulysses (ULS) spacecraft confirmed the predicted
existence of a rotating magnetodisc of charged
particles concentrated in the equatorial plane inside
the fast-rotating system. Those early flyby data could
only provide a snapshot of the flow patterns along the
spacecraft trajectories. (Kane et al. (1992); Sands and
McNutt (1988); Carbary et al. (1981), Bagenal et al.
(2017); Bodisch et al. (2017); Dougherty et al.
(2017)). P10, V1 an V2 left the magnetosphere
through the predawn to dawn sector of the
magnetosphere while P11 traversed along the high
latitude noon magnetosphere. ULS added new data
sets from three different instruments in the predawn

sector and provided the first hint of flow
measurements in the southern high latitude dusk
magnetosphere. Kolesnikova and Cowley (2002);
Desai and Simnett (2000); Laxton et al. (1997, 1999);
Kane et al. (1999); Hawkins III et al. (1998);
Hawkins IIT (1997); Cowley et al. (1996); Staines et
al. (1993); Staines et al. (1996); Desai and Simnett
(1996); Hawkins III et al. (1995a,b). The global flow
pattern, however, could not be derived before the
Galileo spacecraft reached the planet and orbited
Jupiter for almost 8 years covering a whole range of
distances and local times. Krupp et al. (2001) used
the directional ion anisotropies of the energetic
particle instrument EPD for protons, oxygen and
sulfur to derive the first global flow pattern. In their
study measurements from the first 10 Galileo orbits
were used covering the predawn to midnight sector
of the Jovian magnetosphere. The interpretation
derived from those measurements revealed that
corotation of charged particle is observed throughout
the magnetotail at least out to 150 RJ. The flows
show a significant dawn-dusk asymmetry where the
flows are much higher at dawn compared to dusk at
similar distances. Waldrop et al. (2015) used EPD
data again and found essentially the same flow
results as Krupp et al. (2001). Krupp et al. (2015) has
used the same analysis technique as in Krupp et al.
(2001) but for all Galileo orbits. Bagenal et al. (2016)
reanalyzed all the low energy ion data of the plasma
instrument PLS onboard Galileo.

The purpose of this paper is to combine Galileo PLS
and EPD measurements to derive the final global
flow pattern in Jupiter's equatorial plane. In addition,
the azimuthal flow as a function of distance and local
time is used to map the corotation breakdown region
in Jupiter's magnetosphere and compare it with a
mapping of auroral imaging results of the main oval
and a magnetic field model.



Acknowledgements

The Galileo data used in this study are available
online through NASA PDS.

The German contribution of the EPD Instrument was
in part financed by the DLR (Deutsches Zentrum fiir
Luft- und Raumfahrt e.V.) under contracts No. 50 QJ
90032, 50 ON 0201 and 50 OH 0801 as well as by
the Max-Planck-Gesellschaft. The JHUAPL portion
of this work was supported in part by a NASA
contract NAS5-97271 under task 006.

We thank A. Lagg (MPS) for providing a very
powerful software package to analyze the EPD data
set. We are also very greatful to T. Choo (JHUAPL)
for reducing the EPD data.

A very special thanks goes to D. Williams, the
Principal Investigator of the EPD instrument who
always supported all the EPD team members in doing
the science they want to do. The authors would also
like to thank E. Roelof (JHUAPL) for very fruitful
discussions early in the mission where he discovered
an error in the EPD data analysis. We acknowledge
also his brilliant mathematical ideas in deriving and
interpreting the particle anisotropies.

Finally, we would like to dedicate this paper to B.
Wilken (MPS) who passed away 2001 and had the
idea of major parts of the EPD instrument. Without
his help the results of this fantastic instrument would
have never been possible.

References

Bagenal, F., R. J. Wilson, S. Siler, W. R. Paterson,
and W. S. Kurth, Survey of Galileo plasma
observations in Jupiter's plasma sheet, Journal of
Geophysical Research (Planets), 121, 871{894,
doi:10.1002/2016JE005009, 2016.

Bagenal, F., L. P. Dougherty, K. M. Bodisch, J. D.
Richardson, and J. M. Belcher, Survey of Voyager
plasma science ions at Jupiter: 1. Analysismethod,
Journal of Geophysical Research (Space Physics),
122, 8241-8256, doi:10.1002/2016JA023797, 2017.

Bodisch, K. M., L. P. Dougherty, and F. Bagenal,
Survey of Voyager plasma science ions at Jupiter: 3.
Protons and minor ions, Journal of Geophysical
Research  (Space Physics), 122, 8277-8294,
doi:10.1002/2017JA024148, 2017.

Brice, N. M. and G. A. Ioannidis, The
Magnetospheres of Jupiter and Earth, Icarus, 13, 173,
doi:10.1016/0019-1035(70)90048-5, 1970.

Carbary, J. F., S. M. Krimigis, E. P. Keath, G.
Gloeckler, W. I. Axford, and T. P. Armstrong, Ion
anisotropies in the outer Jovian magnetosphere, J.
Geophys. Res., 86, 8285, 1981.

Cowley, S. W. H., A. Balogh, M. K. Dougherty, M.
W. Dunlop, T. M. Edwards, R. J. Forsyth, R. J.
Hynds, N. F. Laxton, and K. Staines, Plasma flow in
the Jovian magnetosphere and related magnetic
effects: Ulysses observations, J. Geophys. Res., 101,
15,197-15,210, 1996.

Desai, M. 1., and G. M. Simnett, Solar wind-driven
flows in the Jovian magnetosphere, J. Geophys. Res.,
101, 13,115-13,136, 1996.

Desai, M. 1., and G. M. Simnett, Comment on: "Bulk
Flows of hot Plasma in the Jovian Magnetosphere: A
model of Anisotropic Fluxes of Energetic Ions" by
S.E. Hawkins III, A.F. Cheng, and L.J. Lanzerotti, J.
Geophys. Res., 105 (A5), 10,771-10,778, 2000.

Dougherty, L. P., K. M. Bodisch, and F. Bagenal,
Survey of Voyager plasma science ions at Jupiter: 2.
Heavy ions, Journal of Geophysical Research, 122,
8257-8276, doi:10.1002/2017JA024053, 2017.

Hawkins 111, S. E., Bulk flows of hot plasma in the
Jovian magnetosphere, Ph.D. thesis, Johns Hopkins
University, Baltimore, 1997.

Hawkins I11, S. E., A. F. Cheng, L. J. Lanzerotti, and
C. G. Maclennan, Rotational anisotropy of the Jovian
magnetosphere at high latitudes, J. Geophys. Res.,
100, 14,807-14,820, 1995a.

Hawkins 111, S. E., A. F. Cheng, L. J. Lanzerotti, and
C. G. Maclennan, Corotation of Jupiter's three-
dimensional magnetosphere, Adv. Space Res., 16(4),
191-195, 1995b.

Hawkins 111, S. E., A. F. Cheng, and L. J. Lanzerotti,
Bulk flow of hot plasma in the Jovian
magnetosphere: A model of anisotropic fluxes of
energetic ions, J. Geophys. Res., 103 (E9), 20,031-
20,054, 1998.

Kane, M., B. H. Mauk, E. P. Keath, and S. M.
Krimigis, A convected kappa-distribution model for



hot ions in the Jovian magnetodisc, Geophys. Res.
Lett., 19, 1435-1438, 1992.

Kane, M., D. J. Williams, B. H. Mauk, R. W.
McEntire, and E. C. Roelof, Galileo energetic
particles detector measurements of hot ions in the
neutral sheet region of Jupiter's magnetodisk,
Geophys. Res. Lett., 26, 5-8, doi:
10.1029/1998GL900267, 1999.

Kolesnikova, E., and S. W. H. Cowley, The e_ect of
instrument limitations on the derivation of plasma
flows from energetic ion anisotropies, with an
application to Ulysses observations at Jupiter, Planet.
Space Sci., 50, 193-215, 2002.

Krupp, N., A. Lagg, S. Livi, B. Wilken, J. Woch, E.
C. Roelof, and D. J. Williams, Global flows of
energetic ions in Jupiter's equatorial plane: First order
approximation, J. Geophys. Res., 106, 26,017-
26,032, doi:10.1029/2000JA900138, 2001.

Krupp, N., J. Woch, A. Lagg, E. Roelof, D.
Williams, S. Livi, and B. Wilken, Local time
asymmetry of energetic ion anisotropies in the Jovian
magnetosphere, Planet. Space Sci., 49, 283-289,
2001.

Krupp, N., E. Kronberg, and A. Radioti, Jupiter's
Magnetotail, in Magnetotails in the Solar System,
Washington DC American Geophysical Union
Geophysical Monograph Series, vol. 207, edited by
A. Keiling, C. M. Jackman, and P. A. Delamere, pp.
85-98, doi:10.1002/9781118842324.chS5, 2015.

Laxton, N. F., A. Balogh, M. W. Dunlop, R. J.
Forsyth, R. J. Hynds, K. Staines, and S. W. H.
Cowley, Gradients and flows in Jupiter's
magnetosphere determined from the anisotropies of
approx.-1 MeV protons, Adv. Space Res., 20, 221-
224, 1997.

Laxton, N. F., A. Balogh, S. W. H. Cowley, M. W.
Dunlop, R. J. Hynds, D. J. McComas, and J. L.
Phillips, Ulysses observations of field-perpendicular
plasma flows in the Jovian magnetosphere:
comparison of ExB velocity vectors derived from
energetic ion and thermal electron data, Planet. Space
Sci., 47, 205-224, doi:10.1016/S0032-
0633(98)00084-1, 1999.

Sands, M. R., and R. L. McNutt, jr., Plasma bulk
flow in Jupiter's dayside middle magnetosphere, J.
Geophys. Res., 93, 8502-8518, 1988.

Staines, K., A. Balogh, S. W. H. Cowley, T. M.
Edwards, R. J. Forsyth, and R. J. Hynds, Ulysses
observations of noncorotational flows in the outer
dayside Jovian magnetosphere, Planet. Space Sci.,41,
931-946, doi:  10.1016/0032-0633(93)90098-M,
1993.

Staines, K., A. Balogh, S. W. H. Cowley, T. M.
Edwards, R. J. Forsyth, R. J. Hynds, and N. F.
Laxton, An overview of the anisotropy telescope
observations of MeV ions during the Ulysses Jupiter
encounter, Planet. Space Sci., 44 (4), 341-369, 1996.

Waldrop, L. S., E. C. Roelof, and T. A. Fritz, Three-
dimensional convective flows of energetic ions in
Jupiter's equatorial magnetosphere, Journal of
Geophysical Research (Space Physics), 120, 10,
doi:10.1002/2015JA021103, 2015.



