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ABSTRACT

In past years, measurements of the solar wind plasma have advanced our understanding of MHD turbulence
tremendously. At small scales, the solar wind is believed to be ve'xry multifractal with nonlinear interactions
causing an intermittent energy dissipation, leading to possible current-sheet structures. In this Letter, we propose
a systematic data analysis procedure to examine the existence of current sheets in the solar wind. We show that
by studying the integrated distribution functiéifg, {)  of the angle between two unit magnetic §{€)ds and
b(t + ¢), as well as itg-dependence, one can unambiguously identify the existence of current-sheet—like structures
in the solar wind. Using this procedure, we analyze magnetic field data from the VHM/FGM instrument on board
the spacecrafulyssesfor two periods, one in solar maximum and the other in solar minimum. In both cases,
current sheets are clearly inferred. Furthermore, we also outline a procedure that allows the identification of the
actual locations of these current sheets. Results from our analysis and the implications of the existence of current
sheets in the solar wind are discussed.

Subject headingdlHD — solar wind — Sun: granulation — turbulence
Online material:color figures

1. INTRODUCTION rovsky (2006) found thag(f) can be approximated by two pop-

The solar wind provides us a natural site for studying MHD ulations as

turbulence. Observations of plasma dengityfflow speedU ,

and magnetic field by various spacecraft have revealed val- exp (—60/23.2), 6<4,,

uable information about solar wind turbulence and its dynam- = lexp (-6/11.3), 0>6,, 4)
ical evolution (see, e.g., Marsch & Tu [1990] and reviews by

Tu & Marsch [1995] and Goldstein et al. [1995]).

In studying solar wind turbulence, the so-called two-point wheref, is a critical angle, above which the second population
correlation of a certain physical quantity is often used. Consider dominates; Borovsky (2006) suggested that the second popu-
a physical quantity? , the two-time correlati®fi({) is defined lation is the result of théACE spacecraft crossing “magnetic
throughR"(¢) = (P(T)P(T + {)) , wherg is the time lag and  walls” between flux tubes. The idea of plasma in the solar wind
the average is an ensemble averag® If is the magnetic fieldoeing bundled in “spaghetti-like” structures (i.e., flux tubes) is
B or the plasma velocityy , theR"({) is a tensor. One par- not new. It was first proposed some 40 years ago as an attempt
ticular choice ofP id(t) , the unit vector of the magnetic field, to explain the modulation of cosmic rays (Bartley et al. 1966;

b(t) = B/|B|. This leads to McCracken & Ness 1966). Later, Mariani et al. (1973) adopted
it to explain the observed variations of the occurrence rate of
R.(¢) = <6 (t)ﬁ t+ ©) 1) discontinuities in the interplanetary magnetic field. Recently,

i i '

Bruno et al. (2001, 2004) and Chang et al. (2004) noted that

wherei andj are two Cartesian indices. One can obtain a the existence of flux tubes in the solar wind will introduce

. r . - . another source of solar wind intermittency. Although the con-
;:k?:rt(rjérgztigﬁc(i?{)endent quantity from equation (1) by taking cept of flux tubes has been noted by many authors, few attempts

have been put forth to verify the existence of these structures.
. ~ A While the work of Borovsky (2006) is stimulating, however,
tr[R($)] = (b(t) - bt + {)). 2) it does not offer unambiguous evidence of the existence of the
) flux tubes, nor does it allow one to identify the boundaries
Thus, tr[R(¢)] is simply the ensemble average of the cosine between these flux tubes.
of the angle betweeb(t) arlo{t + {) . This average can be We note that the second population does not necessarily lead
also written as to the existence of flux tubes in the solar wind. As long as
there exist structures like magnetic walls and the magnetic field
N . direction of the plasma varies by a significant amount from
(b(t) -b(t+ ) = ff(ﬁ, ¢) coso df, (3) one side of the wall to the other, then the second population
will emerge. Thus, current sheets that are generated by non-
o . _ linear interactions in the solar MHD turbulence can serve
wheref(6, {) , the distribution function @ describes the prob-  equally well as the role of magnetic walls that separate plasmas

ability density of finding the angle betwe#nand§ + 66 . If into different tubes, only here the plasmas are not separated

f(6, §) is known, (b(t) - bt + {)) can be obtained. ~ into individual bundles.Clearly, the key point here is whether
Recently, Borovsky (2006) examined 1 yr of magnetic field

data from theAdvanced Composition Explor¢hCE) spacecraft  Numerical simulations (e.g., Zhou et al. 2004) showed that a lot of current

and obtained the distribution functiaff) = f(6, 128 s) . Bo- sheets can emerge in the solar wind MHD turbulence.
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Fic. 1.—Integrated distribution functioR(6, ¢) for two example time pe-
riods. The left panels show tledependence df(f, {) , and the right panels
show the¢-dependence of (6, {) . At large angldgg, {) increases linearly
with ¢ (dashed lines in the right pang/sa consequence of the scaling law
(eq. [7]). See text for detailsSee the electronic edition of the Journal for a
color version of this figurg
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This independence can be better seen from the following example.
Assuming measurements of the magnetic field are taken at a series
of time (1, 2, ..., 1000 s), then if = 16 s, we calculate the
angles between magnetic fields of the following time pairs: (1,
17 s), (2,18 s), ..., (983, 1000 s); andit= 32 s, the following
time pairs: (1, 33s), (2,34 5s), ..., (968, 100 s). Clearly, the number
of pairs in both cases is almost the same, althqudbubles.

We next define the integrated distribution functie, ¢{)
through

F@, §) = f

Clearly, F(0, ¢) represents the frequency of having the mea-
sured angle larger thah

Consider now how-(9, {) changes as a functiortoSup-
pose{ doubles fromA to 2A (A > §). As explained earlier,
the total number of pairg,(t + ¢ ) does not change. However,
the total number of pairs where the two measurements of mag-
netic field are on opposite sides of the magnetic wall will
double. To see this, we consider again the previous example
and assume there is one current sheet-at500 s; then, for

NG <6 < )

i, ©) = N{(O< @' <7)’

@)

such magnetic-wall-like or current-sheet—like structures exist { = 16's, the following pairs—(484, 500 s), (485, 501 s), ...,

in the solar wind.

2. CURRENT SHEETS IN THE SOLAR WIND FROM
ULYSSESMEASUREMENTS

(499, 515 s)—cross the current sheet, and the number of such
pairs is 16; if¢ = 32 s, the pairs crossing the sheet will be
(468, 500 s), (469, 501 s), ..., (499, 531 s), and the number
of such pairs is 32.

Since we expect those large angles (#ex,0, ) mainly result

In the following, we present a data analysis procedure that from crossings of the current sheet, we have roudidi6 <
not only verifies the existence of current sheets in the solarg: ) ~ 2Ni(6 < 8 < 7). This yieldsF(8, 2¢) ~ 2F(6, ¢) when

wind but can also pinpoint the exact locations of individual
current sheets.

Considerf (0, ¢) , which is computed from observational data
through

NO < 6’ < 6 + Af)
N0 <0’ < =)

f(0, £)A0 = (5)

HereN‘(6 < 6’ < 6 +_A6) is the number of measurements where
the angle betweem(t) andt+ ) is within the range of
(6,6 + A9); N(0 < 6’ < ) is the total number of measurements.
In our analysis, we usdf = 1° . Note the interyalk not to
be confused with the measurement resoluéidn our analysis,
the measurement resolutidnof the Vector Helium Magne-
tometer/Flux Gate Magnetometer (VHM/FGM) on boblgs-
sesis ~1 s while the interva} ranges from 20 to 160 s. Using
6, we have

N(O<O<m) = (T—¢{)6=TIs, (6)
whereT is the total period during which the analysis is performed.
We assumd > ¢ T(is usually days an¢ ~ minutes ). The fact
thatN(0 < 0 < ) is independent dfis crucial for our analysis.

TABLE 1
PERIOD SELECTED FOR OUR STUDY?

Solar Maximum

2001.128-2001.154
1.4
—-6°<A<6°

Solar Minimum
1998.43-1998.69

Parameter

R (AU)
Altitude

#The trajectory ofUlyssesis obtained from http://
cohoweb.gsfc.nasa.gov/helios/heli.html.

0 > 6,. If we generalize this argument from 2 My we have

F(6, N¢) ~ Nf(6, ¢) when 6> 6,. (8
Equation (8) is essentially a scaling law efd, {)  ¢nlt is

the key to examining the existence of current sheets in the solar
wind. As long as the distribution functidf(é, {) above a certain
critical anglef, is dominated by current-sheet crossings, we
expect the scaling of on F(9, ¢) to hold. Below the critical
angled, , the main contribution &6, ¢) is from sméif that

are dominated by measurements made within the same side of
a current sheet, so we do not expect the relationship in equa-
tion (7) to hold.

The above discussion outlines a procedure to examine the
existence of current sheets in the solar wind. We now apply it
to two solar wind periods. We use the high time resolution
magnetic field data from the VHM/FGM on board the space-
craft Ulysses VHM/FGM has a high time resolution of mag-
netic field data of 1 s (for some periods 2 s), making its data
set the most suitable for our current investigation (in compar-
ison, ACE magnetic field data used by Borovsky [2006] have
only a time resolution of 16 s). Furthermondlysse& polar
orbit allows it to probe both the fast and the slow solar wind.
Its orbit also reaches out to 5 AU, permitting studies of possible
r-dependence of the current sheets (Li 2007).

Figure 1 plotg=(6, {) for two time periods: the first 1998.43—
1998.69 (@pper panels and the second 2001.128-2001.154
(lower panel¥. The first period is in the rising phase of solar
cycle 23, close to solar minimum. The second period is in the
solar maximum of solar cycle 23. The distance and altitude of
the Ulyssesspacecraft during these periods are listed in Table 1.
The left two panels ploE(9, ¢) as a function éfat different
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15 _ _ - s for a series of measurements @$ that satisfy the following:
: : : i SRR RS (1) the length of the series is abogtand (2) mos®'’s in the

L : E:j‘; tERl series are larger thafy, . When such a time series (hereafter

. 296 sec “target series”) is found, the time at the end of the target series

will correspond to the location of the current sheet. One can
improve this method by considering again measurements of mul-
tiple {'s. Then because the starting time of the target series is
T — ¢ and the ending time i$, the obtained target series from
using different{’s should exhibit a pattern where the ending
times are approximately the sameT and the starting times
are ordered by — ¢ . A useful technique for better recognizing
the pattern is to include+ ¢ in the target series. This inclusion
will cause the target series to be symmetric with respect to
t = T and have a length 02¢ (fronrT —¢ td+ ¢ ). This
: : : . : : symmetric pattern allows an easier identificationTahan the
5034800 5034900 11538300 11538400 original asymmetric pattern. Furthermore, it also provides an
seconds in 1998 seconds in 2001 estimate of the thickness of the current sheet. Suppose a current

Fic. 2.—Case showing thaflyssescrosses a magnetic wall. The left panel sheet has a finite thicknessand assu,me tha,‘t a jump énonly
is from the 1998.43-1998.69 period and the right panel from the 2001.128— OcCUrs whenn<T ant+ {>T+d (i.e., neither one of the two
2001.154 period. In both cases, the center times of the pattern give the locationmeasurements can reside inside of the current sheet); then the
of the magnetic wall. $ee the electronic edition of the Journal for a color  jnterval of having a larger thanf, will change toT(+ d —
version of this figurg &, T+ 9. The length of the interval now becom&s—d . From

the measured length of the target series, one can now estimate
¢'s. Curves for four{-values are shown. The solid curves are the value ofd. The procedure, although simple in principle,
for ¢ = 20 s, the short-dashed curves fopr= 40 s, the dot- requires a reasonably well developed “pattern recognition” rou-
dashed curves fof = 80 s, and the long-dashed curves fortine to facilitate automatic identifications of the current sheets
¢ = 160s. From the figure, we find th&(6, ) 's for the period (G. Li 2008, in preparation).
of 1998.43-1998.69 (near solar minimum) decrease faster as a Figure 2 shows two example cases where current sheets are
function off than those for the period 2001.128-2001.154 (near identified. The left panel shows a 220 s period taken from the
solar maximum). This, of course, reflects the fact that the mag- period of 1998.43-1998.69 (Fig. Lipper panels The right
netic field direction changes more drastically during solar max- panel shows a 220 s period taken from the period of 2001.128-
imum. Note that whef = 40° , the curves for differgfg seem 2001.154 (Fig. 1)Jower panel¥. Time is along thex-axis. A
to be ordered relative to each other by a factor of 2; while at nonzeroy-value at a time signals tha# at that time is larger
smaller angles, for example< 30° , this ordering does not hold. thand, (taken to be 4Gn both cases). Thregs are considered:
This proportionality forF(6, ¢) ’s to¢ at large angles is better the plus signs fof = 24 s, the diamonds for= 48 s, and
seen in the right two panels of Figure 1, whe(é, ¢) is plotted the asterisks fo = 96 s. Thgvalues for the plus signs,
as a function of; for two 6’s. The solid lines are fof = 10° ,  diamonds, and asterisks are set to be 1.0, 1.1, and 1.2, re-
and the dashed lines fér= 40° (scaled by a factor of 10 for spectively, to separate them. From the figure, one can easily
better viewing). In both period§;(d, ) for eigtis are shown; identify the center time of the signals at = 5,034,872s,
these correspond to the filled circles and the asterisks. Fittingwhich is the location of the current sheet. Using the time du-
the dashed curves by a straight line, we obtain the correlationration of these signals, one can also estimate the width of the
coefficients as 0.99965 for the 1998.43-1998.69 period andcurrent sheet, which is abos#d—6 s. The right panel of Fig-
0.9982 for the 2001.128-2001.154 period. For a total of eight ure 2 is for a period taken from the right panel of Figure 1.
data points, this shows unambiguously tRé#, {) increasesHere one finds the dot-dashed line is broken. However, the
linearly with respect t@ at large angles. This linear dependence, overall pattern from all three lines unambiguously shows that
of course, is just the scaling law as given by equation (7). In the location of the current sheet44.1,538,321 s and the cor-
contrast to the dashed curvedats 10° , the solid curves (i.e.,responding width of the current sheet~0-12 s. In contrast
6 = 10) clearly violate equation (7). This again reflects the fact to the pattern shown in Figure 2, Figure 3 shows two cases
that smaller angles are largely from measurements within thewhere nonzerg-values § > 6, ) simply appear as the result of
same side of a current sheet; thus, equation (7) does not hold.the law of statistics. Here we find the nonzgte appear spo-

By plotting F(8, {), we can verify the scaling law of equa- radic and irregular. Clearly, using the collective pattern by mul-
tion (7). HoweverF (6, ¢) is a statistical quantity, so Figure 1 tiple {'s can effectively exclude these “false” signals of current-
does not allow us to identify individual current sheets. In the sheet crossings. Using a pattern recognition routine, one can
following, we show how one can identify individual current also identify the frequency of magnetic wall crossings (G. Li

sheets. 2008, in preparation).
Suppose that the spacecraft crosses a_current sheet at time
t = T, then during the period — ¢ <t<T Bh(t) anolt + ¢) 3. DISCUSSION AND CONCLUSION
will lie on opposite sides of the current sheet. So for the majority
of the following measurementsb — ¢) -b(T) (T — ¢+ In studying the fluctuations of the solar wind, it has been

) - b(T + ), ..., b(T —8) - b(T + ¢ — 6§)—we expect the resul-  noted that the magnetic field strength tends to be constant while
tant angles to be larger thén . Of course, by the law of statistics,the direction fluctuates with respect to the average background
there will be a small fraction of theses smaller tharf, . One field direction (Goldstein et al. 1974). Barnes (1981) interpreted
can now identify the location of the current sheets by searchingthis phenomenon as the magnetic field ve®or undergoing a
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Fic. 3.—Similar to Fig. 2, but with a “false” pattern that does not yield a
magnetic wall crossing.Jee the electronic edition of the Journal for a color
version of this figurg

“random walk” process on a sphere (a constfBit

picture, the fluctuation of the solar wind magnetic field is better F(6, ¢) of the angle betweerb(t)

described by a tangled and turbulent field than planar (Aif)e
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fully understood, it is closely related to nonlinear dynamics in
the solar wind MHD turbulence.

Different from that employed by Veltri & Mangeney (1999),
our analysis also shows that there are current-sheet—like struc-
tures in the solar wind. In our analysis, the change of magnetic
field directions from one side of the current sheet to the other
side is found to b& ~ 50° , somewhat smaller than that found
in Veltri & Mangeney (1999). If solar wind plasma indeed resides
in flux tubes (Borovsky 2006), then it is possible that the current
sheets we identify are the magnetic walls separating those flux
tubes. In this case, the first populationf(d, {)  corresponds to
the measurements wheoé)  aod + ¢) are within the same
flux tube, and the second populationfdd, {)  corresponds to
the measurements whepét)  dod + ) are in different flux
tubes. Clearly, the existence of the flux tubes introduces a length
(time) scale and causes the second populatiof(®f {) to
emerge. It also affects the power spectrum of the turbulence
since the power spectrum is just a Fourier transform of a two-
point correlation function.

To summarize, we have outlined in this Letter a procedure
to identify current-sheet—like structures in the solar wind. We

). In this show that by studying the integrated distribution function

and(t+¢) and its
dependence, one can infer the existence of current sheets in

waves. It is conceivable that the first populationf @ ¢) ob- the solar wind. We also show how one can locate the exact
tained in this analysis is a consequence of this random motionlocations of these current sheets through a pattern recognition
of the magnetic field vector on a sphere. The second populationtechnique. Using magnetic field data frdstysseswe applied

of f(6, ¢), showing an abrupt change of the magnetic field di- our analysis to two example periods. The results are shown in
rection, however, suggests that there are current-sheet-like strud-igures 1, 2, and 3. The procedure outlined here will be val-
tures in the solar wind. This drastic change of magnetic field uable in studying structures and turbulence properties in the
direction implies that the solar wind is intermittent. Indeed, in solar wind.

a recent study of solar wind MHD turbulence, using a Haar

wavelets technique, Veltri & Mangeney (1999; also see Veltri et

al. 2005) analyzed velocity and magnetic field data from the The author would like to thank Y. Wang, R. Bruno, and E.
ISEE space experiment and calculated power spectra and strucSmith for stimulating discussions and the Science Team of
ture functions for a time range between 1 minute and about VHM/FGM on board spacecralilyssegor providing the high

1 day and found that the most intermittent structures in solar time resolution magnetic field data used in this analysis. We
wind turbulence are one-dimensional current sheets where thewvould also like to thank the referee for his/her useful sugges-
magnetic field rotates by an angle of about®AB0. Although tions in producing Figure 1. The work is supported in part by
the detailed formation process of these current sheets is still NONASA grants NNGO5GM62G and NAG5-10932.
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