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ABSTRACT

The formation of coherent structures in turbulence is a signature of a devel-
oping cascade and therefore might be observable by analysis of inner heliospheric
solar wind turbulence. To test this idea, data from the Helios 2 mission, for six
streams of solar wind at different heliocentric distances and of different veloc-
ities, is subject to statistical analysis using the Partial Variance of Increments
(PVI) approach. We see a clear increase of PVI distribution function vs solar
wind age for higher PVI cutoff, indicating development of non Gaussian coher-
ent structures. The plausibility of this interpretation is confirmed by a similar
behaviour observed in two dimensional magnetohydrodynamics simulation data
at corresponding dimensionless nonlinear times.

Subject headings: Magnetohydrodynamics (MHD)- solar wind - Turbulence

1. Introduction

The formation of coherent structures that are characterized by non Gaussian statistics
at small scales is a well known feature of fully developed turbulence, in both hydrodynamics
(Sreenivasan & Antonia 1997) and magnetohydrodynamics (MHD) (Biskamp & Miiller 2000).
Simulations indicate that these structures form rapidly in the development of a cascade, and
are driven by ideal nonlinear dynamics (Frisch et al. 1983; Wan et al. 2009). Here we explore
the dynamical development of solar wind turbulence observed in the inner heliosphere to
understand whether statistical signatures of the development of intermittency are present.
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To this end we will examine the radial development of statistical measures of non Gaussianity
using Helios 2 data, and compare the results with MHD simulation data designed to evolve
over a number of nonlinear timescales that is similar to estimates of the nonlinear aging in
the solar wind within the observed range of distances. Indeed the evidence will suggest that
there is comparable development of intermittency in the two cases.

The evolution of solar wind fluctuations in the inner heliosphere (within 1 AU = As-
tronomical Unit) is well documented (Bavassano et al. 1982; Tu et al. 1984; Bruno et al.
1985; Roberts et al. 1987; Tu 1988; Tu & Marsch 1995; Bruno & Carbone 2005) but due to
the complexity of the plasma physics involved and the variability of the solar sources, this
remains an active area of research. Inner heliospheric MHD scale velocity and magnetic field
fluctuations are broadband and at periods of less than a few hours are typically correlated
with one another in the sense of outward traveling Alfven waves (Belcher & Davis 1971).
A range of power law spectra is observed, with the low frequency cutoff migrating towards
lower frequencies with increasing distance (Bavassano et al. 1982). A familiar interpreta-
tion is that the presence of the observed power law “Kolmogorov” spectra is indicative of
dynamically generated local correlations and an active in situ turbulence cascade (Tu et al.
1984; Tu 1988). This conclusion is favored by the migration of the increase in scale of the
break-point, interpreted as further evidence of in situ nonlinear evolution (Tu et al. 1984;
Matthaeus & Goldstein 1986). In addition the correlation of velocity and magnetic field cor-
relations (“Alfvenicity”) decreases on average with increasing heliocentric distance (Bruno
et al. 1985; Roberts et al. 1987). The decrease in Alfvenicity can be similarly interpreted as
due to driving of the cascade by large scale shear, an effect also observed in turbulence sim-
ulations (Roberts et al. 1992). A two-component incompressible fluctuation model
also explain the observed decrease in Alfvenicity and the ratio between the ener-
gies of velocity and magnetic fluctuations (Tu & Marsch 1993). Other properties,
such as the degree of non-equipartition of velocity and magnetic field turbulence energy,
also evolve with increasing distance towards a state that appears to be more consistent with
fully developed turbulence (Marsch & Tu 1990). Concomitantly there is also an observed
heating (Coleman 1968; Tu 1988; Breech et al. 2008) that apparently is also consistent with
an explanation due to a turbulence cascade that leads to enhanced dissipation.

The various lines of reasoning alluded to above point to the presence of evolving MHD
scale turbulence in the inner heliosphere. The development of the spectral break between
f~'and f~°/3 frequency regions, and the evolution of the Alfven ratio and the cross helicity,
are some of the features that suggest the early stages of evolution of turbulence from an
initial highly Alfvenic state close to the sun.

There are, however, some aspects of the evolution of interplanetary plasma fluctuations
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that remain poorly understood, or are controversial.

A feature that is often studied but incompletely understood is the intermittency or
small scale non Gausssianity of turbulent fluctuations. It is well known from studies of
hydrodynamics and MHD that strong “fully developed” turbulence is characterized by the
appearance of small scale coherent structures that are responsible for the observed intermit-
tency of the small scale fluctuations (Sreenivasan & Antonia 1997; Anselmet et al. 1984).
These structures play a special and important role in turbulence theory because they are
sites of enhanced dissipation, and therefore their non Gaussian statistics are related to the
intermittent nonuniform distribution of the dissipation. The conjectured statistical rela-
tionship between the statistics of dissipation and the statistics of small scale fluctuations is
known as the Refined Similarity Hypothesis, which although unproven, provides theoreti-
cal underpinning to studies of multifractals and other scaling behavior. Such non Gaussian
distributions and characteristic scalings are also observed in MHD and in the solar wind
(Biskamp & Miiller 2000; Burlaga 1991; Marsch & Tu 1994; Carbone 1994; Horbury &
Balogh 1997; Sorriso-Valvo et al. 1999; Bruno & Carbone 2005). The observed scalings are
faithful enough to the standard expectations to bolster the view that the solar wind is an
intermittent turbulent medium, but is it an active turbulent medium?

One way to address this issue is to try to answer the following question: Do the statistical
signatures of coherent structures evolve with heliocentric distance in the inner heliosphere,
in analogy to the evolution of the break-point, the Alfvenicity and the Alfven ratio? Better
understanding of this issue may provide insight into the origin of solar wind fluctuations and
the relationship between the coronal and interplanetary plasmas, as we will discuss further
below. This is the question that we address in the present paper.

Before proceeding with our analysis it is important to recognize a related study by
Bruno et al. (2003), that investigated the radial evolution of magnetic field intermittency in
the inner heliosphere using Helios data. This has much in common with the study reported
below, but both the analysis approach and the theoretical perspective differ. Bruno et al.
(2003) examine the flatness, i.e. the normalized fourth order moment, of the probability
distribution functions. They found a different behavior for slow and fast wind intermittency.
Even though slow wind is more intermittent than fast wind, it does not show a strong radial
dependence, while fast wind intermittency clearly increases with heliocentric distance. The
same authors have interpreted this trend considering the different role played by coherent
advected structures and by propagating stochastic Alfvenic fluctuations in fast and slow wind
at different heliocentric distances. As a matter of fact, in fast wind the Alfvenic contribution,
which tends to decrease intermittency because of its stochastic nature, is depleted as the wind
expands. (We recall that this depletion of Alfvenicity has been attributed to turbulence
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(Roberts et al. 1992) as discussed above.) On the other hand, advected structures tend
to increase intermittency because of their coherent nature while their contribution becomes
more important with increasing heliocentric distance. Slow wind does not show the same
behavior since for this type of wind, Alfvenic fluctuations have a less dominant role.

The present results are consistent with Bruno et al. (2003). However the interpretation
will be somewhat different because we will attribute the differing behavior in various samples
of solar wind turbulence to the role played by the turbulence age (Matthaeus et al. 1998),
measured in characteristic nonlinear times. We discuss this further at the end of the paper.
We will also argue that both our results and those of Bruno et al. (2003) strongly favor the
interpretation that the solar wind MHD scale cascade is active and not passive as some-
times suggested (Borovsky 2008). The present results also raise some interesting questions
regarding the initial-boundary data for solar wind fluctuations.

Our approach in demonstrating these conclusions will consist of an observational com-
ponent in which we make use of a variation of the methods based on the moments of the
Probability Distribution Functions (PDFs) of magnetic increments. We make use of the
partial variance of increments method (PVI) (Greco et al. 2008). Instead of employing this
diagnostic only to identify events above a certain threshold, we introduce an alternative
strategy based on the computation of the cumulative probability of finding the PVT statis-
tics above a specified threshold. This can be interpreted as the fractional volume occupied by
quasi-discontinuous coherent structures. The higher the cumulative probability, the greater
is the density of strong discontinuities present. The second novel feature of this study is
that we also employ the same methodology to the analysis of MHD turbulence simulation
data. By comparing the evolution of cumulative PVI event probability in observations and
in simulations at similar estimated nonlinear times, we can evaluate the possibility that the
evolution of the intermittency is associated with aging of the turbulence.

Before presenting the main results in Section 3, in the next section will describe the
data analysis procedure and the MHD simulation. Section 4 will summarize the findings and
discuss implications for understanding the dynamics of solar wind turbulence in the inner
heliosphere.

2. Magnetic field data

The only available dataset that can address the questions raised above is data from the
Helios mission. The present data analysis is based on 6 s averages of magnetic field recorded
by the Rome/GSFC magnetometer on Helios 2 during its primary mission to the sun in 1976.
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The dataset consists of fast and slow solar wind time periods at different heliocentric dis-
tances. In particular, the fast solar wind intervals correspond to the same corotating stream
at three different heliocentric distances, during three successive solar rotations (Bavassano
et al. 1982). For each stream we selected a time interval within the trailing edge and a slow
wind interval ahead of it. The length of each period is about 2 days. Gaps found within
were linearly interpolated. However, gaps do not exceed 10% of each period. The selected
intervals, the relative average heliocentric distance and the average solar wind speed are
reported in Table 1.

Bavassano et al. (1982) computed the power spectra of the three fast streams we are
studying in this paper, showing that they are characterized by two distinct spectral slopes: an
approximately —1 range in the low frequencies and an approximately Kolmogorov-like —5/3
spectrum at higher frequencies. The two regimes are separated by a frequency “break point”
that moves to lower frequencies as the wind expands (Bavassano & Smith 1986; Klein et al.
1992; Bruno & Carbone 2005). The shift to lower frequencies, during the wind expansion, is
consistent with the growth of the correlation length observed in the inner heliosphere (Bruno
& Dobrowolny 1986) and the corresponding contraction of the 1/f range due to dynamical
generation of correlations (Matthaeus & Goldstein 1986). Slow wind power spectra, on the
contrary, are characterized by a single power law with a Kolmogorov-like slope covering the
whole frequency range at the three heliocentric distances considered here.

The behaviour of the power spectra, correlation lengths and intermittency of the mag-
netic field fluctuations have been confirmed by a recent study by D’Amicis et al. (2010) on
the radial evolution of turbulence of the same fast wind plasma sample observed at two he-
liocentric distances during a radial alignment occurred between Earth and Ulysses at the end
of August 2007. A familiar interpretation (e.g., Matthaeus & Goldstein (1986)) of this evolu-
tion is the growth of the correlation scale due to dynamical involvement of larger structures
that is expected in evolving turbulence. Conversely, the very low frequency 1/f spectrum, in
this interpretation, is viewed as generated in the subAlfvenic corona and thus representing
the time dependence of the sources of the solar wind.

3. Statistical Analysis

To identify coherent structures through rapid changes in the magnetic field components,
we examine the increments

Ab(s,As) = b(s + As) — b(s), (1)
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where b is the magnetic field vector. The 1D coordinate along the spacecraft trajectory is
s, which is a time coordinate. Using the Taylor hypothesis, the time signal is converted to
a spatial signal using the average velocity of the flow. The spatial separation or lag is As.

For this analysis we choose a time lag of 6 sec for the fast streams and of 12 sec for the
slow streams. These time lags are sufficiently small (consistently with the resolution of the
samples) to sample the very intermittent structures (almost at the end of the inertial range).

Employing only the sequence of magnetic increments, we compute the normalized mag-

nitude
|Ab(s, As)|

V{[Ab(s, As)[?)’

where (o) denotes a spatial average over the entire dataset (2 days), and As is the spatial

PVI =

(2)

lag in Eq. (1). 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.
The performance of the PVI to identify discontinuities has been shown to be comparable
to standard methods (e.g., Tsurutani & Smith (1979)) in both MHD simulations and solar
wind observations (Greco et al. 2008, 2009a). Note that by construction (PVI?) = 1, while
(PVI*) is related to the kurtosis of the magnetic field component increments. Furthermore,
the powers of (PVI) scale in a manner that are connected with familiar diagnostics of
intermittency (Horbury et al. 1997). An example of the PVI time series computed for 4 of
the six streams is shown Figure 1, where the sampling time ¢ is normalized to the correlation
time computed for each stream (see section 4 for a description of the computation
of the correlation times and Table 2 for their typical values). Here, we analyze the
statistical distribution of Eq. (2), computing the probability density functions (PDF's) for all
six streams, as displayed in Figure 2. All the PVI distributions have a probability density
that increases at smaller values towards an enhancement for the intermediate value bins, and
then drop for the largest value bins.

There are several features to be noted in the distributions of PVI. First, the slow streams
have a larger probability for high PVI values than do the fast streams. This means, in
the usual interpretation, that the slow wind is more intermittent (Bruno et al. 2003), in
that it contains a greater concentration of coherent structures. Moreover it is apparent, by
examination of the tails of the distributions in the inset of Figure 2, that slow wind does not
show a clear radial dependence, while fast wind does. This confirms the results of Bruno et
al. (2003) and also Tu et al. (1996); however in the following section we develop an alternative
interpretation.

To proceed with the analysis we further describe the nature and occurrence of the PVI
“events” that make up the tails of the PVI distributions. In particular, imposing a threshold
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0 on Eq. (2), a collection of these events, which are in effect, discontinuities, or coherent
structures, can be identified along the path in s. We select portions of the trajectory in
which the condition

PVI>0 (3)

is satisfied. To better understand the physical meaning of the threshold 6, we recall that the
probability distribution of the PVI statistic derived from a non Gaussian turbulent signal
is empirically found to strongly deviate from the PDF of PVI computed from a Gaussian
signal, for values of PVI greater than about 3 (Greco et al. 2008, 2009a). As PVI increases
to values of 4 or more, the recorded “events” are extremely likely to be associated with
coherent structures and therefore inconsistent with a signal having random phases. Thus,
as 6 is increased, stronger and more rare events are identified, associated with highly non
Gaussian coherent structures.

A previous analysis of solar wind ACE data (Greco et al. 2009b) has verified that power
laws describe the distribution of waiting times (inter-arrival times) (WTs) between PVI
events, for periods up to 1000 — 3000 s (~ 50 min), which is of the order of the correlation
time of magnetic fluctuations in the solar wind. The scaling exponent inferred from a linear
fit was —1.23. Here, we computed the distribution of WTs for the slow stream at 0.9 AU. As
in previous works, the distribution shown in Figure 3 is well fit by a power law for periods
up to ~ 1000 — 3000 s. Here, the scaling exponent inferred from a linear fit, is —2.3.

The difference between the values of the two power law indexes maybe due to the fact
that for Helios we considered slow wind at 0.9 AU and time separation of 12 sec. For
ACE it was "mixed” wind at 1 AU and the time separation was 4 min. Indeed when we
considered different time separations for PVI (e.g. up to 10 min), we got shallower indexes
for PDF(WTSs) (not shown). This is very interesting, but indeed represents a separate study.

Previously, some authors (Carbone et al. 2003), using the same stream, have shown
a very similar power law for events identified with somewhat different methods, extending
in the same range of time separations, with a scaling exponent of —2.18. In that case,
the presence of those structures has been evidenced by using a wavelet procedure (Veltri &
Mangeney 1999; Bruno et al. 2001).

4. Intermittent properties vs the solar wind age

MHD scale fluctuations have been seen at all distances at which spacecraft have vis-
ited. Therefore a reasonable supposition is that these fluctuations at least in part originate
lower in the solar atmosphere, entering the super-Alfvenic wind in the trans-Alfvenic critical
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region (probably) near 15-25 R,. Along with subsequent expansion and evolution (Tu et
al. 1984), the fluctuations are most likely also driven, in the inner heliosphere, by shear at
stream interfaces (Roberts et al. 1992; Zank et al. 1996) and by other transients. Transport
theories that incorporate these ongoing dynamical effects have been reasonably successful in
explaining observations ranging from Helios in the inner heliosphere, to Voyager and Pioneer
beyond 50 AU (Tu 1988; Smith et al. 2001; Breech et al. 2008). One of the lessons learned by
this kind of studies is that the fast wind “ages” more slowly with heliocentric distance due
to smaller convection times (Matthaeus et al. 1998); nevertheless the same basic physics op-
erates in both fast and slow winds, although with apparently differing initial /boundary data
and with somewhat different sets of parameters (Matthaeus et al. 2004; Breech et al. 2005,
2008; Ng et al. 2010). Given this background it seems reasonable to examine whether the
intermittency properties observed in solar wind turbulence are also developing dynamically,
along with energy densities, cross helicities, correlation lengths and other parameters that
are apparently developing and aging with intrinsic turbulence and expansion timescales.

In this regard, using the heliocentric distance R and the average bulk speed U shown
in the second and third columns of Table 1, we calculate for the six streams analyzed here
the estimated convective “age” t.,n, = R/U. This very elementary solar wind age, in terms
of clock time since leaving the sun, is displayed in the fourth column of the same table. We
note that the ages differ by up to factor of five, so there is ample possibility that dynamical
aging may influence the intermittency properties as seen in the PVI distributions in Figure
2.

At this point, it is interesting to see if the tails of the PVI distributions, shown in Figure
2 develop systematically with increasing heliocentric distance in the Helios 2 observations.
We calculated PVI distribution function integrated over all values > 6, that is the total
probability that a signal is observed at any value greater than the cutoff. The time history
of this quantity is displayed in Figure 4, with 6§ = 3,4, 5,6.

The plots, especially for higher cutoff, shows a clear trend upwards with age. This may
indicate that the turbulence is developing stronger intermittent events as the wind ages while
propagating away from the Sun.

5. Simulation

The convection time and Alfven crossing times are both reasonable time units for solar
wind evolution, although they measure different effects. Still other possibilities exist, such
as the “collisional age” that appears to order the development and saturation of kinetic



-9 —

effects (Kasper et al. 2008). In spite of their distinct physical origins, these time scales do
not evolve very differently within the range of Helios orbits, and so it may be a matter of
some subtlety to distinguish their relative prominence. Physical reasoning provides guidance
in suggesting for example that evolution of large structures is most sensitive to expansion,
while distribution functions have a greater sensitivity to collisional aging. Similarly, it is
reasonable to suppose that the turbulence dynamics itself, already known to explain many
features of the evolution of the fluctuations at the MHD scales (< 0.01 AU), are likely to
be responsible for dynamical changes in the degree of intermittency. A straightforward way
to examine the plausibility of this is to examine whether turbulence observed in numerical
simulations exhibits development of intermittency in a similar way to what is seen in the
above solar wind observations.

To this end, we examined data from an MHD turbulence simulation that starts with
random phases and therefore initially lacks non Gaussian inertial range coherent structures.
Following this evolution, we examined the time history of the same quantities that we have
calculated above.

In particular, the simulation solves the 2D incompressible MHD equations
written in terms of the magnetic potential a(z,y) and a single component of vor-
ticity w(z,y), with uniform mass density p = 1. The velocity field v is solenoidal,
V -v =0, the magnetic field is b=Va x 2z, and the the electric current density is
j=—V?2a. The velocity v=V¢ x 2 can be written in terms of a stream function
¢, related to the vorticity by w = —V?2¢. The equations are written in familiar
Alfven units with lengths scaled to Ly, a typical large scale length. All quanti-
ties are in a set of dimensionless units defined by scaling velocities and magnetic
fields to the root mean square Alfven speed C,, while time is scaled to Ly/Ca.
The constant coefficients 1, and R, are reciprocals of kinematic viscosity and
resistivity, respectively, and represent magnetic and kinetic Reynolds numbers
at scale Ly (for more details, see Servidio et al. (2010)). The equations are solved
in doubly periodic (z, y) Cartesian geometry in a box of side 27 Ly. In this work
we show results from a run with 4096° grid points and R, = R, = 1700. In the
Fourier pseudospectral representation, the fluctuations are confined initially in
the shell 4 < k£ < 10, where the wavenumber £ is in units of 1/L,. Mean values
such as energy per unit mass, F = 1/2(|v|? + |b|?), 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 equipartitioned. With the above parameters,
the turbulence correlation length is A\c = 1.8 x 107!, and the dissipation length is
Ay = 4.6 x 1073,
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The peak of the turbulent activity and of the mean square current density is around
t = 0.4—0.5. 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.
The dynamics is such that between the islands the perpendicular (out-of-plane) component
of the electric current density 7 becomes very large. These often very thin current structures
are the small scale dynamically produced magnetic structures that are characteristic of 2D
MHD (these are generally not present in random-phase initial data).

To simulate a data set that is analogous to the spacecraft measurements of the magnetic
field along a selected trajectory, we adopt the same technique used by Greco et al. (2008),
but here arranged for the 2D case. We interpolate the data along the selected path through
the simulation box, and on these data we compute the PVI series from Eq. 2. This permits
identification of the current sheets or discontinuities using the PVI method in Eq. 3.

Figure 5 shows PVI series for 4 snapshots of the simulation. Time t is just the “simula-
tion time”, computed as Ly/V4, where V4 ~ 1 is the Alfven speed (B,.,s is about 1). Here,
we choose the increment lag to be As = 0.425 x 1072\, which is, as in the solar wind case,
of the same order of \;. From the figure, it is apparent that the PVI time series become more
bursty as time passes, up to t = 0.4 — 0.5, suggesting the presence of sharp gradients in the
magnetic field, and localized coherent structures that represent the spatial intermittency of
turbulence (Matthaeus & Montgomery 1980; Carbone et al. 1990). Since this is a decaying
run, the turbulence amplitude decreases about 40% of what it was initially. Indeed the plot
on the bottom shows smaller peaks than the previous times.

The same analysis that was carried out for the solar wind data is also carried out for
the simulation data: for several choices of thresholds PV I > 60, the fraction of the PVI
distribution falling above the threshold € is computed.

6. Comparison between solar wind and simulation data

At this point we examine whether turbulence observed in numerical simulations exhibits
development of intermittency in a similar way to what is seen in the above solar wind
observations. To provide potentially more meaningful comparisons between solar wind and
simulation cases, we need to normalized the time of the simulation and the age of solar
wind to a suitable time that quantifies the strength of turbulence in both cases. Thus, if
we consider the solar wind and an MHD turbulence simulation as different samples of a
decaying homogeneous turbulence, we looks at the two systems when the same fraction of
initial energy remains. Such turbulence is of equal “age”. This convention is familiar in



- 11 —

numerical simulations when comparing undriven dissipative runs having different Reynolds
numbers.

The solar wind age at the position r and relative to a reference position r,

has been defined in section 4 as the convective time
" dr
t(r) = —, 4
(r) T (4)

where U is the constant convection velocity.

As in Matthaeus et al. (1998) the strength of turbulence can be quantified
by the identification of a rate of turbulent evolution. This provides a natural
definition of “aging” of the turbulence. A natural clock to measure this “aging”
could be the timescale associated with the energy decay in homogeneous MHD
turbulence. In the Karman-Taylor approach for modeling the evolution of solar
wind turbulence (Matthaeus et al. 1998), the decay timescale becomes the “eddy
turnover” time or non-linear time ty; = A\¢/Z, where )¢ is the correlation scale
of the turbulence and Z? = v?>+0? (u and b are the velocity and magnetic fluctua-
tions, respectively), is the Elsasser amplitude associated with the incompressible
turbulent energy (in the case of low or zero cross helicity). In this part of the
analysis, 81 sec averages of magnetic field and velocity have been used.

By adopting the above model for the energy decay, the solar wind age (4),
in term of non-linear times ¢y, (namely the dimensionless age), is

"dr Z(r)

)= [ G @
o U Ac(r)

Thus, if the spatial variation of the correlation scale and the turbulent energy

density is known, the dynamical age of the turbulence can be directly calculated.

Here we employ the Karman-Taylor approach for modeling the evolution of \¢
and Z (Matthaeus et al. 1998), obtaining the scalings \¢(r) ~ /(r) and Z%(r) ~ 1/r
(Matthaeus et al. 1998). Then, the corresponding MHD timescale, in case of
zero cross helicity, is ty.(r) = A\c(r)/Z(r) ~ r. However, this simplification is well
satisfied beyond few Astronomical Units (AU), but it is not a reasonable simpli-
fication at distances less than 1 AU from the sun (Tu et al. 1989). Matthaeus et
al. (2004) have shown that for nonzero cross helicity 0., along with the equations
for the evolution of A\ and Z, a third simplified equation for 0. can be written,
which causes a reduction in the effective decay of the above quantities by a fac-
tor f. In turn, the nonlinear time becomes ty.(r) = fAc(r)/Z(r), where f is a

1/2
function of o, and it is defined as % [(1 +0.)"? 4+ (1—0.)"?|. The factor f is

a decaying function for o. > 0, and, clearly, if 0. =0 f = 1.
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Therefore, after integrating (5), the age in nonlinear times observed at po-
sition R is ron(R). R
7(R) = 22 1n — | 6
(R) (B (6)

where t.,,(R) = R/U.

These forms of the correlation scales and turbulent amplitudes, which come from a sim-
ple decaying homogeneous turbulence phenomenology (Matthaeus et al. 1998), are supposed
to be an approximation to how they behaves if we could follow a stream’s evolution, which we
cannot do without multiple spacecraft. An alternative phenomenology for turbulent decay
(e.g. Dobrowonly et al. (1980)) leads to results which can be readily obtained.

From Helios 2 data, we get the values of A\¢ and Z at each observation point, R =
0.29,0.34,0.65,0.69,0.88,0.9 AU, for each stream considered.

For the computation of the correlation scale, we used that associated with the 6 s normal
component of magnetic fluctuations, because it is less sensitive to sampling of the reversals
of the Parker spiral. We approximate Ao as the distance over which the autocorrelation
function falls to 1/e of its peak value at zero separation.

One way for calculating correlation scales could be that described in Matthaeus et al.
(1986) in which the original data set is divided in sub-intervals. The sole condition for
including each subinterval in the averages is the degree to which it represents a weakly time-
stationary process. Statistical quantities as means, variances, correlation scales are obtained
as ensemble averages. Effectively we get the correlation times from the autocorrelation
functions. Frozen-in flow is used to convert correlation times to correlation lengths A¢
using the mean solar wind speed in the subintervals. The typical values of correlation
times we get, appear to be compatible with those reported for the magnetic
field by various authors, including Matthaeus & Goldstein (1982) and Bruno &
Dobrowolny (1986)

For this analysis, the magnetic fluctuations are computed using 2 — 3 correlation times,
and averaging the results over 2 days periods. We choose the reference position r( as the inner
boundary of the observations, namely around 0.29 AU (Matthaeus et al. 1998, 2004). Table
2 summarizes the correlation times, the turbulence amplitudes Z (computed
from 81 s magnetic and velocity field data), cross helicity o. (computed from 81
s magnetic and velocity field data), the factor f, the non-linear time ¢y, and the
dimensionless age 7 for each sample.
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In the simulation case, equation 5 becomes

= [ 0 )

o tNL(tl)
where t' is the age and we do not need to know the spatial variation of the correlation
scale and the turbulent energy density. In Figure 6 the turbulence amplitude Z (in Alfven
unit), the correlation length A¢ (in box unit), the nonlinear time ¢y, (in ¢ unit) and the
dimensionless age 7 are shown as a function of the simulation time ¢. This is a decaying run,
so the energy is low by the end of the run, and the turbulence amplitude Z decreases about
40% of what it was initially.

The time history of the PVI fraction lying above 6 for the Helios 2 data case, and the
simulation data case, are displayed in Figure 7, for thresholds 0 = 3,4,5,6. This plot shows
a very strong similarity in the behavior of the PVI from Helios 2 and simulation data. In
particular, the graphs corresponding to the same 6 have the same trend. For example, those
corresponding to “PVI> 3” do not show large variations with 7. On the contrary, the plots
corresponding to “PVI> 6” display a rich behaviour in function of the dimensionless age.
Clearly, we have much less points in the solar wind data set, but from the comparison with
the simulation case, we can extrapolate the behaviour of the solar wind and say that the
likelihood of finding coherent structures increases substantially up to 3 — 4 nonlinear times,
then we can observe a sort of decrease and then a saturation (XXXXXXX). In any case,
a clear development of intermittency is present as the turbulence ages.

7. Discussion and Conclusions

The purpose here has been to quantitatively evaluate the development of intermittency
of the magnetic field fluctuations in the solar wind. In order to find a sensitive discriminator
of this dynamical effect, we depart only slightly from usual intermittency measures. Integra-
tion of the cumulative probability of all values of the PVI statistic above a given threshold is
a way to measure directly the population of vector increment values that are responsible for
elevated values of higher order moments. Adopting this approach, we examined the associ-
ated weight P(PV'I > 0) as a function of time, which provides a measure of the initial onset
of intermittency in a simulation that begins from Gaussian fields containing no coherent
structures. Here we have seen that this development of intermittency in simulation is very
similar to that in P(PV'] > 0) obtained from the analysis of Helios data in several streams
over a range of heliocentric distances, and with varying solar wind speeds.

These results provide insight into how intermittency appears in solar wind fluctuations.
First, the similarity of the initial increase and the subsequent variations in high PVI values
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in time in both solar wind and simulation data suggests that intermittency is formed in the
solar wind through active in situ dynamics. Second, this observation provides still another
indication that the solar wind is an example of such an active turbulent medium, and is not
purely passive as has been sometime suggested. In particular, the present view is that the
coherent structures are not passively advected but are themselves an integral part of the
turbulent cascade. Finally, the similarity of the development of high PVI events in the solar
wind and simulation offers the suggestion that the sources of the solar wind, perhaps near
the Alfvenic critical region, may be incoherent. On the other hand, it would be difficult
to imagine that the turbulence and structures seen in the lower corona are Gaussian and
incoherent. Instead lower coronal turbulence appears to be highly intermittent (Dmitruk et
al. 1998; Rappazzo et al. 2010). Therefore the present suggestion is that the way in which
the solar wind is processed through the trans-Alfvenic region acts to destroy coherence,
which then is dynamically built up again through nonlinear interactions in the super-Alfvenic
wind. The latter point is more conjectural however and any such determination will await
exploratory missions such as Solar Orbiter and Solar Probe.

This research supported in part by the NASA Heliophysics Theory Program (NNX08AI47G),
the NSF SHINE program (ATM-0752135), and the Solar Probe ISIS Theory and Modeling
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Fig. 1.— Time series of PVI computed for some of the six streams from solar wind. Time is
normalized to the correlation time. Here we show only a fraction of the whole time interval.
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Fig. 2.— PDFs of PVI magnitude for all the six streams in solar wind. Red lines refer to
slow wind streams and blue lines to fast slow streams. The inset show sa blow-up in the
range of PVI values larger than 3, in order to better examine the tails of the distributions.
The error bars are of the same order of the point thickness. (A color version of this
figure is available in the online journal).
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Fig. 3.— Distributions of waiting times between discontinuities detected in slow solar wind
(squares) by Helios 2 at R = 0.9 AU. The line is the power law fit az~". The value of the
scaling exponent is b = 2.3 £0.1.

S

g B \77\'\"'—\./—7 ”/liiiil e |

= 41

3

& . - -

8 -

® ] ]

g 01

= PVI>3 —m—
PVI>4
PVI>5 B
PVI>6 =

15 0t (h) 60
Fig. 4.— PVI distribution functions integrated over

all

values

> 0

3 (red),4 (green),5 (blue), 6 (magenta) vs the convective age of solar wind. The error
bars are of the same order of the point thickness. (A color version of this figure is
available in the online journal).



- 20 —

10 ‘ ‘
8L PVI SIM t=01 —— A
or ]
5k i ssohoens o, oboch holih st ol o Lol o 3
20 ‘ ‘

15 | PV SIM t=04 — |
10 f .
g mml]l.\ullnl i .Jdl‘ \ Jllu,l“mud‘um [ ALJ.}EAL.LJ Jis Li
25 ‘ ‘

20 b PVI SIM t=05 ——
7 { )
(5) :LL Lall o 11[ e bbbl w i Lu Lﬁl .l il l n
20 T T

15 | PVISIMt=L ——
10 f .
5 .
0 |8, AT RSN W

100 150 200 250 300
I,

Fig. 5.— PVI series computed for 4 instants from the 2D simulation. Space is normalized
to the correlation scale \¢ = 1.8 x 107,
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Table 1: Selected time intervals for Helios 2. Time interval, heliocentric distance R,
average solar wind speed U, the solar wind convective age t.,,, and number of
analyzed data points are shown from left to right.

time interval R U teons No. of points

[ddd:hh - ddd:hh] [AU] [km/s]  [h]

49:14 - 51:14 0.88 643 57 28800
75:12 - 77:12 0.65 630 43 28800
105:12 - 107:12  0.29 729  16.6 28800

46:00 - 48:00 0.90 433 86.6 28794
72:00 - 74:00 0.69 412  70.8 27943
99:12 - 101:12 034 405 309 28800
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Table 2: The solar wind convective age t.ny, correlation times, turbulence amplitudes Z,
cross helicity o., f, the non-linear times ¢y, and the dimensionless ages 7 of analyzed data
set are shown from left to right.

teony cCOrrelation time 7 O f tNT T
[h] [s] [km /s] [s]
57 780 36 0.76 0.6 8346 27
43 440 38 0.82 0.51 3708 33
16.6 205 72 0.84 0.48 996 0.6
86.6 1960 23 0.2 097 35875 9.6
70.8 15990 30 0.42 0.885 197157 1.09

30.9 1515 36 037 09 15377 1.3




