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way as do solutions to Maxwell’s equations—which will be
shown to be true for a special case—then the concept of mov-
ing magnetic field lines provides a comparatively useful
simplification.

Under what conditions does the construct of field-line
motion produce the same solution? Assuming that two
points a and b on the same field line move at the E × B/B2 ve-
locity to points a! and b!, the condition that the field-line di-
rection is preserved in this motion is that (a! − b!) is parallel
to B; that is, B × (a! − b!) = 0.

After working through the vector algebra, that condition
becomes

                                       B × (∇ × E‖) = 0,                                 (1)
where E‖ ≡ B(E · B/B2) is the component of the electric field
parallel to the local magnetic field—henceforth called the
parallel electric field.5 When this condition is satisfied, the
movement of magnetic field lines at the E × B/B2 velocity pro-
duces the same result as do Maxwell’s equations. Interest-
ingly, the result does not depend on the presence of plasma.
However, if plasma is present, and because low-energy
plasma also flows at the E × B/B2 velocity, one may visualize
the plasma and magnetic field lines moving together in what
is called the frozen-in condition.

An idealized case 
Consider the idealized case of two planar magnetic fields
having a 180-degree shear between them—one field line
pointed up, the other down—and an electric field pointed out
of the plane, as illustrated in figure 2. Electromagnetic energy
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Figure 1. Magnetic-field interactions 
between Earth and the Sun in the noon–
midnight meridian plane. (a) The interac-
tions result in interplanetary magnetic field
lines (purple) that start and end at the Sun
without passing through Earth, field lines
that make up Earth’s magnetosphere (blue)
and that start and end at Earth without
passing through the Sun, and field lines
(green) that pass through both Earth and
the Sun. (b) The solar wind carries the
southward-directed interplanetary field to
the right, where, as seen in this smaller-
scale view, it encounters Earth’s field at the
magnetopause—the locus of pressure bal-
ance between the (mostly magnetic) ter-
restrial energy density and the (mostly
plasma) interplanetary energy density. At
the reconnection site (red), the oppositely
directed field lines connect. Plasma and
field lines are then convected into Earth’s
poles and into the tail of the magneto -
sphere. (c) This magnified view of the area
surrounding the reconnection site shows a
detail of the interaction, which produces
connected (green) field lines. The gray rec-
tangle represents a sheet of current flow-
ing out of the page, which is associated
with the curl of the magnetic field. Plasma and fields flow in from the panel’s right and left and flow out of the top and bottom
as electromagnetic energy is converted into particle kinetic energy. 
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Figure 2. The motion of magnetic field lines. At time t1 the
field line on the left points downward and moves to the right
while the field line at the right points upward and moves to the
left, both at a velocity E × B/B2. The electric field E points out of
the page. Because there is no electric field component parallel to
the local magnetic field in this model, B × (∇ × E∥) = 0 and the
field lines continue moving at that velocity for times t2 and t3. The
picture of the lines moving through each other just before t4,
however, is unphysical, as that would imply a magnetic field
pointing in two directions at a single point in space. 
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•  Understanding of all 
magnetospheres is 
largely based on Earth’s 
magnetosphere 

•  One of the major 
processes by which solar 
wind energy can enter 
Earth’s magnetosphere 
is magnetic reconnection 

•  Magnetic reconnection 
is a fundamental 
plasma process, which 
occurs in many space 
environments 

 
•  Reconnection changes 

the topology of the 
magnetic field and 
releases magnetic energy 

Bg Bg 

Bg Bg 

Magnetic shear < 180° 

•  Earth’s magnetopause 
is a current layer where 
reconnection can occur 

•  Reconnection at Earth’s 
magnetopause is often 
the primary driver of 
dynamics in the 
magnetosphere 
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Figure 3. (a) Scatter plot of the exhaust magnetic shear vs. the difference of
! on the two sides of the exhaust for all 197 reconnection events (Dataset
1 + Dataset 2) of the present study, (b) scatter plot of the magnetic shear angle
as a function of ! on the two sides of the exhaust (dots are the inflow ! on
the leading side and “!” are on the trailing side), (c) the difference of ! vs. the
average of ! of the two sides of the exhaust. The three curves in panels (a) and
(b) are the theoretical curves (Relation 1) for three values of the density gradient
scales in units of the ion skin depth "i (Swisdak et al. 2010). The theory predicts
the suppression of reconnection below these curves.

fact that the dependence is on !!, not !, is consistent with recon-
nection being suppressed by the diamagnetic drift of the X-line
associated with the pressure gradients across the current sheet
(Swisdak et al. 2003, 2010).

Finally, Figure 3(c) shows that there is a link between ! and
!!. When ! is low on both sides, !! is necessarily small.
However, !! is not necessarily large when ! is high. This
implies that reconnection can occur for almost any magnetic
shear in low-! solar wind, regardless of the level of asymmetry
in the boundary conditions.

5. DISCUSSIONS

Our survey of Wind data shows a clear dependence of the
occurrence of solar wind reconnection on a combination of the
magnetic shear and !!, the difference in plasma ! on the two
sides of the current sheet. At low !! reconnection events are

observed for a large range of the magnetic shears, with shear
as low as 11" when !! < 0.1. At higher !! only large shear
events are observed: For !! > 1.5 only events with # > 100"

were detected. Our finding is consistent with the prediction of
Swisdak et al. (2010) that low-shear reconnection is suppressed
at large !! due to the diamagnetic drift of the X-line associated
with plasma pressure gradients across the current sheet. The
quantitative agreement between the observations and theory is
remarkable considering the fact that the observations are gen-
erally made far from the X-line whereas the conditions for the
theoretical prediction pertain to the regions around the X-line.

It should be emphasized that we have only examined current
sheets containing reconnection exhausts in this study. Thus, the
results presented here only indicate that Relation 1 is a necessary
condition for reconnection. This is clearly not a sufficient
condition for reconnection. Other effects such as thick current
sheets could suppress reconnection even in regimes where the
diamagnetic drift effect permits reconnection. Nevertheless, the
suppression of low-shear reconnection at high !! has important
general consequences for the occurrence of reconnection in
space and laboratory plasmas.

A possible implication of the magnetic shear–!! effect is
that the occurrence rate of solar wind reconnection, especially
of low magnetic shear reconnection, would be higher in current
sheets that are embedded within or in front of interplanetary
coronal mass ejections (ICMEs) compared to those in the
ambient solar wind. This is because ! tend to be much lower
(and therefore smaller !!) in ICMEs. Indeed, surveys of solar
wind reconnection events reveal that a large fraction of the solar
wind reconnection events that have been identified so far are
associated with ICMEs (Gosling et al. 2007a; Gosling & Szabo
2008; Phan et al. 2009) even though the number of current
sheets in ICMEs represents a small fraction of the total number
of current sheets in the solar wind.

Similarly, one would expect a higher occurrence rate of solar
wind reconnection closer to the Sun. At 1 AU reconnection is
detected in a small fraction of solar wind current sheets encoun-
tered by spacecraft; thus, reconnection is not energetically im-
portant at 1AU in terms of the evolution of heliospheric plasmas
and fields (e.g., Gosling 2007, 2010). However, the occurrence
rate of solar wind reconnection could be much higher closer
to the Sun because of the lower plasma ! environment there.
The expected average plasma ! at 10 solar radii (Rs) is #0.1
(thus !! < 0.1 according to Figure 3(c)), or about a factor of 10
lower than at 1 AU. According to Relation 1, at !! < 0.1 recon-
nection is permitted for shears as low as 5". The NASA Solar
Probe mission, with its closest approach to the Sun at 9.5 Rs,
will reveal if solar wind reconnection occurs more frequently
close to the Sun and what role it might play in the generation
and heating of the solar wind.
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data. This research was funded by NSF grant ATM-
0613886 and NASA grants NNX08AO83G, NNX07AU92G,
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WCU grant (No. R31-10016) funded by the Korean Ministry of
Education, Science and Technology.
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lying below it. A possible reason for this improvement is
that near the subsolar region the local magnetic shear
and b conditions are likely to be representative of condi-
tions at the X-line because the X-line is probably located
nearby.

5. Discussion

[29] In our survey of THEMIS data at the dayside magne-
topause we have found a clear separation between the recon-
nection and nonreconnection events in terms of their b and
magnetic shear conditions. In agreement with the prediction
of Swisdak et al. [2003, 2010], the majority of reconnection
events were found in the regime where reconnection is not
predicted to be suppressed by the diamagnetic drift effect
while the majority of nonreconnection events were found

in the regime where reconnection is predicted to be sup-
pressed by that effect. The agreement with prediction is fur-
ther improved if the observations are restricted to the region
close to the subsolar point (10 < MLT < 14).
[30] While it is not surprising to find few reconnection

events in the suppressed zone, it is perhaps surprising that
few nonreconnection events are in the zone where the dia-
magnetic drift effect should not suppress reconnection.
One would have expected more non-reconnection events in
that zone because other conditions (such as a thick current
sheet) can prevent reconnection from occurring. A possible
interpretation of our finding is that, due to the compression
of the solar wind against the dayside magnetosphere, the
subsolar magnetopause is usually sufficiently thin to allow
reconnection to occur. If this is true, diamagnetic drift of
the X-line may be the main effect that controls the
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Figure 2. Results of statistical survey of reconnection (left) and nonreconnection (right) events. (a, f ) Scatter plot of mag-
netic shear versus Δb across the magnetopause for all MLT; (b, g) magnetic shear versus Δb in the vicinity of the subsolar
region (10 < MLT < 14); (c, h) distribution of the quality measure, Δv*, of the agreement between observed and predicted
flow acceleration; (d, i) distribution of the angle between observed and predicted flow change; and (e, j) the magnetic latitude
and magnetic local time of the magnetopause crossings.
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Reconnecting solar 
wind current sheets 

Earth’s magnetopause 

•  The diamagnetic drift 
condition is strongly 
supported by observations 
of reconnection at both 
Earth’s magnetopause 
and in the solar wind 
(Swisdak et al., 2003) 
(Phan et al., 2010, 2013) 

Conditions for magnetic reconnection onset 

•  Reconnection does not 
happen all the time and 
everywhere on Earth’s 
magnetopause 

 
•  Proposed conditions for 

reconnection onset: 
- Thin current sheet 
  (~an ion inertial length) 
- Slow diamagnetic drift 
  (related to plasma β) 
- Small flow shear across 
  the current sheet 
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way as do solutions to Maxwell’s equations—which will be
shown to be true for a special case—then the concept of mov-
ing magnetic field lines provides a comparatively useful
simplification.

Under what conditions does the construct of field-line
motion produce the same solution? Assuming that two
points a and b on the same field line move at the E × B/B2 ve-
locity to points a! and b!, the condition that the field-line di-
rection is preserved in this motion is that (a! − b!) is parallel
to B; that is, B × (a! − b!) = 0.

After working through the vector algebra, that condition
becomes

                                       B × (∇ × E‖) = 0,                                 (1)
where E‖ ≡ B(E · B/B2) is the component of the electric field
parallel to the local magnetic field—henceforth called the
parallel electric field.5 When this condition is satisfied, the
movement of magnetic field lines at the E × B/B2 velocity pro-
duces the same result as do Maxwell’s equations. Interest-
ingly, the result does not depend on the presence of plasma.
However, if plasma is present, and because low-energy
plasma also flows at the E × B/B2 velocity, one may visualize
the plasma and magnetic field lines moving together in what
is called the frozen-in condition.

An idealized case 
Consider the idealized case of two planar magnetic fields
having a 180-degree shear between them—one field line
pointed up, the other down—and an electric field pointed out
of the plane, as illustrated in figure 2. Electromagnetic energy
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Figure 1. Magnetic-field interactions 
between Earth and the Sun in the noon–
midnight meridian plane. (a) The interac-
tions result in interplanetary magnetic field
lines (purple) that start and end at the Sun
without passing through Earth, field lines
that make up Earth’s magnetosphere (blue)
and that start and end at Earth without
passing through the Sun, and field lines
(green) that pass through both Earth and
the Sun. (b) The solar wind carries the
southward-directed interplanetary field to
the right, where, as seen in this smaller-
scale view, it encounters Earth’s field at the
magnetopause—the locus of pressure bal-
ance between the (mostly magnetic) ter-
restrial energy density and the (mostly
plasma) interplanetary energy density. At
the reconnection site (red), the oppositely
directed field lines connect. Plasma and
field lines are then convected into Earth’s
poles and into the tail of the magneto -
sphere. (c) This magnified view of the area
surrounding the reconnection site shows a
detail of the interaction, which produces
connected (green) field lines. The gray rec-
tangle represents a sheet of current flow-
ing out of the page, which is associated
with the curl of the magnetic field. Plasma and fields flow in from the panel’s right and left and flow out of the top and bottom
as electromagnetic energy is converted into particle kinetic energy. 
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Figure 2. The motion of magnetic field lines. At time t1 the
field line on the left points downward and moves to the right
while the field line at the right points upward and moves to the
left, both at a velocity E × B/B2. The electric field E points out of
the page. Because there is no electric field component parallel to
the local magnetic field in this model, B × (∇ × E∥) = 0 and the
field lines continue moving at that velocity for times t2 and t3. The
picture of the lines moving through each other just before t4,
however, is unphysical, as that would imply a magnetic field
pointing in two directions at a single point in space. 
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Taken from Mozer and Pritchett (2010) 

Reconnection  

suppressed 



Motivation 

•  There are a range of very different 
magnetospheres in our solar system 
where we can test our understanding 
of how magnetospheres work 
 

•  Does reconnection take place at all 
planetary magnetopauses, and are 
there differences between planets? 

•  Observations at magnetised planets 
other than Earth are limited, and 
spacecraft instrumentation is often  
also more limited 

•  Should we expect a difference based 
on our understanding of these 
environments, and our understanding 
of magnetic reconnection? 

•  Scurry and Russell (1991) proposed 
that we should, because of solar wind 
Mach numbers 

5 
Taken from Walker and Russell (1995) 

Taken from Russell et al. (1990) 



The Scurry and Russell hypothesis 6 

Upstream 
solar wind 

Downstream 
(magnetosheath) 

solar wind 

Magnetosphere 

Bow shock Magnetopause 

The solar wind flow has a 
Mach number, the smallest 
is the flow speed divided 
by the speed of fast 
magnetosonic waves 
 
This Mach number gets 
larger the further the solar 
wind is from the Sun, 
because of how different 
parameters change 

At a planetary bow shock a 
fraction of the solar wind 
flow energy is dissipated, 
heating and compressing 
the plasma 
 
The plasma β (ratio of 
plasma to magnetic 
pressure) increases across 
the shock, and the higher 
the Mach number the 
higher the plasma β 
becomes 
 
 

So, a higher Mach number shock 
is predicted to produce a higher β 
magnetosheath plasma, which 
interacts with the magnetopause 
 
We have already seen that higher 
β is less favorable for magnetic 
reconnection 
 
! Planets further from the Sun 
have higher Mach number bow 
shocks, which make conditions 
less favorable for reconnection at 
the magnetopause  



Testing the hypothesis: Modelling shock jump conditions 

•  Consider a model paraboloid bow shock 
surface, representing a ‘general’ dayside 
planetary bow shock 

•  The shock jump (Rankine-Hugoniot) conditions 
give the change in parameters across the 
shock surface based on conservation laws 

 
      ! For a chosen sonic and Alfvén Mach  
          number we can predict the change in each 
          plasma parameter across the shock surface 
 
•  The upstream magnetic field orientation 

is an additional parameter choice. Since this 
varies considerably in the solar wind we 
consider the two limiting cases: Field parallel to 
the flow, and field perpendicular to the flow 

7 

Solar 
wind 

Bow 
shock 

Solar 
wind 

Bow 
shock 

Dayside shock surface 
viewed from along the 
solar wind flow 



Testing the hypothesis: Modelling shock jump conditions 

•  Note: The choice of sonic and Alfvén Mach 
numbers define the upstream plasma β as 

•  If we choose the Mach numbers that 
correspond to each planetary bow shock 
(e.g. Fujimoto et al. (2007)) then we can 
compare plasma β immediately 
downstream of the bow shock 

•  It is clear that higher Mach numbers at 
the outer planets are expected to produce 
higher β conditions, this is consistent with 
the hypothesis 

•  The plasma β just downstream of the shock 
is essentially a boundary condition for the 
entire magnetosheath region 
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Treatment of the magnetosheath 

•  The treatment of the evolution of magnetised plasma parameters within a planetary 
magnetosheath for a range of IMF orientations cannot be solved analytically, and 
require magnetohydrodynamic simulations (e.g. Petrinec and Russell, 1997) 

•  However, spacecraft observations have already provided evidence that plasma β 
conditions in planetary magnetosheaths further from the Sun are generally higher, 
consistent with our simple bow shock modelling, and consistent with the hypothesis 

•  Can we carry out similar simple modelling for planetary magnetopauses? 

•  Previous simulations suggest that the magnetosheath plasma β next to a magnetopause 
remains roughly constant across the dayside surface (Samsonov and Pudovkin, 2000 ) 
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Taken from Samsanov and Pudovkin (2000) 



Testing the hypothesis: Modelling near-magnetopause conditions 

•  Assumptions made in simple magnetopause modelling: 
1.  Draped interplanetary magnetic field given by Kobel and Fluckiger (1994)  

equations for an axis-symmetric magnetopause shape (no polar flattening) 
2.  Magnetospheric magnetic field corresponding to a dipolar planetary magnetic field with 

the dipole perpendicular to the solar wind flow, after Cooling et al. (2001) 
3.  Plasma β equal to 0 in the magnetosphere (a vacuum dipole) 
4.  Constant value of magnetosheath plasma β 
5.  Only consider diamagnetic suppression condition for 

reconnection onset 

•  By considering a range of magnetosheath β values we can 
then evaluate the diamagnetic suppression condition across 
the surface, and establish where reconnection onset can,  
and cannot take place  
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Testing the hypothesis: Modelling near-magnetopause conditions 11 

Reconnection 
prohibited 

Reconnection 
possible 

~Mercury 

~Earth 

~Saturn 

~Jupiter 

~Uranus 
& ~Neptune 

Dayside magnetopause 
surface viewed from along 
the solar wind flow 



Summary 

•  Spacecraft observations at different planetary magnetopauses imply differences in the 
nature of magnetopause reconnection 

•  Current understanding of magnetic reconnection onset suggests that a large difference 
in plasma β across a current sheet limits reconnection to occasions when the magnetic 
shear across the current sheet is high 

•  Observations and simple modelling presented here confirm that plasma β conditions in 
a planetary magnetosheath increase with the distance of a magnetised planet from the 
Sun, due to the similar increase in shock Mach numbers 

•  A simple assessment of whether plasma β conditions are appropriate for reconnection 
at a planetary magnetopause, under different (uniform) β conditions, implies that 
the fraction of the dayside magnetopause surface where reconnection can occur 
decreases with increasing magnetosheath plasma β 

•  This simple modelling supports the hypothesis: 

Conditions at a planetary magnetopause probably become less favourable for magnetic 
reconnection the further a planet orbits the Sun 
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