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ABSTRACT

This work focuses on the relation between the electron density and the magnetic field strength in the solar wind,
and aims to reveal its compressive nature and to determine the level of compressibility. For this purpose, we choose
a period of quiet solar wind data obtained at 1 AU by the Cluster C1 satellite. The electron density is derived with
a sampling time as high as 0.2 s from the spacecraft-potential measurements made by the Electric Field and Waves
instrument. We use the wavelet cross-coherence method to analyze the correlation between the electron density
and the magnetic field strength on various scales. We find a dominant anti-correlation between them at different
timescales ranging from 1000 s down to 10 s, a result which has never been reported before. This may indicate
the existence of pressure-balanced structures (PBSs) with different sizes in the solar wind. The small (mini) PBSs
appear to be embedded in the large PBSs, without affecting the pressure balance between the large structures.
Thus, a nesting of these possible multi-scale PBSs is found. Moreover, we find for the first time that the relative
fluctuation spectra of both the electron number density and the magnetic field strength look almost the same in the
range from 0.01 Hz to 2.5 Hz, implying a similar cascading for these two types of fluctuations. Probable formation
mechanisms for the multi-scale possible PBSs are discussed. The results of our work are believed to be helpful for
understanding the compressive nature of solar wind turbulence as well as the connections between the solar wind

streams and their coronal sources.
Key words: solar wind — turbulence
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1. INTRODUCTION

Pressure-balanced structures (PBSs) show a typical anti-
correlation between the fluctuations of the thermal pressure (Py)
and magnetic pressure (Pg). They have often been observed in
the solar wind and are considered to be major ingredients of solar
wind turbulence and among the most prominent compressive
fluctuations (see a review by Tu & Marsch 1995 and references
therein). The first PBS found in the solar wind was reported
by Burlaga & Ogilvie (1970). They established that P, and
Py were negatively correlated on the 1 hr scale, indicating the
existence of PBSs, but positively correlated on the 2 days scale,
resulting from the interaction between high-speed and low-
speed streams. In the ecliptic-plane solar wind, Thieme et al.
(1990) found similar evidence for PBSs but of coronal origin,
and the correlations between different pairs of parameters,
such as density, speed, magnetic field magnitude, and so on,
were exhaustively studied by means of the Helios data by
Marsch & Tu (1993) and Tu & Marsch (1994). A general
tendency for an anti-correlation between Py and P was also
inferred from data based on both the broadband correlation
spectra and the hourly correlation coefficients (Marsch &
Tu 1993). Then, a model invoking a superposition of PBSs
and perpendicular fast magnetosonic waves was proposed (Tu
& Marsch 1994) to qualitatively explain the observations of
compressive fluctuations in solar wind. In the polar solar wind,
the PBSs were also identified and found to exist at scales from
half a day down to 1 hr on the basis of Ulysses data (e.g.,
McComas et al. 1995; Reisenfeld et al. 1999; Bavassano et al.

2004). With Cluster data Kellogg & Horbury (2005) found
possible PBSs with scales of seconds in their work, though they
preferred to explain what they observed as ion acoustic wave.
However, PBSs with scales from 1 hr to less than 1 minute,
which is close to the validity limit of magnetohydrodynamics
(MHD), have not yet been revealed together in the same solar
wind period. To do that is one main goal of this study.

An anti-correlation between fluctuations of the plasma num-
ber density n and magnetic field magnitude B was often ob-
served in association with PBSs (Goldstein & Siscoe 1972; Tu
& Marsch 1994; Bavassano et al. 2004). The frequency for this
n—B anti-correlation studied so far usually ranged from 1 x 10~
to 3 x 1073 Hz, corresponding to a timescale larger than 5 min-
utes. Both the fast and slow streams in the ecliptic solar wind
showed the n—B anti-correlation in association with the PBSs
(Tu & Marsch 1994). The role for the n—B anti-correlation rele-
vant to the PBSs was found to become stronger as the solar dis-
tance increases and the absolute heliographic latitude decreases
(Bavassano et al. 2004). Therefore, in the ecliptic plane at 1 AU,
the n—B anti-correlation may be used to identify the PBSs.

Rapid measurements of the plasma number density are
required to study the n—B anti-correlation at timescales less than
1 minute. Recently, Pedersen et al. (2001, 2008) and Kellogg &
Horbury (2005) reported a method to obtain the electron number
density N, at a high time resolution from the spacecraft-potential
measurements by EFW (Electric Field and Waves experiment)
on Cluster, using the theory stated in Labelle & Kintner (1989).
Since the spacecraft potential is measured every 0.2 s, this
method offers the electron number density sampled at the high
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time resolution of 0.2 s. Given the 0.95 confidence level, PBSs
with short timescales on the order of 10 s can be expected to be
revealed from our data.

The fluctuations of n and B are often analyzed with the help
of the power spectral density (PSD), when investigating the na-
ture of the solar wind turbulence. In the inertial range above
the ion gyro scale, the solar wind turbulence is usually domi-
nated by a cascade of Alfvénic fluctuations and accompanied by
a passive cascade of density and magnetic-field-strength fluc-
tuations (Schekochihin et al. 2009). Under the assumption of
near incompressibility, it has been demonstrated that the fluc-
tuations of n and B are passively convected by the incompress-
ible velocity fluctuations, and exhibit nearly the same slope
(—5/3) of PSD (Dastgeer & Zank 2004). Observationally, the
PSDs of n and B fluctuations in the inertial range are found to
have a —5/3 spectral law for the low-speed flows, while they
reveal a flattening tail between 5 x 10~* and 2 x 10~ Hz for
the high-speed flows (Marsch & Tu 1990). A similar variation
of the spectral shape of the n PSD for various solar wind speeds
was confirmed again by Kellogg & Horbury (2005). However,
according to our knowledge, the simultaneous PSDs of n and B
extending from the inertial range into the dissipation range up
to 2.5 Hz have not yet been given before.

Our research is focused on the relation of the electron density
fluctuations and magnetic field fluctuations, trying to reveal
the possible PBSs at different scales in the solar wind. The
detailed spectra of the N, and B fluctuations are investigated
and compared with the power law predicted for a passive scalar
as well as the spectrum resulting from a superposition of active
field fluctuations. We use the Morlet wavelet cross-coherence
method (Grinsted et al. 2004) to study the cross-correlation
between the N. and B fluctuations at different timescales and
different moments in time. Accordingly, the time series obtained
for the compressive fluctuations show obvious anti-correlations
at different timescales. The probable physical origin of these
multi-scale possible PBSs is also discussed.

2. OBSERVATIONS
2.1. Data Processing Method

At first, we will explain how to derive electron number
density N, with high time resolution from the spacecraft
potential. The spacecraft potential is directly measured by the
EFW on board the Cluster satellite with a time resolution of
0.2 s (Pedersen et al. 2001, 2008). Among the instruments on
Cluster, PEACE (Plasma Electron And Current Experiment)
and WHISPER (Waves of High Frequency and Sounder for
Probing of Electron Density by Relaxation) could provide the
electron number density for each 4 s and 1.7 s, respectively. In
order to improve the time resolution of N, Pedersen et al. (2008)
and Kellogg & Horbury (2005) suggested a method to obtain
the electron number density (N.) from the spacecraft potential
(Vsp) measured by the EFW for each 0.2 s. The principle of
deriving N from Vj, is based on the balance between collected
electron current and photoelectron current. The relation between
Vip and N, can be well fitted by using a linear combination
of multiple exponential functions (Kellogg & Horbury 2005;
Pedersen et al. 2008). For our case in practice, we use the N,
data from WHISPER at a lower time resolution and the Vi,
data from EFW to establish the fitting function composed of
two exponential functions. Based on this fitting function, the N,
with a higher time resolution of 0.2 s is derived from the V, at
the same time resolution.
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As mentioned in Tjulin et al. (2005), the spin of spacecraft
would affect the time series as well as the power spectrum from
the EFW measurements. We applied a series of notch filters to
remove the effect of the spacecraft spin on the time series of N,.
Since we know the spin period of Cluster is 4 s, we set the notch
filters at the multiples of 0.25 Hz, from 0.25Hz to 2.5Hz. In
this way, no obvious spikes due to the spin effect will appear in
the corresponding PSD after notch filtering. In order to decrease
the random noise in the PSD, we applied the multitaper method
(Percival & Walden 1993; Eastwood et al. 2009) to depress the
random noise.

To study the correlation between N, and B, we introduce the
Morlet wavelet cross-coherence method, which was developed
by Grinsted et al. (2004). Since we need to discriminate the
positive correlation and negative correlation, we show the
spectrum of the cross coherence together with the spectrum
of the absolute phase angle.

2.2. Data Analysis

We choose a period of clean solar wind measured by the
Cluster C1 satellite from 22:30 to 23:30 on 2001 April 5, shown
in Figure 1. This period has been studied by Alexandrova et al.
(2008, 2009) to analyze magnetic field spectral in high frequency
based on the measurements of Spatio-Temporal Analysis of
Field Fluctuations—Search Coils (STAFF-SC). In this period
the ion gyro frequency in the plasma frame is 0.11 Hz. The
magnetic field strength as measured by Fluxgate Magnetometer
(FGM), with 0.2 s time resolution, stays around 7 nT, but
the component direction reversals occur several times in this
period. The ion number density measured by the Cluster Ion
Spectrometry Hot Ion Analyzer (CIS HIA) with small g in
solar wind mode (Réme et al. 2001) fluctuated between 2 and
5 cm™3. The time resolution of CIS is 4 s. The perpendicular ion
temperature measured by CIS fluctuates around 0.2 x 10° K. The
total pressure in Figure 1 only includes magnetic pressure and
ion perpendicular pressure, staying constantly around 0.025 nPa.
Since we note that the parallel ion temperature is not accurately
measured by CIS and the electron temperature measured by
PEACE having a data interval up to 160 s which should normally
be 4 s, we did not use them in our study. As a result, we cannot
obtain a convincing plasma pressure. Based on the incomplete
total pressure, we tend to classify the solar wind period we study
as possible pressure balance. The solar wind velocity is around
550kms~', nearly along the Sun—Earth radial direction.

First, we need to derive N, with a 0.2 s time resolution
from V,, (the spacecraft potential is given here in volt and
has negative values). The data of spacecraft potential we use
are the average value of the four probes on EFW, obtained
from the Cluster Active Archive Web site. The fitting function
between them for this special period is found to be N.(cm™3) =
22 exp(Vip/5.5)+0.05 exp( Vi, /30) based on the N, measured by
WHISPER. The electron number density calculated from EFW
is consistent with that measured by WHISPER, and is shown in
the upper panel of Figure 2.

Second, we applied the multitaper and notch filter method
(Eastwood et al. 2009) to obtain the corresponding power
spectrum of the electron number density from the inertial
range to the dissipation range. The Multitaper Fast Fourier
Transformation method yields a PSD with small noise level
at the higher frequency part. In order to analyze the spectrum as
a function of spatial scale in units of the ion gyro radius (p;), we
transfer the spectrum from the frequency domain into the kp;
domain, based on Taylor’s hypothesis. We calculate k = @/ vsy,
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Figure 1. Overview of the measurements from Cluster C1 satellite between
22:30 and 23:30 UT on 2001 April 5. The first four panels show the magnetic
field magnitude and the x, y, z components in Geocentric Solar Ecliptic (GSE)
coordinates. The subsequent panels give the ion number density, magnetic
pressure plus ion perpendicular pressure, ion temperature perpendicular to the
magnetic field, and the velocity components in GSE coordinates.

and p; = v;/Q¢;, in which the observed (in the satellite frame)
frequency w = 2 f is mainly due to the Doppler shift, and Q,; is
the ion cyclotron frequency and v; is its thermal speed. So in our
case, the calculated kp; value is proportional to this frequency
/- Besides, it should be mentioned that the PSD of the number
density fluctuation we calculated is normalized, which refers to
the fluctuations expressed as § N = (Ne — Ne.0)/ Ne o, in which
N, is the averaged value of the electron number density in the
studied time period.

2.3. Observation

In the time period we chose, we calculated the Alfvén
speed and the acoustic wave speed as V4 = B/+/4mp and
Cy, = JyZkT./m;, in which p is the ion density, y is the
adiabatic index set as 5/3, Z is the ion charge number, T is the
electron temperature, and m; is the ion mass. Since we find Vj
is similar to C, (about 90 km s—!), the solar wind in our case is a
compressible fluid. We investigate the relation of N, and B from
two aspects: one is their fluctuation spectra and the other is their
correlation coefficients.

In Figure 3, we plot the electron density spectrum of the
whole 1 hr period from 22:30 to 23:30 UT. It can be identified
that the slope of the spectrum is around —5/3, which is
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coincident with the results of Marsch & Tu (1990) in the low-
frequency range. Our work revealed the trend of spectrum to
higher frequency. Moreover, the spectrum of the magnetic-
field-magnitude fluctuations is calculated in the same way as
the electron density spectrum. The electron density spectrum
has a slope of —1.70 below kp; = 0.1, and is close to the
Kolmogorov’s —5/3 power law. In the range of 0.1 < kp; < 1,
the electron density spectrum experiences a relative flattening
with a slope of —1.27, similar to that found by Celnikier et al.
(1983, 1987), while the magnetic field spectrum does not show
obvious flattening. The uncertainty interval of the spectrum with
a 95% confidence level is shown in Figure 3. It is quite obvious
that the fluctuation spectra of N. and B are extremely similar,
which indicates the fluctuation amplitudes of N, and B change
similarly over the various spatial scales. The independence of
the amplitude ratio between N, and B on the value of kp; implies
that the fluctuations correspond to a set of structures convected
by the solar wind flow.

In Figure 4, we study the correlation between the time
variations of the electron number density and magnetic field
strength. In detail, we first calculate the wavelet cross coherence
of N. and B, using the wavelet transformation package from
Grinsted et al. (2004), and then compare the time variation
of N. and B. Figure 4(a) shows the wavelet cross-coherence
spectrum between N, and B with a period ranging from 10 to
1000 s and a time interval between 22:30 and 23:30 UT. The
left panel shows the spectrum of the coherence coefficient, with
its color bar ranging from O to 1 as blue to red, and the right
panel is the spectrum of the absolute coherence phase angle,
with its color bar ranging from O to 7w as blue to red. The
red-color region inside the black contour lines in the left panel
indicates where the cross-coherence coefficient is larger than
0.8. For easy comparison, these contours are repeated in the
right panel. The red-color region in the right panel indicates
where the cross-coherence absolute phase angle is close to
(i.e., 180°). By simultaneous inspection of both panels, we can
clearly identify that the red regions limited by the contours have
a phase angle of w or —m, which means that here the electron
density and magnetic field strength are strongly anti-correlated.
This negative correlation extends for large scales over the
whole time period considered in Figure 4(a), but it becomes
more intermittent and its duration shorter with decreasing time
period (from the bottom to top of the panel), thus indicating an
increasing number of PBSs as their timescales are reduced.

In addition, we cut out the spectrum with a period of less
than 10 s to meet the requirement of 95% confidence level for
correlation coefficient. Since we have 5 data points per second,
we will have 50 data points in 10 s. For the 50 data points,
the lowest value of the correlation coefficient to have a 95%
confidence level is 0.27. However, many of the coefficients in
the period lower than 10 s are less than 0.27. Thus, we suppose
it makes no sense to show the coherence spectrum for times
shorter than 10 s.

Figure 4(b) shows the time variation of N, and B within
the regions of the contours in Figure 4(a). The corresponding
correlation coefficient is marked in each panel. We list the time
series of N. and B with different anti-correlation timescales,
from 1 hr, 30 minutes, 10 minutes, 3 minutes to 20 s. In the
timescale of 1 hr, we find a clear anti-correlation between
the electron density and the magnetic field strength, with a
correlation coefficient of —0.78. For the timescale of 30 minutes,
between 23:00 and 23:30 UT, the time variations of N, and
B are also anti-correlated with a coefficient of —0.90. Next,
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filtering. Lower right: spectrum after notch filtering.
(A color version of this figure is available in the online journal.)
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the labels, which are close to —5/3.
(A color version of this figure is available in the online journal.)

we zoom in to a smaller timescale of 10 minutes. In the time
spans 22:50-23:00 UT and 23:00-23:10 UT we find the anti-
correlation to exist continuously, with the coefficients being
—0.81 and —0.90, respectively, coincident with the spectrum
in Figure 4(a). Even down to a 3 minute timescale, between
23:05 and 23:08 UT, we still find the nice anti-correlation
with a coefficient of —0.99. It should be mentioned that in
these above time periods, there were some data gaps caused
by measurement failures. We deleted these data gaps and

combined the rest of the data points to calculate the correlation
coefficients. Furthermore, for the 20 s scale, between 23:05:30
and 23:05:50 UT, without any data gap, N, and B are still
negatively correlated with a coefficient of —0.96. In this 20 s
period, the anti-correlation between N, and B could be identified
even on the 1 s scale. This high correlation coefficient means
that the possible pressure balance in this time period was mainly
produced by the fluctuations of N, and B. Kellogg & Horbury
(2005) found in many discrete cases that N, fluctuations in
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(A color version of this figure is available in the online journal.)

0.5 s scale are accompanied by opposite fluctuations of B in the
solar wind period they studied, and they supposed that might
be evidence of PBSs. However, they did not analyze the multi-
scale anti-correlation over the whole solar wind period. We not
only confirm the trend they found, but also observe the anti-
correlation between N. and B from second, minute to hour’s
scale in the whole period we study. Another thing we need to
mention is that due to the instrument sampling difference, there
is a 0.06 s time lag between N, and B.

Based on Figures 4(a) and (b), we find anti-correlation
between N, and B with different timescales from 10 to 10° s.
According to the anti-correlation between N. and B and the
incomplete total pressure shown in Figure 1, we suppose the
solar wind period we study is composed of possible PBSs over
multi scales. It probably means that the PBSs can also exist on
a small timescale and not only on large timescales in solar wind
turbulence, and the small PBSs may be embedded in the large

ones. These possible small-scale PBSs may be called mini PBSs
in the solar wind at 1 AU.

3. CONCLUSIONS

We applied the method from Pedersen et al. (2001, 2008)
and Kellogg & Horbury (2005) to derive the time series of the
electron number density and its power spectrum, which touches
the dissipation range at scales smaller than ion gyro scale. For the
first time, we find the anti-correlation between the fluctuations
of N, and B from their power spectra and their wavelet cross-
coherence spectra over a large range of scales from 1 hr down
to 10 s during the 1 hr interval we study.

We analyzed the relation between the fluctuations of N, and
B from their power spectra and their wavelet cross-coherence
spectra for timescales ranging from 1 hr down to 10 s.

Our work for the first time simultaneously offers the spectra
of the electron density and the magnetic field strength up
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to 2.5Hz from the in situ measurements made by Cluster,
finding these two spectra almost the same in shape and show
a Kolmogorov-like power law. This indicates that the relative
fluctuations of N, and B resemble each other, with a similar
fluctuation magnitude at the same frequency. There is no obvious
dependence of § N /8 B on the frequency in the whole frequency
range analyzed, a result which cannot be accounted for by
the waves with nonlinear dispersion relation over the wide
frequency range. A reasonable explanation seems to be multi-
scale structures convected by the solar wind. Goldreich &
Sridhar (1995) and Montgomery et al. (1987) indicated that
the magnetic pressure fluctuations can directly contribute to the
power spectrum of the density fluctuations, and as a result the
power spectrum of the density fluctuation would attain the same
shape as that of the magnetic field fluctuations.

Besides, the electron spectrum in our case has a flatter middle
part ranging from 0.1 to 1Hz. This phenomenon has been
observed by Celnikier et al. (1983) as well. And recent work
by Chandran et al. (2009) indicates that this spectrum flattening
may be contributed by kinetic Alfvén waves (KAWSs). Chandran
et al. (2009) showed that due to being affected by KAW the
Kolmogorov’s spectrum would be mixed with a compressional
KAW component having a slope of 1/3. Thus, the middle part of
the electron density spectrum is a mixture of spectra with slopes
of —5/3 and 1/3. However, we could not exclude the effect on
the spectrum from the spacecraft spin at the same time. Since we
have the —5/3 slope of both the electron density spectrum and
the magnetic field strength spectrum, we suppose that the solar
wind period we studied is still dominated by a passive cascade
in the solar wind turbulence.

Furthermore, we investigated the relation between N, and B
to seek for the possible existence of PBSs in the compressible
solar wind at 1 AU. We detected possible PBSs at different
timescales from the in situ observations, based on the anti-
correlation between N. and B inferred from both the time
series and the wavelet cross-coherence spectrum. The cross-
coherence spectrum shows an anti-correlation between them on
the timescales from 10 to 1000 s, which is in agreement with
previous work about the anti-correlation between N, and B in
the 1 hr scale (e.g., Bavassano et al. 2004). Differently from that
previous work, we find possible PBSs over large scales from
hour down to second in solar wind at 1 AU. Since the ion radius
pi is about 130 km and the smallest possible PBSs we observed
are about 500 km in extent, these possible PBSs are in size
rather close to the ion scale that limits the MHD range from
below.

There may be various explanations for the formation of these
small possible PBSs. According to Tu & Marsch (1995), the
large fluid-scale PBSs, whose duration is from hours to days,
within the inner heliosphere may originate from the Sun; they
were also called “spaghetti-like” (Mariani et al. 1973, 1983;
McCracken & Ness 1966; Neugebauer 1981) substructures. Yet
the possible PBSs, detected by our new observations of multi-
scale anti-correlation between N, and B, seem to be mini (kinetic
scale) pressure-balanced flux tubes. Previous observations only
yielded larger PBSs, which have a duration longer than 1 hr
and may originate from the magnetic network in the solar
atmosphere (Thieme et al. 1990), but here we probably observed
much smaller or even mini PBSs that have short periods from
minutes to seconds. Considering their extremely small sizes,
these pressure-balanced flux tubes may have their solar source
inside the magnetic granulation elements having a size smaller
than 70 km. But, this speculation needs confirmation from future
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higher-resolution observation of the solar atmosphere, as well
as from a study of the radial interplanetary evolution of the mini
flux tubes. On the other hand, the small possible PBSs may be
formed in situ and be driven by some waves or instabilities,
for example, by nonlinear Alfvén waves (Vasquez & Hollweg
1999), or by mirror instability. Another possible mechanism
producing the mini structures could be passive cascading of N,
and B, which is forced by the active cascading of the velocity
fluctuations in the solar wind turbulence. This could explain
the observed similarity of the two compressive fluctuation
spectra in Figure 3 as well, as they are driven by the same
mechanism.

The data in this work are from the Cluster Active Archive.
S.Y. thanks E. Lucek and the FGM team. The work done by
C.-Y. T. and S.Y. is supported by the National Natural Science
Foundation of China under contracts 40874090, 40931055, and
40890162.
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