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Abstract

We present a data set and properties of 18,785 proton kinetic-scale current sheets collected over 124 days in the
solar wind using magnetic field measurements at 1,/11 s resolution aboard the Wind spacecraft. We show that all of
the current sheets are in the parameter range where reconnection is not suppressed by diamagnetic drift of the
X-line. We argue this necessary condition for magnetic reconnection is automatically satisfied due to the geometry
of current sheets dictated by their source, which is the local plasma turbulence. The current sheets are shown to be
elongated along the background magnetic field and dependence of the current sheet geometry on local plasma beta
is revealed. We conclude that reconnection in the solar wind is not likely to be suppressed or controlled by the

diamagnetic suppression condition.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Solar magnetic reconnection (1504); Interplanetary

turbulence (830)

1. Introduction

Current sheets (CS) in the solar wind were identified aboard
early spacecraft missions as variations of the magnetic field
direction over timescales less than a few tens of seconds
(Burlaga et al. 1977; Tsurutani & Smith 1979; Lepping &
Behannon 1986). A substantial number of studies were focused
on classifying CSs in terms of tangential and rotational MHD
discontinuities, but did not provide consistent results (e.g.,
Neugebauer 2006). The multispacecraft studies showed that the
methodology used in these single-spacecraft studies is typically
incapable of accurately estimating the normal to a CS surface,
which explains the contradictory classifications (Horbury et al.
2001; Knetter et al. 2004; Artemyev et al. 2019). In previous
studies, CSs were selected using magnetic field measurements
at a few second resolution at best, which corresponds to ~1000
km spatial resolution. The typical occurrence rate of the CSs at
1 au was about a few tens per day, while the typical thickness
was around ten proton inertial lengths. The analysis of
magnetic field measurements at 1/3 s resolution by Vasquez
et al. (2007) demonstrated that CSs with a thickness of a few
proton inertial lengths are much more abundant with typical
occurrence rates of a few hundred CSs per day. Vasquez et al.
(2007) also suggested that kinetic-scale CSs are highly likely
produced by solar wind turbulence, which was further
supported by Greco et al. (2009, 2016) and Zhdankin et al.
(2012).

Observations of reconnecting CSs in the solar wind have
been reported fairly recently (Gosling et al. 2005, 2007;
Gosling 2007, 2012). Based on 3s resolution of plasma
measurements (~1000 km spatial resolution), magnetic
reconnection is relatively rare, about one reconnecting CS per
day (Gosling 2012). Observations showed that plasma heating
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does occur around current sheets in the solar wind (Osman
et al. 2011; Wu et al. 2013) and magnetic reconnection indeed
contributes to the plasma heating (Phan et al. 2006; EnZl et al.
2014; Pulupa et al. 2014; Mistry et al. 2017), but its net
contribution is still not known because the occurrence of
reconnection at proton kinetic scales and conditions controlling
reconnection onset are not entirely understood (Phan et al.
2010, 2020; Gosling & Phan 2013; Osman et al. 2014). In this
Letter we present analysis of a condition that was previously
considered crucial for reconnection onset in solar wind CSs.

Theory and simulations showed that magnetic reconnection
in a planar CS with magnetic shear angle Af (angle between
magnetic fields at the CS boundaries) and plasma beta variation
A across the boundaries is allowed/suppressed if the
following condition is satisfied/violated (Swisdak et al.
2003, 2010)

AB < 2(L/\)tan(AG)2), (1)

where L is the spatial scale of the plasma pressure gradient
across the X-line and ), is the proton inertial length. If
condition (1) is violated, magnetic reconnection is suppressed
because diamagnetic drift of the X-line exceeds characteristic
Alfvén speeds. Thus, condition (1) is necessary, though not
sufficient, for magnetic reconnection to occur. Phan et al.
(2010) collected about 200 reconnecting CSs in the solar wind
at 1 au and showed that condition (1) is indeed satisfied by all
of them provided that L/, is on the order of one. The latter
assumption, in turn, is consistent with the fact that magnetic
reconnection is sufficiently fast only in CSs with thickness
comparable to ion inertial length (e.g., Cassak et al. 2006).
Phan et al. (2020) have recently considered about 20
reconnecting CSs observed at 0.2 au aboard the Parker Solar
Probe and found that all of them satisfy condition (1). These
reports, along with a few others (Gosling & Phan 2013; Phan
et al. 2013), could create an impression that condition (1)
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determines reconnection onset in solar wind CSs, although
Phan et al. (2020) noted that about 50 nonreconnecting CSs
also satisfied condition (1).

In this Letter we present a data set of 18,785 proton kinetic-
scale CSs and demonstrate that condition (1) is almost always
satisfied by kinetic-scale CSs in the solar wind. We show it is
automatically satisfied due to the geometry of the CSs, dictated
by their source, which is the local plasma turbulence. Thus,
reconnection in the solar wind cannot be suppressed or
controlled by the diamagnetic suppression condition.

2. Data and Methods

We use measurements of the Wind spacecraft which is
located at the L1 Lagrangian point, about 200 Earth radii from
the Earth. The magnetic field measurements at 1/11s
resolution are provided by the Magnetic Field Instrument
(Lepping et al. 1995); proton densities, flow velocities, and
temperatures at 3 s cadence are provided by the Wind 3DP
instrument (Lin et al. 1995); and electron densities and
temperatures at about 9 s cadence are provided by the Solar
Wind Experiment instrument (Ogilvie et al. 1995). Note that
proton densities coincide with electron densities within a few
tens of percent. We consider a period of 124 days, from 2010
October 1 to 2011 February 2 except the first 16 hr on 2010
December 7, when magnetic field data at 1/11s resolution
were not available.

CSs were selected using the partial variance increment (PVI)
method (e.g., Greco et al. 2018). The original method is based
on computing PVI index, PVI(z, 7) = |AB(¢, 7)|/0, where AB
(t, T =B(t + 7) — B(f) are magnetic field increments, while o
is the standard deviation of AB(¢, 7) computed over a
sufficiently long time interval. Coherent structures at various
temporal scales correspond to non-Gaussian fluctuations
with, for example, PVI>5. We used another PVI index,
PVI = (3, AB2(1, 7)/02)'/2, which allows selecting more
coherent structures, because each component of AB(t, T) is
normalized by its standard deviation o,, rather than by
o=[x,02]1"/2, where a=X, Y, Z. We computed standard
deviations over 2 hr intervals, that is, over a few outer
correlation scales of solar wind turbulence (Matthaeus et al.
2005). We used only the PVI index computed at 7=1/11s to
focus on the thinnest resolvable coherent structures.

To select CSs among the non-Gaussian fluctuations, each of
about 2-10° continuous clusters of points with PVI > 5 was
considered over intervals of =1s, £2's, +3s, and £4 s around
its center and magnetic field component B - x’ was computed,
where x’ is a unit vector along the direction of maximum
magnetic field variation computed using the maximum variance
analysis method (e.g., Sonnerup & Scheible 1998). We visually
inspected all profiles of B - x’ and selected clusters of points
with B - x’ reversing the sign within at least one of the
intervals. We then manually adjusted the boundaries so that
each boundary had a duration of at least half a second and
excluded events with substantial relative variations of the
magnetic field at the boundaries. The CSs were classified into
nonbifurcated and bifurcated, the latter type characterized by
x' - dB/dt with two well-separated peaks and often observed
in reconnection exhausts (e.g., Gosling 2012). A short temporal
duration of the CSs did not allow establishing the presence or
absence of reconnection plasma jets and, thus, we could not
determine the fraction of reconnecting CSs.
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The final data set includes 18,785 CSs with 1742 of them
classified as bifurcated. Each CS is considered in a local
coordinate system xyz most suitable for describing CS structure
(Knetter et al. 2004; Gosling & Phan 2013; Phan et al. 2020):
unit vector z is along the CS normal determined by the cross
product of magnetic field vectors at the CS boundaries; unit
vector x is along x’ — z - (x’ - z); unit vector y completes the
right-handed coordinate system, y =z x x. Note that the
conclusions of this study will be independent of the local
coordinate system used to describe the CSs and of our visual
classification.

To determine the variation of plasma beta across a CS, we
assume there is a pressure balance, 87P + B> = 87l = const
or 87P/B*+ 1 =8nll/B*, where P is the thermal plasma
pressure. There are one or two points of proton measurements
and one point of electron measurements around each CS, so
that constant parameter II can be computed by averaging the
pressure balance across the CS, II=(B?)/8m+ (P) and
87I1(1/B*) = (87P/B*) + 1, where the spatial averaging of
plasma pressure is equivalent to time-averaging done by the
Wind plasma instruments. The variation of plasma beta can
then be determined as follows

AB = (1 + B)AB2)/(B?), 2)

where = (87P/B*) = (87(P) + (B*)){B~?) — 1 is the aver-
aged plasma beta, and A(B~2) is the variation of 1 /B2 across
the CS. Equation (2) provides an approximate estimate of the
plasma beta variation across the CS, because the exact value of
this quantity could be determined using only particle measure-
ments at the CS boundaries as has been done, for example, for
rather wide reconnection exhausts (Phan et al. 2010). The
relatively low cadence of plasma measurements does not allow
us to determine the plasma beta variation using plasma
measurements because in our data set, magnetic fields at the
CS boundaries may substantially vary on a timescale of 3-9s.
Nevertheless, we found that a blind use of particle measure-
ments about 9s before and after the CSs provided similar,
though not equivalent, values of A, such that the use of these
A values would not change any of our conclusions.

3. Overview and Case Studies

Figure 1 presents an overview of Wind spacecraft measure-
ments. Panels (a)—(d) present 2 hr averaged magnetic field
magnitude, proton and electron densities, proton flow velocity,
and proton and electron temperatures. The considered interval
of 124 days corresponds to about four solar rotation periods
and we consistently observe periodic variations of proton
moments. The faster (slower) solar wind is more tenuous
(dense) and carries a hotter (colder) proton population. The
electron temperature does not vary with solar rotation and
remains around 15eV. All the features in panels (a)-(d) are
consistent with the classical structure of the solar wind at 1 au
(e.g., Newbury et al. 1998; Cranmer et al. 2017).

Panel (e) presents a percentage of fluctuations, that is a
relative number of magnetic field increments AB(z, 7), with
PVI>5 computed every 2 hr. The averaged percentage of
fluctuations with PVI > 5 is about 0.5%, that is four orders of
magnitude larger that one would observe if magnetic field
increments AB(¢, 7) had a Gaussian probability distribution.
This is in accordance with previous observations that magnetic
field increments in the solar wind have probability distributions
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Figure 1. Overview of Wind spacecraft measurements over 124 days, from
2010 October 1 to 2011 February 2. Panels (a)—(d) present 2 hr averaged
magnetic field magnitude, proton and electron densities, proton flow velocity,
and proton and electron temperatures. Panel (e) presents the percentage of
fluctuations with PVI index larger than 5. Note that in the case of magnetic field
increments with a Gaussian probability distribution the percentage of
fluctuations with PVI > 5 would be less than 107*%. Panel (f) shows the
number of current sheets (CSs) per day, while panel (g) demonstrates the
occurrence rate of bifurcated CSs in percents with respect to total number of
CSs per day. The red dashed lines in panels (e)—(g) represent the averaged
(over 124 days) values of the corresponding quantities.

with heavy non-Gaussian tails (e.g., Sorriso-Valvo et al. 1999;
Greco et al. 2018). Panel (e) shows that the percentage of the
non-Gaussian fluctuations varies substantially over time in the
range from about 0.01% to 2%. The local bursts in the
percentage of the non-Gaussian fluctuations are always
associated with local increases of the magnetic field magnitude
and plasma density and often with local increases of proton
temperature.

Panel (f) presents the number of CSs per day selected in the
considered interval. The occurrence rate varies from about 10
to 320 CSs per day, while the averaged occurrence rate is about
150 CSs per day. These occurrence rates are consistent with
those of CSs resolved at 1/3s magnetic field resolution
(Vasquez et al. 2007). The local increases in the number of CSs
are often, though not always, associated with local bursts in
the percentage of the non-Gaussian fluctuations. Panel (g)
shows that the averaged occurrence rate of bifurcated CSs is
around 9%.
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Figure 2 presents several CSs from our data set. The left
panels show a nonbifurcated CS. Panel (a) presents magnetic
field magnitude and three magnetic field components in the
Geocentric Solar Ecliptic coordinate system. The magnetic
field rotates across the CS through shear angle A6~ 117°,
while the magnitude varies from about 0.5 to 1.6 nT. We define
the averaged magnetic field magnitude (B) as the half sum of
magnetic field magnitudes at the CS boundaries, and variation
AB as the absolute value of their difference. For the considered
CS, we have (B)~1.05 nT and AB= 1.1 nT. The CS is
observed in a plasma with local proton density of 11 cm >,
proton temperature of 2 eV, and electron temperature of 10eV,
so that averaged plasma beta is rather high, 3~ 108. The
variation of plasma beta across the CS is even larger,
AP~ 160, because it is dominated by beta at the boundary
with a smaller magnetic field magnitude. Such large values of §
and AQ are actually not typical of solar wind CSs, but we
demonstrate this CS to show that AB/(B) can be on the order
of one.

Panel (b) presents the magnetic field in the local CS
coordinate system xyz. The magnetic field component B, varies
from about 0.5 to —1.5 nT, while By, is more or less constant
across the CS. The magnetic field component B, is around zero
at the CS boundaries in accordance with the definition of the
CS normal and remains small within the CS. We characterize
the asymmetry of a CS by (B,), which is the half sum of B,
values at the CS boundaries and the CS amplitude by the
absolute value of their difference denoted as AB,. The guide
field will be characterized by B, which is the half sum of B,
values at the CS boundaries. For the considered CS we have
AB,~2nT, (B,) ~—0.5nT and B, ~ — 0.5 nT.

Panel (c) presents current densities J, and J, estimated as
follows

Jo—_ ¢ dB, _c dBy
Y anv, dt ' Anv, dt

3

where V,, is the normal component of proton flow velocity at
the moment closest to the CS. In Equation (3) we took into
account that the Taylor frozen-in hypothesis is valid at spatial
scales larger than electron kinetic scales (e.g., Chasapis et al.
2017). The spatial coordinate along the normal, z = — f V,dt, is
shown in Figure 2. Note that in Equation (3) we assumed that
the CS is locally one-dimensional, which is in accordance
with previous multispacecraft observations (Knetter et al.
2004; Artemyev et al. 2019), so that dB./0x and OB,/dy are
negligible compared to 9B,/0z and 0B,/0z. We estimate the
CS thickness as follows

_c AB,
4m 2(Jy)”

“)

where (J,) is the absolute value of current density J, averaged
over the CS central region, |B, — (B,)| < 0.2AB,, highlighted
in Figure 2. For the considered CS we have A~ 130 km.
Panel (d) presents current densities parallel and perpend-
icular to the local magnetic field computed as Jjj = (J,B, +
JyB,)/B and J, =(J,B,—J.B,)/B. By noting that the
local magnetic field of a CS can be described as B =
B(z)sinf(z)x 4+ B(z)cos6(2)y + B, z, where B, < B(z), we
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Figure 2. Examples of nonbifurcated (left panels) and bifurcated (right panels) current sheets from our data set: (a,e) magnetic field magnitude and three magnetic field
components in the Geocentric Solar Ecliptic coordinate system; (b), (f) three magnetic field components in local coordinate system xyz defined in Section 2; (c), (g)
current densities J, and J, estimated using Equation (3); (d), (h) current densities parallel and perpendicular to local magnetic field, Jy = (J.B, + J,B,)/B and
J, = (J;B; — J,By)/B, where B is magnetic field magnitude. The bottom horizontal axes show the spatial coordinate across each CS, z = — JV,,dt, where V, is proton
flow velocity along CS normal. The highlighted regions in panels (b)—(d) and (f)—(h) correspond to the CS central region, |B, — (B,)| < 0.2AB,, where (B,) is the half
sum of B, values at the CS boundaries, while AB, is the absolute values of their difference.

find that

g=<pdl g _ cdB )
47 dz 47 dz
Thus, the parallel and perpendicular current densities determine
magnetic field rotation 6(z) and its magnitude variation B(z)
within CS, respectively.

Panels (e)-(h) present a bifurcated CS. The magnetic field
rotates across the CS through shear angle Af ~90°, and the
magnitude varies from 0.7 to 1.4 nT, so that (B) ~ 1 nT and
AB=0.7 nT. The CS is asymmetric with (B,) ~ — 0.4 nT,
amplitude AB,~ 1.6 nT and guide field B,~ 0.6 nT. The
local plasma has a density of 4 cm ™, proton temperature of

3.2¢eV, and electron temperature of 10.3 eV, so that =21
and AB=39. The intrinsic feature of this CS is that the
parallel current density in panel (h) has a double-peaked
profile and, correspondingly, magnetic field rotation occurs in
two steps, with B, increasing across the first step and
decreasing across the second one. These are classical features
of bifurcated CSs and reconnection exhausts in the solar wind
(e.g., Gosling & Szabo 2008). We determined temporal
duration of each bifurcated CS manually as a half of the
temporal distance between centers of the two steps of
magnetic field rotation. For the considered bifurcated CS,
this duration is about 2.1 s, while the corresponding thickness
is A=~ 170 km.



THE ASTROPHYSICAL JOURNAL LETTERS, 923:L19 (9pp), 2021 December 10

Vasko et al.

(Ell) non-bifqrcated CS§

‘ (b) bifurcqated CSs .

£ (c) non-bifurcated T(d) (0
g 0.1+ bifurcated - s
B
v
=)
> 0.01 :
=
i ||||||
: | ||||||
2
1
0.8 e
= 06 - ]
o 04 E g
0.2 = 3
0 L L | i 3 E I | I 1 i F— : i 1 i L i
200 400 600 800 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0 0.2 0.4 0.6 0.8 1
A [km] <B,>/AB, AB/<B> correlation coefficient

Figure 3. Averaged (black) and individual (gray) magnetic field profiles of (a) nonbifurcated and (b) bifurcated CSs. Individual profiles of B,, B,, and B were
normalized respectively to By = 0.5AB,, B, and (B), and then aligned by normalizing the spatial coordinate z to CS thickness A and setting z = 0 at the CS center,
where z = 0 corresponds to B, = (B,) for nonbifurcated CSs and to the center between the two steps of magnetic field rotation for bifurcated CSs. The error bars in
panels (a) and (b) indicate the standard deviations of the averaged profiles. Panels (c)—(f) present probability distributions and corresponding cumulative distribution
functions of various parameters for bifurcated and nonbifurcated CSs: CS thickness ), asymmetry parameter (B,)/AB,, relative variation of magnetic field magnitude
AB/(B), and correlation coefficient between observed parallel current density J; and corresponding model profile of a nonbifurcated CS (see Section 4 for details).

4. Statistical Results

Figure 3 presents averaged profiles of various magnetic field
components for bifurcated and nonbifurcated CSs. Before
computing the averaged profiles, individual CS profiles were
appropriately normalized and aligned. Individual profiles of B,,
By, and B were respectively normalized to By=0.5AB,, B,,
and (B). The CS profiles were aligned by normalizing spatial
distance z to CS thickness A and setting z = 0 at the CS center,
where z=0 corresponds to B, = (B,) for nonbifurcated CSs
and to the center between the two steps of magnetic field
rotation for bifurcated CSs. Note that we used a signed value of
By, so that B, /B, is always negative at z <0 and positive at
z> 0. If the absolute value of a particular B, /B, profile at the
left boundary was larger than at the right boundary, this profile
was reflected with respect to z =0 and multiplied by —1. The
corresponding B,/B, and B/(B) profiles were reflected too.

This procedure allows us to keep the smaller of the boundary
values of B, /By at z < 0.

Panels (a) and (b) present the normalized and aligned profiles
of individual CSs along with the averaged profiles. The
averaged profiles of B,/By show that both bifurcated and
nonbifurcated CSs are typically asymmetric. The averaged
profiles of B,/B, show that the guide field is statistically larger
around the CS central region than at the CS boundaries, though
only by a few percent. In contrast to B, the values of B, at the
different CS boundaries are statistically similar. The averaged
profiles also show that magnetic field rotation occurs smoothly
within nonbifurcated CSs, but in two steps within bifurcated
CSs. By definition of the CS normal, B, is zero around the CS
boundaries and remains on average below 0.05(B) within CS
(not shown here). The averaged profiles of B/(B) show that the
magnetic field magnitude varies by less than 5% within both
nonbifurcated and bifurcated CSs. The magnetic field
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Figure 4. The scatter plots of (a) AB/(B) vs. absolute value of (B,)AB,/(B)? and (b) AB/(B) vs. A, which are plotted to test predictions of Equation (6). Panels (c)
and (d) present probability distributions of AB/(B) and AB/(B)Af for CSs observed at 3 < 2 and 3 > 4. Panel (d) also presents the cumulative distribution function

of AB/(B)Ad for all CSs.

magnitude at the CS boundaries are statistically different by a
few percent with the larger value at the right boundary. The
averaged profiles indicate that the variation of the magnetic
field magnitude across the CSs is statistically due to the B,
asymmetry, A(B%) = A(B}) + A(B}) ~ A(B?), which can be
rewritten as follows

(B)AB ~ (B,) AB,. ©6)

For example, the variations of the magnetic field magnitude
across the CSs presented in Section 3 are due to the B,
asymmetry.

Panels (c)—(f) present probability distributions of several
parameters of bifurcated and nonbifurcated CSs. Panel (c)
shows that nonbifurcated CSs have thickness from a few tens to
about 1000 km with the most probable value around 100 km.
The bifurcated CSs have statistically larger thicknesses, but
distributed in the same range. These spatial scales correspond
to the range from a few tenths to ten proton inertial lengths and,
thus, the considered CSs are proton kinetic-scale structures.
Panels (d) and (e) show that both types of CSs are typically
asymmetric with essentially identical distributions of (B,)/AB,
and AB/(B). Panel (f) presents the probability distributions of
the correlation coefficient between parallel current density J),

and model nonbifurcated profile (J;) sech® (V,z/\), where A
was determined by Equation (4) for all CSs, =0 corresponds
to B, = (B,) and (J)) is parallel current density averaged over
the CS central region. The correlation coefficient is larger
(smaller) than 0.55 for more than 90% of nonbifurcated
(bifurcated) CSs, which proves adequacy of our visual
classification of the CSs.

Figure 4 further addresses the cause of magnetic field
variation across the CSs. Panel (a) shows that AB/(B) is
correlated with (B,)AB,/(B)?, especially at AB/(B) > 0.05, so
that sufficiently large magnetic field variations across the CSs
are predominantly due to the B, asymmetry. Equation (6)
shows that we should observe AB/(B) < A6%/2, because
(By) SAB,/2 and AB,= (B)Af. Panel (b) confirms that
AB/(B) < A6?/2 and also reveals positive correlation between
AB/(B) and Af. Although AB/(B) <0.1 for more than 95%
of the CSs (Figure 3(e)), AB/(B) can be rather large for
individual CSs. Panels (c) and (d) present probability
distributions of AB/(B) and AB/(B)A#f for CSs observed at
8 <2 and @ >4 and show that larger values of these quantities
are typically observed at higher betas. Accordingly, these
quantities are atypically large for the two CSs considered in
Section 3, because these CSs are observed at very high betas.
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Figure 5. The scatter plots of AB vs. Af for (a) bifurcated and (b)
nonbifurcated CSs. Less than 10% and 3.6% of the CSs violate criterion (1)
with L = ), and L = 2, respectively.

Figure 5 presents a test of the diamagnetic suppression
condition (1). The scatter plots of A3 versus A#@ for bifurcated
and nonbifurcated CSs are presented in panels (a) and (b). The
majority of both bifurcated and nonbifurcated CSs satisfy
condition (1) with L = \,. Only 9% of bifurcated CSs and 10%
of nonbifurcated CSs violate it. Assuming L =2\, we find the
condition is violated by only 3.6% of bifurcated CSs and 3.5%
of nonbifurcated CSs. The two CSs in Section 2 are actually
among those violating condition (1) at both L= ), and
L=2),, which occurs because of high local plasma betas
(Section 5).

5. Theoretical Interpretation

The asymmetry of solar wind CSs implies that typically, the
magnetic field produced by a CS localized in three dimensions
is superimposed onto the external magnetic field, By =
(By)x 4+ Bgy. The current densities parallel and perpendicular
to the external magnetic field are

. B, B, . B
Ji = Jx;—> + L=, = L=+ J_V<—>. )

ext ext ext ext

B,

The current density should be divergence-free, djj/0l + 0j ./
Ow + 9j,/0z =0, where [ is along By, and w is perpendicular
to I and CS normal z. Integrating the divergence-free condition
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across the CS, we obtain

) (i) o

Since the magnetic field perturbation should vanish at
sufficiently large distances from the localized current density,
we obtain the following estimate

[ivaz~ o/ [y az, ©)

where w and [ are the CS width and length, respectively. This
equation relates global amplitudes of j}'Hdz and f] 1 dz reached
along specific cuts through the three-dimensional CS. For the
locally observed quantities, it should be considered a scaling
relation valid by the order of magnitude.

The integration of Equation (7) shows that

j‘jlldZ X (BgABX - <Bx>Bg)/Bexts
f Jidz o< ((By) ABy 4 ByABy) /Bey.

Now we note that |B,AB, — (B,)B,| = |B; X Bg|=B; Bg sin A
~ (B)? sin Af, where we took into account that for magnetic
fields B, and By, at the CS boundaries, B, B ~ (B)>. We further
note that (B,)AB, + B,AB, equals exactly A(B?), which, in
turn, equals 2(B)AB. As a result, Equation (9) allows us to
relate the local variation of magnetic field magnitude AB with
shear angle A6

2AB/(B) =~ (w/l)sin A6. (10)

In turn, the local pressure balance given by Equation (2) can be
approximately written as 2AB/(B) ~ AB/(1 4 ), which, in
combination with Equation (10) reveals that

AB ~ (1 + B)(w/Dsin A. (11)

These theoretical estimates allow several insights into the
structure of solar wind CSs. First, Equation (10) naturally
explains the correlation between AB/(B) and A6 (Figure 4(b)).
Second, it predicts that AB/(B) < Af for CSs with />>w and,
hence, parallel current density should dominate because
J/J~ AB/(B)Af according to Equation (5). The observa-
tions indeed show that AB/(B)Af < 0.05 for more than 95%
of the CSs (Figure 4(d)), thereby indicating that solar wind CSs
are elongated along the external magnetic field, /> w. Third,
Equation (10) shows that the width-to-length ratio w/!I tends to
be larger at higher betas because larger values of AB/(B)A
are typical of higher betas (Figure 4(d)).

Equation (11) shows that condition (1) should always be
satisfied provided that

L/N, 2 (1 + Bw/l (12)

Three-dimensional turbulence simulations showed that turbu-
lence cascade produces CSs with length [ typically one order of
magnitude larger than width w, which, in turn, is about one
order of magnitude larger than thickness A (Zhdankin et al.
2013, 2016; Wan et al. 2014; Makwana et al. 2015; Servidio
et al. 2015; Franci et al. 2018). Therefore, condition (1) will be
automatically satisfied for L/\, 2 0.1-(1+ B). Since 510
for more than 95% of the CSs in our data set as well as at 1 au
in general (e.g., Wilson et al. 2018), condition (1) with
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L/\,=1 should be satisfied by most of the solar wind CSs.
This is in accordance with our observations (Figure 5).
Equation (12) also shows that to satisfy condition (1) at high
betas, one needs to assume L>> )\, because both (14 3) and
w/l increase with increasing (. This is exactly the case for the
two CSs presented in Section 2, which are observed at high
betas and violate condition (1) with L= ), and L =2)\,.

6. Discussion and Conclusions

We have presented analysis of 18,785 proton kinetic-scale
CSs collected in the solar wind using magnetic field
measurements at 1/11 s resolution. This is the most extensive
data set of kinetic-scale CSs collected at 1 au. We have
classified the CSs into nonbifurcated and bifurcated and
showed that both types are characterized by similar distribu-
tions of asymmetry and magnetic field variation across the CS.
The difference is that bifurcated CSs are statistically thicker
and magnetic field rotation in them occurs in two steps, in
contrast to smooth rotation in nonbifurcated CSs. The only
criterion in our visual identification of bifurcated CSs was a
temporal profile of dB,/dt with two well-separated peaks so
that the larger thickness of bifurcated CSs is a realistic property
rather than a trivial consequence of the visual classification.
The magnetic field magnitude does not strongly vary across the
CSs, which is consistent with previous studies of larger-scale
CSs (Burlaga et al. 1977; Lepping & Behannon 1986; Vasquez
et al. 2007). The magnetic field variation across the CSs is
dominated by rotation and, accordingly, the current density in
solar wind CSs is statistically dominated by the parallel
component, J, /JH < 1. Nevertheless, the magnetic field
variation across solar wind CSs is noticeable and can be rather
large at high betas. We have shown theoretically that magnetic
field variation across solar wind CSs is proportional to the
width-to-length ratio. Based on that, we have concluded that
solar wind CSs are elongated along an external magnetic field
(Iength is much larger than width), and larger width-to-length
ratios tend to occur at higher plasma betas. The CS elongation
along the external magnetic field is consistent with the results
of turbulence simulations (Servidio et al. 2011, 2015; Zhdankin
etal. 2013, 2016; Wan et al. 2014; Makwana et al. 2015; Franci
et al. 2018; Pezzi et al. 2021), while the beta dependence of the
CS geometry would be worth testing in future simulations.

The variation of the magnetic field magnitude between the
CS boundaries corresponds to plasma beta variation, which is a
crucial quantity in the theory of diamagnetic suppression of
magnetic reconnection (Swisdak et al. 2010). Because the
magnetic field is typically not stable over 3-9s at the
boundaries of the CSs in our data set, the plasma measurements
at the boundaries could not be used to obtain precise estimates
of plasma beta variation across the CSs. Instead, we obtained
an approximate estimate of the plasma beta variation using a
few points of plasma measurements around a CS and
Equation (2) based on the assumption that there is a pressure
balance across the CS. Note though, that the use of plasma beta
variations obtained using particle measurements 9 s before and
after each CS would not change our conclusions about
diamagnetic suppression of magnetic reconnection in the solar
wind.

The idea that magnetic reconnection in asymmetric CSs
typically produced by a turbulence cascade can provide
substantial contribution to plasma heating and affect turbulence
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cascade development has been suggested based on various
turbulence simulations (Matthacus & Lamkin 1986; Servidio
et al. 2009, 2011, 2015; Franci et al. 2018). However, still the
critical question in the solar wind physics is how often
reconnection occurs at proton kinetic scales and why it is
relatively rare according to plasma measurements at 3s
cadence or ~1000 km spatial resolution (e.g., Gosling 2012;
Osman et al. 2014). Phan et al. (2010, 2020) and Gosling &
Phan (2013) showed that reconnection exhaust satisfy the
condition necessary for reconnection to occur (Swisdak et al.
2003, 2010), which could create an impression that it controls
reconnection onset in the solar wind, although a few tens of
nonreconnecting CSs have been found to satisfy that condition
as well (Phan et al. 2020). In this Letter we have shown that
almost all kinetic-scale CSs in the solar wind satisfy condition
(1). Since reconnection is probably occurring in only a small
subset of solar wind CSs, this means that condition (1) is
satisfied regardless of the presence or absence of reconnection.
In fact, we have shown this condition is satisfied by the
majority of solar wind CSs due to their geometry dictated by
the source, which is the local plasma turbulence (Matthaeus &
Lamkin 1986; Vasquez et al. 2007; Greco et al. 2009, 2016;
Zhdankin et al. 2012). In conclusion, we have demonstrated
that reconnection in the solar wind cannot be suppressed or
controlled by the diamagnetic suppression condition and
should be determined by some other current sheet properties.
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