
Statistical Limitations on Detecting Diamagnetic Suppression of Reconnection
at Earth’s Magnetopause

Nicolas Aunai ,1,* Bayane Michotte de Welle ,2,† Ambre Ghisalberti,1,‡ and Benoit Lavraud 3,§
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The occurrence of magnetic reconnection is of pivotal importance regarding the evolution of many
magnetized astrophysical systems. Among others, the mechanism known as “diamagnetic suppression” can
prevent reconnection from developing. Over the last decade, many studies evidenced a statistical
correlation of the magnetic shear and plasma beta for current sheets interpreted as reconnecting or
not, consistent with predictions of the diamagnetic suppression theory. The strength of the observed
correlations has suggested that diamagnetic suppression is the dominant mechanism controlling whether
reconnection occurs or not, in many space plasma environments, from planetary magnetospheres to the
solar wind and heliopause. Here, we show that there exists a possible observational bias, operating at least
in the context of the Earth’s magnetopause, that can lead to a similar statistical correlation because outflow
speeds expected from magnetic reconnection strongly depend on both the magnetic shear and plasma β.
Low velocity jets become increasingly difficult to observe when they become comparable to the
surrounding flow fluctuation level. We conclude that the role of diamagnetic suppression at the Earth’s
magnetopause remains unclear.
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Introduction—Magnetic reconnection is a universal proc-
ess in which local microphysics can change the magnetic
connectivity of plasma flows on a large scale. The
occurrence of magnetic reconnection in magnetized sys-
tems often leads to sudden flow acceleration and plasma
heating as well as to drastic modifications of the plasma
transport throughout the system at both small and large
scales [1–7]. These consequences of reconnection have
been observed in situ in a large variety of environments,
from the Earth’s magnetotail [6] and magnetopause [7] to
the solar wind [8–11], planetary magnetospheres [12], and
laboratory devices [13]. Given its drastic impact on these
systems, understanding the mechanisms and conditions that
control the onset of reconnection, and how fast it recon-
figures magnetic flux, is of primary importance. In the
general case of noncoplanar reconnection, the answer to

these questions largely depends on which component of the
total field undergoes merging, since it controls the tension
force driving the process.
Two decades ago, Swisdak et al. [14] proposed a

mechanism that could play an important role in controlling
the local orientation of an X line. Assuming reconnection
locally occurs in a 2D fashion, the authors suggested that, for
noncoplanar upstream conditions, the reconnection plane
would likely be the one where reconnection is less suscep-
tible to be slowed down by the in-plane ion and electron
diamagnetic drift. In cases where the diamagnetic drift is
faster than the outflow speed expected from magnetic
tension, reconnection would not even develop. In a later
study, Swisdak et al. [15] proposed the following condition
under which magnetic reconnection would be suppressed by
diamagnetic drifts:

Δβ > 2
L
δi
tan

�
θ

2

�
; ð1Þ

where Δβ is the difference in plasma β between the two
upstream conditions, θ is the shear angle between the
asymptotic magnetic fields, δi the local ion inertial length,
and L the thickness of the current sheet. The upstream β and
the magnetic shear angle being rather easily accessible from
in situ current sheet observations, the publication of relation
(1) paved the way to confronting theoretical predictions to
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measurements to obtain the indirect evidence of the dia-
magnetic suppression effect, which several works tackled
[9,16–18].
Despite minor methodological differences, these studies

adopted the same overall procedure, which consisted of
plotting the magnetic shear angle against the jump in plasma
β across observed current sheets, discriminating between
those considered as “reconnecting” and those not. The
discrimination between these two classes being made on
whether a plasma jet was observed or not (and more
specifically whether these jets pass the so-called Walén test
[19] at least qualitatively [9,16]).
Figure 1 shows published couples ðθ;ΔβÞ obtained from

crossings of the Earth’s magnetopause made by the Double
Star [17] and THEMIS [16,18] spacecraft, and colored
depending on whether the current sheet was labeled as
reconnecting or not. Overall, and considering a gradient
length scale L spanning 0.5δi to 2δi, reconnecting and
nonreconnecting current sheets seem reasonably well sep-
arated by Eq. (1). This overall agreement was interpreted as a
strong (indirect) evidence supporting the local suppression of
magnetic reconnection by diamagnetic drifts.
During that period, given these consistent observational

confirmations, diamagnetic suppression became a well
established paradigm and is now widespread in the literature
for the studies focusing on magnetic reconnection in various
environments such as the solar wind [11,20–27], Mercury
[28], Earth [29–35], Jupiter [36–39], Ganymede [40], Saturn
[38,41–46], Uranus [38,47], Neptune [38,48], and the helio-
pause [49]. In such studies, Eq. (1) is typically used either to
corroborate the detection or absence of reconnection sig-
natures in events under consideration, or to assess the
possible occurrence of magnetic reconnection in systems

where measurements are rare or do not exist yet but where θ
and Δβ could be estimated.
However, in spite of appearing successful, the statistical

confirmation of the theory was also seen as surprising since
one could have expected other suppression mechanisms to
blur the pattern unless they have the same dependence on
both Δβ and θ. It was then rightfully concluded [16] that “if
that is true, diamagnetic drift of the X line may be the main
effect that controls the occurrence of reconnection at the
subsolar magnetopause.”
In this Letter, we show that the statistical correlation

observed in the ðθ;ΔβÞ plane for current sheets interpreted
as reconnecting or not, can also be obtained if considering
the effect of an observational bias. We show that plasma jet
speeds are theoretically expected to have a strong correlation
with both the magnetic shear and plasma β and slow jets are
harder to contrast against surrounding variations in the flow
time series. In the End Matter, we also derive the scaling
relation for conditional suppression of magnetic reconnec-
tion by diamagnetic drifts in asymmetric conditions and
show it does not depend on Δβ, contrary to Eq. (1).
The Letter is organized as follows. The following section

demonstrates the existence of an observational bias that tends
to limit the visual observability of reconnection jets from
spacecraft time series to some region of the (θ,Δβ) space. We
then discuss the obtained results and our conclusions.
Expected statistical observational bias—Although mag-

netic reconnection may be evidenced through multiple
signatures in spacecraft in situ data, the most consistent
one has been the observation of accelerated plasma flows.
In the context of studies assessing the importance of
diamagnetic suppression of magnetic reconnection
[9,17,18], the observation of a reconnection jet has been

FIG. 1. Distribution of ðθ;ΔβÞ published from Double Star [17] and THEMIS [16,18] magnetopause crossings. Blue and orange
markers are current sheets marked as reconnecting (R) or nonreconnecting (NR), respectively. Gray circle markers denote crossings with
a jet reversal identified in [17]. The solid black line represents Eq. (1) with L ¼ 1δi, the gray area represent the region where
0.5 < L=δi < 2. Panels (b) and (c) plot nonreconnecting and reconnecting subsets already plotted on panel (a) in isolation for clarity.
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the condition upon which a current sheet was classified as
either reconnecting or not. However, the absence of
evidence is not evidence of the absence. Observing a jet
is evidence that reconnection is occurring somewhere. But
the absence of a jet is not evidence that there is no
reconnection occurring, and even less that a particular
mechanism suppressed it.
At the Earth’s magnetopause, the detection of a recon-

nection jet relies on the correlation between the variation of
the velocity components with those of the magnetic field.
However, selecting events with good certainty first requires
the observations, “at the magnetopause proper or in the
boundary layer ... [of] plasma flows with a different velocity,
either in magnitude or direction, with respect to the adjacent
magnetosheath” [50]. This flow comparison is generally
difficult if the velocity during the crossing of the boundary
does not detach clearly from the variations of the time series
representing the bulk velocity in the magnetosheath. This
leaves room for a possible observational bias if the jet
velocity depends on θ and/or Δβ. Although this reasoning
applies to all environments where reconnection is observed,
this Letter focuses on its observation at the Earth’s mag-
netopause, which, frequently crossed by spacecraft, is the
most suitable for a statistical study.
We propose to evaluate the likelihood of visually detecting

reconnection jets in conditions statistically representative of
the magnetopause seen by a spacecraft and study this
likelihood in the ðθ;ΔβÞ plane. Our methodology is decom-
posed in three main steps. First, calculate the distribution of
the expected reconnection outflow speeds given the natural
distribution of upstream parameters met by spacecraft in a
large statistical set of Earth’s magnetopause crossings. Then,
estimate how likely each expected flow speed is to be
detected by comparing it to the fluctuation level in the
adjacent magnetosheath time series. Finally, report the
crossings in the ðθ;ΔβÞ plane, classified as observable or
nonobservable, and discuss how their distribution relates to
that of reconnecting and nonreconnecting current sheets
reported in previous studies.
We use Magnetospheric MultiScale (MMS) data from

2015 to 2021 measured from the Fast Plasma Investigation
[51] and Flux Gate Magnetometer instruments [52].
Magnetopause crossings are automatically selected as a
transition between the magnetosphere and the magneto-
sheath, identified by a previously trained gradient boosting
detection algorithm [53–56]. In this Letter, we retain only
“clear” magnetopause encounters, defined by a single
transition over a 10-min interval to select quiet conditions
for which upstream conditions are meaningful, and as many
points classified as magnetosheath as magnetosphere. We
then associate with each crossing the conditions in the
adjacent magnetosphere and magnetosheath. We finally
obtain a dataset of 437 magnetopause crossings, sampling
the typical intersections of MMS with the dayside magneto-
pause, with their associated upstream conditions.

From these intervals, we extract the median values of the
magnetic field components, the particle density, the plasma
temperature, and the standard deviation of the magneto-
sheath flow speed σvmsh .
We then estimate the amplitude of the jet velocity

reconnection would produce in each of the conditions
represented by the detected crossings, using the asymmetric
Cassak-Shay scaling law [57] given by Eq. (2), assuming the
X line locally bisects upstream field orientations to deter-
mine the merging components Br;msh and Br;msp,

V2
jet ¼

Br;mshBr;msp

mpμ0

Br;msh þ Br;msp

Br;mshnmsp þ Br;mspnmsh
: ð2Þ

For each of the magnetopause crossings, the core of the
present Letter is to determine whether the jet speed estimated
from upstream conditions following Eq. (2) can be expected
to detach from surrounding time series flow fluctuations.
The expected jet is hereafter qualified as “observable” if

Q≡ ðV jet > ασvmsh
Þ; ð3Þ

where α controls how much a jet must detach from the
surrounding time series fluctuations to be considered as
observable. At the end of this process, we have a dataset of
437 couples ðjΔβj; θÞ, each associated with its observability
value Qi.
Note that the observability of a jet depends on the observer,

and Qi only is a statistical proxy of it. Although skilled
observers may detect some events deemed nonobservable, we
assume Qi represents well the degree of certainty one
subjectively assesses when considering retaining an interval
for a statistical study. Figure 2 shows an MMS inbound
magnetopause crossing along with the predicted regions. For
this particular crossing, we see the magnetic field reversal is
mainly supported by the Bz geocentric solar magnetospheric
component and well correlated with a strong signature of
flow acceleration in the Vz geocentric solar magnetospheric
component. Furthermore, the expected jet speed in the
Earth rest frame matches well the observed peak speed.
In this event, the magnetosheath flow fluctuation is
σvmsh ≈ 21 km=s, the magnetic shear θ ≈ 166°, and the
expected jet speed V jet ≈ 209 km=s so that V jet ≈ 10σvmsh ,
which easily qualifies a potential jet produced under these
upstream conditions as observable, which is consistent with
the easy identification of a jet around 06∶34.
We emphasize that the proxy of observability Q only

concerns the contrast between the magnetosheath flow
fluctuations and the jet speed expected from automatically
measured upstream conditions. Therefore, while we expect
not to observe, statistically, jets in conditions assessed as
nonobservable, the opposite is not true and jets may be
missing in conditions assessed as observable simply
because reconnection is not occurring, either because of
some physical reasons or because the crossing is not
temporally resolved. To clarify these assertions, we have
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looked at each of the 437 magnetopause crossings indi-
vidually, and manually classified them further into those for
which a reconnection jet is actually seen and those not
(including by using burst data as necessary).
Table I shows the result of this cross-classification. As

expected, jets are dominantly detected for crossings asso-
ciated with observable conditions. Nonobservable conditions
only correspond to a very small proportion of the observed
reconnection jets. Their presence in this category may result
from several reasons such as an observability Q being lower
than the chosen arbitrary threshold, or the extracted upstream
conditions not being exactly relevant to the ongoing recon-
nection event for reasons such as unsteadiness or the X line
being at large distance from the crossing. Table I also reveals

that crossings where no jet is seen are nearly equally
dispatched into observable and nonobservable conditions.
This is expected, as previously said, since reconnection may
not be happening whether conditions would qualify a jet as
observable or not.
Figure 3 shows the position in the ðθ;ΔβÞ space, of the

437 expected flow jets velocities. Each sample is colored
by its value of Q, and sized proportionally to the value of
σvmsh

. The observable and nonobservable expected outflow
speeds do not distribute randomly in the ðθ;ΔβÞ space. In
fact, Eq. (1) seems to separate our crossings arguably as
well as in studies assessing the role of diamagnetic
suppression. However, here, Eq. (1) is totally irrelevant
to our classification, which is based on the expected

FIG. 2. From top to bottom: magnetic field components, particle density, ion bulk velocity components, temperature parallel and
perpendicular to the magnetic field and ion omnidirectional energy flux measured byMMS1. The density panel also shows as circles and
crosses the densities taken as magnetosheath (msh) and magnetosphere (msp) reference values, respectively. The bulk velocity panel
also shows the predicted Cassak-Shay outflow speed in a gray band whose width is given by the standard deviation of the bulk velocity
over the magnetosheath reference data. The vertical blue line indicates the position of the magnetopause crossing detected as the
transition between regions automatically identified as the magnetosheath and magnetosphere.
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observability of jets with respect to background fluctua-
tions, and not on their actual detection. Overall and
unsurprisingly, observable expected outflows [Fig. 3(c)]
are found at large shears while jets expected to be non-
observable [Fig. 3(b)] are rather located at low shear. This
can easily be explained by the dependence of V jet on the
merging component, which, for a given magnetic field
amplitude, decreases with the magnetic shear, leading to
slower jets, thus less detached from the magnetosheath flow
fluctuations. Most observable jets are found for magnetic
shears above θ ≈ 90°. Interestingly, the expected outflows
that continue to be classified as observable at lower
magnetic shears are those associated with a lower fluc-
tuation level for which weak jets can still detach. In
contrast, all fluctuation levels are seen for expected out-
flows at large shear. Similarly, the few nonobservable
outflows found at high shear all are associated with large
magnetosheath flow fluctuations whereas those at low
shear show all kinds of fluctuations. If the separation
between observable and nonobservable outflows is mostly
seen in the dependence with the magnetic shear, there is
also a smaller but visible bias inΔβ. The outflow speeds are

expected to be less observable as Δβ increases. This can be
understood once noticing that, as shown in the bottom
panel of Fig. 3, at the Earth’s magnetopause,
Δβ ¼ jβmsp − βmshj ≈ βmsh, and that larger βmsh means
either lower magnetic field or larger density, or both, in
all cases leading to slower expected outflows according to
Eq. (2). Figures in the same format as Fig. 3 are provided as
Supplemental Material [58] to show how the distribution of
nonobservable and observable computed outflow speeds
evolve as the observability threshold is changed from σvmsh

to 10σvmsh
. Raising the threshold means being more

conservative regarding the observability of a jet and results
in blue points being more restricted to higher shears.
Discussion and conclusion—In this Letter, we have

shown that the reconnection outflow speed expected at
the magnetopause and statistically estimated on a large set
of magnetopause upstream conditions met by the MMS
spacecraft may not always be observable simply because
their detection requires that they may be well separated
from flow variations of the surrounding time series. The
scaling dependence of the outflow speed on the merging
component and plasma density makes it strongly correlated
with the magnetic shear angle and upstream plasma β. Jets
are expected to be slower as the magnetic shear decreases
and as β increases, down to the point where their speed
becomes of the order of the adjacent magnetosheath flow
fluctuation level. Jets in such circumstances should become
increasingly harder to identify in time series. This bias
suggests that low shear high β jets can become observa-
tionally “invisible” as if reconnection was not occurring.

TABLE I. Confusion matrix of magnetopause crossings clas-
sified as observable or nonobservable and whether a reconnection
jet is visible or not.

Jet (%) No jet (%)

Nonobservable 8.5 24
Observable 52.9 14.3

FIG. 3. Panel (a) shows the distribution of the 437 ðθ;ΔβÞ couples colored by their observability Q from Eq. (3), with α ¼ 3. The size
of the circle marker represents the standard deviation of the flow speed in the reference magnetosheath. Blue and orange markers
represent observable (Q ¼ True) and nonobservable (Q ¼ False) conditions. As in Fig. 1, the solid black line represents Eq. (1) with
L ¼ 1 and the gray area is where 0.5 < L=δi < 2. Panels (b) and (c) report observable and nonobservable points in isolation,
respectively, for clarity. Panel (d) shows the distribution of the plasma β in the magnetosheath and magnetosphere reference
measurements, as well as that of Δβ.
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We think the bias discussed in this Letter is general
enough so to exist in observations of all environments.
However, its importance in each specific environment
remains unclear as it mainly depends on the range of shear
angles allowed in the system under consideration and the
level of surrounding flow fluctuations in that system. In the
solar wind, for instance, reconnection has been identified
with extremely low magnetic shear angles down to few
degrees [9]. This appears possible because, in spite of often
being qualified as a turbulent environment, solar wind
exhausts often show structures extremely consistent with
laminar interpretations [11] and flow fluctuations are gen-
erally insignificant in comparison to any jet velocity. It is
worth noting that, by flow fluctuations, we mean those
existing in time series, which are not necessarily the same as
those intrinsic to the flow itself. The magnetopause is always
subject to varying upstream ram pressure and surface waves.
As a result, spacecraft often cross the boundary multiple
times, either partially or completely. Being by nature a
boundary separating a large plasma flow and a relatively
quasistagnant region, these multiple crossings create appar-
ent large flow fluctuations. This temporal effect increases the
impact of the discussed bias but is only relevant to magneto-
pauses and not solar wind exhausts. According to [22], solar
wind exhausts seem to never fall in the suppressed part of the
ðθ;ΔβÞ parameter space, as given by Eq. (1), no matter if
reconnection signatures were identified or not, leading to the
conclusion that diamagnetic suppression is not sufficient to
explain the absence of reconnection.
In conclusion, while there is no reason to doubt that

diamagnetic drift can suppress magnetic reconnection in

principle, the present Letter suggests that the observational
evidence to support the impact of this mechanism at the
magnetopause remains to be found. Relying solely on the
nonobservation of an Alfvénic jet to conclude on the absence
of reconnection not only is subject to the bias discussed in
this Letter, but probably has other limitations. Excluding rare
observations of jet reversals, it is unclear whether the local
upstream conditions often used to evaluate diamagnetic
suppression are relevant to the actual location of the X line
producing the jet. Jet signatures are also expected to be
obfuscated by the existence of multiple X lines and flux
ropes or plasmoids. Such structures are known to be very
common at the magnetopause, the heliospheric current sheet,
and other media. It is obvious that there has to be a location
somewhere in between two such X lines where there is no
jet, while the conclusion of the current sheet being non-
reconnected would be false. Considering the role of the
current sheet thickness parameter also is a good example of
the difficulty in interpreting the data [32], since thinner
current sheets are generally known to be more conducive to
the development of reconnection but at the same time more
prone to suppressing it via faster diamagnetic drifts.
The analysis of in situ measurements has been done with

the Python package SPEasy and the software SciQLOP devel-
oped at the French center for plasma physics data (CDPP)
using data distributed from both CDPP/AMDA and
CDAweb.
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End Matter

The condition for diamagnetic suppression—This
section aims at deriving the condition for the
suppression of magnetic reconnection by diamagnetic
drifts. The proposed derivation accounts for the
asymmetry of the current sheet, which former
derivations neglect [14,15]. In a given plane x-y, where
x and y are the outflow and inflow directions,
respectively, the condition for reconnection to occur
translates into Vout > V⋆, where Vout is the reconnection
outflow speed and V⋆ ¼ jvi⋆j þ jve⋆j the sum of the ion
and electron diamagnetic drift speeds. The outflow
velocity Vout can be estimated using the Cassak-Shay
scaling law to account for asymmetric magnetic fields
and densities,

Vcs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B1B2

mpn0μ0

s
ðA1Þ

with

n0 ¼
B2n1 þ B1n2
B1 þ B2

: ðA2Þ

Assuming the X line aligns with the bisection of the
upstream fields, and given the magnetic shear angle θ, the
reconnecting components are Bix ¼ Bi sin θ=2 and the
outflow velocity becomes

Vout ¼ Vcs sinðθ=2Þ: ðA3Þ

The diamagnetic drift velocity V⋆ is given by

V⋆ ¼
����∇P ×B

enB2

����; ðA4Þ

where P, e, and n are the total (electron and ions) thermal
pressure, the elementary electrical charge, and the particle
density (assuming quasineutrality n≡ ne ≈ ni), respec-
tively, and B the magnetic field. Evaluated in the current
sheet at the location of the field reversal where the magnetic
field points along the X line and its only nonzero compo-
nent is B0z and the density is n0, the condition for
suppressing reconnection becomes

Vcs sin ðθ=2Þ <
∇P

en0B0z
: ðA5Þ

In this equation, as in Eq. (1), the suppression of
reconnection depends on how the thermal pressure and

the magnetic field (in amplitude and direction) vary across
the current layer. However, these two quantities are not
independent from each other. Pressure balance links the
variation of the pressure to that of the magnetic field
amplitude so that, at the reversal exactly,
μ0∂yP ¼ B0z∂yBz ≈ B0zΔBz=L, with ΔBz ¼ jBz1 − Bz2j
and L is the current sheet thickness. This relation between
P and B through pressure balance must be accounted for as
all combinations of the two quantities are not possible, as
Eq. (1) seems to suggest. The condition for suppression
becomes

Vcs sin ðθ=2Þ <
ΔBz

en0μ0L
: ðA6Þ

Unlike under symmetric conditions, asymmetric
upstream inflow regions have different out-of-plane com-
ponents Bzi ¼ Bi cos ðθ=2Þ, such that ΔBz ¼ ΔB cosðθ=2Þ.
We obtain

tanðθ=2Þ < ΔB
en0Lμ0Vcs

: ðA7Þ

Injecting Eq. (A1) and introducing r ¼ B1=B2 leads to

tanðθ=2Þ < δi
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − rÞ2

r

r
: ðA8Þ

Note, as expected, that this formula is invariant when
replacing r by r̃ ¼ B2=B1.
Inspecting Fig. 4 shows that symmetric reconnection is

never suppressed, as expected since diamagnetic drift only
exists for noncoplanar configurations. Suppression then
becomes more important as the field amplitude asymmetry
increases, starting with the suppression of the lower shears
and progressively extending to larger magnetic shears.
Consistently with Eq. (A8), reconnection of antiparallel
(θ ¼ π) magnetic fields is never suppressed, since in such
condition ∇P ¼ 0 and the diamagnetic drift vanishes.
Given the typical ratio of the magnetic field amplitudes
at the Earth’s magnetopause, it is probable that reconnec-
tion is never suppressed for shear angles larger than
θ ≈ 100°. As can be seen on Fig. 4(c) the observational
and statistical confirmation of this theoretical prediction is
also subject to the same possible observational bias dis-
cussed in this Letter because of the dependence of the jet
velocity on both the magnetic shear and the magnetic field
amplitude asymmetry.
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