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Contribution of Strong Discontinuities to the Power Spectrum of the Solar Wind
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Eight and a half years of magnetic field measurements (22> samples) from the ACE spacecraft in the
solar wind at 1 A.U. are analyzed. Strong (large-rotation-angle) discontinuities in the solar wind are
collected and measured. An artificial time series is created that preserves the timing and amplitudes of
the discontinuities. The power spectral density of the discontinuity series is calculated and compared with
the power spectral density of the solar-wind magnetic field. The strong discontinuities produce a power-
law spectrum in the “inertial subrange” with a spectral index near the Kolmogorov —5/3 index. The
discontinuity spectrum contains about half of the power of the full solar-wind magnetic field over
this “inertial subrange.” Warnings are issued about the significant contribution of discontinuities to the

spectrum of the solar wind, complicating interpretation of spectral power and spectral indices.
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The objective of this Letter is to demonstrate that dis-
continuities in the solar-wind plasma have an unignorable
impact on the magnetic energy spectrum.

Solar-wind discontinuities are characterized by large
rapid changes in the properties of the plasma. Typically
they are identified via changes in the direction of the
solar-wind magnetic field. In Fig. 1 the distribution of
magnetic-field angular direction changes Af over 128-s
time intervals is plotted for 11 years of measurements by
the ACE spacecraft at 1 A.U. The distribution contains two
populations (cf. [1]): a population of small changes that is
well fit by a steep exponential and a population of large
changes that is well fit by a shallower exponential. The
population of large changes has been identified as strong
discontinuities in the solar wind and the smaller fluctua-
tions have been identified with the MHD turbulence [1].
The population of discontinuities extends to below Af =
45°, but with field measurements alone it cannot be sepa-
rated from the population of smaller fluctuations; to view
the discontinuity population at small A values see Fig. 17
of Borovsky [2] where ion-specific-entropy changes and
field-strength changes were used to identify discontinu-
ities. Strong discontinuities have flow-velocity jumps v
in addition to field rotations A#. For the population with
A6 > 45°, the v are on the order of the Alfven speed v 4
and the ion-thermal velocity vy;: dv/v, = 0.77 = 0.54
and Sv/vy; = 1.09 = 0.70. Often strong discontinuities
show sudden changes in the properties of the solar-wind
plasma [1-3] and 66% show internal depressions of the
magnetic-field strength.

Early surveys of solar-wind discontinuities identified
the majority as rotational discontinuities (Alfven waves)
[4-8], but more-modern surveys identify the majority as
tangential discontinuities (plasma boundaries) [9—13]. The
time interval between the passages of subsequent strong
(large-angle) discontinuities varies from seconds to hours
(e.g., [1,3,14]). Tangential discontinuities in the solar wind
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are highly Alfvenic [6,15,16] and strong discontinuities
make a significant contribution to the Alfvenicity of the
solar wind [17]. Thicknesses of strong discontinuities vary
from 10°-10° km [14,18].

One interpretation of the strong discontinuities is that
they are the walls of a filamentary structure of the solar
wind [1,4,17,19-31]; another is that they are boundaries in
a discontinuous solar-wind plasma [3,18]. Some strong
discontinuities are fossils from the birth of the solar wind
[1,3,25,26,32]. Some could be formed away from the Sun
by relaxation of the solar-wind magnetic-field structure
[33-36]. Nontangential discontinuities could be formed
away from the Sun by steepening of large-amplitude
Alfven waves [37,38] and discontinuities can be formed
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FIG. 1 (color). Using 11 years of measurements, the angular
change A6 in the direction of the solar-wind magnetic field every
128 seconds is binned (black curve). The distribution is fit by
two exponentials (dashed red curves) and the sum of the two
exponentials is plotted as the red points.
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from steepening of Alfven waves in the presence of colli-
sionless dissipation [39,40]. Current sheets can also form as
a consequence of the cascade of MHD turbulence to kinetic
scales [41-43], which would produce small-angle disconti-
nuities with thickness on the order of the ion inertial length
or ion gyroradius (tens of kilometers) [44,45].

Conventional wisdom has it that a time series of dis-
continuities produces an f~2 energy spectrum [46,47]. The
magnetic energy spectrum of the solar wind is usually
characterized by an approximately f~%3 (Kolmogorov
[48]) or f~3/2 (Kraichnan [49]) spectrum in the inertial
subrange (few hours to tens of seconds) [50-52]. At lower
frequencies the magnetic energy spectrum is flatter, being
interpreted as unevolved structure from the Sun [53,54].
Siscoe et al. [14] and Sari and Ness [55] warned that
discontinuities could have a significant impact on the
energy spectra of the solar wind. Siscoe et al. pointed out
that discontinuities could produce spectral indices shal-
lower than f~2 for limited ranges of frequency. It will be
demonstrated below that discontinuities can produce shal-
lower than f~2 spectra over broad frequency intervals.

To demonstrate this we will collect and measure the
discontinuities in the solar wind and create an artificial
time series representing the properties of these disconti-
nuities. The energy spectrum of that collection of disconti-
nuities will then be compared with the energy spectrum of
the solar-wind magnetic field.

The data utilized is 64-sec averages of the vector mag-
netic field measured [56] from the ACE spacecraftat 1 A.U.;
8.51 years of data is used from 1998-2006, comprising
2?2 = 4194304 measurements at a 64-sec cadence. No
attempt is made to remove shocks, ejecta, etc. The radial-
tangential-normal coordinate system [57] is employed.

In the ACE magnetic-field time series, a strong disconti-
nuity is marked whenever Af > 45° in 128 s (see Fig. 1),
and the time and vector amplitude (AB,, AB,, AB,) of
each discontinuity is recorded. (See Li [31,58] for a con-
firmation of the robustness of this method for identifying
discontinuities.) 160465 discontinuities are collected; the
mean time between subsequent discontinuities is ~28 min.
To create a time series D(¢) = (D,(t), D,(t), D,(t)) of vec-
tors that contains the signal of the discontinuities a function
is created that is constant until a discontinuity occurs [with
amplitude (AB,,AB,,AB,)] at which time the value of
vector D(r) is changed from the “old” value to a “new”
value given by Drnew = Drold - |ABr|Drold/|Drold|a
Dyew = Digia — |ABt|Dtold/|Dtold|’ and D ynew = Dipoia —
|AB,|D,o1a/|1Dpoal. Hence if D, is positive, the AB,
change in D, is taken to be negative, and if D, is negative
the change is positive. The same for D, and D,. This
prevents the function D(z) from drifting too far from
(0,0,0), preserving the timing and step amplitudes of the
discontinuities but eliminating the envelope function of
the magnetic-field values. D(z) is shown in Fig. 2; the
components of the magnetic field B(z) (top panel) and the
components of the resulting discontinuity function D(r)
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FIG. 2 (color). The magnetic-field time series (B,(z), B,(2),
B, (1)) is plotted for 12 hours in the top panel and the resulting
discontinuity time series (D,(z), D,(t), D, (1)) is plotted in the
bottom panel.

(bottom panel) are plotted for 12 hours. The mean direc-
tional change of the field at a strong discontinuity is 68°;
the mean 128-s direction change for the fluctuations that
have been removed between the discontinuities is 10°.

The time series D(7) created from the strong (A@ > 45°)
discontinuities is Fourier transformed using fast-Fourier-
transform algorithm (FFT) techniques [59]. Denoting
the Fourier transform of (D,(z), D,(t), D,(?)) as (D,(f),
D,(f), D,(f)), the power spectral density Pg.(f) of
Q(t) is Pdisc = D% + th + Q)%l

In Fig. 3 the power spectral density of the discontinuities
for 8.5 years of ACE data is plotted (black) from f =
1078 s7! to f= fy/4, where fy =7.81 X103 s ! is
the Nyquist frequency. A 21-point running average is plot-
ted as the blue points and a 300-point average as the yellow.
Notice that the discontinuity energy spectrum has a power-
law form from f~1X10"%s™! to fy/4. This corre-
sponds to periods from 2.8 hr to 512 s, which comprises
the lower-frequency portion of the ‘““inertial subrange” of
the solar wind. The purple line in Fig. 3 is a power-law fit
to the black points over the 1 X 1074-1.86 X 1073 s~!
range: that fit is

Pdisc = 5.6 X 1073f71'68 (1)

in units of nT?Hz!

discontinuities.

For comparison, the power spectral density P, =
B2 + B? + B2 of the solar-wind magnetic-field time
series B(f) is calculated for the same time interval.

for the collection of strong
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FIG. 3 (color). For 8.5 years of measurements of the magnetic
field at 1 A.U., the power spectral density of the discontinuities
Py 1s plotted (black points = no averaging; blue = 21-point
running average; yellow = 300-point running average) and the
power spectral density of the magnetic field P, is plotted
(green points = 21-point running average; red = 300-point run-
ning average). Fits to the unaveraged data appear as the purple
line and the orange line.

In Fig. 3 the 21-point running average of this is plotted in
green and the 300-point average in red. Over the inertial
subrange note the similarity in spectral shape of the red
(full magnetic) and yellow (strong-discontinuity) curves.
For 1 X107* s ! < f<1.86X 1073 s~! the magnetic
energy spectrum is fit (orange line) as

Py = 6.4 X 10727146 )

in nT> Hz ™! (see also [52]). This power-law form of the
magnetic energy spectrum has been taken to be evidence of
a turbulent cascade in the solar wind [60—-63]. Here it is
found that the spectral index of the magnetic field (—1.46)
is very similar to the spectral index of the strong disconti-
nuities (—1.68).

In Fig. 4 the ratio of the power spectral density of the
strong discontinuities Py, to that of the magnetic field
Py, 1s plotted as a function of frequency. This ratio is
calculated from 21-point running averages (black points)
and 300-point running averages (red points); also plotted
(blue) is the ratio of the power-law fits (1) and (2). As seen,
in the inertial subrange the strong discontinuities contain
about half of the spectral power of the solar wind. Note that
only strong discontinuities were used; weaker discontinu-
ities, which are more difficult to locate, were not collected.
Had the weaker discontinuities been included in the analy-
sis, the fraction of the power spectral density attributable to
discontinuities would be even larger.

Note that a somewhat different study was performed
[47] wherein jumps in the 1-hr-averaged time series of
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FIG. 4 (color). The ratio of the power spectral density of the
discontinuities Pg;. to that of the magnetic field Py is plotted.
The black points are ratios of 21-point running averages of Pg;.
and Pg;., the red points are from ratios of 300-point running
averages, and the blue is the ratio of the power-law fits to P
and P disc-

solar-wind | B| measurements were collected and an artifi-
cial time series was created from those jumps. Strong
jumps in |B| occur on a ~10-day time scale. At periods
shorter than 10 days the energy spectra of the jump time
series was found to be a power law steeper than f~2, which
is as expected for time scales shorter than interjump time
scales. In the present study time scales comparable to
interjump time scales are of interest, wherein the spectral
slopes are shallower than f~2 (cf. Ref. [64]).

Summarizing the findings for the solar wind at
1 A.U.: (1) Strong solar-wind discontinuities can give
rise to power-law spectra with spectral indices similar
to the Kolmogorov —5/3 and Kraichnan —3/2 indices.
(2) Strong discontinuities dominate, or at least strongly
contribute to, the spectrum in the inertial subrange. Some
strong discontinuities in the solar wind can be nonevolving
fossil structure from the Sun (Refs. [1,2,18,25]).

The implication of these findings is the following: Any
interpretation of the dynamics or evolution of the solar
wind should account for the contribution of strong discon-
tinuities to the measurements and should be based on the
properties of a plasma containing strong discontinuities
and plasma boundaries.

In general, turbulence interpretations of the dynamics
and evolution of the solar-wind plasma do not account for
the large contribution of strong discontinuities to the power
spectra (see Refs. [40,65] for exceptions). Such interpreta-
tions appear deficient.
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