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Multipoint in situ observations of the solar wind are used to identify the magnetic topology and current
density of turbulent structures. We find that at least 35% of all structures are both actively evolving and
carrying the strongest currents, actively dissipating, and heating the plasma. These structures are comprised
of ∼1=5 3D plasmoids, ∼3=5 flux ropes, and ∼1=5 3D X points consistent with magnetic reconnection.
Actively evolving and passively advecting structures are both close to log-normally distributed. This
provides direct evidence for the significant role of strong turbulence, evolving via magnetic shearing and
reconnection, in mediating dissipation and solar wind heating.
DOI: 10.1103/PhysRevLett.126.125101

Introduction.—Plasma turbulence and magnetic reconnection are fundamental to the transfer of energy and
momentum between field and flow and are ubiquitous,
from the explosive confinement collapse in laboratory
plasmas [1], to stellar flares [2], solar wind acceleration
[3] and its interaction with planetary magnetospheres [4],
and magnetic field generation in newly formed galaxy
clusters [5]. In situ spacecraft observations of the solar wind
have provided indirect, but consistent, evidence that energy
is transported nonlinearly across multiple scales and
between different classes of fluctuations [6]. While it is
well established that energy can reach the ion gyro scale via
a magnetohydrodynamic (MHD) turbulent energy cascade
[7], how this is channeled to the electron dissipation scale
remains an open question [8]. There is growing evidence
that magnetic reconnection may be an essential component
of solar wind evolution [9], converting magnetic field
energy into heat and kinetic energy via a topological
change to the magnetic field. Both processes generate
coherent structures, and both can, in principle, occur in the
high Mach number solar wind. Elucidating the topological
features of these structures and quantifying what fraction is
actively evolving has the potential to explain their role in
particle acceleration and collisionless plasma heating,
which are both outstanding questions for plasma physics.
The methodology used in this Letter builds on extensive
application in hydrodynamic (HD) turbulence, where it
provided clear evidence for sheetlike structures dominating
dissipation scale dynamics [10]. Multipoint satellite
observations offer a unique opportunity to directly probe
0031-9007=21=126(12)=125101(6)

the properties of the coherent structures inherent in plasma
turbulence and reconnection.
Long-lived, coherent structures are ubiquitous in both
laboratory and astrophysical plasmas [11]. In the solar
wind, the magnetic field can form tangential or rotational
discontinuities [12], current sheets [13,14] and neutral X
lines [15]. Tangential discontinuities arise at the interfaces
of magnetic flux tubes [16], while current sheets may be
generated by straining plasma motions [17,18]. Some of
these structures could also be of solar origin, passively
advected by the solar wind [19]. Recent work identified
predominantly elliptic magnetic topology with a gradual
transition from quasi-2D to 3D structures for a decreasing
spatial scale [20]. Magnetic structures contribute significantly to the observed scale-free power spectrum of
magnetic fluctuations in the solar wind at MHD scales
[16,21]. Current driven structures have been statistically
associated with Ohmic electron heating [22] and events
characterized by large intermittent currents are routinely
used as proxies of dissipation [23]. Thin current sheets in
the turbulent medium are unstable to tearing instability,
modifying the energy transfer rates between fields and
plasma on different scales [24]. The contribution of
magnetic null structures to plasma heating has not been
directly quantified. Analytical studies of MHD systems
have established that the magnetic nulls are preferential
sites for the formation of large coherent structures [18],
independent of the initial conditions. It has also been shown
[2] that in MHD scalar pressure equilibria, the stable null
points must have 3D X-point topology.
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P ¼ −trðAÞ ¼ 0;

1. 27-Jan-04 00:36-01:18
2. 31-Jan-04 14:30-14:55
3. 21-Feb-04 17:25-18:45
4. 22-Feb-04 03:15-04:10
5. 29-Feb-04 04:10-04:50
6. 10-Feb-03 18:15-19:45
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Summary of investigated Cluster intervals.

Interval date and time

1
Q ¼ − trðA2 Þ;
2

The sign of the determinant of the characteristic equation
D ¼ 27=4R2 þ Q3 defines two regions in the (R,Q) plane.
When D > 0, two eigenvalues of A are complex and one is
real, while for D < 0 all three eigenvalues are real. The sign
of R discriminates between two different polarities (directions) of the magnetic field for each topology. Structures
with D > 0 generalize a 2D O point in three dimensions,

nQ

TABLE I.

The MFGT A is constructed from data using
relative position vectors ρi and the magnetic field
differences bi , i ¼ 1, 2, 3, between spacecraft [28].
Defined with respect
V,
pﬃﬃﬃ to the center of the volume
pﬃﬃﬃ
ρ1 ¼ ðR1 − R2 Þ= 2, ρ2 ¼ p
ðRﬃﬃﬃﬃﬃ
þ
R
−
2R
Þ=
6
,
and
1
2
3
ρ3 ¼ ðR1 þ R2 þ R3 − 3R4 Þ= 12, and Rs is a position
vector of spacecraft
pﬃﬃﬃ s in GSE coordinates. pSimilarly,
ﬃﬃﬃ
b1 ¼ ðB1 − B2 Þ= 2, b2 ¼ p
ðBﬃﬃﬃﬃﬃ
and
1 þ B2 − 2B3 Þ= 6,
b3 ¼ ðB1 þ B2 þ B3 − 3B4 Þ= 12, Bs is the magnetic field
vector at spacecraft s. Inverting the relation b ¼ Aρ with
the constraint ∇ · b ¼ 0 gives the tensor elements
Aij ¼ ðbρ−1 Þij − δij trðbρ−1 Þ=3. The error, j∇ · Bj=j∇ × Bj
[29], from neglecting higher order terms in this approximation never exceeds 3% here.
Structures topology and evolution.—The classification of
magnetic field line topology is identical to that of trajectories
near critical points in dynamical systems [30]. The tensor
principal invariants [31] are independent of a coordinate
system and are the coefficients of the characteristic equation
jA − λi Ij ¼ λ3i þ Pλ2i þ Qλi þ R ¼ 0, where λi ∈ C are the
eigenvalues of A. These invariants can be expressed using

nR

However, not all current carrying structures are actively
evolving and participating in Ohmic heating. Current
carrying, force-free magnetic field configurations
(FFMFC) are energy minimizing states for a given magnetic helicity and are stable on long timescales. Conversely,
magnetic field X points with small current density may
become unstable to tearing mode instability and grow
significant currents [13]. In this Letter, we discriminate
quantitatively between structures that are actively evolving
and those that are passively advecting in the solar wind. We
show that quasi-2D magnetic flux rope topology is most
likely to have large currents and to actively evolve in the
solar wind, while multipole neutral X-point structures may
evolve, but carry small currents. About 25% of all structures are FFMFC and hence passively advecting. These
findings support the coexistence of reconnection and
turbulence in the solar wind, and their importance in solar
wind heating.
Data and methods.—We analyze six intervals (Table I) of
solar wind magnetic field measured by Cluster FGM [25].
The Cluster tetrahedron was in a pseudo-sphere configuration with elongation and coplanarity both below 0.4. The
characteristic length scale of the formation Dsc ≈ 210 km
for intervals 1–5, spanning 2–4 proton Larmor radii ρp .
Interval 6, used to validate the MHD assumptions, has
plasma parameters similar to those of intervals 1–5 but
Dsc ≈ 3600 ≈ 35ρp , which is in the MHD regime. All
intervals have proton plasma βp < 1. Figures 1(a),1(b) plot
the plasma parameters and magnetic field for interval 3 of
Table I. Particle spectra from the CIS [26] and PEACE [27]
instruments, not shown, confirm that no intervals were
contaminated by the foreshock.
Cluster FGM samples at f s ≈ 22 Hz, giving 3.2 × 105
samples for intervals 1–5. To construct the magnetic field
gradient tensor at this cadence, we interpolate magnetic
field and spacecraft position from the time grid of C2, C3,
and C4 spacecraft onto the time base of spacecraft C1, for
each interval. We then construct at each time a coarsegrained magnetic field gradient tensor (MFGT) averaged
over the volume V enclosed by the multispacecraft tetrahedron:
Z
1
∂Bi 3
Aij ¼
d r:
ð1Þ
V V ∂rj

18:30

Time [sec]
FIG. 1. Solar wind magnetic field and bulk flow parameters
observed by Cluster on 21-Feb-2004: (a) ion number density ni
(blue) and solar wind ion bulk speed vi (red); (b) magnetic field
vector components in GSE coordinates (Bx -red, By -green,
Bz -blue) and magnitude (black). (c),(d) Normalized invariants
nQ and nR of the magnetic field gradient tensor.
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while topologies with D < 0 are the 3D generalization of a
2D X point. We employ a simplified terminology for these
topologies, and refer the reader to Fig. 8(b) of Ref. [32] for a
detailed classification. Invariants with D > 0 indicate elliptic
magnetic field lines, which form 3D plasmoids (jRj ≫ 0), or
quasi-2D flux ropes (R ∼ 0). Here, plasmoids are finite
length, self-contained structures, while quasi-2D flux ropes
have a negligible magnetic field variation along the structure,
on the scale of the tetrahedron. For D < 0 the field lines are
hyperbolic, forming multipole separatrix structures consistent with 3D reconnection (3D X points). The relative
prevalence of magnetic X points quantifies the potential
impact of reconnection on turbulent energy transfer via
current sheet disruption, which can translate to plasma
heating. These hyperbolic structures are fully three-dimensional and can have a strong guide field with signatures [24]
that do not trivially map onto reconnection sites identified
via the classic quasi-2D picture of shear reversal and outflow
[33]. Additional information can be inferred from the
antisymmetric part of A. The current density rate tensor J
relates magnetic field lines and current, jk ¼ ϵijk J ij
via the Faraday law ∇ × B ¼ μ0 j. An additional invariant
related to J is defined such that 2Qj ¼ −trðJ2 Þ. Thus, Qj is
directly related to the current density magnitude jjj,
since 4Qj ¼ j2 .
As well as classifying the topology of fluctuations by
their values of DðQ; RÞ, we can establish whether
they are actively evolving by determining if their magnetic configuration is close to that of an FFMFC. An
approximate condition for force-free fields is that the
current is locally parallel to the magnetic field, i.e.,
jζj ∼ 1, where
ζ ¼ cos α ¼ ð∇ × hBis Þ · hBis =ðj∇ × hBis jhBis Þ;

ð3Þ

and hBis is the average magnetic field of all four Cluster
spacecraft. Equation (3) neglects the possible impact of
thermal pressure on the evolution of the magnetic
structures [34]. Since the CIS instruments operate only
on two spacecraft we cannot construct ∇p for direct
comparison with j × B. However, gradients are observed
on the same spatial scale for all quantities; direct
comparison between thermal and magnetic pressure
confirms that ∼80% of all FFMFC (intervals 1–6)
occurred when pth < pB , supporting the approximation
underlying (3).
Results.—We constructed the tensor A and its invariants
from each temporal measurement of four magnetic field
vectors sampled by the Cluster in each interval 1–5. The
invariants are normalised by the power in j2 in each
interval, and these normalized quantities are analyzed
below. Panels (c),(d) of Fig. 1 plot the time series
of nQðtÞ ¼ QðtÞ=hj2 i and nRðtÞ ¼ RðtÞ=hj2 i3=2 for the
selected interval. We have verified the approximately scalefree power spectra of the magnetic field, non-Gaussian

FIG. 2. (a) Probability density of counts PðζÞ, combined for
intervals 1–5. Blue vertical lines indicate the limits of passive
(active) magnetic field configurations. (b),(c) Scatter plots of (nR,
nQ) pairs combined for intervals 1–5: (b) a FFMFC, jζj > 0.94
and (c) magnetic field departing from FFMFC, jζj < 0.94. The
points are colored according to the current density magnitude: red
—jjj > σ j , blue (plotted over the red)—jjj < σ j , where σ j is a
standard deviation of jjj. Solid green line shows the curve of
D ¼ 0. Black cross in panel (b) indicates the error estimated from
the magnetometer uncertainty of 0.1 nT.

distribution of the MFGT elements and high intermittency
of the invariants, confirming that the magnetic field is
turbulent.
The probability density PðζÞ for the combined intervals
1–5, shown in Fig. 2(a) identifies ∼25% of all structures as
being passively advecting with FFMFC satisfying ζ > 0.94
using Eq. (3), that is, the angle α < 20°. We verified that
our results are not strongly dependent on this threshold
until α > 30°. The magnetic field topology of each structure can be classified by its location in the nQ, nR plane.
Figure 2(b) is a combined scatter plot of the invariants
nQðtÞ, nRðtÞ of the passively advecting population in
intervals 1–5. The black error bar indicates the typical
nQ and nR uncertainty obtained by propagating magnetic
field component uncertainty 0.1 nT and assuming no
uncertainty in the spacecraft position. The 75% of the
combined population that are unambiguously not
force-free, those with jζj < 0.94, are plotted in panel (c).
The solid green line is the separatrix, D ¼ 0 and summing
counts of observed structures above and below this line
indicates that the 25% of the total that are passively
advecting structures, are themselves comprised of 3D
plasmoids (D > 0, jnRj > 0.05), quasi-2D flux ropes
(D > 0, jnRj < 0.05), and 3D neutral line X-point
(D < 0) topologies, in the ratio 0.19∶0.54∶0.27. In contrast, the actively evolving population is in the ratio
0.09∶0.52∶0.39, dominated by quasi-2D flux ropes and
3D X points. In panels (b),(c), points are colored
pﬃﬃﬃﬃ indicating
the magnitude of the current density jjj ¼ j2, calculated
from the invariant Qj : red indicates intense currents,
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FIG. 3. Conditional joint probability density for combined
intervals 1–5: (a) pðnR; nQjjζj > 0.94Þ; (b) pðnR; nQjjζj <
0.94Þ. Solid magenta line indicates D ¼ 0 curve.

jjj > σ j , blue corresponds to small currents, jjj < σ j ,
where σ j is a standard deviation of jjj. Generally, plasmoid
or flux rope topologies are associated with intense currents
whereas 3D neutral line topology is associated with weak
currents. A zero current at the neutral line necessarily
requires a symmetric tensor with three real eigenvalues.
However, the converse is not true, that is, finding an Xpoint null topology does not necessarily indicate a lack of
current. At least 2=3 of all large current configurations are
plasmoid or flux rope type, while only 1=5 of large currents
are associated with neutral line structures. These proportions are approximately the same across all structures
whether force-free or not.
The above characterization places a lower bound on the
fraction of structures that are both actively evolving and
have large currents, which we find is ∼35% of the total
population. They are in the ratio 0.18∶0.6∶0.22 for 3D
plasmoids, flux ropes, and 3D X points. These structures
can actively evolve, modifying the turbulent transfer rates
of energy which ultimately dissipates, hence heating the
solar wind. In order to assess the statistical significance of
the topological structures in the scatter plots of Fig. 2,
we construct the joint conditional probability density
functions (pdf) for the passive structures with FFMFC
pðnR; nQjjζj > 0.94Þ, and for the evolving structures
pðnR; nQjjζj < 0.94Þ. Figures 3(a),3(b) show contours
of the logarithms of these pdfs. Solid black circles indicate
the positions of maxima in p for a subset of nQ values. The
contour with the lowest probability density corresponds to
10 samples per bin. These distributions confirm our
previous findings: the passive structures consist mostly
of 3D plasmoids and quasi-2D flux tubes while actively
evolving magnetic configurations are quasi-2D flux
tubes and 3D X points. The maxima of combined distributions in Figs. 3(a),3(b) are nearly symmetric with respect
to the nR ¼ 0 line, and only the three central contours in

|j|

FIG. 4. Combined probability density Pðj jjζj > 0.94Þ (red
squares) and Pðj jjζj < 0.94Þ (blue squares), where the current is
standardized j ¼ ðjjj − hjjjiÞ=σ j jj. Black lines plot a normal
distribution for the logarithm of Pðj Þ with zero mean and unit
standard deviation.

panel (b) show a preference for the nR > 0; D < 0
quadrant.
Having established the dominant topology of the passive
and actively evolving magnetic field structures, we examine
the statistics of their current densities. Figure 4 shows the
pdfs Pðj Þ, on semilog axes, of the standardized current
density j ¼ ðjjj − hjjjiÞ=σ jjj for passive (red squares) and
active (blue squares) structures. Black lines represent a
normal distribution of logðP Þ with zero mean and unit
standard deviation. Clearly, the functional forms of the
distribution of current density associated with both the
passively advecting and actively evolving structures are
essentially the same. Thus, evolving and passively advecting structures cannot be discriminated solely by the
functional form of their pdf. They are both close to, but
slightly skewed compared to a log-normal pdf. The fact that
the pdf form does not discriminate between passive
and active structures highlights the need to go beyond
statistical characterization to determine the relative importance of turbulent processes for solar wind evolution and
heating.
Conclusions.—There is mounting evidence that the
coexistence of turbulence and magnetic reconnection in
the solar wind modifies the balance of energy transfer
between different scales [6]. The precise energy balance
depends on the relative prevalence of specific topological
structures present in the plasma, their rate of evolution and
their ability to carry currents. We classified the magnetic
field topology to quantitatively estimate the prevalence of
actively evolving and passively advective structures and
their contribution to Ohmic heating. We established that at
least 25% of all samples have the FFMFC, passively
advected by the solar wind. The passive structures are
dominated by elliptic field lines (plasmoids) which carry a
significant current density. Magnetic structures that are
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actively evolving are primarily quasi-2D flux ropes and 3D
X points. Magnetic configurations that actively evolve and
carry a significant current, give a lower bound on the
fraction of structures that can dissipate and heat the plasma
to be ∼35% of the total population. These are dominated by
quasi-2D flux rope topology. Magnetic X-point topology
comprises ∼40% of all evolving structures, but only 1=5 of
these hyperbolic 3D X points carry a significant current.
Criteria for plasma heating that set a lower threshold on the
current are likely to significantly underestimate the importance of reconnection. Our results are in agreement with
recent analysis of magnetic field topology in the solar wind
[20] and with results from direct MHD numerical
simulations [35], which, unlike HD [10] also show no R
asymmetry. These MHD studies did not test whether the
structures were actively evolving or were force-free.
Identifying a significant FFMFC population informs development of solar wind turbulence models which include
small scale reconnection but assume that all structures are
actively evolving [24].
The preferential association of flux ropes and plasmoids
with large currents is consistent with a reconnection rate
proportional to the current. The timescale of dynamical
evolution of structures with stronger currents would be
fast; their observations dominated by pre- and postreconnection states. Evolving X points with negligible currents
would be tearing unstable, rapidly generating 3D
plasmoids with significant current levels [13]. The scale
of the Cluster formation may be too large to reliably
detect the full effect of reconnection using the MFGT
[36]. Nevertheless, we quantify the contribution of
these magnetic field structures to the dynamical evolution
of the plasma, offering new insight into the role of
turbulence and reconnection in active plasma mixing
and thermalization.
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