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An analysis of the turbulent
properties of a CME

Abstract

Spectral indices and flatness scaling exponents corresponding to solar wind plasma
measurements before, during and after a coronal mass ejection (CME) detected by NASA’s
Wind spacecraft on September 2014 have been obtained. The Politano-Pouquet (PP) law
[1] for isotropic and incompressible magnetohydrodynamic (MHD) turbulence has been
validated over a series of selected time intervals. The performed analysis showed that
turbulence was well established within most of such intervals and several mean energy
transfer rates were computed. Furthermore, the results detailed in this essay suggest
possible correlations between the aforementioned energy transfer rates and the spectral
indices and flatness scaling exponents, and also between enhanced intermittencies and
large values of the mean energy transfer rates.

Introduction
The existence of a plasma flow that is continuously flowing out of the Sun at high

speeds was first suggested by Ludwig Biermann in 1951 [2], who observed how comet
tails point away from the Sun while orbiting it. Some years later, Eugene Parker
developed a theoretical model that supported the idea of the expansion of the outer
solar corona into space. To this day, the existence of the so-called solar wind has
been fully confirmed by experimental data, thanks to spacecraft measurements of
particles and electromagnetic fields in outer space, but complete models describing
its time evolution are not yet within our reach. This is in part due to the complex,
turbulent behaviour of the solar wind, which has also been confirmed by spacecraft
measurements carried out in recent decades, and that is known to play an important
role in plasma heating and high-energy particles acceleration [3].

Turbulence
Main characteristics

Fluids can exhibit very complex and chaotic patterns. This behaviour is the result
of an important phenomenon, known as turbulence, which is present in most of the
flows in the universe, from planetary atmospheres (see figure 1) and oceans to stars,
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interplanetary space and the intergalactic medium. Turbulent fluids, unlike those
dominated by laminar flows, show strange, chaotic and irregular 3D patterns; at first
glance, it might seem that it is not possible to predict their behaviour. Fortunatelly,
this apparent departure from determinism can be overcome by means of a statistical
approach, due to the fact that turbulent flows are naturally embeded within the the-
ory of dynamical systems and stochastic processes. As well as displaying complex
patterns and enhancing transport properties within a flow, turbulent fluctuations
are characterized by a multitude of structures (e.g. eddies) at different scales, that
constantly show up while turbulence is maintained. Closely paying attention to the
appearance of a turbulent flow, it is possible to realize that “predictability in turbu-
lence can be recast at a statistical level” [3]. Although fine details might enormously
vary depending on initial conditions and external perturbations, average, statistical
properties can provide instead a “stable” and robust description of turbulence.

Figure 1: Jupiter’s dense atmosphere exhibits important turbulent features. Credit: [4]

The Navier-Stokes equation

In order to formally introduce the basic origins of turbulence, let us now consider
a neutral (not a plasma), imcompressible fluid. Let u⃗(r⃗, t), p and ρ be the velocity
field, kinetic pressure and density, respectively, and let the viscosity coefficients be η
and ξ. The kinematic viscosity shall be defined as ν = η/ρ. Then, the conservation
of mass, energy and momentum leads us to the famous Navier-Stokes equation: [3]

∂u⃗

∂t
+ (u⃗ · ∇)u⃗ = −

(
∇p

ρ

)
+ ν∇2u⃗ (1)

We must notice that this is a non-linear differential equation; this important feature
is the basis of turbulence, as we shall see now. For if we introuce the following
dimensionless independent variables r⃗ ′ = r⃗/L and t′ = t(U/L), L and U being
length and velocity scales, the Navier-Stokes (NS, hereafter) equation reads as

∂u⃗ ′

∂t′ + (u⃗ ′ · ∇′) u⃗ ′ = −∇′p′ + Re−1∇′2u⃗ ′ (2)

2



where Re is the Reynolds number :

Re = UL

ν
(3)

This parameter describes the general behaviour of a fluid, setting the relative strengths
of the non linear term in equation 2 (the so-called convective derivative [3]) and the
viscous term. It is a well known experimental fact [5] that high Reynolds numbers
(i.e. high flow velocities) “trigger” turbulence on a fluid. Consequently, it is the
non-linearity of the NS equation that provides the physical basis for turbulence, and
also the difficulties associated to its modelling and description.

Magnetohydrodynamics (MHD)

In the previous section we did not consider the case of a plasma, which can be
understood as a a quasineutral gas of charged and neutral particles which exhibits
collective behaviour [6]. The terminology “collective behaviour” is deliberately em-
ployed here to distinguish this case from that of a regular fluid (e.g. a neutral gas);
collisions between neutral particles are substituted by far more complex interactions,
since charged, moving particles induce electromagnetic fields which affect the motion
of the plasma as a whole. Furthermore, the study of plasmas involves the consid-
eration of several characteristic frequencies and scales. For example, if we are to
consider the desplacement of electrons from a “background of ions”, the generated
electromagnetic field will attempt to restore plasma neutrality, thus inducing fast
oscillations of the electrons, giving rise to a plasma frequency [6]. Several others
can be defined too, such as the electron cyclotron frequency in terms of the periodic
motion of an electron placed within a constant external magnetic field B⃗. A Lorentz
force (setting E⃗ = 0⃗),

F⃗ = qv⃗ × B⃗ (4)

where q and v⃗ denote the electron charge and velocity, respectively, would be respon-
sible for such motion. Experimental typical values for some of these frequencies, in
the context of the solar wind, are shown in table 1.

Frequency Slow wind Fast wind
Proton cyclotron ∼ 0.1 Hz ∼ 0.1 Hz

Electron cyclotron ∼ 2 × 102 Hz ∼ 2 × 102 Hz
Plasma ∼ 2 × 105 Hz ∼ 1 × 105 Hz

Proton-proton collision ∼ 2 × 10−6 Hz ∼ 1 × 10−7 Hz

Table 1: Typical values of several frequencies obtained from solar wind measurements
performed by Helios 2 at 1 AU. Credit: [3]

In order to describe the behaviour of charged fluids, such as space plasmas, the
theory of magnetohydrodynamics (MHD, hereafter) was developed; broadly speak-
ing, its purpose was to combine the Maxwell and the NS equations. Under the
assumptions of incompressibility (which, as in the case of usual fluids, will lead us
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to the condition ∇ · u⃗ = 0) and negligible kinetic and dissipative effects (i.e. rela-
tively low frequencies and large scales), the following incompressible MHD equations
hold: [3]

∂u⃗

∂t
+ (u⃗ · ∇)u⃗ = −∇Ptot + ν∇2u⃗ + (⃗b · ∇)⃗b (5)

∂b⃗

∂t
+ (u⃗ · ∇)⃗b = −(⃗b · ∇)u⃗ + η∇2⃗b (6)

where Ptot stands for the sum of both kinetic and magnetic pressures and b⃗ for the
alfénic velocity (⃗b = B⃗/

√
4πρ), which will be relevant in further sections. This last

quantity is associated with the so-called Alfvén waves, features of a characteristic
plasma phenomenon firstly described by Nobel laureate Hannes Alfvén, consisting
of the propagation of MHD perturbations along flux lines due to the “restoring”
effects of the electromagnetic fields [7].

Equations 5 and 6 clearly show the coupling between the fluid field velocity
and the electromagnetic fields; furthermore, a magnetic Reynolds number (Rm) can
defined in analogy with equation 3, in terms of an Alfvénic velocity c⃗A related to
the large-scale L0 magnetic field B⃗0:

Rm = cAL0

η
(7)

Scaling features
As it was said in the previous sections, one of the main characteristics of a

turbulent flow is its hierarchical structure, confirmed by the presence of a multitude
of turbulent structures of several sizes at different scales. Transformations of the
kind ℓ → λℓ′ and u⃗ → λhu⃗ ′, once introduced a lengthscale ℓ, being λ and h a scaling
factor and index, leave solutions to the NS equation invariant. Equations 5 and 6
also share this feature, if similar transformations are performed. It is important to
notice that, if dissipative terms are taken into account, a dissipative scale ℓD must
be considered, which physically corresponds to the lentghscales where dissipative
phenomena become truly relevant [3], as we whall describe now.

The energy cascade

The most classical representation of the aforementioned hierarchical structure of
turbulence is attributed to Richardson [3], who described a turbulent flow in terms of
a sequence of eddies at different scales. If some energy is injected at a given length-
scale L (e.g. a spoon begins to stir the liquid contained in a cup, broadly speaking,
thus forming a “big eddie”), the non-linear term in equation 1 will be responsible for
transferring such energy to smaller scales (e.g. smaller eddies are formed), finally
reaching ℓD, where the viscous term dominates (the eddies would then disappear,
unless some balance between maintained energy injection and dissipation rates is
achieved). Experimental evidence suggests that large Reynold numbers ensure that
L and ℓD are clearly separated; in such case, a system is not able to dissipate the in-
jected energy at scale L, thus allowing an intermediate intertial range, characterized
by ℓD ≪ ℓ ≪ L, where smaller structures develop. This energy transfer across the
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inertial range is usually known as the turbulent energy cascade. This phenomenon
can be understood more clearly in terms of a Fourier space decomposition of the
several field components. It can be shown that the non-linear term in the NS equa-
tion implies the redistribution of the injected energy among different frequencies in
Fourier space. Figure 2 shows Richardson’s view of the energy cascade, together
with its Fourier representation.

Figure 2: Schematic representations of the turbulent energy cascade in a) real space and
b) Fourier space. It is noteworthy to see how the inertial range separates the dissipative
scale from the energy injection scale once turbulence is fully established. Credit: [8]

Kolmogorov’s discoveries

A very important result within the field of turbulence came from the work of
Andrey Nikolaevich Kolmogorov [3] [9], who derived in 1941 an exact consequence
of the NS equation concerning the energy cascade of an incompressible turbulent
flow, known as the 4/5 law: 〈(

∆v∥(r⃗, ℓ)
)3
〉

= −4
5ϵℓ (8)

The left hand side of the previous equation represents the longitudinal third or-
der structure function of velocity fluctuations, for a given scale ℓ (r⃗ represents the
sampling direction). The structure functions provide information about the scale de-
pendent statistical properties of the turbulent fluctuations [10]. Equation 8 relates
the aforementioned structure function to the mean energy transfer rate per unit
mass (ϵ), which describes the energy transmission between different scales within
the inertial range, to which the 4/5 law applies. It is worth mentioning that, under
Kolmogorov’s hyptothesis, if a turbulent flow is in a stationary state, the energy
dissipation rate must be equal to ϵ.

This important result is related to the previously described energy spectrum in
Fourier space (see Figure 2), which provides the description of the energy distribution
among different wavevectors E(k), produced as a consequence of the non-linearity of
the SN equation. We find that the energy spectrum within the inertial range follows
a power law:

E(k) ∼ ϵ2/3k−5/3 (9)
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This fundamental result is known as the Kolmogorov spectrum [3], and it has been
experimentally proved over the last decades that it describes with great accuracy
the behaviour of incompressible, turbulent fluids. Furthermore, it is worth mention-
ing that an analogous power law regarding the energy spectrum in magnetically-
dominated plasma turbulent cascades can be obtained too. In such cases, the pres-
ence of counter-propagating large-scale Alfvén waves will slow down the nonlinear
interactions and reduce the efficiency of the cascade (sweeping decorrelation effect),
so that a slightly different dependence, ∼ k−3/2, appears. This is known as the
Iroshnikov-Kraichnan spectrum [3].

The Politano-Pouquet law and CMEs
In 1998, Politano and Pouquet [1] derived a relevant result within the research

field of MHD turbulence, which reduces to already mentioned Kolmogorov’s 4/5 law
in the fluid and isotropic case [3]. Consequences of this result have already been
observed in solar wind plasmas more than a decade ago [11]. Since we shall deal
with it in the following sections, let us now state the Politano-Pouquet law (PP law,
hereafter): [10]

Y (∆t) :=
〈
∆νL(|∆ν⃗|2 + |∆b⃗|2) − 2bL(∆ν⃗ · ∆b⃗)

〉
= 4

3ϵVsw∆t (10)

ϵ stands again for the mean energy transfer rate of the turbulent cascade. ∆ϕL =
ϕL(t + ∆t) − ϕL(t) in equation 10 denotes longitudinal increments at different time
scales of the field component ϕL in the direction of the mean solar wind turbulent
flow; ν and b stand in this case for plasma and alfvénic velocities, while Vsw denotes
the bulk speed: we shall see, once dealing with the coronal mass ejection displayed in
figure 7, that this corresponds to the average proton velocity (basically, the dominant
x-component). The bulk speed is introduced under the Taylor hypothesis [10]; in
his 1938 article, G. I. Taylor stated that, “if the velocity of the air stream which
carries the eddies is very much greater that the turbulent velocity, [such is our case
considering the average flow of the CME] one may assume that the sequence of
changes in u [the component at a fixed point of turbulent motion] at the fixed point
are simply due to the passage of an unchanging pattern of turbulent motion over the
point” [12]. Consequently, this allows us to establish links between length scales ℓ
in equation 10 via ℓ = Vsw∆t.

Finally, it is very important to notice that statistical homogeneity over the studied
data intervals, stationarity, high Reynolds numbers and local isotropy are assumed,
together with the validity of the incompressible MHD equations, while deriving the
PP law. This especially needs to be taken into account while working with coronal
mass ejections, which shall be described in the very next section.

Coronal mass ejections (CMEs)

CMEs are violent ejections of plasma and magnetic fields, which are expelled
from the solar corona at high speeds of the order of a few tens of kilometres per
second [13]. Measurements of a classical, fast CME usually begin with a very abrupt
shock, followed by a region of intense fluctuations, known as sheath. Structures
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with weaker fluctuations follow (the so-called magnetic cloud and flux ropes that
constitute the “blob” of plasma emitted by the solar corona; these are sometimes
accompanied by the rotation of the magnetic fields), finially returning to a state
of “standard” solar wind [10]. Therefore, considering a CME as a whole, it should
be expected that the aforementioned assumptions regarding the PP law should not
be statisfied. This is why the study of turbulence within a CME requires a careful
selection of statistically homogeneous regions in which the law might be inforced,
disregarding abrupt transitions such as the previously mentioned. Nevertheless, the
results obtained by Luca Sorriso-Valvo et al. confirmed the validity of the PP law
in these scenarios. The lack of more analysis of this kind concerning other CMEs
has motivated this essay, which aims to test again the Politano-Pouquet law (and
several other turbulent properties) on a different, unstudied CME. Studying its
validity on solar wind plasmas is important, due to the fact that it might provide
information on the extent to which the MHD theory can accurately describe space
plasma turbulence, and also help us modelling the still not fully understood solar
wind heating problem.

Figure 3: A violent coronal mass ejection (CME) captured by LASCO (Large Angle and
Spectrometric Coronograph) on 27/02/2000. Coronographs are devices used to block great
amounts of light coming from the solar disk, thus allowing us to observe the surrounding
corona. Credit: [14]

Intermittency
The last comments of this introduction shall be devoted to a particular turbulent

phenomenon known as intermittency, which is not fully understood yet and that
accounts for certain deviations from the expected behaviour of turbulence described
in the previous sections. As it was said before, the scaling invariance of the NS
and the incompressible MHD equations imply the existence of a set of power laws.
This shows an apparent self-similarity in turbulence [3]; an experimental example is
shown in figure 4.

If self-similarity were fully stablished and we were to consider, for example, prob-
ability distribution functions relative to normalized magnetic fluctuacions δbτ for a
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Figure 4: Some sort of self-similarity is shown through measured magnetic field fluctua-
tions by Helios 2 in the inner solar wind (0.9 AU). Credit: [3]

given scale τ , variations in τ should not affect the shape of such probability distribu-
tions. Nevertheless, experimental data suggest that turbulence does not exhibit full
self-similarity; the probability distributions are actually found to vary at different
scales, as figure 5 clearly shows. While large timescales are related to Gaussian-like
distributions, short timescales seem to imply more pointed probability distributions
with higher wings at both sides, thus implying higher chances of finding more abrupt
fluctuations, as indeed experimental data confirms.

It is worth mentioning that the third-order associated moment to a Gaussian dis-
tribution would be zero (since the Gaussian is symmetric and we are considering an
odd order). Thus, since equation 10 involves mixed third-order structure functions,
that are not assumed to be vanishing, the probability distribution functions can not
be symmetric, thus implying a deviation from large-scale Gaussian distributions.
This establishes an important, although still not fully understood, link between the
Politano-Pouquet law and the phenomenon of intermittency. Therefore, appart from
testing the validity of the aforementioned law, this essay will provide a brief analysis
of the intermittent properties of the turbulent fluctuations of a CME, by means of
a combined use of second and fourth-order structure functions.
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Figure 5: The scaling behaviour of the probability distribution functions for fluctuating
MHD medium are shown here. In this case, velocity differences over different scales (δv)
are considered. Credit: [15]

Objectives
The purpose of this project is to analyze a series of properties associated with

turbulence within an unstudied CME detected by NASA’s Wind spacecraft on the
12th and 13th of September 2014. The following two sections will introduce the
reader to the experimental equipment of Wind and to the raw data obtained corre-
sponding to the aforementioned CME. The subsequent sections shall be devoted to
the study of turbulence itself.

Wind
NASA’s Wind spacecraft was launched on November 1, 1994, being its main

purpose to provide relevant data concerning the behaviour of plasma, energetic par-
ticles and magnetic fields within near-Earth solar wind [16]. This project shall deal
with measurements of 3D magnetic fields and proton velocities (and also densities
and temperatures), as it is described in the following section. Consequently, it is
necessary to previously devote a few words to the equipment responsible for such
measurements.

Magnetic field measurements of this project’s CME were carried out within
Wind’s Magnetic Field Investigation (MFI), whose instrumentation’s design was
based on magnetometers previously developed for the Voyager, ISPM, GIOTTO and
Mars Observer missions [17]. Magnetic field measurements were thus performed by
a fluxgate magnetometer. Detailed information about its functionality can be found
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on the aforementioned article by Lepping et al. [17] A broad sketch is, nevertheless,
provided here.

Figure 6: Schematic representation of a fluxgate magnetometer. These devices can provide
accurate measurements of external magnetic fields. Credit: [18]

Image 6 shows the basic structure of a fluxgate magnetometer. A central mag-
netic core of high magnetic permeability is surrounded on one side by a spooled-
around magnetizing excitation coil, along which a current of certain frequency is
passed through. That coil is spooled in opposite directions, so that the resulting
magnetic field vanishes. This will not happen if an external magnetic field (e.g.
caused by a CME) interferes with the system (Bext in figure 6); in such case, an
electric potential is induced in the sensing coil, which is proportional to the inten-
sity of the component of the external field placed along the bars of the magnetic
core. More information about the basics of fluxgate magnetometers can be found
on the appendix of Bruno & Carbone 2013 [3].

The rest of measurements involved in this project were those of proton velocities,
densities and temperatures. They were performed by the Solar Wind Experiment
(SWE) on Wind [19], a set of different detectors and devices specialized in differ-
ent kinds of measurements; among them we find two Faraday cup sensors (broadly
speaking, “cups”, as their name suggest, used to detect charged particles in outer
space vacuum), specially suited for measuring “flowing, supersonic plasma, such as
that found in the interplanetary medium.” Table 2 shows the key parameters asso-
ciated to the SWE devices; more information can be found on the aforementioned
article by Ogilvie et al. [19]

Parameter Range Precision
Proton velocity (3 components) 200-1250 km/s ±3%

Proton number density 0.1-200/cc ±10%
Thermal speed 0-200 km/s ±10%

Alpha/proton numer density ratio × 100 0-100% ±10%

Table 2: Key parameters of the SWE devices from NASA’s Wind spacecraft Credit: [19]
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It is important to realize what sort of medium is Wind actually studying. Since
it is dealing with a very rarified and non-collisional one (of much lower densities
than those of common systems down on Earth), we should not expect to find ordi-
nary Maxwellian distributions of particle velocities. Instead, a Faraday cup sensor,
which detects the speeds and number of particles coming from several directions, will
provide the means to elaborate specific distributions, from which different moments
can be constructed, such as density, velocity and temperature [20].

The CME from September 2014
In this section, the measurements of magnetic fields (B⃗), proton velocities (ν⃗),

densities (np) and temperatures (T ) performed by Wind during the 12th and 13th
of September 2014 are presented (figure 7). The GSE coordinate system has been
used to describe any vectorial quantity (the x-axis points from the Earth to the Sun
and the z-axis to the ecliptic north).

-25
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25

50 Bx (nT) By (nT) Bz (nT) B (nT)

0
250
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1000

SW1 SW2 SH CL1 CL2 SW3

Vx (Km/s) Vy (Km/s) Vz (Km/s)

12 Sept. 13 Sept. 14 Sept.0
25
50
75

100
T (eV) np (cm 3)

Wind spacecraft, 12-14 September 2014

Figure 7: Magnetic field components (Bx, By and Bz; top panel), proton velocity com-
ponents (νx, νy and νz; center), proton densities (np; lower panel) and temperatures (T ;
lower panel) corresponding to a CME detected by Wind during the 12th and the 13th of
September 2014. The module of the magnetic field, B, has been computed and included in
the top panel. The x-component of the velocity (the most affected by the CME) has been
reversed for simplicity. Six different zones have been selected in terms of their relative
homogeneity and different physical properties; from left to right: Solar Wind 1 (SW1),
Solar Wind 2 (SW2), Sheath (SH), Cloud 1 (CL1), Cloud 2 (2) and Solar Wind 3 (SW3).
The color coding corresponding to these areas will be used in several of the subsequent
graphs.
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Sampling times
Data files containing measurements of velocity components, np and T (all of them

synchronised in time), provided a list of quality factors associated to each measure-
ment of these magnitudes, being either a “1” or a “0”, the second denoting “bad
data” which could be disregarded (figure 7 shows already the corresponding filtered
values). A preliminary study of the sampling times ti+1 − ti of these measurements
was performed twice (not taking into account the quality factors and then, doing so),
given the fact that a study of turbulence of this sort requires the reiterated consid-
eration of different time intervals ∆t. The total amount of data points, (not taking
into account the quality factors) was of 90657. However, figure 8 showed that an
important group of them (34767, more specifically, once being manually identified)
were pilled-up within an extremely short time period. These anomalous values did
not represent any real physical measurement (if they were present in figure 7, they
would not even be noticed), and it was concluded that they might have been the
consequence of some “bug” in the generation of the public database. Fortunatelly,
this small issue does not represent an impediment to this analysis, and the fluctu-
ating magnitudes plotted in figure 7 accurately represent the evolution of the CME
within the aforementioned days. All measurements marked with a “0” quality fac-
tor were thus labelled as NaN (Not a Number), in order not to easily remove them
from the analysis. Figure 9 shows the final sampling times, once the quality factors
were taking into account, being the average sampling time of the measurements of
velocity components, np and T of approximately 3.08 s (only a few fluctuations of
the order of 0.1 s show up in figure 9, thus being unimporant).

Measurements of magnetic field components were of higher resolution and num-
ber. In order to perform the subsequent analysis, their resolution was reduced, so
their values could be synchronised with those of the ν⃗ components, np and T at each
time (and, thus, also allowing faster data processing, since the amount of measure-
ments of magnetic field components were of the order of several millions). This was
done computing averages of the B⃗ components within intervals of a total width of
roughly the mean sampling time, that were centered at each time associated to a
measurement of νx, νy, νz, np or T .

Homogeneity, stationarity and ergodicity of the intervals
Once the raw data was checked, the next step was to divide the set of measurements

into six different regions, which were chosen according to the CME structure and in
terms of their relative homogeneity and stationarity. They were named as follows
(see figure 7): Solar Wind 1 (SW1), Solar Wind 2 (SW2), Sheath (SH), Cloud 1
(CL1), Cloud 2 (2) and Solar Wind 3 (SW3).

We shall now make a few comments regarding the selection of the aforementioned
time lapses. Let us recall that, under Kolmogorov’s hypothesis, we usually require,
appart from large Reynolds numbers, homogeneity and stationarity (so the energy
dissipation rate is equal to ϵ, as we already said). Figure 7 visually shows that,
although the CME as a whole can not be described as stationary, it is possible to do
so within the selected areas. Homogeneity ensures that the physical properties of an
interval do not change significantly within an interval (this does not hold, obviously,
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Figure 8: Sampling times obtained considering all νx, νy, νz, np and T data points,
regardless of the value of their quality factor. The considerable displacement of the average
value (showed in red) from 3.08 s (see figure 9) shows a big number of anomalous “data”
pilled-up on a very short time interval, identified by means of an abrupt spike. This seems
to be the consequence of some sort of “bug”, which fortunatelly did not affect the analysis
described in this essay (it was also also not included within any of the six regions described
in the following section).
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Figure 9: Sampling times (blue) obtained considering all νx, νy, νz, np and T data points
and excluding those labelled with a “0” quality factor. The average value is shown in red.

considering both SW2 and SH at the same time, for example). Furthermore, and
more importantly, since the study of turbulence requires a statistical approach and
the computation of a multitude of average values over the fluctuations of a given
variable, we must discuss which types of averages can we deal with. We could think,
for example, of ensemle averages over a set of turbulent flows prepared under almost
identical initial conditions, or even spatial averages, given appropiate conditions of
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homogeneity. Unfortunatelly, the study of solar wind turbulence does not allow these
two options (particularly the first one, since we can not control the Sun, where the
wind originates). We are only left with the possibility of performing time averages
[3], using a a probe at “fixed” place, such as Wind. In such case, the ergodic theorem
can guarantee that time and ensemble averages might coincide. Ergodicity can be
understood, in the context of turbulent flows, as a condition which, if satisfied,
ensures that “all possible states have been sampled” within the fluctuations, so no
statistical information is missing. In turbulence, the ergodicity within a sample is
usually assumed to be satisfied if the sample is longer than several correlation scales,
corresponding to the size of “large scale structures, injection-scale eddy turnover
times”, and therefore representing enough possible “states” of the turbulence [20].
Fortunately, this condition is usually satisfied by solar wind plasmas, according to
experimental data. We shall thus require homogeneity, stationarity and ergodicity
within the selected time intervals from figure 7.

In order to evaluate these requirements and then chosing the six aforementioned
regions, a few common statistical parameters (means and standard deviations; not
shown) were computed across all data sequences. The boundaries of the intervals
in figure 7 delimit the zones which were found to contain the most stable values of
such parameters. Abrupt variations (e.g. the arrival of the shock before SH) were
not included within the intervals, nor were the intermediate fluctuations between
CL1 and CL2 in figure 7 (the result of including them was tested a posteriori and
disregarded). Finally, ergodicity was evaluated via a standard procuedure within
the realm of time-series analysis [20]. The autocorrelation functions:

fauto(τ) := ⟨ϕ(t + τ) · ϕ(t)⟩
⟨ϕ(t) · ϕ(t)⟩ (11)

where ϕ stands for a scalar field, were computed for each time region and each
physical parameter in order to approximately check their ergodicity. The reader
should notice that the averages in equation 11 were performed across every interval,
considering all magnitudes separately, over and over again for a series of values of
τ ; ranges of 0 - 3.3 h were implemented in all 60 graphs, which also included the
modulus of B⃗ and ν⃗). Under all the aforementioned assuptions, for a turbulent flow,
the autocorrelation functions should behave exponentially, quickly decaying from 1,
at τ = 0, and then oscillating around zero. Figure 10 clearly shows this behaviour;
an exponential fit to fauto = Ae−τ/τc can also be seen on the graph. Notice that
this formula shows the criterion used in order to estimate the autorrelation times,
such that τc corresponds to a dacay of 1/e of the autocorrelation functions. These
requirements only provide estimates used to check the ergodicity of the samples,
which could be done following alternative procedures. Finally, appart from figure
10, which shows the expected behaviour of the autocorrelation functions, a different
example is provided in figure 11 (the remaining 58 graphs are not displayed). It does
not behave as expected (so it happens in some other regions), which suggests that
some kind of anomalous structure could be responsible for the deviation from the
assumed conditions. Nevertheless, the obtained values of τc (see figure 10) and the
results included in the next sections show that the aforementioned selection regions
was consistent with the required criteria.
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Figure 10: Autocorrelation function (blue) for By within the region SW3. An exponential
fit is depicted in orange; Python’s standard function optimize.curve_fit was employed [21].
τc ≈ 8 min. All estimated autocorrelation times can be found in the Appendix.
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Figure 11: Autocorrelation function (blue) for np within the region CL1. An exponential
fit is depicted in orange; Python’s standard function optimize.curve_fit was employed [21].
τc ≈ 30 min. All estimated autocorrelation times can be found in the Appendix.
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Second-order structure functions
This section shall deal with the computation of the second-order structure func-

tions for all variables within the aforementioned regions. These are obtained sub-
stituting q = 2 in the following general expression for the scale-dependent q-th order
moments: [10]

Sq(∆t) = ⟨∆ϕq⟩ (12)

It is very important to notice how these functions depend on the two-point incre-
ments of any of the variables (denoted by ϕ):

∆ϕ = ϕ(t + ∆t) − ϕ(t) (13)

It is from equation 13 where we get the dependence of Sq on ∆t, thus explaining
how the structure functions carry statistical, scale-dependent information about tur-
bulent fluctuations. Now, according to Frisch 1995 [22], the second-order structure
functions are related to the energy spectrum in the following way:

S2(∆(t)) ∼ ∆tα−1 (14)

were α is the so-called spectral index. This means that an analysis of S2 within the
different selected regions shown in figure 7 will, in principle, provide information
about the turbulent energy cascade described in the introduction, provided that
such a power law dependence is actually found (we will see that this is, indeed, what
happens, as expected).

Computed second-order structure functions in terms of different time scales ∆t
are displayed in figures 12, 13, 14 and 15. Plotted values corresponding to B⃗ and
ν⃗ are component-averaged “traces” (i.e. S2(∆t) = (1/3)(S2,x(∆t) + S2,y(∆t) +
S2,z(∆t)); this shall apply in the remaining sections too). It is worth mention-
ing that, since (discrete) data points are separated from each other by intervals of
approximately 3.08 s (see figure 9), care was taken to account for this factor while
computing averages in equation 12 for a given (∆t), so all two-point increments
in equation 13 are in almost perfect correspondence with ∆t (this applies for all
scale-dependent computations in this project, including the previously mentioned
autocorrelation functions).

Figures 12, 13, 14 and 15 confirm the presence of a power law of the kind of
equation 14. This is visually represented in terms of straight line-like sections within
the plots (axis are shown using logarithmic scalings), between small time scales of
the order of roughly 10 s (corresponding to the proton cyclotron frequency; see
table 1) and larger ones, of the order of the autocorrelation times τc. Such straight
regions were selected performing simple “local derivative” analysis (i.e. looking for
approximately constant values (y[i + 1] − y[i − 1])/(x[i + 1] − x[i − 1]), given a graph
of y(x[i]) against x[i]); power law fits were performed within these intervals, in order
to test equation 14 and to obtain the corresponging spectral coefficients α. These
are plotted in figures 16, 17, 18 and 19, against the average proton velocity Vsw in
their corresponding region.
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Figure 12: Second-order structure functions (traces) corresponding to measurements of
magnetic fields within the aforementioned six selected regions. Axis display base-10 log-
arithmic scales. A power law is observed in the inertial ranges, as expected (fits are
displayed too).
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Figure 13: Second-order structure functions (traces) corresponding to measurements of
proton velocities within the aforementioned six selected regions. Axis display base-10
logarithmic scales. A power law is observed in the inertial ranges, as expected (fits are
displayed too).
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Figure 14: Second-order structure functions corresponding to measurements of proton
densities within the aforementioned six selected regions. Axis display base-10 logarithmic
scales. A power law is observed in the inertial ranges, as expected (fits are displayed too).
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Figure 15: Second-order structure functions corresponding to measurements of proton
temperatures within the aforementioned six selected regions. Axis display base-10 log-
arithmic scales. A power law is observed in the inertial ranges, as expected (fits are
displayed too).
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Figure 16: Spectral coefficients (α) associated with the power law fits displayed in figure
12, plotted against the average proton velocity Vsw in each region. Two horizontal lines in-
dicate the values 5/3 and 3/2 (corresponding to the Kolmogorov and Iroshnikov-Kraichnan
spectra, respectively).
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Figure 17: Spectral coefficients (α) associated with the power law fits displayed in figure
13, plotted against the average proton velocity Vsw in each region. Two horizontal lines in-
dicate the values 5/3 and 3/2 (corresponding to the Kolmogorov and Iroshnikov-Kraichnan
spectra, respectively).
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Figure 18: Spectral coefficients (α) associated with the power law fits displayed in figure
14, plotted against the average proton velocity Vsw in each region. Two horizontal lines in-
dicate the values 5/3 and 3/2 (corresponding to the Kolmogorov and Iroshnikov-Kraichnan
spectra, respectively).
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Figure 19: Spectral coefficients (α) associated with the power law fits displayed in figure
15, plotted against the average proton velocity Vsw in each region. Two horizontal lines in-
dicate the values 5/3 and 3/2 (corresponding to the Kolmogorov and Iroshnikov-Kraichnan
spectra, respectively).
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Graphs 12 to 19 provide evidence that strongly suggests that a turbulent state
is generally developed within the selected regions. Most of the figures displaying S2
against ∆t indeed show a power law dependence across the inertial range, although
SW2 seems to behave on a slightly different way (the corresponding S2 function
shows a strange shape in figure 13; α values in graphs 16 and 19 are very low). This
suggests that turbulence is not well established in region SW2 (reasons to support
this idea can be found too in the following sections), which, in addition, shows a
relatively “quiet” behaviour on figure 7. Moreover, at time scales of the order of
150 s, we usually find slight changes in the scaling exponents of the second-order
structure functions; further investigations should be required in order to shed some
light on this question.

Nevertheless, the obtained spectral coefficients (α, figures 16 to 19) are very much
in agreement with the theoretical considerations discussed in the introduction, ly-
ing in almost all cases within the horizontal lines indicating the Kolmogorov and
Iroshnikov-Kraichnan spectra. The later, associated to MHD mediums rather than
neutral fluids, arises as consequence of plasma interactions and sweeping decorrela-
tion effects [3]: Alfvén effects must be taken into consideration, since they account
for the “interruption” of such interactions, by means of waves. The SH and cloud
regions are usually associated with higher compressibilities (this is normally not very
compatible with the previously mentioned effect). Thus, further investigations could
be necessary in order to determine why SH’s α coefficient appears in different figures
(16 and 17) close to either the Kolmogorov or the Iroshnikov-Kraichman value.

Flatness
We proceed now to the evaluation of the so-called flatness F (∆t), defined using

the second and fourth-order structure functions given by equation 12:

F (∆t) = S4(∆t)
(S2(∆t))2 (15)

This scale-dependent parameter describes the deviations from a Gaussian behaviour
of the ∆t-dependent distributions of field increments (the reader should recall figure
5; as said, it has been experimentally found that such distributions tend to become
“less Gaussian” and “more sharp, with higher wings” for smaller time scales). As
a consequence, F (∆t) does represent an effective measure of the intermittent be-
haviour of the turbulent flow (F = 3 should stand for the Gaussian case) [10] [24].
Furthermore, we expect again a power law of the kind

F (∆t) ∼ ∆t−κ (16)

being κ the flatness scaling exponent, given the aforementioned invariance under
scale transformations of the MHD equations, and also the anomalous scaling of
the structure functions [10][3][22]. We shall, then, proceed on a similar way to the
second-order structure function case, with the purpose of evaluating the intermittent
properties of the turbulent flow within the CME under study.
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All the required structure functions (equation 15) were evaluated in the same
way as before for each region (considering again averages, or traces, in the cases of
B⃗ and ν⃗). The resulting graphs of F (∆t) plotted against ∆t are displayed in figures
20, 21, 22 and 23. Several intervals within the range between the proton cyclotron
frequency and autocorrelation time scales were selected (again, with the help of
a local derivative analysis) in order to perform power law fits in accordance with
equation 16. Obtained values of κ are shown in figures 24, 25, 26 and 27, plotted
against the average proton velocity within each interval.

An analysis of the results show how computed flatness mostly behave as negative
power laws of the time scales within the inertial range, in accordance with Carbone
& Sorriso-Valvo 2014 [23]. The obtained scaling exponents (κ, figures 24 to 27) lie
approximately within the usual ranges observed in the solar wind (∼ 0.1 − 0.5) [20].
There is, however, a very significant exception; κ values for the SH region in the case
of figures 25 and 27 are considerable higher (of the order of one, in the first case);
the reader should notice the enhanced presence of turbulence, eddies and strong
fluctuations due to the arrival of the shock. We shall discuss again this fact in the
following sections.

It is also worth mentioning that B traces show higher intermittencies than those
of ν, in accordance with Luca Sorriso-Valvo et al. 1999 [15]. Again, the SW2
region shows a relatively anomalous behaviour, which supports what was stated in
the previous section; further investigations would be needed in order to explain the
anomalously higher value found on figure 26.
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Figure 20: Computed flatness (traces), corresponding to measurements of magnetic fields
within the aforementioned six selected regions. Axis display base-10 logarithmic scales.
Power law fits on inertial ranges are displayed, according to equation 16.
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Figure 21: Computed flatness (traces), corresponding to measurements of proton ve-
locities within the aforementioned six selected regions. Axis display base-10 logarithmic
scales. Power law on inertial ranges fits are displayed, according to equation 16. The
reader should notice the much grater slope of SH’s fit.
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Figure 22: Computed flatness, corresponding to measurements of proton densities within
the aforementioned six selected regions. Axis display base-10 logarithmic scales. Power
law fits on inertial ranges are displayed, according to equation 16.
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Figure 23: Computed flatness, corresponding to measurements of proton temperatures
within the aforementioned six selected regions. Axis display base-10 logarithmic scales.
Power law fits on inertial ranges are displayed, according to equation 16.
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Figure 24: Flatness scaling exponents (κ) associated to the power law fits in figure 20,
plotted against the mean proton velocity Vsw in each of the six intervals. Vertical lines rep-
resent standard deviations corresponding to the obtained values of κ by means of Python’s
function optimize.curve_fit [21].
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Figure 25: Flatness scaling exponents (κ) associated to the power law fits in figure 21,
plotted against the mean proton velocity Vsw in each of the six intervals. Vertical lines rep-
resent standard deviations corresponding to the obtained values of κ by means of Python’s
function optimize.curve_fit [21]. Notice the relatively large SH value.
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Figure 26: Flatness scaling exponents (κ) associated to the power law fits in figure 22,
plotted against the mean proton velocity Vsw in each of the six intervals. Vertical lines rep-
resent standard deviations corresponding to the obtained values of κ by means of Python’s
function optimize.curve_fit [21].
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Figure 27: Flatness scaling exponents (κ) associated to the power law fits in figure 23,
plotted against the mean proton velocity Vsw in each of the six intervals. Vertical lines rep-
resent standard deviations corresponding to the obtained values of κ by means of Python’s
function optimize.curve_fit [21].

Validation of the mixed third-order structure func-
tion law (PP law)

After having analyzed the spectral coefficients and flatness within the different
regions of the CME, we proceed now to test whether or not the PP law holds within
such regions. The reader should recall equation 10:

Y (∆t) :=
〈
∆νL(|∆ν⃗|2 + |∆b⃗|2) − 2bL(∆ν⃗ · ∆b⃗)

〉
= 4

3ϵVsw∆t

and the assumptions detailed in the corresponding section. Studying the PP law
by means of plots of computed Y (∆t) against ∆t will allow the determination of
the mean transfer energy rate ϵ across the energy cascade. Thus, this essay shall be
able to provide further experimental confirmation of the results obtained by Luca
Sorriso-Valvo et al. 2021 [10], when the PP law was validated for the first time
within a different CME.

Values of Y (∆t) for different time scales ∆t were calculated according to what
was stated in the introduction, following analogous computational procedures to
those of the previous sections. The results are displayed on figures 28, 29, 30, 31, 32
and 33. Obtained values of ϵ have been converted to units of kJ/(kg s); they have
been plotted against mean values of proton velocities in figure 34.
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Figure 28: Values of Y plotted against different timescales ∆t, corresponding to the
testing of the PP law within the SW1 interval. Axis display base-10 logartithmic scales.
Uncoulored symbols denote negative values of Y , which have been reversed for clarity.
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Figure 29: Values of Y plotted against different timescales ∆t, corresponding to the
testing of the PP law within the SW2 interval. Axis display base-10 logartithmic scales.
Uncoulored symbols denote negative values of Y , which have been reversed for clarity.
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Figure 30: Values of Y plotted against different timescales ∆t, corresponding to the
testing of the PP law within the SH interval. Axis display base-10 logartithmic scales.
Uncoulored symbols denote negative values of Y , which have been reversed for clarity.
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Figure 31: Values of Y plotted against different timescales ∆t, corresponding to the
testing of the PP law within the CL1 interval. Axis display base-10 logartithmic scales.
Uncoulored symbols denote negative values of Y , which have been reversed for clarity.
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Figure 32: Values of Y plotted against different timescales ∆t, corresponding to the
testing of the PP law within the CL2 interval. Axis display base-10 logartithmic scales.
Uncoulored symbols denote negative values of Y , which have been reversed for clarity.
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Figure 33: Values of Y plotted against different timescales ∆t, corresponding to the
testing of the PP law within the SW3 interval. Axis display base-10 logartithmic scales.
Uncoulored symbols denote negative values of Y , which have been reversed for clarity.
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Figure 34: Obtained mean energy transfer rates (ϵ) plotted against the mean proton veloc-
ity associated to each region. The SH value (much greater than the rest) has been divided
by 100 for visual purposes. Vertical lines correspond to standard deviations obtained via
optimize.curve_fit [21]. Spearman correlation coefficients (considering YSW 1 < 0): 0.26;
(considering YSW 1 > 0): 0.37. p-values: 0.62 and 0.47, respectively [26].

Figures 28 to 33 confirm a behaviour which is in accordance with the Politano-
Pouquet law (equation 10). The reader should notice that coloured and uncoloured
symbols in the aforementioned graphs represent positive and negative computed
values of Y (the latter have been manually reversed in order to be displayed within
the logarithmic-scaled axis). The difference of signs (labelled using ϵ+ and ϵ− on
the graphs’ legends) should in principle be related to the direction of the flow of
energy within the cascade, denoting ϵ+ a flow from larger to smaller scales, and
vice versa [10]. However, this correspondence is not yet fully understood; possible
local inhomogeneities migh contribute to a certain indeterminacy in the signs [25].
Nevertheless, |ϵ| can still be interpreted as an estimation of the energy involved
within the energy cascade.

The best correspondece with the PP-law is found on figures 28 and 31 (SW1
and CL1 zones, respectively); the remaining values of ϵ in other graphs still provide
the aforementioned estimation within the turbulent flows of their regions. It is
worth mentioning that a very clear, well-defined sign reversal can be found in figure
28 (SW1). Similar phenomena have already been observed by Hernández et al.
2021 [25], who investigated the relationship between Alfvénic polarity reversals of
magnetic fields within the inner heliosphere, known as switchbaks, and solar wind
turbulence. Sign reversal were found across intervals characterized by the presence
of switchbacks, and their results are in close correspondence to those of figure 28,
which shows a sign flip at a time scale slightly greater that 100 s. In agreement
with Hernández et al., this might suggest the presence of an energy source present
at such scale, feeding simultaneously a direct cascade towards smaller scales and an
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inverse cascade towards larger scales [25].
The previously obtained values of ϵ display similar orders of magnitud than those

computed by Luca Sorriso-Valvo et al. 2021 [10] while testing the PP law for the
first time within a CME. Analogously, the smallest value of ϵ is again found on
the very quiet SW2 region, while the greatest is found to be in the SH zone, as
expected, since the arrival of the shock should lead to high energies involved within
the turbulent fluctuations. However, the value obtained in this essay is much higher,
of (−380 ± 90) kJ/(kg s). This fact shall be examined in the following paragraphs.

In figures 35-38 and 39-42 the values of |ϵ| are displayed, plotted against the cor-
responding α and κ parameters. Spearman correlation coefficients (and associated
p-values) were also computed, in order to study the monotonicity of the found re-
lations between the aforementioned plotted values (shown on the figures; Python’s
stats.spearmanr function was employed, more information can be found on [26]).
While figures 37 and 38 do not seem to show any particular sort of correlation,
graphs 35 and 36 indeed do so. Plotting |ϵ| against αB, strong evidence supporting
a non-linear, monotonic and increasing relation is found; the point corresponding
to SW2 even seems to participate in this correlation, at lower values (lower densi-
ties, compressibilities, and so on). Figure 36 displays a similar relation (excluding
the high SH value). Moreover, figure 39 shows another positive correlation, again
exceptuating the SH value. This seems to indicate that higher energy transfer is
associated with a steeper spectrum and enhanced intermittency of B⃗, both being
indicative of a more developed turbulence (where the Alfvénic decorrelation effect
is less important), although further research should be required to investigate this
dependences in more depth.

An important result of this essay is the evidence found in favour of a correlation
between enhanced intermittencies and high values of the mean energy transfer rates
ϵ in the PP law. As said in the previous paragraph, SH parameters seem to behave
differently, displaying anomalously high values of ϵ (figure 30) and κ (figures 25 and
27). A close look at the results obtained by Luca Sorriso-Valvo et al. 2021 [10]
shows that anomalous, large values of κ (page 5, figure 4) are also linked with the
largest obtained values of |ϵ|. This comparison seems to point to the fact that, the
more intermittent structures there are, the higher the corresponding deviations from
other values.
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Figure 35: Mean energy transfer rate values (ϵ; both in SW1 have been included) plotted
against the α coefficients associated to B (traces). Vertical lines indicate Kolmogorov and
Iroshnikov-Kraichnan’s values. Vertical, coloured lines correspond to standard deviations
obtained via [21]. Spearman correlation coefficients (considering YSW 1 < 0): 0.9856;
(considering YSW 1 > 0): 0.90 . p-values: 0.0003 and 0.01, respectively [26].
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Figure 36: Mean energy transfer rate values (ϵ; both in SW1 have been included) plotted
against the α coefficients associated to ν (traces). Vertical lines indicate the Kolmogorov
and Iroshnikov-Kraichnan values. Vertical, coloured lines correspond to standard devia-
tions obtained via optimize.curve_fit [21]. Spearman correlation coefficients (considering
YSW 1 < 0): -0.6; (considering YSW 1 > 0): -0.77. p-values: 0.2 and 0.07, respectively [26].
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Figure 37: Mean energy transfer rate values (ϵ; both in SW1 have been included) plot-
ted against the α coefficients associated to np. Vertical lines indicate the Kolmogorov
and Iroshnikov-Kraichnan values. Vertical, coloured lines correspond to standard devia-
tions obtained via optimize.curve_fit [21]. Spearman correlation coefficients (considering
YSW 1 < 0): 0.1; (considering YSW 1 > 0): 0.3 . p-values: 0.8 and 0.5 , respectively [26].
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Figure 38: Mean energy transfer rate values (ϵ; both in SW1 have been included) plot-
ted against the α coefficients associated to T . Vertical lines indicate the Kolmogorov
and Iroshnikov-Kraichnan values. Vertical, coloured lines correspond to standard devia-
tions obtained via optimize.curve_fit [21]. Spearman correlation coefficients (considering
YSW 1 < 0): 0.6; (considering YSW 1 > 0): 0.5 . p-values: 0.2 and 0.3 , respectively [26].
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Figure 39: Mean energy transfer rate values (ϵ; both positive and negative values in SW1
have been included) plotted against the κ coefficients associated to B (traces). Verti-
cal, coloured lines correspond to standard deviations obtained via optimize.curve_fit [21].
Spearman correlation coefficients (considering YSW 1 < 0): 0.4; (considering YSW 1 > 0):
0.4 . p-values: 0.5 and 0.4, respectively [26].
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Figure 40: Mean energy transfer rate values (ϵ; both positive and negative values in SW1
have been included) plotted against the κ coefficients associated to ν (traces). Vertical
lines correspond to standard deviations obtained via optimize.curve_fit [21]. Spearman
correlation coefficients (considering YSW 1 < 0): 0.7; (considering YSW 1 > 0): 0.77 . p-
values: 0.1 and 0.07, respectively [26].
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Figure 41: Mean energy transfer rate values (ϵ; both positive and negative values in
SW1 have been included) plotted against the κ coefficients associated to np. Vertical
lines correspond to standard deviations obtained via optimize.curve_fit [21]. Spearman
correlation coefficients (considering YSW 1 < 0): -0.5; (considering YSW 1 > 0): -0.4 . p-
values: 0.3 and 0.4, respectively [26].
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Figure 42: Mean energy transfer rate values (ϵ; both positive and negative values in
SW1 have been included) plotted against the κ coefficients associated to T . Vertical
lines correspond to standard deviations obtained via optimize.curve_fit [21]. Spearman
correlation coefficients (considering YSW 1 < 0): 0.78 ; (considering YSW 1 > 0): 0.6 . p-
values: 0.07 and 0.2, respectively [26].
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Conclusions
Several turbulent properties within different regions of a previously unstudied

coronal mass ejection (CME) have been characterized, in order to better understand
the effects that such violent phenomena have over solar wind turbulence. A struc-
ture function-based analysis (involving statistical scale-depending information of the
fluctuations) was performed over a series of datasets obtained from the detection of
a CME event on September 2014 carried out by NASA’s Wind spacecraft. Com-
puted spectral indices and flatness scaling exponents showed that turbulence was
well-established within all regions, but SW2. Furthermore, the Politano-Pouquet
law was validated; several mean energy transfer rates were computed, providing
information about turbulent energy flows across scales within the aforementioned
regions. Experimental results showed that the mean energy transfer rate was par-
ticularly high in the sheath (SH) region, as a result of a powerful energy injection
due to the arrival of the CME’s shock. Figure 25 shows that this is related to
an anomalously high value of the intermittency for the velocity. Turbulent energy
transfer rates in other samples are magnetic field-dominated, as steeper spectra and
intermittencies indicate.

In conclusion, this essay has shown that turbulence is present among the differ-
ent regions of the studied CME, each of them displaying different characteristics.
A strong energy injection caused by the shock arrival induced a state of intensly
developed turbulence within the sheath region, a fact that might be taken into ac-
count while developing more accurate models of solar wind flows. Furthermore,
as suggested by figures 28 and 31, it has been found that the Politano-Pouquet law
holds within the CME, even if equation 10 is stated under the assumptions of incom-
pressibility and local isotropy. The results detailed in this essay are in agreement
with previously observed solar wind phenomena, although several aspects should
be studied more in depth in the future. For instance, since this analysis has dealt
repeatedly with intermittency, it would be convenient to perform a more complex,
local analysis of the fluctuations, involving more statistical parameters, given the
fact that this would help us to identify the responsible structures for such behaviour
(e.g. flow rotating filaments and vortices), their location within the measurements,
whether they are or not coupled with the magnetic fields, etc. Further considera-
tions like these could then improve our understanding of the turbulent behaviour of
CMEs, thus allowing us to build better models of the solar wind flows across the
heliosphere.
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Appendix: autocorrelation times

Zone Magnitude Approx. τc (h) Zone Magnitude Approx. τc (h)
SW1 Vx 0.5 SW1 np 0.8
SW2 Vx 0.6 SW2 np 0.2
SH Vx 0.4 SH np 0.4
CL1 Vx 0.4 CL1 np 0.5
CL2 Vx 1.2 CL2 np 1.0
SW3 Vx 0.6 SW3 np 0.9
SW1 Vy 0.3 SW1 Bx 0.1
SW2 Vy 0.1 SW2 Bx 0.3
SH Vy 0.2 SH Bx 0.2
CL1 Vy 0.4 CL1 Bx 0.4
CL2 Vy 1.1 CL2 Bx 1.8
SW3 Vy 0.5 SW3 Bx 0.8
SW1 Vz 0.8 SW1 By 0.2
SW2 Vz 0.8 SW2 By 0.7
SH Vz 0.7 SH By 0.3
CL1 Vz 0.3 CL1 By 0.5
CL2 Vz 0.4 CL2 By 1.8
SW3 Vz 0.5 SW3 By 0.1
SW1 V 0.5 SW1 Bz 0.2
SW2 V 0.6 SW2 Bz 0.1
SH V 0.5 SH Bz 0.5
CL1 V 0.4 CL1 Bz 0.3
CL2 V 1.3 CL2 Bz 0.4
SW3 V 0.6 SW3 Bz 0.6
SW1 T 1.3 SW1 B 1.0
SW2 T 0.7 SW2 B 0.7
SH T 0.6 SH B 0.3
CL1 T 0.3 CL1 B 0.4
CL2 T 0.3 CL2 B 1.8
SW3 T 0.7 SW3 B 0.9

Table 3: Estimation of the autocorrelation times τc corresponding to each selected zone
and physical magnitude. These are only approximate values, which allow us to know
whether the samples are longer than several correlation scales or not.
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