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Abstract
Magnetic reconnection is a fundamental mechanism for the transport of mass and energy
in planetary magnetospheres and astrospheres. While the process of reconnection is itself
ubiquitous across a multitude of systems, the techniques used for its analysis can vary across
scientific disciplines. Here we frame the latest understanding of reconnection theory by
missions such as NASA’s Magnetospheric Multiscale (MMS) mission for use throughout
the solar system and beyond. We discuss how reconnection can couple magnetized obstacles
to both sub- and super-magnetosonic upstream flows. In addition, we address the need to
model sheath plasmas and field-line draping around an obstacle to accurately parameterize
the possibility for reconnection to occur. We conclude with a discussion of how reconnection
energy conversion rates scale throughout the solar system. The results presented are not only
applicable to within our solar system but also to astrospheres and exoplanets, such as the first
recently detected exoplanet magnetosphere of HAT-11-1b.
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1 Introduction

Magnetic reconnection has been observed as a ubiquitous process in the space environ-
ment of magnetized obstacles embedded in collisionless plasmas. The most comprehensive
studies of reconnection have taken place at Earth, where not only are there multi-point and
multi-scale in-situ observations that elucidate the physics of reconnection itself, but a ground
network of magnetometers and radars that can track global dynamics and provide geomag-
netic indices to correlate with upstream conditions. Other articles in this collection have
provided comprehensive reviews of the latest reconnection theory and observations devel-
oped as part of MMS-era exploration of Earth’s magnetosphere (Genestreti et al., Liu et al.,
Norgren et al., Graham et al., Stawarz et al., Fuselier et al., Hwang et al., Oka et al., this
collection). Here we shift our focus beyond Earth and onto a diverse set of planetary magne-
tospheres and astrospheres that each provide unique laboratories for the testing and scaling
of reconnection theory.

The magnetized bodies within and including our heliosphere, have been accessible to in
situ exploration. Such missions beyond Earth are often limited to single-point measurements
and constrained in the plasma instrumentation and telemetry rates available, especially when
compared to multi-spacecraft formations like THEMIS, Cluster, or MMS at Earth. There are
also no corresponding ground-based observations or upstream monitors to provide global
activity indices for each planet. The instruments deployed on extraterrestrial missions are
nonetheless highly capable and have been used to obtain tremendous insight into the dy-
namics of planetary magnetospheres and our heliosphere. Overall, there have been sufficient
observations to characterize the effective size of an obstacle to the upstream flow and ob-
tain critical information about plasma properties and magnetic field configurations needed
to parametrize the role of reconnection at a given system.

This paper is not intended to provide an in-depth study of different planetary magneto-
spheres and the relative importance of magnetic reconnection in each system. There are a
number of comprehensive studies available (Bagenal 2013; Kivelson 2007, and Kivelson
and Bagenal 2014) that are highly relevant and will be leveraged throughout this study. In-
stead, here we attempt to scale the discoveries from recent missions like MMS about the
microphysics of reconnection to the global dynamics of a planetary magnetosphere or as-
trosphere. We also attempt to link the terminology and approaches used by the planetary
magnetosphere community to those of the reconnection theory community to maximize the
application of MMS-era findings to ongoing, previous, and future studies of reconnection
across and beyond the solar system.

We begin with a general discussion of flow around magnetized obstacles in Sect. 2 and
relevant considerations for parameterizing the reconnection process at the relevant magnetic
boundary (e.g., magnetopause, heliopause). In Sect. 3, we then discuss the typical analy-
ses undertaken at planetary magnetospheres in terms of reconnection theory. Section 4 then
provides an overview of reconnection signatures observed throughout the solar system. Fi-
nally, in Sect. 5 we discuss the scaling of the reconnection energy available to a magnetized
obstacle across the solar system and to exoplanets and astrospheres.

2 Flow Around Magnetized Obstacles

Plasma flows must divert around any embedded magnetized obstacle. The magnetosonic
Mach number of this upstream plasma, defined as the ratio of the flow speed (VU) to the
magnetosonic speed (√(V2

A + V2
S)) dictates the relevant physical regime for the boundary
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interaction. Here, VA is the plasma Alfvén speed (B/
√

(μoρ)) and VS is the plasma sound
speed (√(γ P/ρ)), where ρ is the mass density, γ is the ratio of specific heats, often taken
as 5/3, μo is the permeability of vacuum, B is the magnetic field magnitude, and P is
the thermal pressure. Upstream flow regimes can vary from sub-magnetosonic (MMS < 1),
largely in the case of moons embedded in planetary magnetospheres (e.g., Ganymede and
Triton), to marginally-magnetosonic (MMS ∼ 1) in the case of our heliosphere embedded in
the Local Interstellar Medium (LISM) flow, to super-magnetosonic (MMS > 1) like planetary
bodies embedded in the solar or stellar winds. A summary of typical values of upstream
conditions at magnetized bodies reported in and including the heliosphere, and at HAT-P-
11b, a Neptune-like exoplanet recently reported to have a magnetosphere (Ben-Jaffel et al.
2022), are included in Table 1.

As shown in Fig. 1, in the MMS � 1 case, upstream plasmas interact directly with a mag-
netized obstacle. In this scenario, standing Alfvén waves generated at the magnetopause
boundary propagate away from the obstacle and into the flow, forming a set of so-called
“Alfvén wings” whose angles depends on upstream MA (Neubauer 1980). These wings carry
Poynting fluxes that can be relevant for describing interactions with their host star or planet
(Fischer and Saur 2022 and references therein). The magnetic field lines in Alfvén wings are
analogous to the open-field lobes in an intrinsically magnetized planetary magnetosphere,
and the effective obstacle to the upstream flow is highly flared, blunted, and quasi-cylindrical
(Kivelson and Jia 2013). In the most common scenario in our solar system, the focus of most
of this paper, the upstream super-magnetosonic solar wind is significantly heated and com-
pressed at a planetary bow shock, forming a magnetosheath where the flow divertsaround
the obstacle. In the MMS � 1 case (marginally sub-magnetosonic), a bow wave forms, where
the upstream plasma is slightly heated and compressed over a long upstream distance be-
fore it reaches the magnetized body (e.g., heliopause (Zank et al. 2012)). In all regimes, the
upstream magnetic field drapes over the embedded obstacle.

There is also a class of unmagnetized planetary bodies and moons (e.g., Mars, Venus, Ti-
tan) that exhibit magnetospheric-like behavior. In these situations, the upper atmosphere and
ionosphere become the obstacle to the impinging solar wind and provide a highly conductive
layer that results in the formation of a so-called ‘induced magnetosphere.’ Here the induced
magnetopause boundary (IMB) acts as the obstacle around which the upstream fields drape
and interact (Luhmann et al. 2004; Ness et al. 1982). Some obstacles (e.g., Mars) have rem-
anant crustal magnetic fields that represent a more complex planetary obstacle to the solar
wind while providing a pathway for solar wind access (Wang et al. 2021; Harada et al.
2018; Fang et al. 2018). Mars, in particular forms a ‘hybrid magnetosphere’ (Axford 1991),
sharing properties of both intrinsic and induced magnetospheres.

The relevant upstream conditions of flow-embedded obstacles within and including our
own heliosphere have been measured by in situ spacecraft and range from sub-magnetosonic
to super-magnetosonic regimes. However, unexplored exoplanetary magnetospheres and as-
trospheres spread throughout the universe also extend over this range of sampled regimes,
with many exhibiting extreme values well beyond what we have observed to date (Kho-
dachenko et al. 2013; Belenkaya et al. 2015). Some stars will act similar to our own (i.e.,
G-type), providing a super-sonic flow of stellar wind plasma throughout their astrospheres
and upstream of planetary obstacles (Belenkaya et al. 2022). Others, such as M-type stars,
have extremely strong magnetic fields that result in an Alfvén point, i.e., the astrocentric
distance at which the flow speed exceeds the Alfvén speed, that extends far out into their re-
spective astrospheres. This extension results in sub-magnetosonic flow upstream of closely
orbiting exoplanets (Vidotto et al. 2014; Garraffo et al. 2016). However, regardless of the
flow regime, the upstream fields and flows must drape and divert, respectively, around an em-
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Fig. 1 (After Kivelson and Jia 2013.) Illustration of magnetized bodies embedded in (a) sub-magnetosonic
upstream flows, and (b) super-magnetosonic. The magnetosphere in (a) has no bow-shock, with a blunted
magnetopause boundary encompassing Alfvén wings that form due to standing Alfvén waves generated at the
interface. The magnetosphere in (b) has a well-defined bow shock and bullet-shape magnetopause boundary,
with heated and compressed plasmas flowing around the obstacle in a magnetosheath

bedded obstacle. It is these modified plasmas at the magnetopause, astropause, or IMB that
interact directly with the planetary or stellar obstacle. Magnetic reconnection is a key pro-
cess to consider at all these interfaces as it results in the transport of significant amounts of
mass, energy, and magnetic flux. Because the physics of magnetic reconnection depends on
local plasma properties, it is critical to understand how near-magnetopause/astropause plas-
mas may be modified from their upstream values (Borovsky et al. 2008; Borovsky 2021).

2.1 The Role of the Magnetosheath

For systems embedded in super-magnetosonic flow, within a planetary magnetosheath, mag-
netic fields drape over a magnetopause boundary, and the shocked plasmas are heated and
compressed compared to their upstream values. Given the complexity of this regime, mod-
eling of the magnetosheath becomes critical to be able to connect upstream flow properties
with the likelihood for magnetic reconnection to occur at the magnetopause. For complex
geometries and more self-consistent physics, magnetohydrodynamic (MHD) simulations of
the flow-embedded obstacle may be required. Here we provide an overview of some com-
mon tools used for non-computationally intensive analytical modeling of magnetosheath
properties used to predict near-magnetopause plasma parameters relevant for reconnection.
These models are most effective when considering a quasi-perpendicular bow shock ge-
ometry, as additional acceleration mechanisms and magnetosheath jets may be formed in
quasi-parallel geometries that can significantly modify magnetosheath properties (Fuselier
et al. 1994; Dimmock et al. 2015; Archer and Horbury 2013; Hietala and Plaschke 2013;
Plaschke et al. 2013; Karlsson et al. 2021) and are not as readily modeled.
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Fig. 2 Examples of the maximum magnetic shear model applied to (a) Earth (adapted from Trattner et al.
2021) and (b) Saturn (adapted from Fuselier et al. 2020b), to contextualize observations of reconnection
signatures at MMS and Cassini, respectively

Using analytical magnetosheath models at Earth, the maximum magnetic shear model
was developed to identify the most likely location of the reconnection X-line along the mag-
netopause (Trattner et al. 2007). This model and its application to MMS data are discussed
in detail by (Trattner et al. 2012, 2021 and Fuselier et al., this collection). As shown in
Fig. 2, maximum shear models have also recently been applied to Saturn (Fuselier et al.
2014, 2020b) and Mars (Bowers et al. 2023). The successful comparisons of the maximum
magnetic shear model to spacecraft observations indicate that there is typically a single
dominant X-line, or at least active localized reconnection extended generally along the ex-
pected dominant X-line at a magnetopause for an intrinsic magnetosphere. This paradigm
will be shown in Sect. 5 to be critical for scaling the energy available from magnetopause
reconnection to other planetary bodies.

2.1.1 Early Magnetosheath Models and Plasma Depletion Layers

For planetary magnetospheres embedded in the super-magnetosonic solar wind, Spreiter
et al. (1966) developed the first early models of magnetosheath flow using gas dynamics
and the frozen-in flow condition. Across the bow shock, the Rankine-Hugoniot shock jump
conditions were used to determine the downstream conditions at the shock. Then, using
hydrodynamic flow and a fixed, impenetrable magnetopause boundary at a given standoff
distance from the obstacle, the density, velocity, and temperature of magnetosheath plasmas
were determined. This model was used not only at Earth under varying conditions, but to
consider flow around various planetary magnetospheres (Spreiter and Alksne 1970). Up-
stream parameters, magnetopause standoff distance (i.e., effective obstacle size), and shock
jump strength/heating were the tunable parameters.

Including electromagnetic forces in models of the magnetosheath is essential to model
the near magnetopause plasmas. Zwan and Wolf (1976) and then later Southwood and Kivel-
son (1995) included such effects in their modeling of magnetic field evolution in the magne-
tosheath, using the Spreiter et al. (1966) models as an initial condition for the magnetosheath
plasmas. Here, as shown in Fig. 3, a plasma depletion layer (PDL) was identified, where
magnetic field piles-up against the boundary, squeezing plasma around the nose, resulting
in a reduction of density from the magnetosheath to the magnetopause, with a more pre-
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Fig. 3 (After Zwan and Wolf
(1976).) Illustration of magnetic
flux-pile-up against a magnetized
planetary obstacle embedded in
super-magnetosonic flow for
three successive time intervals
with t1 < t2 < t3. For a given
magnetic flux tube in the
upstream flow, indicated with red
lines, the magnetic field strength
increases and flux tube area
decreases in the subsolar region
as it drapes against the
magnetopause. Plasma within
these draped regions is squeezed
out along the flux tube around the
obstacle between the bow-shock
(BS) and magnetopause (MP),
resulting in decreased plasma
density (i.e., a plasma depletion
layer (PDL)) and further
increased magnetic field strength,
both contributing to a smaller
near-magnetopause plasma β

cipitous drop along the subsolar magnetopause. Although its effects are large-scale, plasma
depletion itself is a kinetic process, with depletion first taking place through the loss of par-
allel particles along the field, followed by instability growth and scattering (Anderson and
Fuselier 1993).

PDLs have been observed at almost every magnetized obstacle in the solar system and
represent a reduction in both near-magnetopause plasma β (the ratio of thermal pressure to
magnetic pressure) and a reduction in density that impacts reconnection parameters such
as the Alfvén speed, the stability of the high-latitude reconnection at Earth in cases of
northward interplanetary magnetic field (IMF) (e.g., Fuselier et al. 2000) and, as will be
discussed, the conditions for diamagnetic suppression of reconnection onset at the dayside
magnetopause.

As shown in Fig. 4, the plasma depletion process is readily scalable to different objects
via a characteristic distance that is required to achieve a certain reduction in plasma β . This
depletion length scale is approximately 5-10% of the obstacle size (Gershman et al. 2013;
Cairns and Fuselier 2017). Here we add recent observations of plasma depletion layers at
the heliopause (Cairns and Fuselier 2017) and at Neptune (Jasinski et al. 2022) to the initial
analysis by Gershman et al. (2013). Plasma β at a planetary magnetopause can reduce by
up to an order of magnitude from its downstream value at the subsolar region, with more
modest modifications elsewhere around the obstacle. Plasma depletion is most pronounced
in planetary obstacles that are embedded in low upstream MA plasma (Gershman et al.
2013), where there is a tremendous amount of incident magnetic flux available to drape over
the obstacle, and the scale of the magnetosheath is relatively larger compared to the size of
the obstacle (∼1/M2

A), allowing for longer depletion times (Zwan and Wolf 1976). Through
their modification of the near-magnetopause β , PDLs have been shown to impact magnetic
reconnection rates (Anderson et al. 1997; Dorelli et al. 2004).
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Fig. 4 Plasma depletion scaling throughout the solar system, adapted from Gershman et al. (2013), with up-
dated data points for the heliopause (Cairns and Fuselier 2017) using data from the study and Neptune (Jasin-
ski et al. 2022), assuming ∼30 min PDL transit length corresponding to ∼2.2 RN size and a βMP/βBS ∼ 0.3.
A best fit line of slope 0.073 ± 0.043 is shown, where the mean and standard deviation were calculated from
the ratio of depletion scale length to obstacle size. Factors of 2 error bars were added for each point when
variations were not provided in the corresponding table by Gershman et al. (2013)

2.1.2 Scaling Magnetosheath and Magnetic Field Models

To model the evolution of magnetosheath plasma around any obstacle, Kobel and Flückiger
(1994) developed an analytical model that uses potential fields and paraboloids of revo-
lution for the shape of the bow shock and magnetopause to solve for the magnetic field
everywhere in the magnetosheath using only standoff distances and IMF direction as inputs.
In addition, Petrinec and Russell (1997) provide flow vectors, mass density, and plasma
pressure at any point on the magnetopause surface in the hydrodynamic case. These models
can be combined to develop models for plasma and magnetic flux transport along the mag-
netopause (Petrinec et al. 2003; Cooling et al. 2001). Such expressions do not include the
additional reduction in density and increase in magnetic field associated with PDLs, though
such effects can be incorporated in studies of near-magnetopause plasma properties (Mas-
ters 2014, 2015a; Petrinec et al. 2003). The hydrodynamic assumptions in the Petrinec and
Russell (1997) model also results in unphysical super-Alfvénic flows along the flanks of the
magnetopause (Petrinec et al. 2003). These, and other magnetosheath models (such as those
extracted from MHD simulations) have been used extensively to predict regions of high flow
and magnetic shear across magnetopause boundaries throughout the solar system (Fuselier
et al. 2014, 2020b; Masters 2014, 2015a; Desroche et al. 2013), providing estimates of under
what conditions reconnection may be possible.

The Kobel-Fluckiger (K-F) equations have been converted into GSE-like coordinates
(x, y, z) at Earth by Petrinec et al. (2003),

Bdis
x =

x′
r ′ − 1

(r ′ − x ′)2

(
r ′ − x ′

2
BIMF

x − y ′BIMF
y − z′BIMF

z

)
, (2.1)

Bdis
y = 1

r ′ (r ′ − x ′)

(
y ′

2
BIMF

x +
(

r ′ − y ′2

r ′ − x ′

)
BIMF

y − y ′z′

(r ′ − x ′)2 BIMF
z

)
, (2.2)
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Bdis
z = 1

r ′ (r ′ − x ′)

(
z′

2
BIMF

x − y ′z′

(r ′ − x ′)2 BIMF
y +

(
r ′ − y ′2

r ′ − x ′

)
BIMF

z

)
, (2.3)

−→
B =

(
1 + v2

mp

v2
bs − v2

mp

)
−→
B IMF +

(
v2

mpv2
bs

v2
bs − v2

mp

)
−→
B dis (2.4)

with x ′ = −x + RMP/2, y ′ = −y, and z′ = −z′ with r ′ = √
(x ′2 + y ′2 + z′2). vbs =√

(2RBS − RMP), vMP = √RMP and ‘dis’ referring to a magnetic disturbance field follow-
ing nomenclature by Petrinec et al. (2003). These equations are valid between the magne-
topause and magnetosheath. Petrinec et al. (2003) also provide analytical equations for the
flow speed at the magnetopause, modified for the presence of a JxB force.

A simple representation of many planetary dynamos is the offset-tilted-dipole (OTD)
model, where the planetary field is modeled as a single magnetic dipole with an origin that
can be offset from the center of the planetary body with a tilt angle with respect to the rota-
tion axis (Ness et al. 1976). While these models result in significant errors in estimating the
field close to the planet (Stanley and Bloxham 2006; Bagenal 2013; Soderlund and Stanley
2020), they can be quite effective for modeling the near-magnetopause fields.

The equations for a dipole field in a cartesian coordinate system (xd, yd, zd) where the Zd

axis is aligned with the dipole moment M are,

−→
B dip =

(
3Mxdzd

r5
d

,
3Mydzd

r5
d

,
M

(
3zd − r2

d

)
r5
d

)
. (2.5)

Here, to obtain the magnetic field vector in GSE-like coordinates (x, y, z), a vector (x, y, z)

is transformed into the frame of an offset dipole with origin (x, y, z) = (xdo, ydo, zdo). The
resultant dipole magnetic field vector is then transformed into the original coordinate system.

Solving for the external magnetic field source required to obtain a given magnetopause
is non-trivial and can be computationally intense. However, Masters (2014, 2015a) provide
a scheme to estimate the magnetic field vector at the magnetopause using only a model for
the internal field and the magnetopause shape. They first take the planetary field vector at
the magnetopause Bmp boundary and then zero out the component normal to the boundary,
i.e., Bmp = Bmp − Bmp · n, where for the K-F magnetopause, the outward normal vector in
GSE coordinates is defined as:

n̂mp =
⎛
⎜⎝ 1 − x′

r ′√
2
(
1 − x′

r ′
) ,

−y ′

r ′
√

2
(
1 − x′

r ′
) ,

−z′

r ′
√

2
(
1 − x′

r ′
)
⎞
⎟⎠ . (2.6)

This approach provides a computationally simple and straightforward way to estimate mag-
netic shear across the magnetopause. The magnetic field magnitude directly inside the mag-
netopause can also be adjusted to ensure there is pressure balance across the magnetopause
(Masters 2014, 2015a). The magnetic pressure inside the magnetopause can be estimated
from the upstream dynamic pressure following Spreiter and Alksne (1970),

B2
ms(ψ)

2μo

≈ ρuv
2
uκ cos2 ψ, (2.7)

where κ ≈ 0.881 and ψ is the angle between the magnetopause normal vector and the solar
wind flow.
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The magnetopause standoff distance can also be estimated from the upstream pressure
and surface magnetic field as (Bagenal 2013),

RMP ≈ ξ

(
B2

o

2μoρuv2
u

)1/6

, (2.8)

where ξ = 1.4 and Bo corresponding to the surface magnetic field strength of a planetary
dipole. The specific κ , ξ , and 1/6 dependence assume low β magnetospheric environments,
such that giant planets with significant magnetodisc structures exhibit different scalings and
the stand-off distance using equation (2.8) is underestimated (Jackman et al. 2019; Arridge
et al. 2006).

There is also subtlety in determination of the bow shock standoff distance with respect
to the magnetopause, including the magnetopause shape, angle between upstream magnetic
field and upstream flow, and Mach numbers (Cairns and Lyon 1996). However, a simple, yet
effective model is provided by Farris et al. (1991); Formisano et al. (1971), and Song (2001)
that uses the fast magnetosonic Mach number,

RBS

RMP

≈ 1 + 1.1
(γ − 1)M2

ms + 2

(γ + 1)M2
ms

. (2.9)

For γ = 5/3 and the values of Mms in Table 1, reasonable estimates of bow shock standoff
distances are produced (e.g., a thicker magnetosheath at Mercury where Mms ∼ 3.8 com-
pared to the outer planets with Mms ∼ 11).

Equations (2.1)-(2.9) provide a generalized framework for modeling draping and estimat-
ing magnetic shear for a magnetized object embedded in supermagnetosonic flow. Examples
of draping and magnetic shear plots calculated with this approach are shown in Fig. 5 for
several planetary bodies. These plots are then combined with tools like the maximum mag-
netic shear model (Trattner et al. 2007, 2021) to estimate reconnection X-line formation and
propagation along a magnetopause. At Earth, the large amount of data available has enabled
more accurate empirical models of IMF draping (Michotte de Welle et al. 2022). Because
the Earth’s magnetosheath geometry is similar to other planetary magnetospheres, such a
model may be adaptable to other systems.

Magnetospheres and astrospheres embedded in sub-Alfvénic flow appear as near cylin-
drical obstacles (Czechowski and Grygorczuk 2017; Neubauer 1999; Kaweeyanun et al.
2020). Some analytical works have been developed to study Alfvén-wing properties
(Neubauer 1980; Simon 2015), though the equivalent of K-F—like and Petrinec-like magne-
tosheath models for the near-magnetopause plasmas in these systems has not been reported
to our knowledge. Kaweeyanun et al. (2020) provide some empirical parameterization of
upstream conditions of Ganymede as a cylindrical obstacle with compressions varying as
the cosine of the angle between the nose of the obstacle and magnetopause normal.. This
approach could be readily applied to other magnetized obstacles embedded in sub-Alfvénic
flow.

Finally, at induced magnetospheres, the upstream fields drape around the magnetic pile-
up boundary, but also wrap around the obstacle, resulting in a magnetotail-like configuration,
but instead of being connected to a polar cap of a planetary field, they are connected to the
upstream field. For these obstacles embedded in super magnetosonic flows like the solar
wind, the K-F flow vectors may be appropriate using reasonable boundaries for the bow
shock and magnetic pile-up boundary. On the dayside, a K-F model may also be relevant
to describe the draping over the MPB, though to our knowledge has not yet been applied to
Mars or Venus. On the flanks, models of potential flow around a conducting sphere may be
more appropriate (Romanelli et al. 2014; Luhmann et al. 2004).
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Fig. 5 Example calculation of magnetic field draping over the XY plane and magnetic shear across a plan-
etary magnetopause projected on the YZ plane for (a) Mercury (−0.2 RM z-offset in dipole, no tilt), (b)
Uranus (effective 39.2o tilt in XZ plane following Masters (2014), comparable with their Fig. 4(e), and (c)
exoplanet HAT-P-11bf (no offset or tilt). Upstream conditions are taken from Table 1 and used to derive
magnetopause and bow shock standoff distances. The IMF was taken in the X-Y plane with Bx/By = 2 for
Mercury, Bx = 0 for Uranus, and By = 0 for HAT-P-11bf (Ben-Jaffel et al. 2022). The black circle of radius
RMP

√2 corresponds to the x = 0 plane crossing of the magnetopause surface

3 Reconnection at Magnetized Obstacles and the Local Plasma
Environment

Here we discuss reconnection in the context of theoretical framework often applied to data
from Cluster, THEMIS, and MMS and those often employed by those studying planetary
magnetospheres and astrospheres.

3.1 L-M-N Coordinates and Minimum Variance Analysis

Defining the relevant coordinate system in which to study reconnection is critical for being
able to estimate reconnection rates, to study the transport of reconnected structures such as
flux ropes, and to be able to compare observations with numerical models. The reconnection
community at large has adopted a boundary-normal ‘L-M-N’ coordinate system first intro-
duced by Russell and Elphic (1979) to study flux transfer events propagating along Earth’s
dayside magnetopause. The N-direction was defined as the boundary normal to the magne-
topause, the L-direction was along the projection of the solar-magnetospheric Z-direction
perpendicular to the magnetopause normal, and the M-direction completed the right-hand
coordinate system.

Over time, this concept of global LMN coordinate system was merged with concept of
a locally defined coordinate system from minimum variance analysis of magnetic field data
across a boundary (Sonnerup and Cahill 1967). Here, the minimum variance direction, i.e.,
that with the smallest eigenvalue, corresponds to the boundary normal N direction. Across
a one-dimensional structure, the condition that the divergence of B must be equal to zero
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requires that the component of the field normal to the layer must be constant (Sonnerup
and Scheible 1998). Therefore, minimum variance analysis naturally derives the direction
normal to the magnetopause current sheet The L and M axes therefore lie in the plane of
the magnetopause current sheet. Nominally, the L component corresponds to the maximum
variance direction since that is the direction of rotation of the magnetic field. Numerical sim-
ulations of reconnection have nearly universally adopted local L-M-N coordinate systems
with the L-axis being that of the reconnecting component of the field, N being the direction
normal to the initial current sheet, and M being the ‘out-of-plane’ guide-field direction.

The use of minimum variance techniques by Sonnerup and Cahill (1967) provided a
mechanism to distinguish between rotational and tangential discontinuities. A tangential dis-
continuity would correspond to a BN/B ∼ 0, i.e., a non-reconnecting current sheet. A rota-
tional discontinuity would correspond to a reconnecting current sheet, with the BN/B giving
an estimation of the dimensionless reconnection rate (e.g., Vin/VA, where Vin is the in-flow
speed and VA is the Alfven speed) (Mozer and Retinò 2007). Minimum variance analysis
of magnetopause current sheets has been widely applied to planetary magnetospheres (Di-
Braccio et al. 2013; Slavin et al. 2014) due to their reliance only on fluxgate magnetometer
data, which are nearly ubiquitously deployed on planetary missions.

A significant caveat with these single-spacecraft MVA techniques is that they are highly
trajectory dependent or dependent on the duration of the time interval used to derive the
coordinate systems. Care must be taken when trying to connect minimum variance-derived
coordinate systems and true L-M-N coordinates for a broad set of observations. Often, the
ratio of eigenvalues of the minimum variance direction to that of the intermediate variance
direction is used to provide a proxy for the quality of the coordinate system definition. Typ-
ically, a factor of ∼10 is considered as a rough rule of thumb for a quality normal-vector
direction determination, though even large ratios may not guarantee accurate results (Son-
nerup and Scheible 1998). As an example, 2D PIC simulations of non-reconnecting and
reconnecting current sheets (see simulation setup in Chen et al. 2016 of the Burch et al.
2016 reconnection event) are shown in Fig. 6. For spacecraft trajectories along the N di-
rection in the vicinity of the current sheet, we perform minimum variance analysis on the
magnetic field vectors and compare the derived minimum variance (BN) direction with the
N-axis (i.e., the nominal normal direction), and the eigenvalues for the minimum to inter-
mediate variance direction. The BN/B values are very small for the non-reconnecting case
(Fig. 6a), as expected, and are significant (i.e., ∼0.6) for the reconnecting case (Fig. 6b).
The determination of the N-direction is accurate to within <5o for the non-reconnecting
case, and accurate only to within <20o for the reconnecting case, despite large (∼10-50)
ratios of the eigenvalues. The presence of significant BM and BN variations in the magnetic
field in the vicinity of reconnection diffusion regions significantly complicates this type of
analysis.

Data from MMS have provided a unique opportunity to assess the accuracy of MVA
techniques based on magnetometer data alone with other methods of coordinate system and
boundary normal determination. Denton et al. (2018) compared LMN directions derived
from both single- and multi-spacecraft techniques, and found that minimum variance anal-
ysis of reconnecting current sheets is most reliable in terms of deriving the L-direction, i.e.
the maximum variance direction. The differentiation between the M- and N- directions were
less clear. Genestreti et al. (2018) also found that different techniques resulted in up to ∼35o

variation in the directions of the L-M-N coordinate systems. Overall, a combination of tech-
niques was found to be most effective, though this approach is not necessarily possible at
most planetary environments. If minimum variance is the only option, its coordinate system
should be critically examined and compared to model expectations and other observations
that may be available (Denton et al. 2018).
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Fig. 6 Two time periods from an example 2-D PIC simulation of a reconnecting current sheet that show
(a) before the onset of fast reconnection and (b) after a fast reconnection X-line has formed. For each, an
MVA analysis was performed on data ±50de from the current sheet at each L. The ratio of intermediate
to minimum eigenvalues (e2/e1) is shown, with red data points corresponding to e2/e1 > 10. The angle
between the minimum variance direction and N-axis shows how accurately MVA determined the current
normal coordinate system. The ratio of the minimum variance component to the total field providing a proxy
for the reconnection rate. For the non-reconnecting current sheet, MVA analysis provides a well-resolved
coordinate system (2o ± 2o) with statistically zero reconnection rate 0.007 ± 0.005. For the reconnecting
current sheet, MVA-based determination of the coordinate system becomes more challenging, but for well-
separated eigenvalues can provide a coordinate system within 17 ± 4o and provide a finite reconnection rate
of 0.6 ± 0.2

3.2 Guide Field, Symmetry, Shear Angle

As discussed, reconnection studies tend to organize observations using a local L-M-N coor-
dinate system. In such a framework, the L-component of the magnetic field represents the
reconnecting component and the M-component represents the so-called ‘guide-field.’ The
relative strengths of the L-component on either side of a reconnecting current sheet defines
the symmetry of the system. This framework, used for studying spacecraft observations and
in numerical simulations of reconnection, is discussed in detail in Genestreti et al., this col-
lection.

Across a given interface we define B2 as the vector on the side with the larger field
strength (e.g., magnetosphere) and B1 as the vector on the side with the smaller field strength
(e.g., the magnetosheath). A symmetric system corresponds to B1 ∼ B2, while B2 � B1
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corresponds to a highly asymmetric system. In addition, changes in density and temperature
across the magnetopause also result in an asymmetric system. In the asymmetric case, it is
not immediately obvious how magnetosheath and magnetospheric plasma properties should
be used to define the reconnection outflow Alfvén speed. However, Cassak and Shay (2007),
Cassak et al. (2017a,b), Liu et al., this journal, provide a set of such scalings that apply to
both symmetric and asymmetric systems, namely,

Basym,L = 2B1LB2L

B1L + B2L

= B2L

2
(

B1L

B2L

)
(

B1L

B2L

)
+ 1

, (3.1)

ρasym,L = ρ1B2L + ρ2B1L

B1L + B2L

=
ρ1 + ρ2

(
B1L

B2L

)
(

B1L

B2L

)
+ 1

, (3.2)

and

VA,asym,L = Basym,L√
μoρasym,L

. (3.3)

Here, ρ1 and ρ2 refer to the mass density on either side of the interface (1 = magnetosheath,
2 = magnetosphere). These relationships have been applied to component reconnection pro-
cesses by applying them only to the L-component of magnetic field.

Often in the study of planetary magnetospheres, the magnetic shear angle (θ ) and change
in plasma β across a current sheet is used to describe an interface rather than terms such as
‘guide-field’ and ‘symmetry.’ These seemingly disparate approaches can be linked together
through a model of component reconnection, such as that of Swisdak and Drake (2007) and
Hesse et al. (2013), where the X-line approximately bisects the angle between the magnetic
fields on either side of the boundary. An alternative formulation was presented by Sonnerup
(1974), where an X-line would orient itself in a way where a constant guide-field would form
across the reconnection region. Simulations have indicated that the bisection model may be
more appropriate (Liu et al. 2015, 2018), though Wang et al. (2015) demonstrated that these
different approaches often yield coordinate systems within a few degrees of one another.
A key difference in these models is that in the Sonnerup (1974) formulation, it is possible to
define a set of vectors across a boundary for which no constant guide field can be determined
and reconnection cannot occur. In this scenario, the components of the two magnetic field
vectors perpendicular to the predicated X-line direction are parallel rather than anti-parallel.
The Sonnerup (1974) therefore predicts a form of ‘geometric suppression’ (very high-guide-
field and low shear angle) that is not present in the bisection model. By allowing the guide-
field strength to vary across the interface, geometric suppression of reconnection does not
occur (Swisdak and Drake 2007).

Here, as illustrated in Fig. 7, we first define the N-direction as normal to a plane con-
taining B1 and B2. Following the Swisdak and Drake (2007) model, An X-line along the
M-direction is defined that forms an angle ≈θ/2 from B1. In this formulation, the guide
field (M-direction) can be different on either side of the interface (Fig. 7b), namely,

B2M = B2 cos

(
θ

2

)
(3.4)
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Fig. 7 (After Sonnerup 1974.)
Illustration of L-M-N coordinate
system defined by two vectors on
either side of a plasma interface.
Here vectors are shown in the
L-M plane. The N direction is
normal to the plane of the figure.
Examples of symmetric and
asymmetric reconnection with a
guide field are shown in (a) and
(b), respectively. Using the
bisection model, ν ≈ θ/2
(Swisdak and Drake 2007; Hesse
et al. 2013)

and

B1M = B1 cos

(
θ

2

)
(3.5)

with reconnecting (L-direction) components,

B1L = B1 sin

(
θ

2

)
(3.6)

and

B2L = B2 sin

(
θ

2

)
. (3.7)

The ratio of the reconnecting components is therefore equal to the ratio of magnitudes, i.e.,

B1L

B2L

= B1

B2
. (3.8)

With equations (3.4)-(3.8), the guide fields can be normalized by the reconnecting compo-
nent, resulting in,

B2M

B2L

= B1M

B1L

= cot

(
θ

2

)
. (3.9)

In this normalization, the guide field can be much larger than 1. In addition, both
Basym,L/Basym and vasym,L/vasym vary as sin(θ/2).

As will be discussed, the change in plasma β across an interface (
β ≡ β1 − β2) is an
important parameter for examining the possibility of reconnection to occur. Across a stag-
nant asymmetric interface, thermal pressure and magnetic pressure are expected to approxi-
mately balance each other (i.e., neglecting dynamic pressure for flow lines that move around
the magnetopause, and neglecting magnetic tension forces associated with the curvature of
the field). Since the plasma flows are largely tangential to the magnetopause boundary, their
dynamic pressure does not significantly contribute to the normal pressure.

n1kBT1 + B2
1

2μo

≈ n2kBT2 + B2
2

2μo

. (3.10)
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Dividing both sides of equation (3.10)
B2

2
2μo

and rearranging provides a relationship between
the plasma betas on either side of the interface and ratios of the magnetic fields,

β1 + 1 ≈
(

B2

B1

)2

(β2 + 1) , (3.11)

which can be rearranged in terms of 
β as,


β ≈ β2

((
B2

B1

)2

− 1

)
+

(
B2

B1

)2

− 1. (3.12)

For a low-β magnetosphere, i.e., β2 � 1, equation (3.12) can be approximated as,


β ≈
(

B2

B1

)2

− 1, (3.13)

providing a relationship between the change in plasma β and ratio of magnetic field strengths
across an interface. Equations (3.13), (3.4), and (3.9) can therefore be used to ‘translate’
between (
β, θ) to a guide field strength and system symmetry.

Furthermore, if β1 � β2, then 
β ≈ β1 and equation (3.13) can be written as,

β1 ≈
(

B2

B1

)2

− 1. (3.14)

If both magnetosheath and magnetospheric plasmas are low β , then equations (3.9)-(3.11)
reduces to the symmetric case of B1/B2 ≈ 1, with 
β = 0. Even if the magnetic fields are
symmetric, the mass densities may nonetheless be asymmetric across the interface if the
temperatures correspondingly vary to allow for pressure balance (Cassak and Shay 2007).
Here, the densities and temperatures are either side of the interface will both impact the
calculation of plasma β , and the densities impact the asymmetric mass density in equation
(3.2).

Finally, for the typical case at a magnetopause interface of β2 � 1 and ρ1 > ρ2, we can
approximate the asymmetric mass density from equation (3.2) only as a function of the
magnetosheath mass density and the ratio of magnetic field strengths across the boundary,
i.e.,

ρasym ≈ ρ1(
B1
B2

)
+ 1

. (3.15)

3.3 Suppressed Reconnection Onset

There are different conditions at the interface of plasmas that can inhibit the ability of re-
connection to occur. This type of binary analysis has been useful to study planetary systems
and parametrize the role of reconnection. Here we discuss diamagnetic suppression, flow-
shear-based suppression, and spatial suppression.

The diamagnetic suppression of component reconnection at interfaces with large density
asymmetries was studied in detail by Swisdak et al. 2003, 2010 and summarized in Liu et al.,
this journal. Here, through particle-in-cell simulations, it was found that if the drift speed



Magnetic Reconnection at Planetary Bodies and Astrospheres Page 17 of 42 7

of the X-line from was larger than that of the reconnection outflow speed, reconnection is
suppressed. This condition led to the criterion of


β >
2


di

tan

(
θ

2

)
. (3.16)

where 
 corresponds to the thickness of the current sheet, often taken to be within the range

 = 0.5di to 2di, and di is the ion inertial length. The ion inertial length is the scale at which
ions decouple from electrons and reconnection can take place, i.e.,

di ≡
(

m

q

)
1√

ρasymμo

. (3.17)

For a given plasma composition, the ion inertial length scales only with the number density,
a fact that will impact scaling reconnection across different systems.

Kobayashi et al. (2014) and Liu and Hesse (2016) studied the diamagnetic suppression
of asymmetric reconnection for the case of both strong density and temperature gradients
that lead to a change in plasma β across an interface. They found that diamagnetic drift
generated by a strong density asymmetry led to suppression as expected. The drift of the
X-line is slowed and overtaken by the faster moving ion flow. However, strong diamagnetic
drifts associated with only a gradient in temperature were not as effective in suppressing
reconnection. Kobayashi et al. (2014), in particular, found that temperature-based gradients
led to the generation of other instabilities that destabilized the boundary to reconnection.
Nevertheless, as shown in Fig. 8, equation (3.16) has been highly successful at parameter-
izing reconnection at Earth (Phan et al. 2013a), planetary magnetospheres (DiBraccio et al.
2013; Masters et al. 2012; Montgomery et al. 2022; Fuselier et al. 2014; Jasinski et al. 2021;
Sun et al. 2020a), and at the heliopause (Fuselier and Cairns 2017; Fuselier et al. 2020a),
enabling delineation between groups of non-reconnecting and reconnecting current sheets.

Figure 9 provides a summary of the relationship between 
β , θ , and BM/BLasym. We
add curves corresponding to the criteria for diamagnetic suppression. Strong-guide-field re-
connection occurs for low shear angles. The Swisdak et al. (2003, 2010) criterion is most
effective when applied locally to a specific plasma interface. Average scalings of Gershman
and DiBraccio 2020; Masters 2018 throughout the solar system and models of reconnection
at Jupiter (Desroche et al. 2012) predict largely suppressed reconnection at the subsolar and
dawnside magnetopauses, respectively, yet observations of reconnection signatures (Ebert
et al. 2017; Montgomery et al. 2022; Jasinski et al. 2021) are nonetheless reported. The
near ubiquitous presence of boundary layers along planetary magnetopauses (Sonnerup and
Lotko 1990; Anderson et al. 2011; Masters et al. 2011; Gershman et al. 2016) tend to system-
atically reduce the change in plasma beta across interfaces and enable reconnection where
it may have otherwise been predicted to be suppressed. In addition, as discussed in Gersh-
man and DiBraccio (2020), increased solar activity also systematically lowers the upstream
Alfvénic Mach number, which tends to decrease the plasma β at planetary magnetopause
boundaries. Weaker shock compression factors and increased plasma depletion also con-
tribute to a reduced 
β . When diamagnetic suppression criteria are fulfilled and signatures
of reconnection are observed in the particle data, it may indicate that reconnection occurred
elsewhere along the boundary (Montgomery et al. 2022; Fuselier et al. 2020b).

Various reconnection suppression mechanisms are illustrated in Fig. 10. In addition to
diamagnetic suppression, flow-based suppression by Cassak and Otto (2011) and Doss et al.
(2015) was predicted to occur when the differential shear speed across the interface exceeded
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Fig. 8 Reported reconnecting (blue data points) and non-reconnecting (red data points) current sheets at (a)
Earth (Phan et al. 2013a,b (")) and (b) planetary magnetopauses (Mercury from DiBraccio et al. 2013 (�),
Saturn from Jasinski et al. 2016 and Fuselier et al. 2014 (�) and Jupiter from Montgomery et al. 2022 (Q))
and at the heliopause (Fuselier et al. 2020a (+)). The Swisdak et al. (2020) criterion provides a clear grouping
between the two sets of events. Data was digitized from the referenced publications. For the DiBraccio et al.
(2013) data points, only the high |BN/BMP| > 0.25 data points were taken. For Montgomery et al. (2022) the
reconnection events were taken with 2 or 3 reconnection signatures, and the non-reconnecting events were
taken as those with 0 reconnection signatures. Uncertainties on shear angles range from 5-20o and β up to a
factor of 2, though were not necessarily reported for all studies

Fig. 9 Normalized guide field (|BM/BL|) as a function of magnetic shear angle and change in plasma β

across an interface, assuming 
β ≈
(

B2
B1

)2 − 1 and following the bisection model for the X-line orientation.

Smaller magnetic shear angles correspond to larger relative guide fields. The solid black, dashed black, and
dash-dotted black lines correspond to the criterion of diamagnetic suppression from Swisdak et al. (2010)
for L = 1di, L = 2di, and L = 0.5di, respectively. Below these lines, diamagnetic drift of the X-line at the
interface of two plasmas exceeds that of the reconnection outflow speed and reconnection is suppressed

the asymmetric Alfvén speed by a factor,

Vshear,crit ≈ VA,asym

(
ρ1B1 + ρ2B2

2
√

ρ1B1ρ2B2

)
. (3.18)
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Fig. 10 Suppression mechanisms of reconnection illustrated with out-of-plane current density and magnetic
field lines in the L-N plane. Dimensions and current densities are for reference only and not necessarily
quantitatively comparable across the panels. Typical fast reconnection is shown in (a), adapted from Swisdak
et al. (2010). Diamagnetic suppression is shown in (b), also adapted from Swisdak et al. (2010), where
sufficiently large density gradients are introduced across the interface to generate a diamagnetic drift faster
than the in-plane Alfvén speed such that the reconnection rate significantly reduces. Shear-based suppression
is shown in (c), adapted from Doss et al. (2015), where relative shear flows across the interface significantly
exceed the in-plane Alfvén speed and the interface becomes Kelvin-Helmholtz unstable. Spatial suppression,
as recently studied by Liu et al. (2019), is shown in (d), where thin current sheets are not able to form. Figure
(d) current densities and fields were derived using initial condition from Wilson et al. (2016)

Flow-shear-based suppression was investigated at the magnetopauses of Jupiter and Saturn
(Sawyer et al. 2019; Desroche et al. 2012, 2013), where strong internal corotation-based
flows may create increased shears at the magnetopause, in particular along the dawn flank.
However, such super-Alfvénic shear flows have not been reported at either planet. Quite
the contrary, reconnection was observed at Saturn in a region where flow-shear-based sup-
pression was thought to be present (Sawyer et al. 2019). Flow-shear-based suppression at
Jupiter and Saturn is based on extension of corotation flows out to the magnetopause, and
observations of these flows have been difficult. Furthermore, as discussed in Sect. 2.1.2, hy-
drodynamic models of magnetosheath (e.g., Petrinec and Russell 1997) tend to overestimate
the flow speed that may lead to overestimates of flow-shear-based suppression.

Finally, Liu et al. (2019) study the concept of ‘spatial suppression’ of magnetic reconnec-
tion. Such suppression was observed in 3-D particle-in-cell simulations of X-lines spatially
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confined in the M-direction. When the X-line was on the order of <10di, the reconnection
rate and outflow speed drop significantly, due to the Hall effect in 3D. Per the author of
that study, this minimum X-line extent may explain the smallest azimuthal scales of dipo-
larization flux bundles at Earth, and the cause of a dawn-dusk asymmetry of reconnection in
Mercury’s magnetotail As will be discussed in Sect. 5, spatial suppression of reconnection
may also serve to reduce the overall efficiency of magnetopause reconnection at smaller
planetary magnetospheres.

3.4 Scaling the Reconnection Rate and Energy Partitioning

The dimensionless reconnection rate is commonly studied and evaluated in reconnection
simulations andstudies of planetary magnetospheres. The dimensionless reconnection rate
(α), namely the ratio of inflow velocity to outflow velocity (Vin/VA) has been found at
Earth to be in the range 0.05-0.2 (Lindqvist and Mozer 1990; Shay et al. 1999; Phan et al.
2007; Mozer and Retinò 2007; Cassak et al. 2017b; Hesse et al. 2018; Genestreti et al. 2018;
Burch et al. 2020; Sun et al. 2020b; Burch et al. 2022; Li and Liu 2021). Similar ranges of
numbers have been derived at planetary magnetospheres (DiBraccio et al. 2013; Gershman
et al. 2016). The use of rates on the order of α ∼ 0.1 is therefore sufficient to parameterize
reconnection dynamics.

The reconnection electric field maintains the current in the electron diffusion region and
regulates the energy conversion from the inflow to the outflow (Hesse et al. 2018). This field
is defined as the dimensionless reconnection rate times the local asymmetric Alfven speed
and asymmetric magnetic field component (Cassak and Shay 2007; Liu et al. 2018),

ER ≈ αVA,asym,LBasym,L (3.19)

For a given magnetized body, the relative strength of the reconnection electric field com-
pared to other processes can be critical to evaluate to understand the potential role reconnec-
tion could have in driving dynamics. The outflow speed of reconnection can be compared
against the corotating speed inside the magnetopause, giving a measure of what dominates
a planetary magnetosphere (Kivelson 2007).

Of critical important at the diverse set of magnetized bodies in our solar system is how
reconnection varies with the presence of multi-species plasmas or cold ion populations.
Toledo-Redondo et al. (2017, 2018, 2021) and (Norgren et al., this collection) summarize
MMS-era findings of both simulations and spacecraft data with regards to the role of cold
protons and O+ in reconnection rate. In the presence of multi-species, multi-temperature
plasma, a multi-scale ion diffusion region (IDR) forms that adds complexity to the reconnec-
tion site. This multi-scale IDR can result in different energization and scattering processes
for different species, or different populations (Dargent et al. 2023). Despite this complex-
ity at the micro-scales, at a macro-scale reconnection rate (i.e., the use of ∼0.1) appears
largely unaffected by the presence of multi-species plasmas. However, in order to accu-
rately calculate the local outflow speed, i.e., the Alfvén speed, one must utilize the correct
mass density that accounts for the relevant plasma composition. Mass-loading effects, there-
fore, can become important for reducing the overall rate of transport of magnetic flux (i.e.,
VA,asym,LBasym,L) in a system (Norgren et al., this collection).

As discussed by Liu et al., this collection) and Phan et al. (2013b, 2014), approximately
50% of the available magnetic energy per particle, miV2

AL (Shay et al. 2014), goes into the
outflow jet, where VAL is the inflow Alfven speed based on the reconnecting magnetic field
component. Studies by Phan et al. (2013a,b, 2014) and Drake et al. (2009) have found 13%
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of the inflowing magnetic energy (or Poynting flux) per particle goes into increase of ion
bulk temperature and 2% goes into electron bulk temperature increase. In terms of enthalpy
flux, 33% of magnetic energy per particle is converted into ion enthalpy flux, while 4% goes
into electron enthalpy flux. Toledo-Redondo et al. and Dargent et al. (2023) reported that
up to 25% of the ion bulk heating can go into a cold ion population. These findings should
be generally applicable to reconnecting systems throughout the universe and have already
scaled to the solar wind (Phan et al. 2022), to the heliopause (Cairns and Fuselier 2018), to
black holes (Chael et al. 2018), and to reconnection at sub-Alfven flows (Kaweeyanun et al.
2020) at Ganymede.

4 Reconnection Signatures in Planetary Magnetospheres

Magnetic reconnection has been observed at practically every explored magnetized body in
the solar system. At planetary systems, where the plasma observations may be more lim-
ited, reconnection signatures are typically limited to the ‘magnetopause’ and ‘magnetotail’
regions. However, the high resolution and multipoint measurements provided by MMS has
demonstrated that reconnection is ubiquitous in turbulent plasmas such as the magnetosheath
(Yordanova et al. 2016; Vörös et al. 2017; Eriksson et al. 2018; Wilder et al. 2018; Phan et al.
2018; Stawarz et al. 2022) Kelvin-Helmholtz along the flanks of planetary magnetopauses
is often framed as a competing process with dayside reconnection for the dominant source
of solar wind mass and energy transport into a magnetosphere (e.g., Desroche et al. 2013;
Masters 2018). However, reconnection has also been observed within Kelvin-Helmholtz
vortices (Eriksson et al. 2016; Li et al. 2016; Vernisse et al. 2016) and may in fact lead to
increased transport of mass and energy than may be predicted by MHD descriptions of the
KHI instability (Nakamura et al. 2017, 2022).

Near-magnetopause plasma β throughout the solar system vary across a wide dynamic
range of ∼0.05-100. Lower β values are typically observed in the inner heliosphere at Mer-
cury, where the upstream MA is low, though these nonetheless vary over several orders of
magnitude (DiBraccio et al. 2013; Gershman et al. 2013; Slavin et al. 2014; Sun et al. 2022).
In the outer solar system (Masters et al. 2012) and at the heliopause (Fuselier et al. 2020a),
the near-magnetopause β tend to be larger, in the 1-100 range, which tends to limit the shear
angles under which reconnection ispossible to nearly anti-parallel. Magnetic cloud Inter-
planetary Coronal Mass Ejections (ICMEs) tend to systematically reduce MA throughout
the heliosphere, leading to the potential for lower magnetopause plasma β during times of
increased solar activity (Farrugia et al. 1997; Lavraud and Borovsky 2008; Gershman and
DiBraccio 2020).

Signatures of active reconnection along a magnetopause-like boundary are (a) heated
electrons (Montgomery et al. 2022; Fuselier et al. 2020b), (b) |Bn/Bmp| � 0.1 (Sonnerup
1974; DiBraccio et al. 2013), (c) plasma jets and Hall-field signatures (Ebert et al. 2022;
Harada et al. 2018; Cravens et al. 2020; Wang et al. 2021; Collinson et al. 2018), (d) flux
ropes and traveling compression regions (Slavin et al. 1993, 2012; Jasinski et al. 2016, 2022;
Imber et al. 2014; Russell 1995; Romanelli et al. 2022), and thick boundary layers (Mas-
ters et al. 2011; Fuselier et al. 2020b; Gershman et al. 2017). The majority of these signa-
tures have been observed in MMS > 1 systems, but several been reported for the MMS < 1
Ganymede environment (Collinson et al. 2018; Ebert et al. 2022). As an example of similar
signatures observed in different systems, reconnecting current sheets at Mars (Harada et al.
2018) and Jupiter (Ebert et al. 2017) are shown in Fig. 11 utilizing data from MAVEN and
Juno, respectively. In both events, an ion jet was observed in the ‘L’ direction, indicative of
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Fig. 11 Reconnecting current sheets at (a) Jupiter (adapted from Ebert et al. 2017) and (b) Mars (adapted
from Harada et al. 2018). Magnetic field data are shown in planetocentric coordinates, Mars-Solar-Orbit
(MSO) and Jupiter-Solar-Orbit (JSO), respectively. In both of these examples, the (X, Y, Z) coordinates from
planetocentric coordinates correspond to the (M, N, L) coordinates of the current sheet. An L-direction ion
jet is shown for each in the vicinity of the current sheet crossing

a reconnection outflow. Despite significant differences in the Martian and Jovian systems,
these events appear remarkably similar.

Magnetic flux ropes formed along the dayside magnetopause, typically referred to as
‘flux-transfer-events’ (FTEs) have been observed at nearly every planetary magnetopause
(Russell and Elphic 1979; Russell 1995). FTEs have been attributed with multiple possi-
ble formation mechanisms such as time varying reconnection (Southwood et al. 1988) and
multiple X-line reconnection (Lee and Fu 1986; Raeder 2006). The core field strength and
cadence of these structures varies depending on the system, as shown in Fig. 12 with a
series of rapid, small-scale set of ‘FTE showers’ that can account for the majority of the
transported flux at Mercury (Slavin et al. 2012; Imber et al. 2014; Sun et al. 2020a,b), to
large-scale FTEs that are a signature of reconnection, but may not account for significant
flux transport at the Giant Planets (Jasinski et al. 2016). When the magnetic shear at the
magnetopause is low, MMS data has shown that the helicity sign of FTEs is correlated with
the direction of the IMF, suggestive of guide-field-based-ordering of FTE structure. This
correlation was not as strong in the presence of high magnetic shear (Dahani et al. 2022).

In the magnetotails of planets, reconnection is typically more symmetric, with 
β ≈0
across the tail current sheet. This plasma symmetry enables reconnection to occur for al-
most any shear angle if the current sheet is sufficiently thin. In planetary magnetotails, min-
imum variance analysis of magnetic field data is commonly used to identify the presence of
reconnection such as dipolarization fronts (Vogt et al. 2020; Sundberg et al. 2012; Dewey
et al. 2018; Jackman et al. 2015), flux ropes and plasmoids (Jackman et al. 2011; DiBrac-
cio et al. 2015; Hara et al. 2022; DiBraccio and Gershman 2019; Zhang et al. 2012), and
TCRs (Slavin et al. 2009, 2012; Vogt et al. 2014; Jackman et al. 2014). The loading and un-
loading of the magnetotail also varies from system-to-system, which leads to varying lobe
pressures and corresponding reconnection outflow speeds. At Mercury, significantly sheared
tail lobes from the interaction between the planet and the solar wind can lead to significant
guide fields in the magnetotail, resulting in flux-rope structures with large core fields, sig-
nificant increases in magnetic pressure, and dawn-dusk asymmetries (DiBraccio et al. 2015;
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Fig. 12 Example FTE observations at (a) Saturn (adapted from Jasinski et al. 2021) and (b) Mercury (adapted
from Sun et al. 2020a). For FTEs, an enhanced magnetic field magnitude is observed within each structure
along with a rotation in the field direction. At Saturn, the FTE is ∼1 min in duration. At Mercury, there are
dozens of ∼1-10 s duration events each spaced by ∼1-10 s observed along the magnetopause, forming a
so-called ‘FTE shower’

Sun et al. 2016; Poh et al. 2017) At the Giant Planets, reconnection in the magnetotail is
nearly anti-parallel with no guide field, and loop-like plasmoids exhibit signatures of so-
called ‘O-line’ reconnection, where there is no core field and instead there is a depression
in magnetic pressure and enhancement in plasma pressure (Vogt et al. 2014; Jackman et al.
2011; DiBraccio and Gershman 2019). At a hybrid magnetosphere such as Mars, the twisted
tail associated with changing solar wind conditions (Luhmann et al. 2015; DiBraccio et al.
2018, 2022) and complex draping geometry results in variable core field strength (Briggs
et al. 2011; DiBraccio et al. 2015; Hara et al. 2017). A comparison of flux ropes observed in
the magnetotails of Mercury, and Saturn are shown in Fig. 13, illustrating similar signatures
in the magnetic field data, but with significantly different spatiotemporal scales and core
field strengths.

The differences in temporal and spatial scales of reconnection structures in planetary
magnetospheres each lead to a varying role and relative importance of reconnection in driv-
ing magnetospheric dynamics (Russell 2000; Bagenal 2013). The assessment of the con-
tribution of magnetic reconnection at a planetary magnetopause or magnetotail is a strong
function of the specific properties of that magnetospheric system. However, the above tech-
niques combined with suitable in situ plasma and fields data have been demonstrated to be
highly successful at identifying the presence of active reconnection and can therefore serve
as a reliable starting point for more system-level analyses.

5 Scaling Reconnection Across and Beyond the Solar System

As a final consideration, we evaluate the total amount of magnetic energy a magnetized body
can extract from its upstream environment. Determination of this energy requires evaluation
of the energy conversion rate of magnetic reconnection. The reconnection energy conversion
rate (Mozer and Hull 2010; Goodbred et al. 2021) has been less discussed in the planetary
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Fig. 13 Superposed epoch analysis of tailward traveling flux ropes at (a) Mercury (adapted from DiBraccio
et al. 2015) and (b) Saturn (adapted from Jackman et al. 2011) organized in planetocentric coordinates. In
each, bipolar signatures in the BZ or Bθ component shows a Northward-Southward orientation, indicating
tailward flow of the structure. In the Mercury flux rope, the structure duration is ∼1 s and it contains a strong
core field as evidenced by the significant enhancement of the magnetic field magnitude (X-line reconnection).
In the Saturn case, the structure scale is ∼5 min, with little-to-no core field (O-line reconnection)

magnetospheres literature with the primary focus being the dimensionless rate of reconnec-
tion (α) (Kennel and Coroniti 1977; Holzer and Slavin 1978; Nichols et al. 2006; Kivelson
2007; Slavin et al. 2009, 2010; DiBraccio et al. 2013; Gershman et al. 2016; Zhong et al.
2018; Arridge 2020) or the reconnection electric field (ER) (Nichols et al. 2006; DiBraccio
et al. 2013; Slavin et al. 2009; Masters 2014, 2015a, 2018; Newell et al. 2007; Milan et al.
2012).

The reconnection electric field is in units of energy per length (e.g., mV/m). Integrated
that electric field along an X-line results in the “reconnection voltage” or “reconnection po-
tential”, i.e., the effective potential difference between opposite ends of the X-line (Masters
2015b). These voltages are typically 10 s of kV. Reconnection voltages are typically used
to assess how much energy can be input into a magnetosphere via dayside reconnection as
well as quantify the rate of production of open magnetic flux (Nichols et al. 2006; Badman
et al. 2014; Zhang et al. 2021). While analyses of reconnection voltage produce instanta-
neous estimates of how much energization particles can experience (units of energy), they
do not typically provide a measurement of the reconnection power, i.e., the rate at which the
energy input to a magnetosphere occurs which requires units of energy over time (Tenfjord
and Østgaard 2013).

The available magnetic power for an obstacle can be written as the upstream Poynting
flux across the area of the obstacle in SI units following Koskinen and Tanskanen (2002) as

Pu = 4π

μo

vuB
2
u

(
πR2

MP

)
, (5.1)

where Pu scales with the effective area of the magnetopause to the upstream obstacle.
Many coupling functions have been developed for Earth starting with Perreault and Aka-

sofu (1978), Akasofu (1981), and Vasyliunas et al. (1982). These provide scaling for the
amount of energy and then are empirically compared with estimates of the total energy
in the magnetosphere. After converting to SI units (Koskinen and Tanskanen 2002), the
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Perrault-Akasofu parameter takes the form of

PMP = 4π

μo

vuB
2
u

(
l2
o

)
sin

(
θ

2

)4

. (5.2)

Here, θ represents the shear angle between the fields across the magnetopause, and lo is
a characteristic scale length, empirically determined for Earth to be ∼7 RE or ∼0.7 RMP

(Perreault and Akasofu 1978). We define the coupling efficiency as the ratio PMP/Pu. Eval-
uating this efficiency for θ = 180o gives ∼0.16. This relatively high efficiency compared to
other estimates (∼1%) of solar-wind-magnetospheric coupling is due to our use of magnetic
energy in Pu instead of solar wind kinetic energy (Tenfjord and Østgaard 2013)

The Perrault-Akasofu parameter has been scaled directly to other planets in several stud-
ies (Desch and Kaiser 1984; Desch and Rucker 1985; Ip et al. 2004; Zarka 2007). It is
important to note that equation (5.2) implicitly assumes that reconnection can occur uni-
formly over an obstacle and therefore its energy conversion scales as R2

MP. This assumption
can result in large systematic errors in predictions of reconnection-generated energies at
non-Earth magnetospheres, as remarked by Baker and Bargatze (1985). Newell et al. (2007)
and Tenfjord and Østgaard (2013) investigated the correlation between multiple geomag-
netic indices at Earth and different coupling functions (including Perrault-Akasofu). These
correlations, although highly effective at Earth for parameterizing the geomagnetic response
to changing upstream conditions, are tuned to terrestrial dynamics, limiting their scaling to
other magnetospheres.

To scale how much energy can be extracted from an upstream flow by a magnetized ob-
stacle, we directly consider reconnection along a primary magnetopause X-line. Goodbred
et al. (2021) recently investigated the scaling of the reconnection energy conversion rate
using simulations of symmetric reconnection. They found that the energy conversion rate
(converted to SI units here following Koskinen and Tanskanen 2002) scales as,

PMP = 8π

μo

αξVAB2
ALxLy, (5.3)

where α is the reconnection rate (∼0.05-0.2), ξ is a factor on the order of unity, LX is the
length of the Petschek exhaust region in the presence of secondary tearing (∼60 di) and
Ly is the length of the reconnection X-line, taken as ∼1.5 RMP (Trattner et al. 2021). Here,
we apply this equation and use the asymmetric Alfvén speed, mass density and magnetic
field expressions from Cassak and Shay (2007) and assume that Ly scales with RMP. The
coupling efficiency of reconnection therefore scales as:

PMP

PU

∝
(

VA,asym

vu

)(
B2

asym

B2
u

)(
di

RMP

)
. (5.4)

The key distinction between a magnetopause-based scaling and that of the Perrault-Akasofu
approach is that the energy conversion rate scales as diRMP (i.e., LxLy) instead of R2

MP (ob-
stacle size) which produces a fundamentally different scaling across the solar system. As
an example, in Fig. 14 we compare the energy conversion surfaces superimposed on exam-
ple magnetopause magnetic shear plots for Earth, Jupiter, and Uranus. For simplicity, we
consider cases where the planetary dipole axis is in the X-Z plane and the IMF is oriented
to generate anti-parallel reconnection at the subsolar magnetopause (southward for Earth
and Uranus and northward for Jupiter). The left panels on Fig. 15 show surface areas equal
to (0.7 RMP)

2 (corresponding to a disc with radius ∼0.4 RMP) while the right panels show



7 Page 26 of 42 D.J. Gershman et al.

Fig. 14 Maximum energy conversion surfaces (shown in white) for magnetopause reconnection using the
(left) Perrault-Akasofu parameter (i.e., scales with obstacle area) and the (right) Goodbred et al. (2021) ap-
proach (i.e., scales with X-line length and ion inertial length) for (a) Earth (60di ∼ 0.5 RE), (b) Jupiter
(60di ∼ 0.02 RJ), and (c) Uranus (60di ∼ 2.5 RU). Surfaces are overlaid on a magnetic shear plot of the sur-
face of magnetopause projected into the YZ-plane with southward IMF for Earth and Uranus and northward
IMF for Jupiter (i.e., θ = 180o). The Perrault-Akasofu scaling results in the same conversion efficiency of up-
stream energy at the magnetopause. The Goodbred et al. scaling results in more and less efficient conversion
of upstream magnetic energy at Uranus and Jupiter respectively

example X-line with length ∼1.5 RMP and thickness 60di. When compared to Earth, the
Perrault-Akasofu scaling over- and under-estimates the total interaction area at Jupiter and
Uranus, respectively.

Use of the Goodbred et al. (2021) scaling to parameterize energy-conversion at the mag-
netopause is enabled by MMS-era confirmations that reconnection at Earth’s magnetopause
is typically localized along a primary X-line (Trattner et al. 2021; Fuselier et al., this jour-
nal). This approach is only valid for LX � LY, as otherwise the exhaust size approaches



Magnetic Reconnection at Planetary Bodies and Astrospheres Page 27 of 42 7

Fig. 15 Efficiency of magnetic reconnection at planetary magnetopauses and the heliopause at extracting
magnetic energy from their respective upstream flows. All values are normalized to Earth per Table 2

the size of the X-line and the geometry defined by Goodbred et al. is no longer directly
applicable.

Estimates of reconnection parameters and coupling efficiency at different magnetized
bodies are provided in Table 2. Magnetopause standoff distances were calculated from equa-
tion (2.8), and planetary size and distances from the Sun were taken from Bagenal (2013).
The size of the heliosphere was taken as 120 AU converted to solar radii. In order to de-
rive ρasym, Basym, and VA,asym, we need to obtain estimates of the plasma conditions at the
subsolar magnetopause.

For planets in our solar system and HAT-B, which all have upstream MMS � 1, we first
take the relationships,

(
B2

B1

)
≈

√
1 + dF

(
2M2

A

(
η − 1

η3

)
− 1

)
, (5.5)

and

ρ1 ≈ dF ηρu, (5.6)

which can be derived using the scalings provided by Gershman and DiBraccio (2020) taking
their equations 2 and 6 and solving for B2/B1 in equation (3.14) of this study. Here we use
a shock compression factor (η) of 4 and PDL depletion factor dF = 0.85 (Masters 2018))
We then combine these equations with the relationship between the upstream solar wind
pressure and magnetospheric field from equation (2.7) using ψ = 0. These values for B1,
B2, and ρ1 are used to calculate asymmetric reconnection parameters using the Cassak and
Shay (2007) formulas assuming ρ1 < ρ2 and β1 > β2 and no guide field, i.e., equations
(3.1)-(3.3).

For magnetized moons embedded in sub-magnetosonic flows, we take ρ1 = ρu, and
B1 = Bu and used the above equations with the relationship (3.14) to derive reconnection
parameters Basym, Vasym, and ρasym.

For induced magnetospheres, the IMB altitude is determined by a pressure balance be-
tween the thermal pressure in the magnetosheath and a combination of the magnetic pressure
from piled-up flux, crustal fields in the case of Mars, plus thermal pressure from the iono-
sphere (e.g., Li et al. 2020). In these environments, there can be significant concentrations
of cold, heavy ions such that ρ2 � ρ1. Equations (3.2) therefore can be simplified as be

combined to estimate ρasym ≈ ρ2

(
B1
B2

)
(

B1
B2

)
+1

. For Mars we assume the dominant species is O+
2 and

take n2 ∼ 50/cc though we note that there is significant variability about both the compo-
sition and density (Harada et al. 2018; Ma et al. 2015; Chen et al. 2022; Wang et al. 2021;
Nagy et al. 2004; Matsunaga et al. 2017). We then apply equation (5.5) with MA = 10 to
find B1/B2 = 0.35 and ρasym = 415 amu cm−3.
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For the heliopause, we take averaged values on either side of the heliopause observed
by Voyager 1 and 2 reported by Fuselier et al. (2020a,b) and calculate quantities directly,
including the ratio B1/B2. The presence of a heliosheath inside of the heliopause boundary
results in a higher plasma β than is present in the VLISM such that the approximations
made above are no longer valid. A heliosheath is likely common among astrospheres with
supermagnetosonic stellar winds where a termination shock would result in compressed and
heated plasmas inside a heliopause. By taking the same approximations as above, we find
Basym (and VA,asym) underestimated by a factor of ∼ √

β2 + 1 (arising from the approxi-
mation in equation (3.11) going to equation (3.14)) and the efficiency underestimated by a
factor of ∼ (β2 + 1)3/2. These uncertainties should be taken into account when attempting
to scale these results to an astrosphere with less well-constrained plasma properties.

The factors from equation (5.4) (i.e., VA,asym/Vu, Basym/BU, and di/RMP) are included in
the table to understand what parameters drive an increased or reduced energy conversion
rate between different planetary bodies. The conversion efficiencies PMP/PU in Table 2 nor-
malized to Earth are determined by evaluating equation (5.3) for each planet and dividing by
the corresponding value for Earth. These values provide a relative measure of the efficiency
of an obstacle at extracting magnetic energy from their upstream flow and are visualized in
Fig. 15.

The peak efficiencies derived here assume that reconnection is allowed to take place
and has no guide field. The suppression conditions for reconnection are still applicable in
this context and may inhibit reconnection at a given magnetopause boundary. The absolute
efficiency at a given time will also be a function of the magnetic shear angle across the
magnetopause due to the effect of component reconnection, i.e., the use of VAasym,L and
Basym,L instead of VA,asym and Basym in equation (5.3).

Absolute conversion energy conversion rates can be estimated by comparing the Good-
bred et al. scaling and Perrault-Akasofu scalings at Earth, where we expect PMP/PU ≈ 0.16.
For this case, we find,

2αξ

(
Lx

60di

)(
Ly

RMP

)
≈ 0.6. (5.7)

Equation (5.7) can be readily satisfied for reasonable parameters Ly ∼ 1.5 RMP, ξ ∼ 1, and
α ∼ 0.2, and LX ∼ 60di. For these properties, the energy conversion rate in SI units can be
estimated as,

PMP ≈ 3.6 × 108VA,asymLB2
asymLdiRMP. (5.8)

From Sect. 3.2, there is an effective factor of ∼ sin3(θ/2) variation of the reconnection
magnetic energy density that should apply here due to the VA,asymL BasymL

2 factor. A 90o

shear across the magnetopause reduces the energy extracted from anti-parallel reconnection
by a factor of ∼3. This sin3(θ/2) variation in the energy conversion rate is in reasonable
agreement with the sin8/3(θ/2) correlation by Newell et al. (2007) found at Earth.

The peak absolute efficiency of Mercury is close to ∼1 due to its small obstacle size and
upstream Mach number, and the peak efficiency of Jupiter is ∼0.01 due to its extremely large
obstacle size. Neptune and Uranus, are surprisingly more efficient at extracting magnetic
energy from the solar wind than Earth. This efficiency is driven by significantly larger ratios
of ion inertial length to magnetopause at the Ice Giants. We note that HAT-B, which is
Neptune-sized, has a significantly lower relative reconnection efficiency than Neptune due
to its very low Basym/BU ratio.
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Table 3 Peak (θ = 180o)
reconnection-generated power at
the magnetopause at each planet
for typical upstream conditions.
Powers are reduced by a factor of
∼3 for θ = 90o

a – Clarke (2013), b – Herbert
and Sandel (1994), Herbert
(2009), c – Lamy (2020), d –
Kivelson and Bagenal (2014), e –
Haewsantati et al. (2021).

Typical
(GW)

Auroral Input Power
(GW)

Mercury 204 –

Earth 308 1-100 a

Jupiter 2277 10,000-100,000 a

Saturn 320 100-1000 a

Uranus 69 30-70 b

Neptune 41 ∼0.2-0.8 c, d

Comparable efficiencies were not calculated for Ganymede and Triton because 60di �
RMP, indicating that the Goodbred et al. (2021) scaling is likely not applicable and spatial
suppression effects (see Liu et al. 2019 and Sect. 3) may become relevant. It is possible
that for systems with significant Alfvén wings, the effective obstacle size to the upstream
flow is much larger, leading to a larger LY. In addition, the ratio 60di/RMP at Mercury
is ∼0.4 such that its calculated reconnection efficiency may be somewhat overestimated.
These smaller bodies may be capable of extracting upstream magnetic energy over nearly
their entire dayside magnetopause surface.

Table 3 provides estimates of maximum available power from peak reconnection effi-
ciency at each magnetized planet assuming 0.16 peak efficiency at Earth. For comparison,
we include estimated total input powers for planetary aurora, which provide a proxy for
estimating the energy driving a magnetosphere. Input powers are coarse estimates that are
derived by taking by the total observed auroral emission and dividing by an efficiency, as-
sumed to be ∼10%. The uncertainties in these values are quite large, though it can be highly
instructive to compare their orders of magnitude with the available energy conversion rate
from magnetic reconnection. From equation (2.8), significant variations in standoff distances
observed at Saturn and Jupiter will also result in a different RMP and therefore variations in
energy conversion rates, though not by significant enough factors to put them on par with
Earth.

At Earth and Neptune, the amount of energy from magnetopause reconnection is more
than sufficient to power the auroras, even when considering a factor of ∼3 reduction due
to a more typical shear angle of θ = 90o. At Jupiter, the magnetopause reconnection power
is far less than that required, though it is well known that the dominant energy source for
the auroras at the gas giants are internally generated within the magnetosphere (Bagenal
2013). However, at Jupiter, for example, polar bright spots (Haewsantati et al. 2021) that
may map to the magnetopause require only ∼100-1000 GW of input power, such that it
is possible that magnetopause reconnection at Jupiter can power some amount of auroral
emission. Interestingly, estimates of auroral input power at Uranus and Saturn are compa-
rable to those expected from magnetopause reconnection, though not necessarily when a
factor of ∼3 reduction is included. For Saturn, modulations in auroral brightness can be at-
tributed to variations in the upstream solar wind (Clarke et al. 2009), though these variations
are typically associated with changes in dynamic pressure and the compression of Saturn’s
magnetosphere rather than magnetopause reconnection (Bagenal 2013), and internal flow
shears have been suggested to be the source of the main aurora (Cowley et al. 2004; Bader
et al. 2019). For Uranus, there may also be significant internal effects associated with icy
moons that lead to additional particle energization within the magnetosphere as suggested
by Cheng (1984) and Eviatar and Richardson (1986).
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Finally, the above equations and scalings should apply to exoplanets and astrospheres
throughout the universe, both for MMS � 1 and MMS � 1 systems. The key challenge of
modeling reconnection at exoplanets and astrospheres is to develop reasonable estimates
for the parameters Basym, ρasym, and the relevant upstream values. The capability to provide
these estimates, both from the observational perspective and modeling tools are growing
despite numerous challenges (Boro Saikia et al. 2020; See et al. 2020; Thomas et al. 2021).
Using Zeeman-Doppler imaging data, coarse estimates of equatorial magnetic field strength
(Semel 1989; Donati and Brown 1997; Carter et al. 1996; Hackman et al. 2016) have been
taken as input to coronal heating models (Vidotto 2017; van der Holst et al. 2014; Cohen
et al. 2014; Sakaue and Shibata 2021) and generate estimates of stellar winds and upstream
parameters. As discussed, Ben-Jaffel et al. reported the first detection of an exoplanet mag-
netosphere by identifying an extended tail of carbon ions around the planet and use PIC
simulations with a model of the local stellar wind to constrain the internal magnetic field
strength of the planet. Likewise, many astrospheres have a visible bow shock that can be
used to constrain MHD models (Baalmann et al. 2021 and reference therein). As studies
of exoplanets and astrospheres continue, and remote sensing techniques are further refined,
it may yet be possible to infer reconnection parameters, providing key constraints on the
dynamics of an exoplanet magnetosphere.

6 Concluding Remarks

It is unlikely that there will be an MMS-like constellation flown at a different planetary
body in the foreseeable future. Fortunately, the observations and studies of MMS data as
well as the theoretical studies and modeling tools developed and refined over the past sev-
eral years are invaluable for understanding the fundamental plasma physics associated with
magnetic reconnection and for revealing how to scale results to other magnetized bodies.
The presence of small-scale structures like electron crescents may not be directly observ-
able at other planets, but are almost certainly present, and the macro effects of reconnection,
cross-scale coupling, energy transfer, and in-flow/out-flow parameters are all directly rel-
evant in the study of planetary magnetospheres. MMS observations and other spacecraft
observations at Earth serve as a crucial test of theoretical models and frameworks that can
then be scaled elsewhere. Combined with this theoretical framework, plasma measurements
at each body can then be used to estimate the role reconnection can play in the dynamics at a
given body. While parametric scaling may assist in the development of an initial high-level
understanding of a given system, local conditions play a major role in dynamics. Underex-
plored magnetospheres in the solar system therefore require in situ plasma measurements to
accurately quantify solar-wind-magnetospheric coupling.
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