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Abstract

This HDR is devoted to solar wind turbulence from MHD to kinetic plasma scales.
Solar wind turbulence was mostly studied at MHD scales: there, magnetic fluctuations
follow the Kolmogorov spectrum. The fluctuations are mostly incompressible and they
have non-Gaussian statistics (intermittency), due to the presence of coherent structures
in the form of current sheets, as it is widely accepted. Kinetic range of scales is less
known and the subject of debates.

We study the transition from Kolmogorov inertial range to small kinetic scales with
a number of space missions. It becomes evident that if at ion scales (100-1000 km)
turbulent spectra are variable, at smaller scales they follow a general shape. Thanks
to Cluster/STAFF, the most sensitive instrument to measure magnetic fluctuations by
today, we could resolve electron scales (1 km, at 1 AU) and smaller (up to 300 m) and
show that the end of the electromagnetic turbulent cascade happens at electron Larmor
radius scale, i.e., we could establish the dissipation scale in collisionless plasma.

Furthermore, we show that intermittency is not only related to current sheets, but
also to cylindrical magnetic vortices, which are present within the inertial range as well
as in the kinetic range. This result is in conflict with the classical picture of turbulence
at kinetic scales, consisting of a mixture of kinetic Alfven waves. The dissipation of
these waves via Landau damping may explain the turbulent dissipation. How does this
picture change if turbulence is not only a mixture of waves but also filled with coherent
structures such as magnetic vortices?

These vortices seem to be an important ingredient in other instances, such as as-
trophysical shocks: for example, they are observed downstream of Earth’s and Saturn’s
bow-shocks. With the new data of Parker Solar Probe and Solar Orbiter we hope to
study these vortices closer to the Sun to better understand their origin, stability and
interaction with charged particles.



Résumé

Cette HDR est consacrée a la turbulence dans le vent solaire, des échelles MHD aux
échelles cinétiques du plasma.

La turbulence dans le vent solaire a principalement diux elles MHD : las, les fluc-
tuations magnques suivent le spectre de Kolmogorov (on appelle ces elles le domaine
inertiel de la turbulence). Les fluctuations y sont pour la plupart incompressibles et ont
des statistiques non gaussiennes (intermittence), use de la prnce de structures cohntes
sous forme de couches de courant, comme il est largement admis. Les elles cinques sont
moins connues et font I'objet de débats.

Nous étudions le passage du domaine inertiel aux échelles cinétiques avec plusieurs
missions spatiales. Il devient évident que si aux échelles ioniques (100-1000 km) les spec-
tres turbulents sont variables, a des échelles plus petites ils suivent une forme générale.
Grace a Cluster/STAFF, l'instrument le plus sensible pour mesurer les fluctuations
magnétiques jour, nous avons pu rudre les elles ctroniques (1 km, A) et plus petites
(jusqu’0 m) et montrer que la fin de la cascade ctromagnque se produit elle du rayon de
Larmor des électrons. Autrement dit, nous avons pu établir ’échelle de dissipation dans
le plasma sans collision.

De plus, nous montrons que l'intermittence n’est pas seulement liux couches de
courant, mais aussi aux vortex magnques cylindriques, qui sont prnts dans le domaine
inertiel ainsi que dans le domaine cinque.

Ce rltat est en contradiction avec I'image classique de la turbulence aux petites elles,
qui consiste en un mnge d’ondes d’Alfven cinques. La dissipation de ces ondes par
I’amortissement de Landau peut expliquer la dissipation turbulente. Comment cette
image change-t-elle si la turbulence n’est pas seulement un mnge d’ondes mais aussi
remplie de structures cohntes telles que des vortex magnques 7

Ces vortex semblent e un ingrent important dans d’autres cas, comme les chocs
astrophysiques : par exemple, ils sont observn aval des chocs de la Terre et de Saturne.
Avec les nouvelles donn de Parker Solar Probe et de Solar Orbiter, nous espns dier ces
vortex plus pru Soleil pour mieux comprendre leur origine, leur stabilit leur interaction
avec les particules charg.



Chapter 1

Introduction

1 Space plasma

Natural plasmas are frequently in a turbulent state characterized by large and irregular
fluctuations of the physical parameters. The spatial and temporal scales of these fluctu-
ations cover a large range, usually extending down to the smallest scales resolved by the
observations. Plasma turbulence appears to be present throughout the universe, like,
e.g., in galaxy clusters, accretion disks, supernova remnants, the interstellar medium,
stars, stellar winds and planetary magnetospheres.

The Heliosphere with the solar wind and planetary magnetospheres represent ex-
cellent laboratories for the observations of collisionless astrophysical plasmas and in
particular of plasma turbulence. Instruments on board more and more sophisticated
spacecraft can obtain high quality in situ measurements of electromagnetic fields and of
particle distribution functions with their moments (density, velocity, temperature, etc.),
in a wide range of scales and frequencies, and under different plasma and boundary
conditions.

In particular, since the beginning of the exploration of the interplanetary space in
the sixties, it has been observed that the solar wind plasma flow is far from being
laminar and exhibits large magnetic and velocity fluctuations at all accessible scales,
qualitatively similar to what is observed in high Reynolds number neutral flows. This
apparently fluid behavior is puzzling in a very rarified plasma such as the solar wind.
Indeed, at the Earth’s orbit, the solar wind density is of the order of 5 particles per cm?
and the mean free path /5, of the order of 1 AU. Thus, one may expect that the fluid
approximation may not be valid (for scales smaller than 1 AU).

In agreement with the very low degree of collisionality, the solar wind particle dis-
tribution functions are far from being isotropic Maxwellians. The distribution functions
of ions (mostly protons, and 5% of « particles) and of electrons are not isotropic with
respect to the mean magnetic field By direction, i.e, their temperatures in the plane
perpendicular to the mean field T’ is different from the parallel temperature THH When

L All over the manuscript, symbols L and || mean perpendicular and parallel to the mean magnetic
field Bo.



the ion (electron) distribution functions have a strong anisotropy, electromagnetic waves
at ion (electron) scales are generated, bringing the plasma to a marginal stability state.
In addition to the temperature anisotropy, the distribution function of parallel electron
velocities f(V, ) is not symmetric but has an important skewness: there exists a broad
electron beam coming from the Sun (called Strahl), that results in an outward electron
heat flux.

All these features can throw a doubt on the fact that the solar wind plasma can
behave as a fluid. Nevertheless, the presence of turbulence at scales ¢ smaller than the
mean collisional scale {nf, and also of magnetohydrodynamic (MHD) discontinuities,
like shocks in front of the planetary magnetospheres and of Coronal Mass Ejections, are
signatures that space plasmas behave like a fluid (or, to be more precise, like a magneto-
fluid) at scales ¢ < fly,g,. Fluid behavior ceases in the vicinity of ion and electron
characteristic scales, the so-called kinetic plasma scales. This manuscript is devoted to
the space plasma turbulence covering fluid and kinetic scales.

2 Fluid turbulence in brief

Turbulence is a non-resolved problem of classical mechanics. In the case when convection
dominates viscosity, an external source of energy produces turbulence in a fluid. In other
words, this happens when the energy injection scale L is much larger than the dissipation
scale /4. The ratio between convective and dissipative terms at the injection scale L
defines the Reynolds number R, = LV /v (where V7, is the typical value of velocity
fluctuations at scale L and v the kinematic viscosity). Turbulence is well developed in
a fluid when R, > 1.

Thanks to a number of observations, numerical simulations and theoretical works,
the following universal properties of a turbulent system have been firmly established:

e In Fourier space, at intermediate scales L™! < k < K;l (k being a wave-number),
within the so-called inertial range, the power spectrum of the velocity fluctuations
is observed to follow a k~%/3 law, independently of how energy is injected in the
system, and of how it is dissipated at small scales. This suggests scale invariance:
at each scale the same physical description is valid (the Navier-Stokes equation
for fluids and the MHD equations for magnetised plasmas are scale invariant and
describe well self-similar turbulent fluctuations).

e Intermittency, due to spatial non-uniformity of the energy transfer across scales,
manifests itself as a scale dependent departure from Gaussian distributions of the
probability distribution functions (PDE’s) of the turbulent fluctuations.

To date, three-dimensional fluid turbulence is far from being understood, and there
is no satisfactory theory that fully describes it in a sufficiently general frame: we still
don’t know how to arrive from the fundamental Navier-Stokes equation (with or without
magnetic field) to the statistical description which admits solutions in the form of the
observed stationary spectra independent of the energy injection and its dissipation.



Therefore one has to rely on “phenomenologies” which attempt to provide a frame-
work for the interpretation of experimental results. For example the empirical k=% law
is well described by the Kolomogorov’s phenomenology (hereafter K41) (Kolmogorov,
1941} Frisch) (1995). In this simple model of incompressible turbulence, kinetic energy E.
is supposed to cascade from large scales to small scales and the cascade rate ¢ (energy
per unit time) is constant over the inertial range ¢ = 0F./0t = const. Since the only
timescale that appears in the system is the time of the energy exchange between the fluc-
tuations (the eddies), also called the non-linear time or eddie turnover time Ty = £/0v,
the cascade rate for incompressible velocity field fluctuations dv can be approximated
by € ~ (6v)?/7nL = const. Tt follows that the fluctuations verify the following scaling
ov ~ (e£)'/3, so that the power spectrum 6v2/k goes like £5/3 or k=5/3.

Intermittency is beyond the K41 phenomenology. It has been observed that in neutral
fluids it appears in the form of coherent structures as filaments of vorticity (She et al.,
1990)). Their characteristic length can be of the order of the energy injection scale L but
their cross-section is of the order of the dissipation scale ¢4 (see the references of Section
8.9 in [Frisch| (1995)). Thus, in Fourier space, these filaments occupy all scales including
the edges of the inertial range.

As we have said, in the phenomenological framework of turbulence, the majority
of the results are based on the interpretation of experimental results. However, one
important theoretical result was obtained from the first principles, independently of K41
phenomenology: it is known as Kolmogorov’s 4/5 law (hereafter K4/5). The K4/5 law
prescribes that, for fully developed incompressible Navier-Stokes turbulence in condition
of isotropy, local homogeneity, and vanishing dissipation (i.e., in the inertial range), the
third moment of the longitudinal (i.e., along the bulk flow) velocity fluctuations jv scales
linearly with the separation ¢:

Y(0) = (0% = —ggz, (1.1)

see ([Frisch, [1995), Section 6.2, and references therein. This law has been indeed observed
in neutral fluid turbulence (e.g.,|[Danaila et al., 2001)).

At scales around /4 (dissipation range), the viscosity converts turbulent energy into
heat. The fluctuations are not self-similar anymore and the spectrum does not follow
a power-law but has an exponential cut-off ~ k3 exp (—Ckfy), with C' ~ 7, see (Chen
et al.,|1993)). The dissipation range is described in fluid approximation: ¢4 is much larger
than the collisional mean free path.

The dissipation scale ¢4, also called the Kolmogorov micro-scale, is defined as the
scale where the Reynolds number is one, where the dissipation and convection are equally
important. It can be expressed as a function of the kinematic viscosity v and the energy

dissipation rate eg4:
1
3\ 1
v
bg=1{—1| . 1.2
= (%) (12)

For a stationary turbulence system, the energy dissipation rate ¢4 is the same as the
energy injection and energy transfert rates €. As one can see from Equation (1.2), the
stronger the energy dissipation rate (and so the injection rate), the smaller ¢4.



3 Turbulence in collisionless magnetized plasmas

Does turbulence in magnetised astrophysical plasmas share the above universal char-
acteristics of neutral flows? Are plasma fluctuations self-similar at different scales and
what is the nature of these fluctuations? What is the nature of the intermittency? How
does dissipation set in? at which scale? and is dissipation spectrum universal?

To answer these questions, we shall mainly consider solar wind turbulence, which
is perhaps our best laboratory for studying astrophysical plasma turbulence (Tu and
Marschl (1995; [Horbury et al., [2005; [Matthacus and Velli, 2011; Bruno and Carbone,
2013; |Alexandrova et al., 2013). Then we will give several examples of the solar wind
downstream of planetary bow-shocks (of Earth and Saturn), called planetary magne-
tosheath.

Let us summarize now the differences between astrophysical plasmas and usual neu-
tral fluids. In natural plasmas:

e there is a mean magnetic field By, which introduces a privileged direction and
imposes an anisotropy of turbulent fluctuations. It allows waves to propagate,
even in the incompressible limit (Alfvén waves);

e the collision frequency is very low, thus the dissipation process at work and the
dissipation scale ¢4 are not known precisely;

e there is a number of plasma kinetic scales, namely, Larmor radius and cyclotron
frequency of charged particles, their inertial length, the Debye length;

e there is a wave dispersion: beside Alfvén waves, one may also expect fast and/or
slow magnetosonic waves at MHD scales, and, at kinetic scales, kinetic Alfvén,
whistler or slow/ion-acoustic waves, etc.

As we will show below, notwithstanding this complexity, there is a certain degree
of generality in space plasma turbulence, and there are similarities with incompressible
neutral fluids.

Turbulent spectrum in the solar wind at R > 0.3 AU

Solar wind is the coronal plasma in spherical expansion. It is inhomogeneous, with a
dense slow wind blowing at low heliographic latitudes and a fast and more tenuous wind
at high latitudes. Observations at R > 0.3 AU indicate that the following picture can
be valid. The large scale magnetic field of the Sun forms an Archimedean spiral in the
Heliosphere, with a step of ~ 6 AU (for the solar wind speed V' = 400 km/s), also called
the Parker spiral (Parker, 1958). At smaller scales, the solar wind is filled with flux ropes
more or less aligned with the Parker spiral: the scale of these flux tubes correspond to
the size of granules on the solar surface and is of the order of the largest scale of the
turbulent cascade; the mean diameter of a flux tube at 1 AU is estimated to be ~ 105 km
(Borovsky, 2008). At smaller scales, a turbulent cascade is observed.
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Figure 1.1: (Top) Combined magnetic spectrum from different time intervals and different space missions
(Kiyani et al.,[2015). (Bottom) Magnetic spectrum P, = PSD(k_.) is the power spectral density (PSD) of
the k1 fluctuations, measured while the flow-to-field angle © v is quasi-perpendicular (©pv € [80,90]°),
shown by blue open squares. Magnetic spectrum of k fluctuations, Pj = PSD(k), is measured while
Opv € [0,10]° (blue dots). The total Fourier spectrum is shown in gray. P, is more intense within the
inertial range; it follows a power-law with the spectral index —5/3. P has a lower intensity, is steeper
and has a spectral slope —2. At the energy injection scales f < 5-107% Hz (which correspond to spatial
scales kp; < 2-107%) the fluctuations are isotropic and their spectrum follows a law ~ f~*. Courtesy of
R. Wicks. The same figure as a function of kp; can be found in (Wicks et al 2010).




Figure [1.1[Top) shows a combined magnetic spectrum from different time intervals
and different space missions (Kiyani et al., 2015). Is there a meaning in combining
different solar wind streams and satellites? It seems so because all these spectra overlap
perfectly (K. Kiyani, private communication, 2017). The observed spectral behaviour is
typical for any other solar wind measurements and then can be used as a representative
example. Omne observes here magnetic fluctuations dB covering nearly 8 decades in
frequencies and more than 14 decades in power spectral density. At very large scales
(low frequencies), the spectrum follows a law f~!. The fluctuations are Alfvénic in
nature with 0B aligned (or anti-aligned) with velocity fluctuations 6V (e.g., Belcher and
Davis|, 1971} \Gosling et al., 2009). However, these Alfvénic fluctuations are not classical
linear Alfvén waves as their relative amplitude 6 B/ By is of order 1 (e.g., Horbury et al.,
2005; [T'surutani et al., [2011b; Chenl 2016; Matteini et al., [2018)). The wave vectors are
isotropic at such large scales, see Figure (Bottom) from (Wicks et al., 2010)), where
we observe the same energy in k| and k; fluctuations. The separation in k| and k|
fluctuations was done by varying the sampling direction with respect to the local By
(Horbury et al., 2008; [Wicks et al.,[2010). Indeed, when the angle © gy between the flow
and the field is close to zero, the satellite measures k|| fluctuations; when ©py ~ 90°,
the k£, fluctuations are observed.

At large scales, where the mean field B is of the same order as the fluctuations, the
Bo/|Bo| direction is ill-defined. That explains the observed isotropy of the k distribution
at large scale. This low frequency range corresponds to scales between 10° km (that is
just larger than the radius of the Sun Rgu, ~ 0.7 - 10° km) and up to 108 km ~ 1 AU
(Veltri, 1994). It is usually called the energy-containing scales (Bruno and Carbonel
2013). However, the exact physical process which generates the f~! spectrum is still
under debates (e.g., Horbury et al., |2005; |Verdini et al., 2012).

At 1 AU, the MHD inertial range is observed between 1072 Hz and 10~! Hz (corre-
sponding to 10% km > ¢ > 103 km), see both panels of Figure Here, the spectrum

follows the Kolmogorov scaling for the k; fluctuations, P; ~ sz’/ 3, and a steeper one
for the k) fluctuations, P ~ k‘[Q, which reminds the spectrum of any kind of magnetic
discontinuity along By (bottom panel). Note that the spectrum in the top panel shows
the Kolmogorov scaling, as far as the k£, fluctuations dominate turbulence within the
inertial rangﬂ

The observed anisotropic scaling in the inertial range is in agreement with the criti-
cally balanced Alfvénic turbulence model of |Goldreich and Sridhar| (1995). This model
is based on the assumption that in incompressible MHD turbulence, the non-linear time
T~r = 1/(62% k) (with Elsésser variables 2T = §V £6B, where 6B is in velocity units)
is of the same order as the Alfvén time 74 = 1/(V4kj) (the linear time of the parallel
propagating Alfvén waves). An experimental verification of this assumption was done
by |Chen| (2016) using the simplified definition of the non-linear time: 7n7 = 1/(0Bk_).
Then, the ratio 74/7nr = (k1 /k))(6B/Bo) turns out to be constant within the inertial
range and close to unity. This result seems to indicate that critical balance is indeed

2In fact, it is natural that the ki spectrum dominates: both spectra start at the same level at large
scales, but the k|| spectrum is steeper.
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at work within the inertial range. However, pure Alfvénicity is not observed (Grap-

[pin et al., [1983; [Salem)| 2000; [Podesta et al., 2006} Boldyrev}, [2006; [Salem et al., 2009}
|Alexandrova et al.| 2013} |Grappin et al., [2016; [Verdini et al., 2018, 2019)): the parallel

velocity spectrum follows the k‘ﬁ scaling, like the magnetic field (]Wicks et al.|, |201 1[), but

the perpendicular and dominant one is flatter, klg’/ 2, Moreover, density fluctuations are
ubiquitous in the solar wind and follow the Kolmogorov scaling within the inertial range
(Celnikier et all, [1983; [ssautier et al [2010; [Howes et al) [2012; [Chen et al., 2012albl
2013; [Safrankovd et al., 2013).

If the spectral shape of different fluctuating quantities is more or less well established
for radial distances R > 0.3 AU, the energy injection, transfer and dissipation rates are
matters of debates (e.g., [Sorriso-Valvo et al., |2007; Marino et al. 2008 (Carbone et al.,
[2009; [Alexandrova et al 2013; Banerjee and Galtier, 2014}; [Banerjee et al., [2016; [Sorriso-|
Valvo et all, 2018alb} [Kuzzay et all 2019 [Yang et al) [2019). These rates are closely
related to the amplitude of the turbulent spectrum. In this manuscript, we will adress
the turbulence level within the inertial range and its relation to the plasma parameters
in the solar wind (see Chapter [2} Section [I]).

The inertial range stops at frequencies (and scales) around ion characteristic scales,
such as the ion cyclotron frequency f.; = eBy/2mm,; (where e is the elementary charge
and m; is the ion mass), the ion inertial length \; = ¢/wp; (where wy,; is the ion plasma
frequency) and the ion Larmor radius p; = V;) /we; (where Vi, = /2kT;) /m; is the ion
thermal speed in the plane perpendicular to By, T} is the perpendicular ion temperature
and we; = 27 fe;). At these scales, the MHD approximation is no more valid, ions and
(light) electrons behave separately (e.g., Matthaeus et al., 2008} |Stawarz et al., 2016}
(Chen and Boldyrev, [2017; Hellinger et al., [2018; [Papini et al., 2019). In Fourier space,
at 1 AU, ion scales cover approximately one decade, from 0.1 to 1 Hz (corresponding
to £ € [102,10%] km), see transition range in Figure (Top). Here, the turbulent
spectrum undergoes a steepening (Leamon et al. [1998Db} Bale et al., [2005; [Alexandroval
et al.t[2007; |(Chen et al., 2012b; Safrdnkova et al.,[2013)) and the spectral shape is variable
(e.g., [Smith et al 2006} [Bruno et al., 2014} [Lion| 2016} [Lion et al 2016)f]

The physical nature of the range around ion scales is strongly debated: is it the
beginning of the dissipation range? or does the turbulent cascade just change its nature?
Or both phenomena take place? What is the physical scale responsible for the spectral
change? We will discuss these questions in more details in Chapter [2] Section

What happens with turbulence at scales smaller than the ion scales? The first solar
wind observations at sub-ion scales were reported by [Denskat et al.| (1983)), using He-
lios/SCM at radial distances R € [0.3,0.9] AU. From this pioneering work we know that
between ion and electron scales, the magnetic spectrum follows the ~ f~3 power law.
That is close to the spectrum shown in Figure (Top).

Thanks to the Cluster/STAFF instrument (Escoubet et al.,[1997}; |Cornilleau-Wehrlin|
, which is the most sensitive Search Coil Magnetometer by today, the small
scale tail of the electromagnetic cascade at 1 AU could be explored down to a fraction of

3This is normal: in the presence of characteristic scales no one expects to observe a general self-similar
behaviour.
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electron scale&ﬂ ~ 0.2—1 km (Mangeney et al., 2006} |Lacombe et al., 2006} |Alexandrova,
et al., 2008b} 2009} 2012}, 2013} [Sahraoui et al., 2010, 2013 Lacombe et al.,[2017; Matteini
et al., 2017).

The Cluster observations at electron scales seem confusing at first glance: the spectral
shape of the magnetic fluctuations vary from event to event suggesting that the spectrum
is not universal at kinetic scales (Mangeney et al., 2006} Sahraoui et al., 2010} 2013)).
However, as we show in (Lacombe et al., 2014; [Roberts et al., 2017; Matteini et al.,
2017)), most of these spectral variations are due to the presence or absence of whistler
waves with frequencies of a fraction of f.. and wave vectors k quasi-parallel to Bg. These
waves may result from the development of some instabilities associated to an increase
of the electron heat flux and/or an increase of the electron temperature anisotropy, in
some regions of the solar wind (Stverdk et al., |2008).

Are whistler waves part of the background turbulence at kinetic scales? Our analysis
of the anisotropy (in amplitudes of the fluctuations and in the distribution of wave
vectors) shows that turbulent fluctuations at sub-ion and up to sub-electron scales have
low frequencies in the plasma frame (f ~ 0) and wave vectors mostly perpendicular to the
mean field k | By (Lacombe et al., 2017). This background turbulence is convected by
the solar wind (with the bulk speed V) across the spacecraft and appears in the satellite
frame at frequencies f = k,V/27. It happens that these frequencies are below but
close to fee, exactly in the range where whistler waves (with k||Bg and fi;, < f < fe,
where fi, = \/feefci is the low hybrid frequency) may appear locally. Therefore, the
superposition of turbulence and whistlers at the same frequencies is incidental. If we
could do measurements directly in the plasma frame, these two phenomena would be
completely separated in k and f. We discuss our observations of whistlers in the solar
wind (Lacombe et al., [2014; |Kajdi¢ et al. 2016; Krishna Jagarlamudi et al.l |2020) in
Chapter [2 Section [6]

Chapter [2| Section [3| describes the spectral shape of the background turbulence at
sub-ion scales, i.e., in the absence of parallel whistler waves. We show that the magnetic
spectrum has a general shape, independently of plasma conditions and of radial distances,
for R € [0.3,1] AU. This general spectrum is similar to what is observed in the dissipation
range of neutral fluids.

Which plasma scale plays the role of the dissipation scale ¢4 in a nearly collisionless
medium? Using different independent tests, we could show that in the solar wind, it
is the electron Larmor radius p., which plays the role of ¢; for the electromagnetic
turbulence. This result seems to be valid at different radial distances from the Sun. See
Chapter [2 Section [} for more details.

Intermittency in space plasmas?

As we have discussed in Section [2| of this chapter, intermittency is the second universal
property of any turbulent system. In hydrodynamic turbulence, it is manifested by non-

4The electron scales, namely fee, Ae and pe, are defined in equivalent way as the corresponding ion
scales.
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Figure 1.2: Intermittent structures in turbulent flows. Left: vortex filaments in 3D incompressible
Navier—Stokes turbulence. Shown are iso-surfaces of high vorticity. Right: current filaments and current
sheets in 3D incompressible MHD turbulence. Shown are iso-surfaces of high vorticity (red) and high
current density (blue). The form of the structures and their dimension is believed to have major impact
on turbulent statistics. Figure from (Grafke et al., [2015).

Gaussian statistics of velocity increments. Intermittency is believed to be responsible for
a non-homogenous energy transfer and dissipation. It is due to coherent structures in
the form of filaments of vorticity, as can be observed in 3D incompressible hydrodynamic
numerical simulations, Figure (Left).

What do we know about intermittency and coherent structures in space plasmas?
Signatures of intermittency, such as departure from Gaussianity of the PDFs of the
fluctuating quantities (e.g., components of the magnetic field and velocity) and increases
of Kurtosis toward small scales, are widely observed in the solar wind (e.g.,
|Sorriso-Valvo et al.l |1999; [Salem et al., 2009; Bruno and Carbone, 2013)).

Figure (Right) shows isosurfaces of high current density in 3D incompressible
MHD simulations. We can recognise here current filaments (similar to the high vortic-
ity regions in hydrodynamic simulations), but as well, planar structures, which can be
interpreted as current sheets.

Starting with the first in-situ measurements, planar discontinuities in the interplan-
etary magnetic field have been detected (Burlaga, 1969; Burlaga and Ness| |1969). Since
then, there has been debate on their nature, origin and role in solar wind heating (e.g.,
Burlaga), [1971}; [Burlaga et al. [1977; [Vasquez and Hollweg| [1996| 2001} [Horbury et al.
[2001% [Soding et al., 2001} [Knetter et al., [2004; [Neugebauer, [2006; [Tsurutani et al., 2007,
2011a} (Gosling, [2012; Artemyev et al., 2018} 2019). And what if the planar discontinu-
ities at scales £ < 10% km (i.e., within the inertial range and at smaller scales) are the
result of developed turbulent cascade in the solar wind?

Turbulence analysis of [Veltri and Mangeney, (1999), [Veltri (1999) and
showed that intermittency in the solar wind inertial range is due to planar
coherent structures in the form of shocks and current sheets. This analysis, where
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turbulent fluctuations are defined via Haar wavelets, detects high amplitude events which
are responsible for non-Gaussian statistics.

Greco et al. (2009, 2010, |2012) compared in-situ observations and MHD numerical
simulations. In these studies, the Partial Variance of Increments (PVI) method is used
to detect strong changes in the field components within the inertial range. The authors
showed a nice agreement between statistical properties of intermittency in the solar wind
and in the simulations. The shape of magnetic structures is very similar and looks like
current sheets. Within the kinetic range of scales, again using the PVI method, [Perri
et al.|(2012a)) and |Greco et al.| (2016]) have detected current sheets as well.

Indeed, current sheets are good candidates for a local dissipation by magnetic recon-
nection (e.g., Velli, 2003; Retino et al., 2007; [Sundkvist et al., 2007} |Servidio et al., 2009;
Osman et al., 2011). Thus, as in hydrodynamic turbulence, these intermittent structures
can be the origin of a non-homogenous energy transfer and dissipation in space.

Are there other types of structures? Does their topology change across the cascade?
In Chapter (3| we first attempt to give a definition of a coherent structure. One of the
most important properties of a coherent structure is its phase coupling across a wide
range of scales (like in a shock wave, where phases of each Fourier component are fixed
to the same value). Second, we show a way to detect signatures of phase coupling in the
data. We find that these signatures start at the break point between the f~! and f~°/3
ranges, and go through the cascade up to the smallest resolved scales. See Chapter
Section [I] for more details. Chapter [3] Section [2] shows the relation between the phase
coupling and non-Gaussianity of turbulent fluctuations.

Regarding the topology of structures (Chapter [3| Section , we find magnetic holes,
solitons, small-scale shocks, current sheets, but mostly, magnetic vortices (Lion et al.,
2016; Roberts et al., 2016; Perrone et al., [2016} [2017)). Indeed, unlike previous works,
where to detect structures the threshold was applied on the amplitudes of PVI, here we
apply it on the amplitudes of (i) the Morlet wavelet coefficients and (ii) fluctuations in
physical space. This explains why we detect not only planar discontinuities.

Magnetic vortices are cylindrical structures with a field aligned current. We detect
them within the inertial range and at ion scales. Recently, we find them at sub-ion scales
as well (Alexandrova et al.l 2020). These structures are much more energetic than the
background and are thus responsible for the observed general spectrum at kinetic scales.

Our results indicate that magnetic vortices are important features of the space plasma
turbulence. We focus on Alfvén vortices in Chapter 4l First, we remind the basic equa-
tions of MHD Alfvén vortices. Second, we discuss the spectral properties (Alexandrova,
2008) and apparent polarisation of the vortex signal passed by a spacecraft (Alexandrova
and Saur, [2008), which is important for in-situ data interpretation. Then, we show our
observations of the plasma behaviour within an Alfvén vortex detected by the MMS
mission in the Earth’s magnetosheath (Wang et al., 2019). Finally, we discuss recently
developed models of fluid vortices in high-£8 plasmaﬂ (8 ~ 1) and at ion, and electron

®Plasma parameter 3 is the ratio between the ion (electron) thermal pressure and magnetic pressure:
Bie = nkTi o/ (BE/2u0), where n is the plasma density, T} is the ion (electron) temperatures, k — the
Boltzmann constant and po is the magnetic constant.
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scales (Jovanovié et al., 2015; |Jovanovic et al., [2020).

4 Concluding remarks

When I started working on solar wind turbulence after my PHD (November 2005), the
kinetic range of turbulence was not well known, and it was thought to be characterised
by a significant variability, depending on details of its formation.

I spent some time trying to clarify this situation. With my colleagues, we were able
to show that this variability was mostly an effect of the way data are treated. More or
less general spectrum is always present at kinetic scales. Indeed the variability of the
exponents of the power-law spectra appears if the analysis is done at scales which include
ion scales (as was usually done in the past, including by ourselves in the first studies
(Alexandrova et al., 2007, 2008a) of the solar wind kinetic turbulence). This is due to the
fact that at ion scales, different physical processes can be active including partial energy
transfer from electromagnetic fluctuations to ions. At these scales (covering one decade)
there is no reason to expect that a scale-free turbulence approach is valid. Similarly,
variability at electron scales appears when parallel whistler waves are superimposed on
the background turbulence in the satellite frame. At scales smaller than ion scales and
in the absence of parallel whistlers, the spectrum follows indeed a universal shape.

Actually, beyond the question of methodology, our results answer to one of the open
questions in space plasma turbulence: (1) what are the properties of kinetic plasma
turbulence? and (2) are they universal, with a spectral shape independent of local
plasma parameters? The answers to the second question is definitely yes.

The first question is directly related to intermittency. Before 2005, it was studied
mostly within the inertial range and it was thought to be due to planar discontinuities,
essentially current layers, most probably related to reconnection, as we have discussed
above. My main contribution, together with my colleagues, students and post-docs, has
been to show that planar discontinuities are not the only intermittent structures in space
plasma turbulence. Cylindrical magnetic vortices play an important role in the cascade
and they cover a wide range of scales, from fluid to kinetic.

Our results give new insights to physics of space plasma turbulence and we discuss
theoretical interpretations of our findings in Chapter
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Chapter 2

Turbulent spectrum from MHD
to electron scales

In this chapter, we focus on the turbulent spectrum of magnetic fluctuations in the solar
wind from the MHD scales up to the plasma kinetic scales. Regarding the inertial range,
we show that the turbulent energy is well correlated with the magnetic and ion ther