JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, A09102, doi:10.1029/2011JA016569, 2011

Statistical association of discontinuities and reconnection
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[1] Using high Reynolds number simulations of two-dimensional magnetohydrodynamic
(2-D MHD) turbulence as a test case, a statistical association between tangential
discontinuities and magnetic reconnection is demonstrated. Methods employed in previous
studies on discontinuities and reconnection in turbulence are used to identify sets of
possible reconnection events along a one-dimensional path through the turbulent field,
emulating experimental sampling by a single detector in a high-speed flow. The goal is to
develop numerical algorithms for identifying candidate reconnection events in space
physics applications. We find that sets of strong discontinuities, identified using the
normalized partial variance of vector increments, include an increasing fraction of
reconnection events as the threshold for identification grows. Magnetic discontinuities
become almost purely reconnection events for high thresholds, with values generally

higher than 6 standard deviations.
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1. Introduction

[2] Solar wind discontinuities are characterized by large
and rapid changes in properties of the plasma and magnetic
field [Burlaga, 1968; Tsurutani and Smith, 1979; Ness and
Burlaga, 2001; Neugebauer, 2006; Vasquez et al., 2007].
Early surveys of solar wind discontinuities identified the
majority as rotational discontinuities (Alfvén waves), but
more modern surveys identify most of them as tangential
discontinuities (plasma boundaries). The time interval
between the passages of subsequent strong (large-angle)
discontinuities varies from seconds to hours. Thicknesses of
strong discontinuities vary from 10* to 10° km.

[3] One interpretation of the strong discontinuities is that
they are the walls between filamentary structures of a dis-
continuous solar wind plasma [Burlaga, 1969; Borovsky,
2006; Borovsky and Denton, 2010], while another is that
some strong discontinuities are fossils from the birth of the
solar wind [Burlaga, 1968; Marsch and Tu, 1994; Borovsky,
2008]. Some could be formed away from the Sun by
relaxation of the solar wind magnetic field structure [Janse
et al., 2010]. An alternative possibility is that the observed
discontinuities are the current sheets that form as a conse-
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quence of the broadband cascade of magnetohydrodynamic
(MHD) turbulence [Matthaeus and Montgomery, 1980;
Carbone et al., 1990]. Upon reaching kinetic scales, where
the inertial range terminates in a medium such as the
solar wind, one would expect numerous small-angle dis-
continuities with thickness as small as the ion inertial length
or ion gyroradius (tens of kilometers), which are indeed
observed [Vasquez et al., 2007]. Recent studies of inertial
range discontinuities in the solar wind [Greco et al., 2008,
2009] show that their statistical distribution, and waiting
time distribution, are very similar to distributions obtained
from simulations of MHD turbulence.

[4] In a traditional picture, solar wind fluctuations [e.g.,
Tu and Marsch, 1993; Neugebauer, 2006; Borovsky, 2008]
are associated with classical convected (or propagating)
MHD solutions. In that case, discontinuities are not viewed
as an active ingredient of an evolving turbulent medium.
How discontinuities evade such participation is not readily
explained, except in linear small-amplitude theory. A par-
allel line of reasoning argues that thin current sheets are
characteristic coherent structures expected in active inter-
mittent MHD turbulence, and which are therefore integral to
the dynamical couplings across scales. Such small-scale
dissipative coherent structures are candidates to be active
sites of dissipation and magnetic reconnection [Matthaeus
and Montgomery, 1980; Matthaeus and Lamkin, 1986].
Magnetic reconnection describes a process in which the
MHD frozen-in field condition is violated in such a manner
that magnetic field lines are reconfigured to produce topo-
logical changes in the field. This process generally favors
oppositely directed magnetic fields at thin current sheets and
plays a central role in many interpretations and models of
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space, solar, astrophysical, and laboratory plasma phenom-
ena. Generally, magnetic reconnection has been studied in
simplified geometries and boundary conditions, but since it
might occur in any region separating topologically distinct
magnetic flux structures, it might be of importance in more
general circumstances, including near thin current sheets
formed in MHD turbulence. The statistical properties of
reconnection sites in two-dimensional (2-D) MHD turbu-
lence have been recently investigated, leading to the con-
clusion that strong reconnection events can locally occur in
a turbulent magnetic field [Servidio et al., 2009, 2010].

[5] In this perspective one is led naturally to suspect that
at least some of the current sheets that are a common feature
of the solar wind at 1 AU, may be participating in small-
scale magnetic reconnection [Sundkvist et al., 2007], as well
as inhomogeneous interplanetary plasma dissipation and
heating [Leamon et al., 2000; Osman et al., 2011]. Two very
important aspects of the latter chain of reasoning have not
been established as far as we are aware. These are, first, to
further establish the relationship between current sheets and
small-scale reconnection in turbulence. Some quantitative
connection is needed. We have in mind the particular
question: If one identifies a current sheet in turbulence, how
likely is it to be also an active reconnection site? Second,
frequent small-scale reconnections have yet to be identified
in the solar wind, although with use of higher-resolution
data sets the frequency of finding interplanetary reconnec-
tion has been increasing [see Gosling and Szabo, 2008;
Phan et al., 2010]. It may be that an alternative approach
would be useful, in which one can more or less automati-
cally identify collections of events that are likely to be
reconnection sites, and then look for detailed signatures as a
subsequent step. Here we will contribute to both of these
goals by showing, using MHD simulation data, that methods
for identifying intermittent current sheet-like structures,
when quantified properly, can identify sets of structures that
are likely to be active reconnection regions.

[6] Here we combine approaches, recently developed in
studies of discontinuities and reconnection in turbulence, in
order to identify reconnection events within a set of iden-
tified intermittent current events. We would prefer a more
realistic 3-D study, but we adopt a 2-D approach to simplify
the problem. Not only are much higher resolution simula-
tions feasible in 2-D, but also available schemes for iden-
tification of 3-D reconnection properties are limited at
present [Priest et al., 2003]. The 2-D approximation, on the
other hand, may not be so unreasonable as a first approxi-
mation of relevance to the solar wind. For example spectral
anisotropy, of a type favoring 2-D wave vectors, is a well
known feature of MHD turbulence in the presence of a uni-
form mean magnetic field [Shebalin et al., 1983; Matthaeus
et al., 1996]. Various studies [e.g., Matthaeus et al., 1990;
Bieber et al., 1994, 1996] also show that solar wind fluc-
tuations appear to have, in effect, a large fraction of energy
(maybe 80 % or more) in quasi-2-D or 2-D wave vectors.
Since a fully 3-D numerical treatment of the type we
undertake is unfeasible at present, we proceed using 2-D
MHD, which can attain higher spatial resolution.

[7] The outline of the paper is as follows: In section 2 the
numerical simulations of turbulence are briefly reviewed.
The techniques for the identification of discontinuities as
reconnection events are described in section 3. The local
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analysis of the topology of the discontinuities is investigated
in section 4, while an example of solar wind analysis is
shown in section 5. Finally, in section 6, a summary and
conclusions are given.

2. Reconnection Sites in 2-D Turbulence

[8] The 2-D incompressible MHD equations can be
written in terms of the magnetic potential a(x, y) and a single
component of vorticity w(x, y), with uniform mass density
p=1,as

Ow
S V) (B V)RV (1)

%: f(v-V)a+R;1V2a, 2)
where the velocity field v is solenoidal, V - v = 0, the
magnetic field is B = Va x z, and the the electric current
density is j = —V?a. The velocity v = V¢ x % can be written
in terms of a stream function ¢, related to the vorticity by
w = —V?¢. Equations (1) and (2) are written in familiar
Alfvén units with lengths scaled to L, a typical large scale
length. All quantities are in a set of dimensionless units
defined by scaling velocities and magnetic fields to the root
mean square Alfvén speed C,, while time is scaled to Ly/Cy.
The constant coefficients R, and R, are reciprocals of
kinematic viscosity and resistivity, respectively, and repre-
sent magnetic and kinetic Reynolds numbers at scale L.

[9] Equations (1) and (2) are solved in doubly periodic
(x, y) Cartesian geometry in a box of side 27, employing a
dealiased (2/3 rule) pseudo-spectral code [Ghosh et al.,
1993]. We employ a standard Laplacian dissipation with
constant dissipation coefficients. In this work we show
results from a run with 4096 grid points and R, = R, =
1700. Time integration is second-order Runge-Kutta and
double precision is employed. In the Fourier pseudospectral
representation, the fluctuations are confined initially in the
shell 4 <k <10, where the wave number £ is in units of 1/L.
Mean values such as energy per unit mass, £ = 1/2(Ivl* +
IBI?), are expressed in terms of (e) which denotes a spatial
average. Random phases are employed for the initial Fourier
coefficients, which are therefore initially uncorrelated.
Initial velocity and magnetic field fluctuations are equi-
partitioned. With the above parameters, the turbulence cor-
relation length is A= 1.8 x 10", and the dissipation length
is \y=4.6 x 1073,

[10] For the present statistical analysis we will consider
the state of the MHD system at ¢ ~ 0.4, when the peak of
turbulent activity is achieved and the mean square current
density ( j2> is near to its peak value. When the turbulence is
fully developed, coherent structures appear. The large-scale
structures can be identified as magnetic islands that have
different size and energy, and these are supported by cores
of electric current density, in accord with Ampere’s law. The
dynamics are such that between the islands the perpendic-
ular (out-of-plane) component of the electric current density
j becomes very large, as reported in Figure 1. These often
very thin current structures are the small-scale dynamically
produced magnetic structures that are characteristic of 2-D
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Figure 1. A contour map of the out-of-plane current den-
sity for the magnetohydrodynamic simulation used in the
present analysis.

MHD; these are generally not present in random-phase
initial data.

[11] In previous studies [Servidio et al., 2009, 2010] it has
been confirmed that turbulence leads to the spontaneous
formation of local and intermittent reconnection events. We
employed a cellular automata technique [Servidio et al.,
2010], applied to the 2-D turbulent field, permitting iden-
tification of the diffusion regions. First, the position of each
magnetic X point (saddle point of potential @) is found.
Second, at these points, the width d, the elongation ¢, and
the respective reconnection rate E. are systematically
computed making use of the Hessian of the magnetic
potential a [Servidio et al., 2010]. Third, the threshold (edge
condition) for the cellular automata is chosen to be the value
of the current at +d/2, centered at the X point. Finally, an
index n is used to identify each island. The cellular
automaton is designed to propagate the index » away from
the peak of the current located near the nth X point, toward
the local edge condition on the current, where propagation
of the index ceases. With the above procedure the shape and
the position of each diffusion region is defined. The
reconnection rate associated with a particular reconnection
region is just the electric field evaluated at the magnetic
neutral point [Servidio et al., 2009, 2010].

[12] A full analysis of the above type is carried out for
each of the strong reconnection sites [Servidio et al., 2010],
defined in the following way. The set containing all the
strongest reconnection sites (total reconnection sites, TRS)
can be identified by comparing the dynamical result from
the MHD simulation with analysis of another magnetic field
obtained from the first by holding the magnetic spectrum
constant and randomizing the phases of the Fourier coeffi-
cients. This “Gaussianization” procedure actually increases
the number of X points, but effectively eliminates the
strongest reconnection rates. The approximate boundary
between the Gaussianized distribution of rates and the “tail”
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of strong rates is a natural way to differentiate between
“strong” and “weak” reconnection sites for a given turbu-
lence snapshot. See Servidio et al. [2010] for details. The
strong reconnection sites defined in this way are spatially
mapped using the above cellular automata procedure. The
set of strong reconnection sites TRS, having number of
elements #TRS, and their associated surrounding recon-
nection regions, forms the basis of the results shown in the
next session.

3. Discontinuities and Reconnection Events

[13] The main purpose of the present investigation is to
identify a possible link between bursty reconnection sites
and tangential discontinuities (TDs). Anticipating possible
applications to spacecraft data, we focus on properties of
discontinuities that are recorded by magnetic field mea-
surements at a single spacecraft in interplanetary space. In
order to establish such a link, we adopt a spacecraft-like
sampling through the simulation domain [see, e.g., Greco
et al., 2008], as discussed below. We fix our attention on
one specific trajectory and the properties it samples. In
particular, we can define a set whose elements consist of the
segments of a trajectory that passes through any reconnec-
tion zone, identified by the cellular automaton method. In
this way we can build a set of strong reconnection site
encounters RS associated with a trajectory. Let us denote the
number of strong reconnection site encounters found along
the trajectory by #RS. Note that RS is not strictly a subset of
TRS; that is, we cannot conclude strictly that RS € TRS. To
see this recall that TRS is a set of regions or areas, and RS is
a set of segments of a trajectory. A trajectory may sample a
particular reconnection region once, not at all, or more than
once. To the extent that the last possibility is rare, we expect
that #RS < #TRS. However, it is also possible that a par-
ticular reconnection region contributes more than one ele-
ment to the set RS if the trajectory crosses the reconnection
region twice or more. This will not cause any additional
difficulty below because we are mainly interested in RS,
the set of encounters with reconnection regions along the
trajectory.

[14] To simulate spacecraft measurements of the magnetic
field along the selected trajectory, we adopt the same tech-
nique used by Greco et al. [2008], but here arranged for the
2-D case. We interpolate the data along the selected path
through the simulation box, and on these data we identify
TDs using a statistical method, as follows: First, to
describe rapid changes in the magnetic field, we look at the
increments

AB(s, As) = B(s + As) — B(s), (3)

where B the magnetic field, s the 1D coordinate along the
trajectory, and As the spatial separation or lag. For this
simulation we choose a small-scale lag, As ~ 0.67 )\, which
is comparable to )\, the turbulence dissipation length.

[15] Employing only the sequence of magnetic incre-
ments, we compute the normalized magnitude

S(As, 4, s) = —'AB(S7 A9l ; 4)

<|AB(s, As)|2>

l
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Figure 2. Spatial signal S(As, £, s) (partial variance of increments (PVI)) obtained from the simulation
by sampling along the trajectory s in the simulation box, with As = 0.67); and £ ~ 535\c. This spatial
signal can be compared to a time signal measured by solar wind spacecratft.

where (o), = (1/{) [, @ ds denotes a spatial average over an
interval of length ¢, and As is the spatial lag in equation (3).
The square of the above quantity has been called the partial
variance of increments (PVI) [Greco et al., 2008] and the
method abbreviated as the PVI method.

[16] For the numerical analysis performed here ¢ ~
535X¢, where Ac = 0.18 is the turbulence correlation length,
a natural scale for computing averages. The choice of £ as a
large multiple of A is expected to provide a very stable
value of the average in homogencous turbulence. In
Figure 2, the time series of PVI with As ~ 0.67 A, is shown.
The illustration spans more than 500 correlation lengths.
Note that this spatial signal may be compared roughly to a
time signal measured by a single solar wind spacecraft,
near 1 AU, over a period of about 20 days. The PVI
(actually “square-root PVIL,” hereinafter just PVI) increment
time series is bursty, suggesting the presence of sharp gra-
dients and localized coherent structures in the magnetic
field, that represent the spatial intermittency of turbulence.
These events may correspond to what are qualitatively
called “tangential discontinuities” and, possibly, to recon-
nection events. In the following sections we examine this
connection quantitatively and we will also perform an
analysis varying the parameter £ in equation (4). The latter
controls the interval of averaging.

3.1. Effects of Thresholds on Recognition
of Reconnection Sites

[17] Imposing a threshold € on equation (4), a collection
of stronger discontinuities along the path s can be identified;
that is, we select portions of the trajectory in which the
condition

S(As, l,s) >0 (35)

is satisfied, and we will employ this condition to identify
candidate reconnection sites. In Figure 3, an example of the

2 k

Figure 3. Contour lines of the magnetic field (or line con-
tour of a) together with the diffusion regions (blue shaded
map) and with the one-dimensional path s (green solid line).
On the same plot, the discontinuities identified by PVI tech-
nique with a threshold § = 5 in equation (4) (open magenta
squares) are represented. Bullets (black) are discontinuities
which correspond to reconnection sites. The goodness of the
technique is proportional to the ratio between the total
number of identified tangential discontinuities (TDs) and the
known reconnection sites (RSs), i.e., #IRS/#ITD.
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Table 1. Performance of PVI Technique and Reconnection Events
Identification®

Method 0 I5) #ITD #IRS  Efficiency (%) Goodness (%)

o) 1 378 37 100 9.8
QN 2 152 35 94.6 23.0
Sy 3 89 31 83.8 34.8
Sy 4 64 28 75.7 43.7
s 5 40 23 62.2 57.5
e 6 25 18 48.6 72.0
S5 7 16 15 40.5 93.7
RN 7.3 14 14 37.8 100
e 8 13 13 35.1 100
ot 1 1 295 37 100 12.5
34! 4 1 57 26 70.3 45.6
4! 7 1 16 15 40.5 93.7
go=03 1 03 163 31 83.8 19

§403 4 03 44 24 64.9 545
403 7 03 13 12 324 92.3

#The first column contains the label of the method &s‘ff“’ . The second

column is threshold 6 imposed on PVI (compare equation (5)). An empty
cell indicates that no restriction is imposed. The third column contains
the value of the threshold 3 on |BI (equation (6)). The fourth column is the
number of discontinuities identified by the method. The fifth column is the
number of reconnection sites found by the method. The sixth column,
#IRS/#RS, is the relative efficiency of the method, with identified recon-
nection sites as a percentage of all the reconnection sites present along the
path. The last column, #IRS/#ITD, is the relative goodness of the method,
in percentage of identified reconnection events in the set of identified
discontinuities.

location of discontinuities along s, selected by the PVI
method with a particular threshold 6, is shown. Figure 3 also
shows reconnection sites identified using the cellular
automaton method described earlier. One can immediately
see in Figure 3 that there is an association, but not an
identity, between the set of “events” identified using
equation (5), and the encounters of the trajectory with
reconnection regions. We will now study this association
quantitatively using different values of threshold 6. To
evaluate possible refinements to the approach, we include in
some tests an additional threshold condition, namely, that

B < 5, (6)

[ being a certain threshold. In general we will vary the
threshold 6 for equation (5), and, in some of the cases, also
imposing equation (6).

[18] We now adopt a procedure to count how many of the
identified TDs (from equation (5)) are also reconnection
sites (i.e., elements of the set RS), as follows: Every dis-
continuity is characterized by a starting and an ending point
along the synthetic trajectory s. A set of discontinuities is
identified, and a certain number of these discontinuities
intersect reconnection regions. To automate the determina-
tion of the reconnection regions, we make use of a map
[Servidio et al., 2010] that is generated using the cellular
automaton procedure. The latter, in summary, is a 2-D
matrix that has 0 values in all cells outside of the diffusion
regions, or values of 1 inside the diffusion regions.
Reconnection regions are (blue) shaded in Figure 3. For this
simulation, and for the selected trajectory (see Figure 3),
there are 37 reconnection sites along the path s, that is
#RS = 37.
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[19] When at least one point of the identified candidate
discontinuity overlaps with one point of the identified
reconnection region, the event is counted as a “success.”
Otherwise the TD is not identified as an RS, and is a
“failure.” In the latter case the method is detecting a non-
reconnecting, high-stress, magnetic field structure. Such
regions may be physically interesting for other reasons.
However, such points are not associated with a region of
strong reconnection, and therefore are not of interest in this
analysis.

[20] To summarize, for a given threshold 6 (see
equations (4) and (5)), there will be a set of identified TDs
(a set ITD with number of elements #ITD); there will be a
subset of these discontinuities that are identified reconnec-
tion sites (a set IRS with number of elements #IRS). There
will also be a complementary set of identified TDs that are
not RSs, numbering #ITD-#IRS, and reconnection regions
lying along the trajectory that are not captured at all by the
technique, numbering #RS—#IRS.

[21] As an example, using 6 = 5 in equation (5), 40 dis-
continuities have been identified and 23 overlap a recon-
nection site and correspond to successful identification of
a reconnection region. That is, #ITD = 40 and #IRS = 23.
The goodness (quality) of this method can be defined as
#IRS/HITD, the number of the successes over the total
number of identified discontinuities. For this example,
the goodness is ~57.5%. An example of discontinuities,
together with the reconnecting regions, is shown in Figure 3.

[22] Following the above procedure summarized by
equations (5) and (6), we impose different thresholds 6 and
[ for the PVI signal. Each threshold characterizes a different
set of discontinuities or “events,” and we can label each
algorithm as S5, The parameters of different PVI-based
algorithms are listed in Table 1, all of which use 3(As =
0.76 Ay, £ = 535)(). It can be seen that for higher values of 0
an increasing fraction of the identified TDs corresponds to a
reconnection site. That is, the goodness ratio #IRS/#ITD
increases as the threshold 6 is increased. It is clear from
Table 1 that the goodness does not improve significantly by
also imposing a threshold on field strength equation (6).

[23] The performance of the family of methods, summa-
rized in Table 1, is illustrated in Figure 4. Here the variation
of the the number of candidate events with varying threshold
is shown by plotting the ratio #ITD(@)/#ITD(@ = 1). This
number decreases as a function of 8, but slowly after 6 > 7,
beyond which there are less than 5% as many events as there
are with the lowest threshold that we employed, 6 = 1. We
also show in the same plot the ratio of identified recon-
nection sites to identified discontinuities, #IRS/#ITD. This
quantity approaches 100% for the largest values of 0 that we
used. The efficiency, defined as the ratio of the number of
identified reconnection sites #IRS over the total number of
reconnection regions along the path #RS, is also repre-
sented, on the same plot, as a function of threshold.

[24] Note that among the 378 TDs found with 6§ = 1, one
finds that every one of the strong reconnection sites, 37 in
number, actually lies along the trajectory. In this sense, a
lower threshold such as 6 = 1 is very effective; all recon-
nection sites are found. There are however a large number of
false positives. In contrast, a large threshold value (8 = 7 or
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Figure 4. #ITD(A)/#ITD(# = 1), number of identified TD
events as a function of the threshold #, normalized by the
value at § = 1 (black bullets). Also shown as a function of
0 are the ratio of identified reconnection sites to total iden-
tified discontinuity “events” for threshold 6, #IRS/#ITD
(i-e., goodness, solid red squares) and the ratio of identified
reconnection sites to total reconnection sites along the tra-
jectory, #IRS(0)/#RS (the efficiency, blue crosses). All these
methods use the PVI series defined by S(As = 0.76 Ay, £ =
535X¢).

0 = 8) finds essentially only strong reconnection sites and
has very few or no false positives, but identifies only about
1/3 of the actual number of strong reconnection sites that are
known to lie along the trajectory.

[25] Recalling again that the method for identifying RSs
was designed to only find stronger sites, we computed the
distribution of all the reconnection rates from the 2-D field
as the values of X-point electric field |E«|. See Servidio
et al. [2009, 2010] for more details. This distribution
function (PDF) is reported in Figure 5a and includes all
reconnection sites, both strong and weak, in the entire 2-D
volume. We compare this distribution with the distribution
of reconnection rates for the set of Identified Reconnection
Sites found by one of the PVI-based cases. We choose the
case with threshold 6 = 7.3, because in this case all the
identified discontinuities correspond to reconnection sites
(see Table 1). The comparison of these reconnection rate
PDFs is shown in Figure 5. Evidently, the PVI techniques
outlined above are capable of identifying the fastest
and strongest reconnecting sites, namely those with higher
reconnection rate |E.l.

3.2. Varying PVI Averaging

[26] In this section we will compute the PVI series given
in equation (4), varying the interval of averaging in the
denominator:

|AB(s, As)|
\/; [ AB(z, As) Pz

£
2

S(As, L, s) = (7)

We perform several experiments, using values of the aver-
aging interval £ = 535\c(full length), 10\¢, and 2\c. The
corresponding PVI series are shown in Figure 6, for these
different /. It is evident that using a shorter interval of
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averaging; that is, a smaller value of ¢, produces a weaker
signal (fewer large values of ) that is less bursty.

[27] The explanation for this has to be found in
equation (4), where we recall that the averaging interval is
used to compute the denominator. For the case of a large
averaging period, the less frequently occurring larger var-
iations are diluted by the more frequently occurring small
variations that are included in the normalization. This makes
the denominator smaller, and the peaks in the PVI series
become more prominent. On the other hand, for shorter
intervals of averaging, an interval including a large variation
such as a current sheet will have a larger denominator than
the typical interval of the same length that lacks such an
“event.” Indeed, computing the PDF of a series with smaller
normalization length ¢ (see Figure 7), one sees that the PDF
loses much of its extended “tail” corresponding to rare
extreme (intermittent) events. From the same figure it can be
inferred also that the PVI series with all £ >10)\. are
approximately equivalent. This cautions against using very
small values of averaging interval £. We now also show the
effect of small ¢ on reconnection identification.

[28] We performed the same analysis as described in
section 3.1 on the series S(As = 0.67)\,, £ = 2)¢), varying
the threshold € from 1 to 5. The results are reported in
Table 2. It is evident that for this smaller value of averaging

——
Reconnection rates in the whole domain

.25

% 005 01 015 02 0
70 S B B B B e
18 3 Reconnection rates in the TD’s
16f- .
14f (b)]
12f B
LDL L
o 10_ B
8 -
6 -
4 ]
2 -

0.1 0.15 0.2
IE, |

Figure 5. Comparison between the distribution of the
reconnection rates. (a) Reconnection rates for all the recon-
nection sites, weak and strong. (b) Reconnection rates in the
TDs, identified by S(As = 0.67)\;, £ = 535\¢), that are RSs
(threshold 6 = 7.3). Note that the cellular automata algorithm
captures only RS with [E.| > 0.015.
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Figure 6. PVI series computed from equation (7), using (top) £ = 535\, (middle) ¢ = 10)¢, and
(bottom) £ = 2\¢. Going to small /4, the signal becomes weaker.
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Figure 7. Probability density function (pdf) of the PVI series computed from equation (7), using ¢ =
535)\c (black squares), £ = 10\ (blue circles), and ¢ = 2 A¢ (red triangles). With diminishing ¢, the signal
becomes less intermittent.
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Table 2. Same as Table 1, but From the Events Found Using a
PVI Series S(As = 0.67\y, £ =2X¢)

Method 0 B #ITD  #IRS  Efficiency (%)  Goodness (%)

3 1 520 37 100 7.1
3, 2 171 35 94.6 20.5
3, 3 61 28 75.7 45.9
Sy 4 27 16 432 59.2
Sus 45 7 6 16.2 85.7
s 5 1 1 2.7 100

interval ¢ the technique becomes less efficient. Specifically,
more reconnection sites (and more discontinuities in gen-
eral) are lost with respect the previous case with longer
averaging interval ¢ ~ 535)\..

4. Local Description of TD

[20] In this section we will provide some numerical
algorithms that can be used for the local description of
tangential discontinuities. In section 3 we found that for
higher threshold 6 the number of identified discontinuities
#ITD is equal to the number of reconnection sites #RS along
the path (goodness = 100%), so here we will analyze the
series obtained using Jg(As = 0.67)\;, £ = 535)¢), where
0 = 8. In this case #ITD = #RS = 13, as reported in
Table 1. An example of a TD (or RS) is reported in
Figure 8a. The shaded (blue) region represents the limits
along the trajectory of the reconnection zone, as captured by
the cellular automata technique. As it can be seen, a very
rough estimation of the width of the TD is the size of the
region (interval of s) in which the PVI signal exceeds the
selected threshold. However, this definition is not very
precise because it depends not only on the amplitude of &
nearby the TD, and on 6, but also upon the angle with which
the trajectory encounters the discontinuity. In order to avoid
this problem we will use as the (optimized) width § of the
TD the distance between two peaks in another signal,

— _|MB]
namely, W(As, £, s) TR where
|A2B;| = Bj(s — As) — 2B;(s) + B(s + As), (8)

with j = x, y, and As = 0.67)\; and ¢ = 535\ as in the
definition of the PVI series . Note that the PVI series for
small lags becomes proportional to a normalized first
derivative of the magnetic field (compare equation (4)).
Analogously, the W field in equation (8) becomes propor-
tional to a second derivative, in the sense of a finite dif-
ference formula approximation to a Taylor series expansion.

[30] We now recall that the current sheets associated with
reconnection events in turbulence are well approximated by
hyperbolic functions [Servidio et al., 2010]. In this case we
can make an approximation that S ~ sech*((s — 50)/6). In the
latter case, the second derivative (W) has two peaks ~£6/2.
The W field, for the same TD described in Figure 8a, is
reported in Figure 8b. It can be seen that the distance
between the two peaks in W (namely 0) is very close to the
apparent the size of the RS.

[31] Once each reconnection site has been identified and
“expanded” using the above technique, we can extrapolate
other information such as the direction or orientation of each
TD. Using the assumption that the structures are one
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dimensional, there is a way to determine the normal vector
to the discontinuity surface if single point measurements are
used, namely the minimum variance analysis (MVA) tech-
nique [Sonnerup and Cahill, 1967; Erdos and Balogh, 2008;
Veltri, 1994; Perri et al., 2009]. We will now test this
technique, making use of the fact that we have a fully 2-D
picture of each RS from the simulation (see Figure 3).

[32] Ineach TD detected with the PVI and expanded using
the W field, we compute the matrix

Sy = (Bib;) — (Bi)(B)), )

where here (...) denotes an average on the trajectory within
the TD. Then we compute the eigenvalues (A;, \;) and the
normalized eigenvectors (n, t), where ), is the maximum
eigenvalue and f (t) is the normal (tangential) eigenvector.
The system of eigenvectors, for the same TD represented in
Figure 8, is shown in Figure 9. The values of the ratio A/,
is very large for all the discontinuities selected by Sy, that is

of @ | .

L ] L | L ] L
51.7 51.75 51.8 51.85
s/Ag

Figure 8. Tangential discontinuity captured with the PVI
technique, using S(As = 0.67 Ay, £ = 535\¢) and a threshold
0 = 8. (a) PVI signal (black lines and stars) and the threshold
(red dashed line). (b) W field given by equation (8) (blue
lines and squares). The shaded (blue) region in Figure 8a
represents the reconnection zone (see Figure 3). As can be
seen from Figure 8b, the distance between the two peaks in
W (namely, 6) is very close the size of the RS. Note that
taking as ¢ the size of the signal that exceeds the PVI
threshold can strongly underestimate (or overestimate) the
real size of the RS.
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Figure 9. Zoom into the tangential discontinuity of
Figure 8. (top) Two-dimensional crossing of the reconnec-
tion site (blue region, same as Figure 3), together with the
trajectory (green bullets), the TD captured by the PVI
technique (red dots), and the minimum variance reference
frame (B, t) (black arrows). (bottom) Magnetic field before
the projection (open squares and circles) and in the mini-
mum variance system (solid and dashed lines).

100 < M\/X < 10°. Another feature is that the normal
component b, is almost null and constant, while b, is
strongly changing sign (as is typical of models of recon-
nection.) The normal and tangential magnetic field in a
sample IRS is reported in Figure 9.

[33] As was previously pointed out by Erdos and Balogh
[2008], if the normal vector to the discontinuity n is not
aligned with the flow direction (in this case the trajectory
direction §), then the width § is overestimated. For each TD
captured by <, using the W field, we measured each ¢ and
optimized each one with 6" = dcosa, where « is the angle
between n and §. For this simulation, taking an average of
all the discontinuities, we obtained (§) = 1.68 x 102 and

region (d).

5. An Example From Solar Wind

[34] We have computed the PVI time series using ACE 1
second resolution magnetic field data from the interval 1—
18 May 2004. The increment (As) is 20 seconds and the
averaging interval in the denominator in equation (4) is the
entire data period. The average velocity was around 400 km/s.
In Figure 10, the PVI time series is shown. In order to
facilitate the comparison with Figure 2, we converted the
time signal to a spatial signal, using the average velocity of
the flow, and then normalized to a solar wind magnetic

10 ; ;
0 e, ~—ACE data | |
10 Mgl WW; —SIM2D
> = WM
:% - A I +1lo
s 10" / i ]
A VY
2 W\
3 . \1‘,\
§ 10 \\\\
£ %
K AN
107 \ 1
\ \\
-4
107 L s '
107 10" " 10° 10"

Figure 11. Probability density function of the spatial signal
S (PVI) obtained from ACE measurements (blue line) and
simulation (red line). The error bar o is displayed in the
legend, and the value of o is the expected fractional error
in the pdf due to counting statistics.
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correlation length of 1.2 x 10° km [Matthaeus et al., 2005].
The illustration spans about 500 correlation lengths. Impos-
ing a threshold # > 8 in equation (4), 704 events are iden-
tified. The fraction of the time (or space) in which the PVI
series is above the threshold is 4.8 x 10~*. This is equivalent
to the probability that a point selected at random from the
sample, lies within an event. The same fraction computed
from the simulation data set used in earlier sections here is
1.46 x 107, This fraction is expected to depend on the
Reynolds number of the turbulence. However a quantita-
tive exploration of this dependence is beyond the present
scope.

[35] Finally, in Figure 11, we show the probability dis-
tribution functions of the PVI signal for both the observa-
tional and simulation data. The comparison tells us that there
is a great similarity within the errors.

6. Discussions and Suggestions

[36] In this work we make use of direct numerical simu-
lations of 2-D turbulence in order to establish a link between
tangential discontinuities and reconnection events. From a
one-dimensional cut through the turbulent magnetic field,
we have developed several techniques to identify dis-
continuities and reconnection sites. Each algorithm identi-
fies discontinuities, the number of which depends on the
parameters imposed, especially the threshold used in the
PVI series. Only a portion of these discontinuities are
reconnection sites. The methods that identify a large number
of discontinuities also capture more reconnection sites.
However, quality or goodness of the method decreases when
the acceptance criterion is lower. The results reported in
Table 1 suggest that a high threshold in the PVI statistic
gives a sample of discontinuities that are very likely to be
strong reconnection sites. Once the RS are identified, we
also perform a local analysis in order to describe the
topology of the reconnection sites. The algorithm has been
tested with very good results on the 2-D simulations. We are
presently working on an implementation of the present
methods for solar wind data, extending beyond the simple
example provided in section 5. We anticipate that an inter-
esting collection of discontinuities can be identified and then
examined in detail to test against reported identifications of
reconnection sites using other methods [Gosling and Szabo,
2008; Phan et al., 2010]. It may be possible using this
approach to uncover numerous reconnection events that
might be present in the solar wind, but have not yet been
identified. In general we suggest that the methods developed
here may be useful for identification of candidate recon-
nection sites from magnetic field data obtained in a turbulent
plasma. We are also studying extensions to three dimen-
sions, which we expect to be difficult [see, e.g., Priest et al.,
2003].
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