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Abstract. Since the early 90s it was shown that Probabil-
ity Distribution Functions (PDFs) of small scale differences
(fluctuations) of several quantities in space plasmas display
significant departures from Gaussianity. The non-Gaussian
shape of PDFs was ascribed to intermittency and discussed
in the framework of intermittent MHD turbulence. Here, we
put the attention to the PDF of magnetic field intensity in-
stead of its differences showing how the PDF of such quan-
tity in a quiet solar wind can be related with the occurrence
of heterogeneity. In detail, we derive the shape of the PDFs
by simple statistical considerations based on the concept of
subordinationin probability theory. An interpretation and a
discussion in terms of existing coherent magnetic structures
in a mechanical near-equilibrium state are also presented.

1 Introduction

In the last 20 years we experienced changes in the approach
to the study of solar-system space plasmas. Several novel
concepts dealing with the evolution of nonlinear, turbulent
and complex systems have been introduced to explain the
dynamics of space plasmas on both global and small scales.
The principal merit of such novel approaches has been to
underline the relevance of stochastic fluctuations and coher-
ent structures in the dynamics of solar-system plasmas (see
Tetrault, 1992a, 1992b; Chang, 1992, 1999; Klimas et al.,
1996; Chang et al., 2004; Zelenyi and Milovanov, 2004;
Bruno and Carbone, 2005).

One of the most peculiar features of magnetospheric
and interplanetary space plasmas is the non-Gaussian and
leptokurtic shape of the Probability Distribution Functions
(PDFs) of the small scale fluctuations of several quantities,
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where the term ”fluctuation” generally refers to temporal
and/or spatial differences of the observed quantities. For ex-
ample, since the first half of 90 s (Marsch and Tu, 1994) it
is well-known that magnetic field and velocity fluctuations
in the solar-wind are characterized by non-Gaussian PDFs at
small-scales, approaching to Gaussian distributions at larger
scales. Similar non-Gaussian distibutions have been detected
in the magnetospheric regions (see for example Angelopou-
los et al., 1999; Weygand et al., 2005; Vörös et al., 2005).
This feature is generally ascribed to the occurrence ofin-
termittencyin a turbulent medium (Frisch, 1995) and dis-
cussed in the framework of MHD turbulence (see Bruno and
Carbone, 2005). As a matter of fact, intermittency phe-
nomenon, which, nowadays, is a central issue in hydrody-
namic and magnetohydrodynamic turbulence studies, man-
ifests in a statistics dominated by very large fluctuations,
sparsely distributed in space. From a physical point of view,
intermittency refers to the existence of anomalous dimen-
sions in the sense of critical phenomena and/or quantum field
theory that emerges from the growing of the fluctuations in
the course of the cascading process. As a result intermittency
manifests in a nonuniformity of the spatial distribution of dis-
sipative structures in turbulent systems, in a departure from
Gaussian statistics in the course of the cascading process and
may be described in terms of a multifractal cascading process
(see Parisi and Frisch, 1985; Frisch, 1995; Biskamp, 1993;
Sorriso-Valvo et al., 2001).

Due to the ubiquitousness of non-Gaussian distributions
in many physical scenarios several models have been pro-
posed. This is particularly true in the framework of hydro-
dynamic and magnetohydrodynamic turbulence, where dif-
ferent approaches have been proposed to understand the lep-
tokurtic nature of small-scale PDFs (Castaing et al., 1990;
Frisch and Sornette, 1997; Beck and Cohen, 2003; Leub-
ner and V̈orös, 2005a, b). These different approaches move
from different physical and statistical assumptions: the com-
position law (Castaing et al., 1990; Beck and Cohen, 2003;
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Jung and Swinney, 2005), the Tsallis’ statistics (Leubner and
Vörös, 2005a, b) and the Extreme Deviation Theory (Frisch
and Sornette, 1997). For example, the widely used model
(Castaing et al., 1990) is derived from the assumption that the
PDF of the velocity flucluationsδvr at the separation scaler
can be written as a convolution of a Gaussian distribution
PG(δvr | σ) with a weight functionGλ(σ ) representing the
statistical weight of the Gaussian PDF characterized by the
standard deviationσ , i.e.

Pλ(δvr) =

∫
Gλ(σ )P (δvr | σ)dσ (1)

whereλ is a parameter related to the width ofGλ(σ ). A
similar approach is used in the case ofsuperstatistics(Beck
and Cohen, 2003).

Although the departure from Gaussian distributions in
space plasmas is generally interpreted as the signature of in-
termittent MHD turbulence, since the mid-90s it was pro-
posed that the existence of coherent magnetic and/or plasma
structures might play a relevant role. For example, Tu and
Marsch (1993, 1995) proposed that the understanding of
some observed features of solar wind required a scenario
involving a mixture of stochastic fluctuations and coherent
advected structures. More recently, Chang et al. (2004)
have shown that large-amplitude fluctuations, responsible
for non-Gaussian statistics, are related to the existence
of coarse-grained multiscale coherent structures(Chang,
1999), emerging from the cross-scale coupling of stochastic
fluctuations, as it has also been validated by numerical 2D-
MHD simulations (Wu and Chang, 2000; Chang et al., 2004).
In several space-plasma scenarios (solar-wind, Earth’s mag-
netotail plasma sheet, etc.) such coherent structures can take
the shape of flux tubes, recalling the interpretation of the in-
terplanetary observations given by several authors (Ness et
al., 1966; McCracken and Ness, 1966; Mariani et al., 1973;
Tu and Marsch, 1990, 1993; Bruno et al., 2001; Borovsky,
2008). Furthermore, the existence of coarse-grained multi-
scale coherent structures necessarily involves the emergence
of long-range correlations. Indeed, the appearance of coher-
ent structures in a physical system is equivalent to the appear-
ance of a certain degree ofordering, and thus according to
Nicolis and Prigogine (1977) we can say that we are in pres-
ence of a phenomenon of “ordering through correlations”.
Recently Milovanov and Zelenyi (2000), discussing the rela-
tionship between “coarse-grained” systems and “kappa” dis-
tribution functions, have argued that theordering through
correlationscan involve a “coarse-grained” topology of the
system, and that this may be related with the emergence of
a non-Gaussian statistics. From the aforementioned points it
turns out that “coarse-grained” stochasticity may play a rele-
vant role in space plasmas.

This paper is intended to focus the attention on the statis-
tics of the magnetic field intensity at short time-scale and to
discuss the observed departure from Gaussian/Maxwellian
distribution function in terms of “coarse-grained” magnetic

structures. In detail, we will show how the statistics of mag-
netic field intensity is in agreement with a simple probabilis-
tic model based on subordination method (Feller, 1971) and
involving rare event statistics.

The paper is organized as follows: Sect. 2 introduces a
probabilistic model for heterogeneous systems and some ba-
sic concepts dealing with statistical subordination; Sect. 3
shows a comparison between the proposed model and obser-
vations of interplanetary magnetic field intensity in a long-
standing slow solar-wind period; in Sect. 4 we trace out our
conclusions.

2 Heterogeneity and rare event statistics

As well documented by the existing literature (see previous
Section) one of the most interesting features of the space
plasma media is the small scale heterogeneity of several
quantities. A possible way to approach the observed hetero-
geneity is to model the statistical features of some quanti-
ties by randomizing the associated control parameters. Then
following thesubordination/directing process(Feller, 1971;
Lavenda, 1995a), a novel distribution function for the ob-
servables and its small scale increments can be introduced.
Moving from a n-dimensional Maxwell distribution the sub-
ordination/directing method has been already applied by one
of us (Consolini, 2007) to attempt a description of the non-
Gaussian statistics of the small-scale temporal differences of
magnetic field fluctuations as observed in the magnetotail re-
gions. In what follows, we apply the above technique to rare
event distribution functions, getting different shapes of the
subordinate distributions. Anyway, we start by introducing
the method (see Feller, 1971; Lavenda, 1995a).

Let us start by considering a random variablex relative to
a stochastic Markov process (the reader may think about a
Brownian diffusing particle), and distributed according to a
Gaussian distribution:

ϕ(x; s0) =
1

√
2πs0

e−x
2/2s0, (2)

wheres0 is a parameter. The probability distribution (2) can
be thought as a conditional probability,ϕ(x; s0)≡ϕ(x | s0),
where the parameters0 plays the role of a condition. Starting
from the above distribution for thex variate we look for the
distribution of the parameters at which the stochastic process
attains a valuex0 of the variate. That can be obtained by
applying the following transform introduced by Lévy, (see
e.g. Lavenda, 1995a)

x = x0

√
s0

s
(3)

wheres0 andx0 are two characteristic values. Applying the
Lévy transform(3), the Gaussian distribution (2) is converted
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Fig. 1. The generalized Weibull distribution forθ=1,β=2 and dif-
ferent values ofα.

into the strictly stable Ĺevy distribution with characteristic
exponentα=1/2, i.e.

ϕ(s | x0) =
x0

s

√
1

2πs
e−x

2
0/2s . (4)

Consequently, the application of the Lévy transform is equiv-
alent to arandomizationprocedure of the parameters.

Moving from the distribution for the parameters it is pos-
sible to construct a novel Markov process by applying the
directing process(Feller, 1971), characterized by the density
distribution (4). Thus, for the novel Markov process we can
write the following expression

ϕ(x | x0) =

∫
∞

0
ϕ(x | s)ϕ(s | x0)ds (5)

where it has been assumeds=s0. For x variate, described
above, one obtains

ϕ(x | x0) =
1

π

x0

x2 + x2
0

(6)

which is the well knownCauchydistribution, and where the
x0 parameter plays the role of a characteristic value for thex

variate.
As a result of this procedure, it follows that the Cauchy

density distribution is subordinated to the Gaussian one by
randomizing the parameters0. This is exactly the meaning of
subordinationin probability theory. Furthermore, as clearly
shown in Lavenda’s book (1995a) thesubordinationmethod
can be successfully applied to derive the probability distri-
bution of one component of a composite system (see also
Lavenda, 1995b).

Actually, in many physical systems the distribution func-
tions of several physical quantities do not follow a simple
Gaussian (Maxwellian) distribution, showing for instance
power-law tails. This is particularly true in the case of com-
plex systems and for global observables in correlated sys-

tems. For such classes of physical systems the distribu-
tion functions of the fluctuations of observables are gener-
ally characterized by an asymmetric shape, with an expo-
nential/power law tail on one side and a rapid fall-off on the
other side (Chapman et al., 2002; Sornette, 2003; Bertin and
Clusel, 2006). One way to model the observed distributions
is to considered the class of distributions for extreme values
(Sornette, 2003; Gumbel, 2004), such as the so-calledex-
treme value generalized distributions, introduced by Bertin
and Clusel (2006) to model the sum of correlated variables.
In particular, we start from the case ofgeneralized Weibull
distribution (Bertin and Clusel, 2006), which is valid in the
case of sum of correlated variables characterized by an upper
bound:

ϕ(x | θ, α, β) = β
αα

0(α)

xαβ−1

θαβ
exp

(
−α

(x
θ

)β)
(7)

wherex∈[0,∞), α and β∈R+, and θ is a scale parame-
ter. The parameterα quantifies the degree of correlation
(i.e. the deviation from Central Limit Theorem) in the sum
of the random variables generating the limiting distribu-
tion ϕ(x | θ, α, β), and α→1 for highly correlated sys-
tems/signals (Bertin and Clusel, 2006). Figure 1 shows an
example of this distribution forθ=1, β=2 and differentα
values.

Considering the generalized Weibull distribution
(see Eq. 7) and applying the above described subordi-
nation/directing process we can construct a novel Markov
process characterized by a probability density function
(PDF) which assumes the following functional form:

5(x | x0, α, β) = β
0(2α)

02(α)

x
αβ

0 xαβ−1(
x
β

0 + xβ
)2α

. (8)

This new probability density function is characterized by an
asymmetric shape with power-law tails decaying asxαβ−1

(x−αβ−1) on left- (right-) hand tail. Figure 2 shows a com-
parison between the generalized Weibull distributionϕ(x |

θ, α, β) and the one5(x | x0, α, β) obtained by randomiz-
ing theθ parameter for(α, β)=(1,2).

The novel PDF, which we call therandomized Weibullfor
convenience, is characterized by the following first two mo-
ments:

〈x〉 = x0

0
(
α −

1
β

)
0
(
α +

1
β

)
02(α)

, (9)

〈x2
〉 = x2

0

0
(
α −

2
β

)
0
(
α +

2
β

)
02(α)

, (10)

whereαβ>2. In general, the existence/convergence of the
nth-moment requires thatαβ>n and, thus, for the PDFs of
actual physical quantities we should expect the existence of
a (exponential) cut-off on the right-hand tail.
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Fig. 2. A comparison of the generalized Weibull distributionϕ(x |

θ,1,2) (with θ=1) and the one5(x | x0,1,2) (with x0=1) ob-
tained randomizing the parameterθ .

In the case of a simple Markov process (thus with no mem-
ory effect at all) it is possible to evaluate the distribution
function of the difference (δx = xi+1 −xi) between two suc-
cessive realization of the stochastic process{xi}. This can be
done by applying the usual probability composition law:

ψ(δx) =

∫
∞

0
5α,β(x; x0)5α,β(x+ | δx |; x0)dx. (11)

Figure 3 shows an example of the PDFψ(δx) of the differ-
ences forx0=1, β=2 and differentα values, as obtained by
numerical integration. One very interesting feature of such
PDFs is that their shape is leptokurtotic with power-law tails.
It is necessary to remark that in the case of Markov process,
whose random variables (variates) are distributed according
to the generalized Weibull, the PDF of the differences is ex-
pected to be Gaussian. Furthermore, to verify Eq. (11) in get-
ting the right PDF of the variate differencesδx, we have sim-
ulated a series ofxi values distributed according to Eq. (8)
with x0=1, α=1 andβ=2, and successively compared the
PDF of the differencesδx between two successive random
variables and the prediction of Eq. (11). In Fig. 4 we report
the comparison. The agreement is excellent.

Before moving to the next Section it is worth noting that in
the case of thermodynamic systems thedirecting process(see
Eq. 5) is equivalent to fix an equilibrium condition among the
different components of the system itself (Lavenda, 1995a,
b).

3 Model test

3.1 Data description

To test functional expressions derived in the previous Sec-
tion, we investigate the PDFs of the fluctuations of the mag-
netic field intensity at short time scale in the solar wind
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x)
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δx
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Fig. 3. The PDFψ(δx) of the differencesδx as evaluated by nu-
merical integration using Eq. (11) for the three cases reported in
Fig. 2.
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Fig. 4. A comparison between the PDF of a simulated Markov pro-
cess with variates distributed according to Eq. (8) withx0=1, α=1
andβ=2 (white circles) and the expected PDFψ(δx) of the differ-
encesδx as evaluated by numerical integration using Eq. (11) (solid
line).

as observed byUlyssesmission in a period of six months
(from 1 October 1997 to 31 March 1998) when Ulysses,
near the heliospheric equatorial plane and at about 5 AU
(d=[5.35±0.06] AU), was sampling a very quiet solar wind.
The very small variation of the satellite distance during the
selected period ensures the radial effect onB to be negligible.

As it will be shown below, this period is also charac-
terized by a strongly reduced content of Alfvénic fluctu-
ations, offering an excellent opportunity to investigate the
PDF in a regime of quasi-stationarity with a particular em-
phasis to the role of structures. Moreover, this period is char-
acterized by a very low and nearly constant radial velocity
(vR=[370±20] km/s) where the associated gradients are ex-
tremely small, i.e. it is an extremely quiet period. The plasma
β is about 1.
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Fig. 5. The magnetic field intensity (upper panel) and the solar-
wind radial velocity (lower panel), as observed by Ulysses for the
period from 01-03-1997 to 01-09-1998. The two vertical dashed
lines indicate the time interval here considered.

In detail, we considered 24 s magnetic field measurements
(obtained by averaging 1÷2 s data) and 4÷8 min plasma ve-
locity measurements. Data come from the NASA-CDAWeb
service of the NSSDC Data Center. We show the 1 h mag-
netic field intensity and plasma radial velocity measurements
for the selected period in Fig. 5.

As mentioned before this period is very interesting be-
cause the state of the solar wind is mainly characterized by
fluctuations with a low correlation of Alfv́enic type (〈v·b〉)
and with a predominance of magnetic energy (Eb>Ev). This
point is evidenced by the distribution of the two param-
eters characterizing the solar wind MHD turbulence (see
Bavassano et al., 1998, 2000, 2005):
1) the normalized cross-helicityσC

σC =
2〈v · b〉

〈v〉2 + 〈b〉2
, (12)

2) the normalized residual energyσR

σR =
〈v〉

2
− 〈b〉

2

〈v〉2 + 〈b〉2
, (13)

where v and b are the fluctuating velocity and magnetic
field vectors withb in Alfv én units (i.e.b→b/

√
4πρ where

ρ is the plasma density), and〈··〉 denotes time averaging.
These parameters can only vary in the range[−1,1], where
σC= + 1(−1) when only outward (inward) components are
present, andσR 6=0 in absence of equipartition between mag-
netic and kinetic fluctuations. Figure 6 shows the bidimen-
sional histogram in the planeσC−σR at 2-h scale [i.e. the
averages in expressions (23) and (24) are evaluated on a

-1.0

-0.5
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0.5

1.0

σ r

-1.0 -0.5 0.0 0.5 1.0

σc

Fig. 6. The distribution of the two parametersσC andσR at the
2-h scale. Colors range from violet to red for increasing frequency
values. Bins are 0.08×0.08 in amplitude. The dashed white circle
denotes the locusσ2

C
+σ2

R
=1.

2-h scale]. From Fig. 6 we can note that the selected pe-
riod is mainly dominated by non-Alfv́enic fluctuations. As
a matter of fact, the maximum occurrence is observed in
the range−0.1≤σC≤0.1 and−0.8≤σR≤−0.6 (〈σC〉∼0.08,
〈σR〉∼−0.32), suggesting the presence of fluctuations dom-
inated by magnetic field variations with no-velocity flucta-
tions. This result supports the existence of magnetic field
structures as already discussed in many previous works (see
e.g. Bavassano et al., 1998, 2000), making the selected pe-
riod a good candidate to test the proposed PDF model.

3.2 Results

As said, to evaluate the PDF of the magnetic field inten-
sity and of its small-scale differences (usually namedfluc-
tuations) we considered the 24 s magnetic field intensity av-
erages to remove spurious effects due to satellite spin charac-
teristic time scale. Figure 7 shows the PDF of the magnetic
field intensity for the selected period in comparison with a
3-D Maxwell-Boltzmann distribution,

P(x | so) =
4π

(2πs0)
3
2

x2 exp

(
−
x2

2s0

)
, (14)

where the variances0 is the same of the considered time-
series. Such a PDF has been chosen as a reference for a
pure 3-D stochastic Gaussian process. The actual PDF of
magnetic field intensity shows systematic deviations form
the Maxwell PDF. In particular, the right-hand tail of the
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Fig. 7. The PDFP(B) of the magnetic field intensity (solid cir-
cles) for the selected period. The solid line refers to a 3-D Maxwell
distribution characterized by the same variance of the considered
signal. Dashed lines are power-law fits.

actual PDF shows a non-exponential decrease with increas-
ing values ofB. By fitting the tails of the PDF using a
power-law expression (P∼Bη) we getη=[3.01±0.03] and
η=[−4.93±0.07] for the left-hand and right-hand tail, re-
spectively. This result is very well in agreement with the
predictions of expression (8), and allows us to estimate the
productαβ, which is [3.97±0.05]. Furthermore, at very
small values some deviations from the power-law behavior
are observed (B<0.03 nT). These deviations are associated
to a few tens of measurements out of more than 6.4·105, per-
haps related with crossings of regions where the mean field
polarity changes.

Knowing the first and second moment of the actual time-
series permits us to estimate thex0 and β parameters by
expressions (9) and (10) simply solving numerically the fol-
lowing expression for fixedα,

〈x〉2

〈x2〉
=

02
(
α −

1
β

)
02
(
α +

1
β

)
02(α)0

(
α −

2
β

)
0
(
α +

2
β

) , (15)

and, then, to evaluatex0 from one of the two expression (9)
and (10). In Table 1 we reported the estimated parameters
for differentα. While, as expected, the parameterβ shows a
dependence onα, the characteristic valuex0 does not change
substantially, showing a variability of less than 1% in the ex-
plored parameter range.

On the basis of the values reported in Table 1 and of the
value of the productαβ as estimated by the previous con-
sideration on the tail dependencies, we set for the general-
ized Weibull parameters the following ones:α=5/3,β=2.43
andx0=0.641 [nT]. A comparison between the PDF of the
actual magnetic field intensity and the randomized Weibull
PDF with the above set of parameters is shown in Fig. 8. The
agreement is very good except for very small values ofB

(<0.03 nT).

Table 1. Estimated parameters of randomized Weibull PDF.

α β x0 αβ

1 3.59 0.647 3.59
4
3 2.86 0.643 3.81
3
2 2.62 0.642 3.93
5
3 2.43 0.641 4.05
2 2.14 0.640 4.28

0.001

0.01

0.1

1

PD
F 

P(
|B

|)

0.01
2 4 6 8

0.1
2 4 6 8

1
2 4

|B| [nT]

Fig. 8. Comparison between the PDF of the actual magnetic field
intensity measurements (solid circles) and the randomized Weibull
PDF withα=

5
3 , β=2.43 andx0=0.641 [nT] (solid line).

To analyze the statistical properties of the small-scale
(24 s) magnetic field intensity increments (fluctuations), we
computed the small-scale differences:

δB(t) = B(t + τ)− B(t) (16)

where τ=24 s. We reported in Fig. 9 the PDFsP(δB)
of the small-scale increments. The shape is clearly non-
Gaussian and leptokurtotic, with a very pronounced cen-
tral part and enhanced tails. The characteristic scale asso-
ciated with the small-scale increments is

√

δB2∼0.014 nT, a
value more than one order of magnitude less than the one
predicted on the basis of the PDF of the magnetic field in-
tensity for a Markov process (

√

δB2∼x0). However, the
tails at |δB|>0.2 nT scale according to a power-law with
an exponent near the one predicted by Eqs. (11) and (8):
P(δB)→δB−µ with µ=αβ+1∼−5. A possible explanation
of the difference in the second moments between the PDF
of the actual magnetic field differences, and the PDF pre-
dicted using the model stands in the non-Markovian feature
of the magnetic field intensity time-series. This means that,
although the PDF of actual B-values follows expression (8),
in the {B}-time seriesBi+1 is expected to be near the previ-
ousBi of the field: this is the signature of a certain degree
of persistence in the{B}-time series. So, if we rearrange the
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Fig. 9. The PDFsP(δB) of the small-scale increments atτ=24 s.

actual time-series of magnetic field measurements randomly
permuting the time occurrence of the set of observed{B}

values we will get a PDF of small scale increments approach-
ing the one predicted by the randomized Weibull model.

Figure 10 shows the PDFP(δBr) of the small-scale in-
crements relative to the randomized time-series obtained by
permuting the time occurrences (106 permutations). As ex-
pected, the obtained PDF approaches the one predicted by
the randomized Weibull PDF with a

√
δB2

r∼x0. This result
suggests the existence of persistence in the actual magnetic
field intensity time-series, as for instance it occurs in a Lévy
flight. In other words, this can be considered an alternative
check for the existence of correlation in respect to the usual
evaluation of the autocorrelation function. We would like to
remark that the observed persistence supports the idea on the
existence of magnetic field structures in the solar wind (see
e.g. Bruno and Carbone, 2005 and references therein). Here,
the word “structure” refers to a certain state (B-value) which
perdures in time.

4 Conclusions

In this work we have presented a statistical approach, based
on rare event statistics and subordination method, to the
statistics of magnetic field intensity. The main results of our
work can be summarized as follows:

– the observed PDF of the magnetic field intensity is in
agreement with the proposed randomized Weibull;

– the PDF of the small-scale differences (24 s) of the mag-
netic field intensity shows a clear discrepancy in terms
of characteristic moments from the one predicted by the
randomized Weibull distribution assuming the absence
of any correlation in the signal.

In the light of the obtained results it is natural to ask our-
selves what could be the physical implications and what we
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Fig. 10. The PDFsP(δBr ) of the small-scale increments of per-
mutated time-series. The solid line is the PDF predicted by the
randomized Weibull model.

can learn from the exercise we have presented in this work.
To clarify the physical implications it is necessary to come
back to the physical meaning of Eq. (5) and to put our atten-
tion to the discrepancy between the actual PDF of the mag-
netic field intensity differences and the one expected by the
randomized Weibull model. The randomization procedure
of the distribution parameters in Eq. (5) can be read as a
way to assume the presence of heterogeneity in the system
(time-series) under investigation. On the other hand, the dis-
crepancy between the predicted and the observed PDF of the
small-scale differences points toward the presence of corre-
lations in the magnetic field intensity. Combining these two
results, we can figure out a scenario consisting of a comprise
of heterogeneous multi-scale magnetic field structures in a
mechanical local quasi-equilibrium condition (see below). In
other words, the agreement between the predicted random-
ized Weibull and the actual PDF of magnetic field intensity
fluctuations indicates that the observed magnetic field is the
super-position/aggregation of different families of magnetic
field structures.

These conclusions are well in agreement with previous
predictions and findings on the existence of flux-tubes and
structures in solar wind (Ness et al., 1966; McCracken and
Ness, 1966; Mariani et al., 1973; Tu and Marsch, 1990, 1993;
Bruno et al., 2001; Borovsky, 2008). On the other hand, 2D-
MHD simulations by Wu and Chang (2000) (see also Chang
et al., 2004) evidenced the formation of field-aligned coarse-
grained coherent structures emerging out of a pure stochastic
scenario. In this framework the principal merit of our anal-
ysis is to have shown the heterogeneity of these structures
from the side of magnetic field intensity.

Regarding the existence of a mechanical local quasi-
equilibrium condition in thisflux-tube textureit can be in-
ferred again of the basis of Eq. (5). As a matter of fact, as
said in Sect. 2, thedirecting processis analogous to impose
the existence of a sort of equilibrium condition among the
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different components of the system itself (Lavenda, 1995a,
b). In our case we consider the magnetic field intensityB

which is representative of the compressive part of the so-
lar wind. Thus, Eq. (5) is analogous to assume a sort of
magnetic-pressure equilibrium condition in theflux-tube tex-
ture, perhaps reflecting the existence of a near mechanical
local equilibrium condition. Clearly, this assertion is mainly
speculative and has to be confirmed in the framework of a
more wide thermodynamic scenario. As a matter of fact, it
requires a careful analysis of other thermodynamic parame-
ters (thermal pressure, energy density, entropy, etc.) in the
considered period.

At this point one could ask how much general the results
of our analysis could be in the wide context of space plas-
mas. We believe that the proposed scenario could be valid in
each region of space where magnetic field fluctuations dom-
inate on Alfv́enic fluctuations. For instance, we do not feel
that a similar scenario could be valid for high-speed solar
wind flowing out from the high-latitude coronal holes, a re-
gion where the observed turbulence seems to be more homo-
geneous and Alfv́enic (Bavassano et al., 1998, 2000; Bruno
and Carbone, 2005).

Last but not least, it is necessary to stress that the model
proposed in this work could be not unique in the choice of
the source PDF (here the generalized Weibull distribution).
However, we believe that apart from the choice of the initial
PDF, following Lavenda (1995a, b) we have clearly shown a
way how to introduce heterogeneity in modeling the PDF of
space plasma parameters.
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