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Abstract Identifying and quantifying the different drivers of energy flow through a planetary
magnetosphere is crucial for understanding how each planetary system works. The magnetosphere of our
own planet is primarily driven externally by the solar wind through global magnetic reconnection, while a
viscous-like interaction with the solar wind involving growth of the Kelvin-Helmholtz (K-H) instability is a
secondary effect. Here we consider the solar wind-magnetosphere interaction at all magnetized planets,
exploring the implications of diverse solar wind conditions. We show that with increasing distance from
the Sun the electric fields arising from reconnection at the magnetopause boundary of a planetary
magnetosphere become weaker, whereas the boundaries become increasingly K-H unstable. Our results
support the possibility of a predominantly viscous-like interaction between the solar wind and every one
of the giant planet magnetospheres, as proposed by previous authors and in contrast with the solar
wind-magnetosphere interaction at Earth.

Plain Language Summary Understanding how energy flows from the Sun to the planets is a
complex problem with many different aspects. One of the ways in which energy is transferred is via
the continuous flow of charged particles away from the Sun known as the solar wind. When this solar
wind encounters the invisible magnetic bubble (magnetosphere) that surrounds each of the magnetized
planets (e.g., the Earth), it is generally forced to flow around the obstacle. However, there are important
processes that can break down this natural magnetic shielding and allow energy to enter near-planet
space. This study compares two different and important ways in which the breakdown can take place. We
show that the dominant mechanism in the context of Earth’s magnetosphere may be less important at
planets farther from the Sun, whereas a mechanism more like viscous drag may grow to dominate at
the giant planets in the outer solar system. This would be in contrast to conventional understanding and is
highly relevant for an emerging and ongoing debate that concerns scientists working on all planetary
magnetospheres, both those known to exist in our solar system and those that are likely present around
other stars.

1. Introduction

The interaction between the solar wind and the strongly magnetized planets of the solar system
produces a diverse range of planetary magnetospheres, and understanding how energy flows through
each system is a major element of our overall understanding of each planetary environment. The magne-
tosphere of our own planet is driven externally through a time-dependent interaction with the highly
variable solar wind and its embedded interplanetary magnetic field (IMF) of the Sun (see the reviews by
Vasyliūnas, 2011 and Eastwood et al., 2015). Changes in solar wind dynamic pressure cause the magneto-
sphere to dramatically expand and contract, and transport of mass and energy across the magnetopause
boundary of the system can result from the operation of fundamental processes (see the review by Sibeck
et al., 1999).

How the solar wind drives convection within the terrestrial magnetosphere was the subject of two seminal
papers in the 1960s. The first explanation was put forward by Dungey (1961) and involves magnetic
reconnection at the dayside magnetopause where there are antiparallel components of the adjacent
interplanetary and planetary magnetic fields. The second was put forward by Axford and Hines (1961; also,
see Axford, 1964) who hypothesized that the solar wind effectively exerts a viscous drag on the magneto-
spheric obstacle, despite the absence of interparticle collisions within the very low density plasmas, due
to charged particle interactions with electromagnetic fields. Axford and Hines (1961) proposed that a net
transfer of momentum occurs between turbulent solar wind plasma and magnetospheric plasma at
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the magnetopause due to reflection and refraction of magnetohydro-
dynamic waves, providing an effective viscous interaction that is
enhanced by magnetopause instability. In this paper we refer to these
two concepts as global magnetic reconnection and the viscous-like
interaction, both of which are illustrated in Figure 1.

Magnetospheric convection leads to a variable potential difference
across Earth’s polar caps. Widespread evidence for ongoing reconnec-
tion at Earth’s magnetopause at loci of points that describe reconnec-
tion “X-lines” and comparison of cross-polar potential measurements
with theory has shown that the primary contributor to the potential is
this global magnetic reconnection (applying between order 10 and
order 100 kV), which is therefore thought to be the dominant driver
of convection (e.g., Burch & Phan, 2016; Milan et al., 2007; Paschmann
et al., 1979; Phan et al., 2000; Reiff et al., 1981; Russell & Elphic, 1978).
There is also evidence for a secondary contribution to the cross-polar
potential of order 10 kV, which has been attributed to the viscous-like
interaction (e.g., Boyle et al., 1997; Bruntz et al., 2012; Reiff et al., 1981;
Sundberg et al., 2009).

The viscous-like interaction is thought to be underpinned by plasma
transport across the terrestrial magnetopause resulting from physics
that includes kinetic Alfvén wave-particle interactions (Chaston et al.,

2007, 2008; Izutsu et al., 2012; Johnson & Cheng, 1997), and the overall viscous-like interaction is significantly
enhanced by growth of the Kelvin-Helmholtz (K-H) instability at the boundary (Axford, 1964), particularly
where more local reconnection and plasma mixing associated with K-H waves and vortices take place (e.g.,
Eriksson et al., 2016; Hasegawa et al., 2004; Nakamura et al., 2017; Ma et al., 2017a). Note that present under-
standing of global magnetic reconnection and the viscous-like interaction therefore both involve reconnec-
tion, quasi-steady and on a global scale as opposed to more intermittent and local as a result of K-H
instability growth.

The questions motivating the present study are as follows: How does the solar wind interact with each
magnetized planet in the solar system, and how does each interaction compare with the terrestrial case?
Evidence for the expected operation of reconnection and growth of the K-H instability at the magneto-
pause boundaries of other magnetized planets has been reported (e.g., Delamere et al., 2013; Ebert et al.,
2017; Huddleston et al., 1997; Masters et al., 2010; McAndrews et al., 2008; Slavin et al., 2009; Sundberg
et al., 2012). However, separating contributions to an overall potential applied to each system externally
by the solar wind remains a challenge.

Debate on this topic has often been in the context of Jupiter’s giant magnetosphere. While the potential
applied by global magnetic reconnection can be estimated (Badman & Cowley, 2007; Masters, 2017), it
has been proposed and contested that the cycling of magnetic flux through Jupiter’s magnetosphere dif-
fers from the terrestrial case (Cowley et al., 2008; McComas & Bagenal, 2007, 2008). The question of external
driving of the Jovian system was addressed by Delamere and Bagenal (2010, 2013). They proposed that the
viscous-like interaction is the dominant external driver at Jupiter, invoking the modern concept where K-H
instability growth plays a key role, and where magnetic flux is intermittently opened and closed by local
reconnection in the vicinity of a disturbed magnetopause boundary (e.g., Ma et al., 2017a). Turning to
the other giant planets, evidence for local time asymmetry of solar wind flow around Saturn’s magneto-
sphere indicates the global importance of the viscous-like interaction (Burkholder et al., 2017), whereas
limited exploration of the asymmetric and highly dynamic magnetospheres of Uranus and Neptune mean
the overall nature of each solar wind-magnetosphere interaction is particularly unclear.

Here we consider all the magnetized planets and show that the diversity of typical solar wind conditions
has a substantial impact on reconnection at a planetary magnetopause that is in contrast with the impact
on K-H instability growth. This implies that the solar wind interaction at all the giant planets is more
viscous-like than it is at Earth, supporting the possibility that the viscous-like interaction is the dominant
external driver of all these magnetospheres.

Figure 1. Solar wind interaction with an Earth-like magnetized planet: Global
magnetic reconnection and the viscous-like interaction.
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2. Rationale

Typical upstream solar wind conditions vary significantly between each magnetized planet. Figure 2 shows
an application of scaling laws that approximate changes in typical solar wind parameters with heliocentric
distance (measured in astronomical units the mean Sun-Earth distance; Russell et al., 1982; Slavin & Holzer,
1981). Each parameter has been normalized to its typical near-Earth value. A near-constant solar wind speed
is in contrast with decreasing plasma density and IMF strength. The scaling of these quantities produces a
decreasing Alfvén speed and an increasing Alfvén Mach number with heliocentric distance, consistent with
spacecraft observations (e.g., Bagenal et al., 1987; Jackman & Arridge, 2011).

Let us now consider how changing conditions affect the process of magnetic reconnection. We can start with
the simple case of a current sheet separating collisionless plasmas where the plasma flows on either side of
the boundary are antiparallel to each other, where the adjacent magnetic fields are also antiparallel to each
other, and where all four vectors are aligned. The occurrence of reconnection at a point on this current sheet
produces a reconnection electric field, Er, the strength of which is given as

Er ¼ 2δ
B1B2

B1 þ B2

� �
vo 1-

v1-v2ð Þ2
v2o

ρ1B2ρ2B1
ρ1B2 þ ρ2B1ð Þ2

 !
(1)

where the reconnection outflow speed, vo, is defined as

vo ¼ B1B2 B1 þ B2ð Þ
μ0 ρ1B2 þ ρ2B1ð Þ
� �1=2

(2)

Figure 2. Variation of typical solar wind parameters with heliocentric distance, measured in astronomical units (AU). (a)
Solar wind speed, plasma density, and magnetic field strength, all normalized to their near-Earth value. (b) Solar wind
Alfvén speed (vA) and Alfvén Mach number (MA). The average heliocentric distance of each magnetized planet is indicated.
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and where we have represented plasma flow speeds as v, plasma mass densities as ρ, magnetic field strengths
as B, the reconnection efficiency (dimensionless reconnection rate) as δ, the permeability of free space as μ0,
and we have used the subscripts 1 and 2 to indicate the different sides of the current sheet (Cassak & Shay,
2007; Doss et al., 2015). If we neglect the role of plasma flow shears for the moment, by setting the far-right
factor (in brackets) that contributes to the product given in equation (1) as a constant, then the dependence
of the reconnection electric field strength on the adjacent densities and magnetic field strengths is

Er∝
B1B2ð Þ3=2

B1 þ B2ð Þ ρ1B2 þ ρ2B1ð Þ½ �1=2
(3)

For symmetric conditions across the current sheet (equal densities and equal magnetic field strengths) we
obtain the familiar dependence of the reconnection electric field strength on the Alfvén speed, vA, in the
adjacent regimes,

Er∝BvA (4)

Based on the above we can make the general statement that higher plasma mass densities and lower mag-
netic field strengths on both sides of a current sheet (i.e., lower Alfvén speeds) leads to a weaker reconnection
electric field. In addition, note that the plasma flow-dependent factor in equation (1) that we neglected repre-
sents the negative impact of flow shears in the direction of reconnection outflow. Inspection of this term
shows that for a given flow shear this negative impact becomes more significant as the Alfvén speed
decreases, because this leads to slower reconnection outflows that are more prone to disruption by adjacent
flows (see discussion in section 2).

We can similarly consider how changing conditions affect K-H instability growth. If we consider the same
initial conditions adjacent to a point on a current sheet and we locally perturb the boundary, then this seed
perturbation will grow if the interface is K-H unstable. The condition for K-H instability growth is given as

k · v1-v2ð Þ2> 1
μ0

1
ρ1

þ 1
ρ2

� �
k ·B1ð Þ2þ k ·B2ð Þ2

h i
(5)

where k is the perturbation wave vector (e.g., Chandrasekhar, 1961). If we set both nonzero plasma flow velo-
cities to be constant, then the K-H stability of the boundary for a chosen wave vector is now only affected by
variations in densities andmagnetic fields strengths. These quantities appear on the right side of equation (5),
the stabilizing term, which we can represent as I. For a wave vector aligned with the adjacent magnetic fields
we can describe the dependence of this quantity on these variables as

I∝
1
ρ1

þ 1
ρ2

� �
B21 þ B22
� �

(6)

If we now once again consider the symmetric case of equal densities and equal magnetic field strengths, we
find that

I∝v 2
A (7)

This also allows us to make a general statement that higher plasma mass densities and lower magnetic field
strengths on both sides of a current sheet (i.e., lower Alfvén speeds) make a boundary more likely to be K-H
unstable and promote a higher instability growth rate. The physical origin of the magnetic field dependence
is that the stabilizing effect of magnetic forces is less significant when the adjacent fields are weaker.

Returning to differing typical solar wind conditions at the magnetized planets shown in Figure 2, we can now
begin to define themain conclusion of this paper. The decrease in solar wind Alfvén speed with distance from
the Sun should be reflected in a similarly monotonic decrease in the typical Alfvén speed in the shocked solar
wind adjacent to the magnetopauses of the magnetized planets (equivalent to increasing typical near-
magnetopause plasma β, ratio of plasma to magnetic pressure), which is consistent with spacecraft observa-
tions (e.g., Gershman et al., 2013; Masters et al., 2012; Trenchi et al., 2008).

Table 1 explores this known variation in near-magnetopause solar wind Alfvén speeds by employing an
established analytical modeling approach (see Masters, 2017, and references therein). For each planet the
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magnetopause is described as a parabolic conic section and the upstream IMF is perpendicular to the solar
wind flow vector. Input upstream solar wind conditions are listed in Table 1 and result in predicted solar
wind conditions immediately outside each model magnetopause that lead to the stated estimates of the
typical Alfvén speed and the quantities given in equations (4) and (7). The product of magnetic field
strength and Alfvén speed in the near-magnetopause solar wind steadily decreases across the full range of
magnetized planets, whereas the square of the Alfvén speed shows a decrease that is most pronounced
between Mercury and Jupiter and more modest between the giant planets.

The main conclusion of this paper is therefore that varying typical solar wind conditions mean that with
increasing distance from the Sun the electric fields arising from reconnection at the magnetopause boundary
of a planetary magnetosphere become weaker, whereas the boundaries become increasingly K-H unstable.
This is the result of differing Alfvén speed regimes just outside the magnetopause boundary where direct
interaction with the solar wind takes place. These differing near-magnetopause solar wind properties likely
also lead to larger diffusion coefficients associated with cross-magnetopause plasma transport due to kinetic
Alfvén wave-particle interactions at greater distances from the Sun (e.g., Johnson & Cheng, 1997). Varying
solar wind conditions therefore demote magnetospheric interaction with the solar wind through global mag-
netic reconnection and simultaneously promote the viscous-like interaction with increasing heliocentric dis-
tance. In the following we argue that this is a robust conclusion by testing its sensitivity, and through
consideration of physics not treated here.

So far we have neglected internal, magnetospheric properties, focusing instead on the external solar wind. To
address this, we can consider a toymagnetized planet located at different distances from the Sun and assume
that at all heliocentric distances themagnetic field of the planet is sufficiently strong to shield it from the solar
wind. Now let us consider the point on the planetary magnetopause current sheet that is closest to the
planet, where the surface normal is aligned with the upstream solar wind flow vector. External conditions
(subscript 1) are controlled by the upstream solar wind (subsequently processed by a collisionless bow shock
wave) and internal conditions (subscript 2) correspond to the outer magnetosphere. External density and IMF
strength can be described as

ρ1 ¼ c1ρsw (8)

B1 ¼ c2Bsw (9)

where the upstream plasma mass density is ρsw, the strength of the upstream IMF is Bsw, and c1 and c2 are
constants (i.e., we do not rely on the modeling results summarized in Table 1). If we assume that the plasma
β ≪ 1 in the outer magnetosphere of our toy planet, then we can express the internal magnetic field strength
required to balance the solar wind dynamic pressure as

B2 ¼ Aρ
1=2
sw (10)

where.

Table 1
Results of Modeling Solar Wind Conditions Immediately Outside the Dayside Magnetopause of Each Magnetized Planet

Planet

Model upstream solar wind inputsa Typical near-magnetopause solar wind parameters

Flow speed
(km/s)

Proton number
density (cm�3)

Magnetic field
strength (nT)

Sum of proton and
electron temperatures (104 K)

vA
(km/s)

BvA
(102 nT·km/s1)

vA
2

(104 km2/s2)

Mercury 400 50 30 36 550 800 30
Earth 400 7 6 23 260 90 7
Jupiter 400 0.3 0.9 12 200 9 4
Saturn 400 0.07 0.4 9 180 4 3
Uranus 400 0.02 0.2 7 170 2 3
Neptune 400 0.008 0.1 6 170 1 3

aRussell et al. (1982) and Slavin & Holzer (1981).
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A ¼ vsw 2κμ0ð Þ1=2 (11)

and where κ is a constant that describes the effect of solar wind flow divergence around the obstacle (set to
0.881 in the present case of high-Mach number upstream flows; Spreiter & Alksne, 1970). Let us set the mag-
netospheric plasma mass density, ρ2 = ρm, as a constant.

The solar wind scaling laws already introduced and applied in Figure 2 and Table 1 provide us with relation-
ships between upstream solar wind parameters and heliocentric distance (R, in units of astronomical units),
given as

ρsw ¼ s1
R2

(12)

and

Bsw ¼ s2
R

1

R2
þ 1

� �1=2

(13)

where s1 and s2 are also constants (Russell et al., 1982; Slavin & Holzer, 1981). The solar wind speed is taken as
400 km/s at all values of R. equations (8) to (13) allow us to take our expressions for the reconnection electric
field (hereafter represented as Dr) and the K-H stabilizing term (hereafter represented as Dv) at an asymmetric
current sheet under constant flow shear (given in equations (3) and (6), respectively) and re-express them as
functions of heliocentric distance:

Dr∝
1
R2
þ 1

� �3=4

R2 c2s2 1
R2
þ 1

� �1=2 þ s1
1=2A

� �1=2
c1s1

3=2A
R2

þ c2s2ρm
1
R2
þ 1

� �1=2
� �1=2

(14)

Dv∝
1

R2

� �
R2

c1s1
þ 1
ρm

� �
c22s

2
2

1

R2
þ 1

� �
þ s1A

2

� �
(15)

These two parameters, Dr and Dv, respectively, indicate the strength of reconnection electric fields and
the level of magnetopause K-H stability for the case of our toy magnetosphere placed at a given
heliocentric distance.

Figure 3. Variation of derived magnetopause reconnection and K-H stability parameters with heliocentric distance, mea-
sured in astronomical units (AU). Shaded regions indicate the range of solutions (see section 2), all normalized to the
parameter value at Earth. The average heliocentric distance of each magnetized planet is indicated.
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An assessment of how these two quantities vary with distance from the Sun is shown in Figure 3. Free para-
meters in equations (14) and (15) are c1, c2, s1, s2, and ρm. A typical near-Earth solar wind mass density of
1.2 × 10�20 kg/m3 (proton number density, np, of 7 cm�3) and a typical near-Earth IMF strength of 6 nT
constrain s1 and sI. The shaded regions in Figure 3 indicate the range of solutions for all possible
combinations of the remaining free parameters over the ranges 1 < c1 < 10, 1 < c2 < 10, and
10�30 kg/m3< ρm< 10�10 kg/m3 (6 × 10�10 cm�3< np< 6 × 1010 cm�3). All solutions have been normalized
to their value at Earth orbit (1 AU), where we know external magnetospheric driving by global magnetic
reconnection is generally dominant over external driving through a viscous-like interaction. These normal-
ized quantities are denoted as dr and dv.

The robust monotonic variation of these two parameters with increasing heliocentric distance shown in
Figure 3 supports our main conclusion that electric fields arising from magnetopause reconnection become
weaker, while the boundaries become increasingly K-H unstable, with increasing distance from the Sun. The
only parameter combinations that produce monotonic variation in the opposite sense are those that include
unphysical values and are not shown in Figure 3 (e.g., c1 < 1, solar wind density lower than the upstream
value despite plasma compression at the bow shock). In the remainder of this section we consider other
aspects of the problem, arguing that they represent effects that are either negligible or which may further
reinforce our conclusion.

Magnetosheath plasma depletion layers. A plasma depletion layer (PDL) is a region of locally reduced plasma
mass density and enhanced magnetic field strength (increased Alfvén speed) that forms in the near-
magnetopause solar wind as a result of the influence of magnetic forces (e.g., Zwan &Wolf, 1976). An increase
in upstream solar wind Alfvén Mach number is expected to have a negative effect on PDL formation, due to a
higher plasma β in the shocked solar wind and thus a lesser role of the IMF in dictating near-magnetopause
flow properties. Although this therefore appears to have the potential to exaggerate our conclusion (see
Figure 2), spacecraft observations of PDLs at different planetary magnetopauses suggest that the related
increase in solar wind Alfvén speeds is similar (Anderson et al., 1997; Gershman et al., 2013; Masters et al.,
2014), implying that this effect is instead negligible. Note that the modeling results summarized in Table 1
include a treatment of PDL formation that is consistent with observations (e.g., Masters, 2017).

Properties of the giant planet magnetospheres. In the above analysis we have considered a toy magnetosphere
with negligible outer magnetospheric plasma pressure. Here we discuss how the giant magnetospheres devi-
ate from this simple picture and the implications for our conclusion. A property of all the giant magneto-
spheres that is not treated in our analysis is their far greater scale compared to magnetospheres closer to
the Sun. A larger obstacle to a solar wind of constant speed promotes both external drivers discussed here
and also increases the duration of steady solar wind required for approximately steady state external condi-
tions across the global dayside magnetopause. Conditions at all the giant planet magnetopauses are there-
fore expected to typically deviate from steady state to a greater extent, likely affecting global magnetic
reconnection more than the ongoing viscous-like interaction (e.g., Masters, 2017; McComas & Bagenal, 2007).

Of all solar system magnetospheres, our toy magnetosphere with negligible outer magnetospheric plasma
pressure is most unlike the giant magnetospheres of Jupiter and Saturn, where planetary rotation and signif-
icant internal plasma sources lead to outer magnetospheric plasma confinement to an equatorial, corotating
plasma sheet (see the reviews by Achilleos et al., 2015; Bagenal, 1992; Delamere et al., 2015; Kivelson, 2014).
However, outer magnetospheric plasma β > 1 clearly acts to reinforce our conclusion due to the implications
for the local Alfvén speed. This is not only due to higher magnetospheric plasma density but also because the
contribution of appreciable plasma pressure to total pressure balance with the solar wind leads to a weaker
outer magnetospheric magnetic field, offset to some extent by formation of cushion regions (e.g., Went et al.,
2011). We assert that corotation of magnetospheric plasma and the draped IMF twisting that can occur at
these polar-flattenedmagnetospheres (e.g., Desroche et al., 2012; Erkaev et al., 1996) are effects that primarily
change the pattern of flow and magnetic shears across the magnetopause, producing asymmetries (Zhang
et al., 2018) but not affecting our conclusion.

The giant magnetospheres of Uranus and Neptune are better described by our toy magnetosphere due to
the absence of clear evidence for similarly strong internal plasma sources (Belcher et al., 1989; Bridge et al.,
1986). The relatively large angles between planetary rotation and magnetic dipole axes and large planetary
obliquities at Uranus and Neptune will lead to strong diurnal and seasonal variations in the interaction
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between each magnetosphere and the solar wind (e.g., Cao & Paty, 2017; Mejnertsen et al., 2016). The loca-
tion of these systems at the largest distances from the Sun suggests considerably more viscous-like solar
wind interactions than at Earth (see Figure 3), which may be the dominant driver of magnetospheric
dynamics at each of these outermost giant planets.

Magnetic reconnection onset and efficiency. The loci of points at which reconnection occurs on a planetary
magnetopause are thought to describe curves on the surface referred to as X-lines, the locations of which
are controlled by a combination of the diamagnetic drift and flow shear conditions for reconnection onset
(e.g., Doss et al., 2015; Phan et al., 2013; Swisdak et al., 2003). The former of these does not affect reconnection
between antiparallel magnetic fields, which is thought to primarily control global X-line location (e.g.,
Petrinec et al., 2016; Trattner et al., 2007), and the latter may support the present message. Similar magnitude
flow shears resulting from similar typical upstream solar wind speeds combined with weaker reconnection
electric fields and thus slower reconnection outflowmeans that flow shear suppression should bemore effec-
tive at magnetopauses at greater heliocentric distances (see equations (1) and (2)). In addition, it has been
postulated that the reconnection efficiency (dimensionless reconnection rate) is negatively correlated with
the plasma β at the reconnection site (e.g., Sonnerup, 1970).

3. Summary

1. With increasing distance from the Sun the electric fields arising from reconnection at the magnetopause
boundary of a planetary magnetosphere become weaker, whereas the boundaries become increasingly
K-H unstable. This suggests that the solar wind-magnetosphere interaction at each of the giant planets
is more viscous-like than it is at Earth.

2. This study concerns these two mechanisms by which the solar wind can interact with a magnetosphere;
that is, we expect both processes to occur in some form at each planetary magnetopause boundary in the
solar system. Variability of the solar wind should frequently perturb the nominal interaction.

3. To determine the bigger picture of what drives energy flow through a planetary magnetosphere, we need
to combine understanding of overall external solar wind driving with consideration of internal drivers,
which are particularly significant in the cases of Jupiter and Saturn.

4. Ongoing and future spacecraft exploration of the diverse planetary environments in our solar system is
essential to reveal this bigger picture of energy flow through each planetary magnetosphere.
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