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Landau damping (phase mixing) is perhaps the most salient feature of weakly
collisional plasmas. Phase mixing plays a crucial role in kinetic plasma turbulence—
it transfers energy to small velocity space scales, and provides a route to dissipation
to the turbulent cascade. Phase mixing has been well understood in the linear limit
for nearly seventy years, however, we do not yet fully understand the behavior of
phase mixing in presence of a fluid-like turbulent cascade—a common scenario in
weakly collisional systems.

In this thesis, we consider simple models for kinetic passive scalar turbulence
that simultaneously incorporate phase mixing and turbulent cascade, in order to
study the effects of turbulence on phase mixing. We show that the nonlinear cascade
scatters energy in the phase space so as to generate a turbulent version of the plasma
echo. We find that this stochastic plasma echo suppresses phase mixing by reducing
the net flux to small velocity space scales.

Further, we study the problem of compressive fluctuations in the solar wind at



scales larger than the ion Larmor radius (the so-called inertial range). The compres-
sive perturbations at these scales are passively mixed by the Alfvénic turbulence.
Hence, the general results regarding kinetic passive scalar turbulence are directly
applicable to this problem. We find that the suppression of phase mixing by the
stochastic plasma echo is key to the persistence of the turbulent cascade of com-
pressive fluctuations at scales where these fluctuations are expected to be strongly
damped.

A new code, Gandalf was developed for the GPU architecture using the CUDA
platform in order to study these systems, in particular to study solar wind turbulence

in the inertial range.
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Chapter 1
Introduction

1.1 Phase mixing

Weakly collisional plasmas are quite common in nature—the solar wind, the
interstellar medium, the core of fusion devices like tokamaks being a few examples
of such plasmas. Since collisions are rare, the particle velocity distribution functions
f(v) of these plasmas are not necessarily Maxwellian. Hence, a kinetic description
that evolves f(v) may be required to describe some phenomena accurately.

One of the most important features of these systems is Landau damping, a
property of weakly collisional plasmas whereby waves in the plasma get damped as
non-Maxwellian structure in the distribution function is generated. In his original
paper, Landau [4] considered the longitudinal electron oscillations [5] in the colli-
sionless limit as an initial value problem, and solved it using a Laplace transform
technique. A different approach was used by Van Kampen [6], in which he solved
the same problem by means of a normal mode expansion, and found a larger set
of solutions (beyond the ones that satisfy the dispersion relation). Case [7] demon-
strated the equivalence of these two approaches®, and showed that Landau damping
is fundamentally a phase mixing process, where a plane wave perturbation, writ-

ten as a linear combination of the eigenmodes, is damped due to the systematic

*He modified the Landau approach slightly, in order to derive the full set of Van Kampen’s
solutions.
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Figure 1.1: The initial perturbed distribution function (left), and the corresponding
density perturbation (right).
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Figure 1.2: The perturbed distribution function (left), and the corresponding density
perturbation (right) at time t.

smearing of the normal modes.
For a simple illustration of phase mixing, consider a homogeneous 1D plasma

in equilibrium, with a perturbed ion distribution function ¢ f:

df(z,v,t =0) = cos(kz)Fy(v). (1.1)

Here, the perturbation is assumed to be a cosine in the spatial direction z, and



Maxwellian in velocity space, Fy(v) = exp (—v?/v3)) //Tvm, where vy, = /2T /m
is the thermal velocity of the ions, T is the ion temperature, and m is the ion mass.

This perturbed distribution function corresponds to a density perturbation dmn:

on(z,t =0) = cos(kz), (1.2)

where dn = [dvdf. The initial condition given by Egs. (1.1-1.2) is plotted in
Fig. 1.1. Ignoring electromagnetic effects, as time evolves, ions with different ve-
locities move to different locations in space, generating structure in the perturbed

distribution function with respect to v at a constant z:

df(z,v,t) = cos(kz — kvt) Fy(v). (1.3)

Since density is the integral of the distribution function over velocity (6n = [ dvdf),

as the distribution function becomes more and more striated, the density diminishes:

on(z,t) = cos(kz) exp (—k*vjt*/4) . (1.4)

The perturbed distribution function and the perturbed density at time ¢ are plot-
ted in Fig. 1.2. This transfer of structure from real to velocity space, resulting in

damping of low order velocity moments is known as phase mixing!.

"There is another, nonlinear, phase mixing process [8] which plays an important role in the
turbulence of weakly collisionless plasmas at scales comparable to the ion Larmor radius. However,
in this thesis we only consider turbulence at scales larger than the ion Larmor radius, and ignore
this process. As a result, the linear phase mixing discussed here is the only phase mixing process
in our models.
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Figure 1.3: The perturbed distribution function (left), and the density perturbation
(right), for a mode that is nonlinearly generated by the mode in Fig. 1.2. It is
assumed that this new mode has a wavenumber p, such that sgn (p) = —sgn (k).

In the collisionless limit, phase mixing is a reversible process. The distribution
function does not “forget” the original perturbation that gets damped, and in theory,
can return the system to its original state. The most famous example of such
reversibility is the plasma echo [9-12]. In these experiments, a perturbation of the
electric potential is excited, which Landau damps away; later, another perturbation
of the electric potential is excited, which also damps away; subsequently, a non-zero
electric potential perturbation (the echo) is observed to appear in the plasma. The
two original electric pulses couple nonlinearly to generate this echo.

The cartoon for phase mixing discussed above (see Figs. 1.1 and 1.2) can be
extended to include the echo as follows. Imagine that the perturbation shown in
Fig. 1.2 nonlinearly couples with another perturbation to generate a mode which

has an oppositely signed wavenumber p:

0 fecho(2, v, t) = Acos(pz — kvt) Fy(v), (1.5)
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Figure 1.4: The perturbed distribution function (left), and the density perturbation
(right), for the mode shown in Fig. 1.3, at a later time t (1 — k/p).

where A is the amplitude of this new perturbation. This mode corresponds to a

density perturbation given by

ONecho(2,0,1) = Acos(pz) exp (—k*t*/4) . (1.6)

The perturbed distribution function, and the density perturbation for this mode are
plotted in Fig. 1.3. Observe that due to the change in sign of the wavenumber, the
phase space contours of the perturbed distribution function are now tilted in the

opposite way. At a later time ¢+¢', this perturbed distribution function evolves into

O focho(2, v, t + 1) = Acos(pz — put’ — kvt) Fy(v). (1.7)

Since p and k are oppositely signed, the corresponding density perturbation at this



later time is larger than the one in Eq. (1.6):

OMecho(2, v, t + 1) = Acos(pz) exp (—(kt + pt')2/4) ) (1.8)

This perturbation is plotted in Fig. 1.4 for time ¢t +¢ =t (1 — k/p).

It is shown in Chapter 3 that the echo is inherently a nonlinear phenomenon,
and is not observed for an isolated Fourier mode. In Chapters 4 and 5 nonlinear
models are considered, where different Fourier modes are coupled to each other.
Nonlinearly, the plasma echo may be observed. The necessary conditions required

for an echo are discussed in detail within these chapters.

1.2  Turbulence

Turbulence is ubiquitous, yet a precise definition of turbulence does not exist.
A simple picture of a turbulent system is depicted in Fig. 1.5: energy is injected into
the system at some large scale, which then cascades down to smaller and smaller
scales. Eventually a dissipative process like viscosity takes over and dissipates the
injected energy*. The driving scale and the dissipative scale need to be far removed
from each other for the system to exhibit turbulence. For this to be true the ratio of
the driving length scale to the dissipation length scale, also known as the Reynolds
number, is required to be large—a basic requirement for turbulence.

For our purposes we broadly classify models of turbulence into two categories—

t Big whorls have little whorls that feed on their velocity, and little whorls have lesser whorls and
so on to viscosity.—Lewis F. Richardson
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Figure 1.5: A cartoon picture of turbulence.



fluid models and kinetic models. Fluid models describe systems where the mean
free path for collisions is smaller than any length scale of interest, ¢.e., collisions
are frequent. Whereas, kinetic models are applicable to systems where the mean
free path is comparable to, or larger than the system size, i.e., collisions are rare.
Henceforth, we use the terms “fluid /kinetic model of turbulence”, and “fluid /kinetic

turbulence” interchangeably.

1.2.1 Fluid turbulence

One of the first theories describing turbulence in neutral fluids was by Kol-
mogorov [13], in which he predicts the famous k=5/3 power law spectrum for homo-
geneous isotropic turbulence. In order to derive this spectrum, he made some key
assumptions that have come to underlie turbulence theory: (i) statistical properties
of turbulence, such as the energy spectrum, are universal at scales in between the
injection and dissipation scale; (ii) the energy transfer from large to small scales
happens locally in wavenumber space; (iii) no energy is lost at the intermediate
scales, in other words, the flux of energy through each scale is independent of the
scale.

Under these assumptions the energy density spectrum can be derived as fol-
lows: let uy be a velocity fluctuation at the length-scale A. The (constant) flux of

energy € through the scale A is then given by,

, (1.9)



where 7, !is the energy cascade rate at scale \. Since the energy transfer to smaller
scales is local, the cascade rate must be a function of quantities that depend on A.
Since uy and A are the only physical quantities available, the cascade rate can be

estimated as,

A
~—. 1.10
e = (110
Therefore,
ul ~ (eN)?3. (1.11)

Hence, the energy spectrum is a power law k=, For u3 oc A9, the spectral exponent
« is calculated as @ = g + 1 [14]. Therefore, from Eq. (1.11), the energy spectrum
for turbulence in the fluid limit is &~5/3.

The power law spectrum is characteristic of broadband fluctuations, which

may be thought of as a signature of turbulent systems.

1.2.2 Kinetic turbulence

In this section, we shall move away from the discussion about neutral fluid
turbulence, and discuss the general properties of turbulence in weakly collisional
plasmas. In addition to the fluid-like turbulent cascade in real space, weakly col-
lisional systems also allow for transfer of energy to small velocity space scales by
phase mixing. This makes the nature of dissipation for such systems a contentious is-
sue [15]. Even though phase mixing damps perturbations in the plasma, the process
is reversible in the collisionless limit, i.e., it does not generate entropy. Therefore,

phase mixing is not dissipative in the true sense. Irreversible heating for these sys-
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Figure 1.6: Collisions in neutral fluids (left) result in sharp changes in velocity.
Whereas, a particle (ion or electron) in a plasma undergoes many small-angle col-
lisions (right). Therefore, collisions can be modeled as a diffusive operator in the
velocity co-ordinate.

tems is only possible through collisions [1,16]. Collisions in plasmas are of a different
character than the ones in neutral fluids (see Fig. 1.6). Unlike neutral fluids, par-
ticles (ions or electrons) in a plasma undergo numerous long-range collisions, which
individually do not alter the velocity of the particle by much. Therefore, collisions
can be modeled as a diffusive operator in velocity space: ~ v 9? [1,17], where v is the
frequency with which a particle velocity is changed by 7 /2 radians. For systems with
vanishingly small v, energy has to be transferred to small scales in velocity space,
before it can dissipate via collisions. As a result, in the weakly collisional limit, the
cascade of energy occurs in the phase space (real and velocity space) [1,8,16]—the
spatial cascade is the usual fluid-like nonlinear refinement of scales, whereas the
cascade in velocity space is due to phase mixing.

The systems studied in this thesis are assumed to be weakly collisional, and

allow for the above mentioned phase space cascade.
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1.3 Magnetized plasmas

In addition to assuming that the plasma is weakly collisional, it is also assumed
to be strongly magnetized. A strongly magnetized plasma is threaded by a mean
magnetic field such that the ion Larmor radius is much smaller than the system size.
Additionally, it is assumed that the magnitude of the background magnetic field is
much larger than the turbulent electromagnetic fluctuations. For magnetic confine-
ment fusion devices, this is a given, as a guide field is necessary for confinement of
the burning plasma. For space and astrophysical plasmas, the large scale magnetic
fluctuations behave as a background magnetic field for the small scale turbulence
(Kraichnan hypothesis [18]).

The background magnetic field makes these systems very anisotropic [19,20]—
the perpendicular length scales (A) are much smaller than the parallel length scales
(I). For such anisotropic systems, the Kolmogorov derivation for the energy spec-
trum is no longer possible, since the timescale at a given scale cannot be determined
uniquely. There is a perpendicular, nonlinear timescale \/uy, and a parallel, linear
timescale associated with the Alfvén waves [/v4, where vy is the Alfvén velocity.
In the magnetohydrodynamic limit, Goldreich and Sridhar [19,20] proposed a way
forward by assuming that the turbulence, at sufficiently small scales, arranges it-
self in such a way that the linear and nonlinear timescales are comparable to each

other [21,22]. This assumption, taken scale by scale is known as critical balance.

11



One can then estimate the cascade time as

A l
Ty~ — o~ —, (1.12)
Uy VA

which once again gives,

uy ~ (eX)'/3. (1.13)

This again corresponds to a 1{5/ s spectrum, but now the spectrum is in the perpen-
dicular direction, as opposed to the isotropic spectrum derived earlier for neutral
fluids. The critical balance assumption also relates the parallel and perpendicular
length scales:

IRNERAORES (1.14)

where [y = v3/€; ly is the parallel length scale where the velocity fluctuation is
comparable to the Alfvén velocity, and can be thought of as a natural outer scale.

Therefore, the velocity fluctuation scaling with respect to [ is given by

/3
Uy ~ (W) 12 (1.15)
0

This corresponds to a parallel spectrum of k:ﬁ. The relationship given by Eq. (1.14)
between the parallel and perpendicular length scales looks like k) ~ ki/ % in terms
of the wavenumbers, i.e., as the cascade moves forward to smaller spatial scales, it
gets increasingly anisotropic.

In addition to the spatial scale separation, the background magnetic field also

12
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Figure 1.7: Density fluctuation spectra in the interstellar medium (left, taken from
[2]) and the solar wind (right, taken from [3]). These power law spectra span multiple
decades, even at scales where these fluctuations are expected to be strongly damped.

separates timescales.

The cyclotron motion may be assumed to be much faster

than any timescale of interest in the system—this allows for reduced descriptions of

kinetic plasmas, which are discussed further in Sec. 1.5 and appendix A.

1.4 Phase mixing in turbulent magnetized plasmas: Questions

In Secs. 1.1 and 1.2 we discussed how phase mixing and turbulent cascade

dictate the turbulent characteristics of a plasma individually. It is however unclear,

as to what happens to phase mixing in a nonlinear turbulent system. Understanding

how phase mixing works in presence of turbulence is an important problem in kinetic

plasma turbulence.
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A simple way to incorporate phase mixing in a model for a turbulent plasma
would be to introduce it as a sink of energy to small velocity scales, at each spatial
scale, in essence superimposing phase mixing on to the turbulent cascade [23-25].
For the cascade of a macroscopic quantity like density fluctuations, this would show
up as a scale-by-scale dissipative term, where the rate of dissipation is proportional to
the parallel wavenumber. Such dissipation would violate the constant-flux-through-
scales assumption of Kolmogorov. Extraction of energy at each scale at a rate
proportional to the wavenumber would imply that the energy spectrum should be
an exponential decay instead of a power law. However, power law energy spectra
are commonly observed in weakly collisional turbulent magnetized plasmas. A strik-
ing example is that of compressive fluctuations in astrophysical systems. Electron
density fluctuations in the interstellar medium extend over twelve decades of scales,
famously known as “the Great Power Law in the Sky” [2,26,27]. In the solar wind,
these fluctuations are observed for roughly three decades [3,28-37] (see Fig. 1.7).
These observations are at scales where the plasma is weakly collisional. Linear the-
ory predicts that compressive fluctuations should be strongly damped in the weakly
collisional limit [38], which makes these observed power law spectra surprising. This
suggests that when the system is nonlinear, the linear predictions need to be modi-
fied. A possible explanation for such power law spectra, though not specifically for
these plasmas, was given recently by Plunk et al. [39,40], where they argue that
phase mixing is suppressed due to what is in essence, an “impedance mismatch”
with the nonlinear turbulent frequency. However, in their study, they do not in-
clude the nonlinear cascade. Instead, they consider a single Fourier mode, and add

14



a random source term as a stand-in for turbulence—this approach is quite different
from the one we adopt here.

In this thesis, the interplay between the nonlinear cascade and phase mixing is
studied. This is done by considering nonlinear models which incorporate both these
effects®. The first nonlinear model allows for a turbulent cascade in the direction
perpendicular to the guide field, but does not allow for a transfer of energy to small
spatial scales parallel to the background field. In this scenario, when the turbulent
cascade rate is comparable to or larger than the phase mixing rate, energy gets swept
up to small spatial scales before it can phase mix. As a result a fluid-like turbulent
cascade, i.e. a power law spectrum is observed. In the other, more interesting
model, where the turbulent cascade proceeds in both perpendicular and parallel
directions, a turbulent analog of the plasma echo is observed, which unravels the
velocity space structure generated by phase mixing. This stochastic plasma echo
suppresses phase mixing, which again results in a fluid-like turbulent cascade at
scales where, in the linear limit, perturbations would be strongly damped due to
phase mixing. Hence, regardless of whether or not there is a parallel cascade, power

law energy spectra are observed for turbulent fluctuations at these “kinetic” scales.

SThis is different from what is generally referred to as nonlinear Landau damping (see [41]
and references therein for a detailed analysis of this problem from a mathematician’s perspective)
in the literature. The question there is what happens to the validity of Landau’s results if the
perturbations have finite amplitudes. In our work, all perturbations are assumed small compared
to the equilibrium.
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1.5 Kinetic Reduced MHD

1.5.1 Basic framework

The basic mathematical framework used in this work is known as Kinetic Re-
duced MagnetoHydroDynamics (KRMHD). KRMHD is the long wavelength limit of
gyrokinetics [1,17,42-51]. It is derived in thorough detail in Schekochihin et al. [1],
by expanding “d f gyrokinetics” in small k| p; (k) is the perpendicular wavenumber,
pi is the ion Larmor radius). In this limit, the Alfvénic component of the cascade
decouples from the compressive fluctuations. The dynamics of the system are com-
pletely determined by the Alfvénic fluctuations, which evolve according to reduced
MHD [52,53]. The compressive fluctuations, on the other hand, are described by a
kinetic equation for a passive scalar that is nonlinearly advected by the background
Alfvénic turbulence. These equations provide an efficient framework within which
one may study the turbulent cascade of density and field strength fluctuations in
weakly collisional turbulent magnetized plasmas like the solar wind.

The passive nature of compressive fluctuations in this model neatly ties in
with a popular approach used to study turbulent cascade in fluid systems, namely
that of passive scalar turbulence [14,54-78]. This gives us the opportunity to study
the general problem of kinetic passive scalar turbulence, while having a physically
relevant system to compare with. General results regarding kinetic passive scalar
turbulence are presented in Chapters 3, 4 and 5, by considering simplified versions
of KRMHD. The full KRMHD equations are numerically solved in Chapter 6.

The derivation of KRMHD given in Schekochihin et al. [1] is extremely de-
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tailed, and we do not attempt to better it in this thesis. Instead, we give an outline
of the derivation of KRMHD in appendix A, and give a summary of the final equa-
tions here.

The KRMHD model assumes a homogeneous equilibrium, with a Maxwellian
as the background distribution function. A perturbation of this equilibrium is
evolved in time. The Alfvén cascade is described by reduced MHD, which in its
simplest form is written in terms of Elsasser variables [79]:

OViEE  ovier
ot A 0z

[l Ve + {6 Vi Ve €Y, (1L16)

where the background magnetic field By = Byz is in the z direction, X and y are
the transverse directions, £+ = ® £+ ¥, vy = B, /V/Amm;ng; is the Alfvén velocity,
and ® and ¥ are stream and flux functions respectively, which are related to the

electrostatic potential () and the magnetic vector potential (A4)) by:

C A”

- 1.17
B() \/47rmmgi ( )

where c is speed of light, m; is the ion mass, and ng; is the background ion density.

The braces denote the Poisson bracket:

dPOQ 0P IQ

P.Q} = _ %
{PQ) or dy Oy Ox

(1.18)

The left hand side of Eq. (1.16) describes Alfvén wave packets, traveling up

or down the field line. The nonlinear interaction between these wave packets is
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captured by the right hand side. Observe that only counter-propagating Alfvén
waves interact nonlinearly; these counter-propagating Alfvén waves give rise to the
turbulent cascade by transferring energy to smaller spatial scales.

The compressive fluctuations are described in terms of two Elsasser-like vari-

ables g* and ¢~:

dg* v Fo(vy) ~
% + ?JHV”gi = %b . V/dvgi, (1.19)

where Fyy(v)) = exp(—vﬁ Jv3,)/+/Tuy, is a one-dimensional Maxwellian (vy, = 1/27; /m;

is the thermal velocity of ions, T; is the ion temperature, m; is the ion mass), and

Ai:_EJrEi\/(H%)QJF%, (1.20)

where 7 is the ion to electron temperature ratio, Z is the ion charge in units of
the electron charge, and 3; = 8mng;T;/B; is the ion plasma beta. We observe from
Eq. (1.20), that the range of A* is restricted to: A* > 1, and A~ < 0. The

derivatives d/dt and V| in Eq. (1.19) are convective derivatives:

d 0 0 1

The relationship between the perturbed ion distribution function and ¢* is given in
appendix A (see Eqgs. (A.35) and (A.38)). Egs. (1.16) and (1.19) together constitute

the KRMHD model.
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1.5.2  Conserved quantities

The energies in each of the Elsasser variables (€%, g%) are conserved indepen-

dently in KRMHD:

W= W;W + WARN + WCngpr + WC?)mpr’ (122>
where
Wi, = /d%% Vet (1.23)

are energies of the right and left-going Alfvénic fluctuations, and

T +\2 1 2
WE = /dr% [/ dv (gFO) - (/ dv|gi) ] (1.24)

are energies of the 4+ and — components of the compressive fluctuations¥, as defined

in the previous section, respectively; W is the total free energy.

YBoth the terms in Eq. (1.24) are positive for the “~” mode, since A~ < 0. For the “+” mode,

ngpr can be shown to be positive using Cauchy-Schwarz inequality, and the condition A* > 1.
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Chapter 2

Gandalf

2.1 Introduction

We have developed a new code called Gandalf* to solve the KRMHD Egs. (1.16)
and (1.19). Gandalf is written in CUDA, a GPU computing platform and program-
ming model invented by NVIDIA, and is an efficient numerical tool to study the

long-wavelength asymptotic behavior of anisotropic magnetized plasmas.

2.2  Equations

Instead of directly solving Eq. (1.19), we first expand g in Eq. (1.19) (su-
perscripts will be suppressed whenever no confusion would result) in terms of its
Hermite moments. Evolving the moments of g instead of using a grid in velocity
space makes the numerical scheme spectrally accurate in the v coordinate. Expand-
ing Eq. (1.19) in terms of Hermite polynomials also provides an elegant analytical
framework to study phase mixing (see Chapter 3 for details). The Hermite moments

are defined as follows:

g(v) = %gm, gm = | dyy Mg(v“), (2.1)

*The code solves for g-and-Alfvén waves, hence the name.
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where H,, is the Hermite polynomial of order m. Eq. (1.19) then becomes a fluid-like

hierarchy of equations:

dgo g1

s + UthV”—\/§ =0, (2.2)
d 1—-1/A

_chl +omV) (gz Vi) \/5/ ) 90) =0, (2.3)

(2.4)

The first term on the right hand side of Eq. (1.19), being proportional to Hy, only
appears in Eq. (2.3). The parallel streaming term couples each Hermite moment
to the previous and the next moment!. Dynamical coupling of different Hermite
moments is the mathematical manifestation of linear phase mixing in Hermite space.

The right hand side of Eq. (2.4) has a collision operator C|g,,] that has been
added to the kinetic Eq. (1.19). Collisions are included in order to regularize the
system at small velocity space scales. More importantly, they are also physically
required to generate entropy and heat the plasma—an exactly collisionless limit
is unphysical. We choose a convenient collision operator, the Lenard—Bernstein

collision operator [80], which in Hermite space looks like:

Clgm] = —vmgnm, (2.5)

where v is the collision frequency. The collision operator acts only on the second and

"This is a result of the Hermite recurrence relation: H,, 1 (v) = 2vH,,(v) — 2mH,,_1(v).
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higher Hermite moments, and hence, conserves particle number and momentum.
This particular collision operator is also manifestly most effective for the highest
moments retained, since Clg,,] o m.

Eq. (1.16) and Eqgs. (2.2-2.4) are the equations that are implemented in Gan-

dalf

2.3 Normalization

We normalize the perpendicular spatial co-ordinates z,y and the parallel spa-
tial co-ordinate z, to independent arbitrary length scales p and L, respectively (with
the assumption L > p). By normalizing parallel and perpendicular co-ordinates in-
dependently, we can simulate highly anisotropic fluctuations with a numerical box
that is roughly a cube. In addition, since the ratio L/p is arbitrary, a single run
simulates a whole range of problems with varying degrees of anisotropy. Time is
normalized to L/v4. The Elsasser fields £+ are normalized to pv4 (gradients of the
Elsasser fields have units of velocity—see Eq. (1.17)). The Hermite moments g,, of
the perturbed distribution function g are in arbitrary units. The Elsasser fields £,
and the distribution function moments g,, are scaled up by a factor of L/p so that
all normalized terms have unity order of magnitude.

The normalized equations can then be written as,

OVigt _ovigt

ot Oz _% ({7, VI +{¢, VAT FVA{¢t ¢}, (2.6)
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where

and 3; = 8mnyT;/B2 is the ion plasma beta, ng; is the equilibrium

dgo

dt /B’L

||\/— 0,

+\/EVH (\/m—H9m+1+\/79m 1)

= —VUMgm,, m > 2,

d 0 0
i at+{<1> 3, Vn:&v“{\l’,--.},
+ e +_ g
poEHE -
2 2

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

ion density,

T; is the equilibrium ion temperature, and By is the magnitude of the background

magnetic field.

2.4  Algorithm

We solve Egs. (2.6-2.9) using a pseudo-spectral scheme. The Elsasser fields £+,

and the Hermite moments g,,, are expressed in terms of Fourier modes. The nonlinear

term is calculated in the real space by taking fast Fourier transforms using the

CUDA FFT library. After transforming back to Fourier space, the nonlinear term is

dealiased according to the Orszag 2/3" dealiasing rule [81]. The time integration for

the linear term in Eq. (2.6) is done analytically using an integrating factor technique

(discussed below); the nonlinear term is integrated using second-order Runge-Kutta
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schemet.

Consider the Fourier transform of Eq. (2.6),

+
L

5 NLJ, (2.12)

k;z[

where [NL] are all the nonlinear terms. The k, = 0,k, = 0 mode is decoupled
from all the other Fourier modes, and is not included in our simulations. Multiply
throughout by et

S:teﬂpzkz . 1
% = 6:‘: ki th [NL] . (213)

Egs. (2.13) and (2.4) are then discretized in time and solved as follows:

1. Take a half time-step:

5i,n+1/2 _ eiikzét/in,n eizkzét/le [NL] (2.14)
1L

i =g -5 [y + P VE e S )

(5 n

5, {\p” (gg +(1—1/A) 3—%) H o (216)

¥This choice was made for ease of numerical implementation, and due to memory constraints on
the GPU. The unconditionally unstable nature of RK2 is mollified by choosing a small time-step.
The RK2 time-stepping scheme can be easily improved upon, which we hope to do in the near
future.
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m—i_l/2 = O9m — |:{(I) 7gm} + Zk \/E ( 2 m+1 + \/2_gml)

o () )] o

where the superscript denotes the time index.

2. Calculate nonlinear terms at the half time-step:

[NL]n+1/2 — [{€+n+1/2 V é- n+1/2}+{£ n+1/2 VZ €+n+1/2}

FVLLEHZ o2 ] (218)

3. Take a full time-step using the nonlinear term calculated in the previous step:

g:l:,n+1 — e:l:ikzétgzl:,n :i:zk: ot k12 [NL]nJrl/Q ‘ (219)

n+1/2
gott = gn — ot {(I)n+1/2 n+1/2} ik \/E n+1/2 /B L omt2, 91+/
V2 vz

(2.20)

n+1/2
Q?Jrl — giz — 5t [{q)n+1/2 n+1/2} + Zk \/E < n+1/2 1/A) 90 >
gn+1/2
+\/E{\I,n+1/2’ <g121+1/2 +( 1/A 0 )}]

(2.21)
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n n ot n n . m+ 1 n+1/2 \/m n
gm+1 =g — 3 [{CI) +1/2,g +1/2} +7/k;z\/E (—VQQmL/ + Y2

mn 2
n m-+1 , m .,
VB {we, (VL e P L
(2.22)

4. Integrate the dissipative terms (collisions and diffusion) using the same inte-

grating factor technique as above:

&8 — Fexp (—'r;/{:iét) , (2.23)
go — goexp (—nk1dt), g1 — giexp (—nkidt), (2.24)
gm = gmexp (—nk? 6t —vmbt), m > 2. (2.25)

Since each Hermite moment is coupled to the next one, a suitable closure is required
for the last retained Hermite moment, gy;. Two simple closures have been imple-
mented: g1 = 0 and gar1 = gyr—1- When the collisions are set high enough so
that there is negligible energy in the last Hermite moment, the results are indepen-
dent of the particular choice of closure. Throughout this thesis, we use the gp; 1 =0
closure, along with finite collisions.

Due to the explicit nature of the numerical scheme, the time step is restricted

by a Courant-Friedrichs-Lewy condition:

<

C 1 1
0t = —— x Mi 2.2
S { T Max (5]} ky,maXMaxﬂkx&ﬂ}} ! (2.26)
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where C' is a positive constant less than one, specified by the user.

2.5 Additional features

2.5.1 Forcing

A Gaussian white noise source has been implemented in order to study driven
turbulence. The two Elsasser fields are driven using the same source—this ensures
that only the velocity field u; = zx V& is forced, and there is no artifical large-scale
reconnection. The slow modes are driven independently by forcing the zeroth and/or
the first moment. The slow modes can also be be driven by injecting energy into
the field strength fluctuations—this physically corresponds to an external antenna
that drives a perpendicular current in the plasma. The slow modes are driven at

specified wavenumbers (k,, ky, k.)®.

2.5.2  Hyper-dissipation

Theories of turbulence generally give predictions for wavenumbers far from
forcing and disipation scales, i.e., in the inertial range. The range of such wavenum-
bers may be estimated roughly as the ratio between the forcing and the dissipation
scales, and hence is limited by resolution constraints. To maximize this range,
we employ hyper-diffusion (—nk%") and hyper-collisions (—vm?") instead of reg-

ular diffusion (—nk?) or collisions (—vm); r and n are positive integers. Such

$Due to the Alfvénic turbulence, the total magnetic field is not the same as the background
magnetic field, B = Byz + 0B, . As a result, the wavenumber k, is not necessarily same as the
wavenumber along the total field k. The implemented forcing routine does not check for what kj
values are being forced.
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hyper-dissipation operators restrict the dissipation range to a very narrow set of
wavenumbers, and help the user simulate a large inertial range at a lower compu-
tational cost [82-86]. Typically, in this thesis, r = 4 and n = 4 were used. For the

KRMHD simulations in Chapter 6, r = 8 was used.

2.5.3 Diagnostics

Gandalf writes out the following diagnostic data every few time-steps:

e For the Alfvénic fluctuations, we calculate the kinetic |k? 2| and magnetic |k 2|
energy spectra as functions of &£, and k. For slow modes, the energy spectrum

|g2,| is a function of k,, kj and m.

Energy at a particular perpendicular wavenumber k;, = \/@Tk’g is calculated
by summing over shells. A mode at k,, k, contributes to the spectrum at k|,
if and only if, k; — 0.5 < \//@%Tk; < ki +0.5. The wavenumber k|, is the
parallel wavenumber calculated along the local mean field. That is to say, k|

includes the perpendicular perturbation:

- 0
b-V=— v, ... 2.2
V=) (2.27)

and is not same as k,. The distinction between k. and kj is important, be-
cause the two terms in Eq. (2.27) appear at the same order in the gyrokinetic
ordering. Since particles are not aware of the split between the background
and fluctuating magnetic fields, and always experience the total magnetic field,
k| is the more physical choice for a parallel wavenumber. We calculate the
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k) dependence of the spectra by following the exact field lines through our
numerical box, and interpolating fluctuations along these field lines. This is
done as follows:

1. Transform all the fluctuations from Fourier space to real space.

2. Pick an initial position zg,yy at one end of the box, say zy = —Lz/2,

where L, is the length of the box in the z direction.

3. Calculate the perturbations u; = z x &, 0B, = z x ¥V and g¢,, at

T = T,y = Yo,Z = 2o, using bilinear interpolation¥.

4. Take a half step forward along the field line:

T1j2 = Xo+0B; Az/2, y1j0 = yo+0B, Az/2, 213 = z+Az/2, (2.28)

where Az = L, /k, mas is the spacing-in-z between nearby grid points in

real space.

5. Calculate the magnetic field perturbation 0B, at /2,12, 21/2 using

bilinear interpolation.

6. Take a full step forward along the field line using the value of the magnetic

field at 12, y1/2, 21/2:

r1 =20+ 0B, Az, y1=yo+ 0B, Az, 2z =z + Az (2.29)

YThis choice of interpolation scheme is sufficient for our purposes. A better scheme, like cubic
splines could be easily implemented.
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7. If 21 < L./2, copy over the positions: xg < 1, Yo < Y1, 20 < 21, and

repeat from step 3.

8. Once the fluctuations u,, 0B, and g,, are known along the exact field
lines, transform them back to Fourier space. The parallel wavenumber is

this space is, in fact, k.

9. Calculate the spectra as functions of k; and kj by summing over shells,

as discussed above.

A related, somewhat subtle issue is that of periodicity of the magnetic field
lines. It is observed that the magnetic field lines that are initially periodic—
say, for a driven simulation—naturally become aperiodic due to the turbulence.
It can be shown that the & = 0 mode plays a crucial role in giving rise to this

aperiodicity. However, we do not discuss this point further in this thesis.

The flux of energy I', ) from the m'™ to the (m + 1)** Hermite moment is

calculated as

Do = =k v/2(m + 1) Im [gin1197,] - (2.30)

The derivation of this expression is discussed in detail in Sec. 3.4.4.

For large values of m, a slow mode perturbation can be split into a phase mix-
ing component that propagates from small to large m, and an phase unmixing
component that propagates from large to small m (see Sec. 3.4.5). In Gan-
dalf, we also calculate the spectra for these phase mixing and phase unmixing

modes.
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2.6 Code verification

2.6.1 Kinetic fluctuation-dissipation relations

In Chapter 3, we calculate the saturated amplitudes of a driven kinetic field
that evolves according to the linearized Vlasov equation. The analytical predictions
are compared with the numerical results obtained from Gandalfin Figs. 3.1 and B.1.
The comparison shows good agreement.

Fig. 3.3 plots the phase mixing and phase unmixing spectra of the kinetic field
versus m. The numerical spectra calculated using Gandalf agree with the analytical
prediction. The dotted lines in Fig. 3.3 are not fits to the numerical spectra, but
are the exact expressions from Eqgs. (3.37) and (3.58), i.e., the agreement between
the numerics and the analytical predictions is not just for the scaling in m, but also
for the overall level of the spectra.

These comparisons provide a solid linear benchmark for Gandalf.

2.6.2 Orszag-Tang test case

We present results from the well-known Orszag-Tang test case [87] for MHD

simulations. The initial condition for this test is given by

=2 (cos <27TL%) + cos (27%)) , (2.31)
V= <cos (4%%) +2cos (27%/)) . (2.32)
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Figure 2.1: Time evolution of kinetic and magnetic energies for the Orszag-Tang
test case.

We evolved this initial condition for two Alfvén times, using a 32% x 1 sized
simulation domain. Fig. 2.1 plots the time evolution of kinetic and magnetic energies
for the above initial condition, which is in qualitative agreement with the original

results by Orszag and Tang.

2.6.3 Turbulent spectra for Alfvénic cascade

We simulated the reduced MHD equations for the simulation domains 643,
and 1283, with two different values for the hyper-diffusion exponent: r = 4 and
r = 8. We ran these simulations till saturation, and then time-averaged the kinetic
and magnetic energy spectra over two Alfvén times. These time-averaged spectra
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Figure 2.2: The kinetic (left) and magnetic (right) energy spectra for Alfvénic turbu-
lent cascade. The four different lines correspond to four separate simulations—the
first number is the resolution, and the second number is the exponent for the hyper-
diffusion term (see Sec. 2.5.2). The spectra approach the critical-balance prediction

of kf’/ % for large resolution, and for large hyper-diffusion exponent.

are plotted in Fig. 2.2—they are in agreement with the critical-balance prediction

of /{5/3.
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Chapter 3
Fluctuation-dissipation relations for a kinetic Langevin equation

3.1 Introduction

Fluctuation dissipation relations (FDR) predict the response of a dynamical
system to an externally applied perturbation, based on the system’s internal dissi-
pation properties. The classical Langevin equation [88,89] supplies the best known
example of such FDR. The standard formulation is to consider a scalar ¢ forced by
a Gaussian white-noise source y and damped at the rate ~:

Op
— p— .].
5t + 79 = X, (3.1)

X(O)x(t)) = ed(t — 1),

where angle brackets denote the ensemble average and €/2 is the mean power injected

into the system by the source:

94¢%)

5% 9 (3.2)

3
+{(e%) = 5
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The steady-state mean square fluctuation level is then given by the FDR, linking

the injection and the dissipation of the scalar fluctuations:

(") = o (3-3)

The simplest physical example of such a system is a Brownian particle sus-
pended in liquid, with ¢ the velocity of the particle and 7 the frictional damping.
More generally, Eq. (3.1) may be viewed as a generic model for systems where some
perturbed quantity is randomly stirred and decays via some form of linear damping,
a frequently encountered situation in, e.g., fluid dynamics.

Nearly every problem in plasma physics involves a system with driven and
damped linear modes. Here we consider the prototypical such case: the behavior
of perturbations of a Maxwellian equilibrium in a weakly collisional plasma in one
spatial and one velocity-space dimension. In such a system (and in weakly collisional
or collisionless plasmas generally), damping of the perturbed electric fields occurs
via the famous Landau mechanism [4]. Landau damping, however, is different in
several respects from standard “fluid” damping phenomena. It is in fact a phase
mixing process: electric—and, therefore, density—perturbations are phase mixed
and thus are effectively damped (see Sec. 1.1). Their (free) energy is transferred to
perturbations of the particle distribution function that develop ever finer structure in
velocity space and are eventually removed by collisions or, in a formally collisionless
limit, by some suitable coarse-graining procedure. The electrostatic potential ¢ in

such systems cannot in general be rigorously shown to satisfy a “fluid” equation of
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the form (3.1), with v the Landau damping rate, although the idea that Eq. (3.1)
or a higher-order generalization thereof is not a bad model underlies the so-called
Landau-fluid closures [90-103].

It is a natural question to ask whether, despite the dynamical equations for
¢ (or, more generally, for the moments of the distribution function) being more
complicated than Eq. (3.1), we should still expect the mean fluctuation level to
satisfy Eq. (3.3), where « is the Landau damping rate. And if that is not the case,
then should the value of v defined by Eq. (3.3) be viewed as the effective damping
rate in a driven system, replacing the Landau rate? Plunk [39] recently considered
the latter question and argued that the fact that the effective damping rate defined
this way differs from the Landau rate suggests a fundamental modification of Landau
response in a stochastic setting. Our take on the problem at hand differs from theirs
somewhat in that we take the kinetic version of the Langevin equation (introduced
in Sec. 3.2) at face value and derive the appropriate kinetic generalization of the
FDR, instead of attaching a universal physical significance to the “fluid” version of
it. Interestingly, the kinetic FDR does simplify to the classical fluid FDR when the
Landau damping rate is small. Furthermore, we prove that in this limit (and when
the system has no real frequency), the dynamics of ¢ is in fact described by Eq. (3.1)
with v equal precisely to the Landau rate (i.e., the simplest Landau fluid closure
is a rigorous approximation in this limit). The latter result is obtained by treating
the velocity-space dynamics of the system in Hermite space. We also show how
phase mixing in our system can be treated as a free-energy flux in Hermite space,

what form the FDR takes for the Hermite spectrum of the perturbations of the
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distribution function, and how collisional effects can be included. The intent of this
treatment is to provide a degree of clarity as to the behavior of a very simple plasma
model and thus set the stage for modelling more complex, nonlinear phenomena.
In Sec. 3.2, we describe a simple model for a weakly collisional plasma, which
we call the kinetic Langevin equation, and then, in Sec. 3.3, derive the FDR for
the same, including the “fluid” limit mentioned above. In Sec. 3.4, Hermite-space
dynamics are treated, including the limit where Landau-fluid closures hold rigor-
ously. An itemized summary of our findings is given in Sec. 3.5. A version of the

calculation with a different random source is presented in appendix B.

3.2 Kinetic Langevin equation

We consider the following (1+41)-dimensional model of a homogeneous plasma

perturbed about a Maxwellian equilibrium:

9 9 9
9 WY L wRY R+ Cl), (3.4)

ot 0z 0z — =~

phase mixing  electric field

Y = a/ dv g, (3.5)

source collisions

(x(O)x(t) = eb(t — '),

where ¢(z,v,t) is the perturbed distribution function and Fy(v) is the Maxwellian
equilibrium distribution Fy = e=**/y/m. The velocity v (in the z direction) is nor-
malized to the thermal speed vy, = /27 /m (T and m are the temperature and

mass of the particle species under consideration), spatial coordinate z is normalized
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to an arbitrary length L, and time ¢ to L/vy,. Only one species (either electrons or
ions) is evolved. The second species follows the density fluctuations of the first via
whatever response a particular physical situation warrants: Boltzmann, isothermal,
or no response—all of these possibilities are embraced by Eq. (3.5), which deter-
mines the (suitably normalized) scalar potential ¢ in terms of the perturbed density
associated with g; the parameter a contains all of the specific physics. For example,
if g is taken to be the perturbed ion distribution function in a low-beta magnetized
plasma and electrons to have Boltzmann response, then o« = ZT,/T;, the ratio of the
electron to ion temperatures (Z is the ion charge in units of electron charge e)—the
resulting system describes (Landau-damped) ion-acoustic waves; Eq. (3.5) in this
case is the statement of quasineutrality. Another, even more textbook example is
damped Langmuir waves, the case originally considered by Landau [4]: ¢ is the per-
turbed electron distribution function, ions have no response, so a = 2/k*)\%,, where
Ap is the Debye length and k is the wave number of the perturbation (0/0z = ik);
Eq. (3.5) in this case is the Gauss-Poisson law.

A particularly astrophysically and space-physically relevant example (in the
sense of being accessible to measurements in the solar wind [3,30,31,34,35,104]) is the
compressive perturbations in a magnetized plasma—perturbations of plasma density
and magnetic-field strength at scales long compared to the ion Larmor radius (see
KRMHD equations in Sec. 1.5). The model given by Egs. (3.4-3.5) can be obtained
from KRMHD by setting the Alfvén fluctuations to zero, adding a source term, and
defining the parameter « = —1/A (see Eq. (1.20)).

Thus, Egs. (3.4) and (3.5) correspond a variety of interesting physical situa-
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tions.

The energy injection in Eq. (3.4) is modelled by a white-in-time, Maxwellian-
in-velocity-space source x(t)Fy supplying fixed power o € to the perturbations (see
below). This is a direct analog of the noise term in the “fluid” Langevin equation
(3.1) and so this particular choice of forcing was made in order to enable the simplest
possible comparison with the “fluid” case*. The energy injection leads to sharp
gradients in the velocity space (phase mixing), which are removed by the collision
operator C[g]. “The energy” in the context of a kinetic equation is the free energy

of the perturbations [1,16] (see Eq. (1.24)), given in this case by

_ () | (¥°)
W—/dv oF, + 5 (3.6)
and satisfying
dW 1+« g9Clg]
T -3 5+/dv B (3.7)

The first term on the right-hand side is the energy injection by the source, the
second, negative definite term is its thermalization by collisions. Note that the

variance of ¢ is not by itself a conserved quantity:

d (¢?) 8/ o
T 2 + rn dvog ) = 5 < (3.8)

*One might argue that this is not, however, the most physical form of forcing and that it would
be better to inject energy by applying a random electric field to the plasma, rather than a source
of density perturbations. In appendix B we present a version of our calculation for such a more
physical source, and show that all the key results are similar. Note that the forcing in Eq. (3.4)
does not violate particle conservation because we assume that spatial integrals of all perturbations
vanish: [dzg=0, [dzx =0.
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The power ac/2 injected into fluctuations of ¢ is transferred into higher moments
of g via phase mixing. Phase mixing is precisely this process of draining free energy
from the lower moments and transferring it into higher moments of the distribu-
tion function—without collisions, this is just a redistribution of free energy within
Eq. (3.6), which, in the absence of source, would look like a linear damping of ¢f.
In the presence of a source, the system described by Egs. (3.4) and (3.5) is a
driven-damped system much like the Langevin equation (3.1). The damping of ¢ in
the kinetic case is provided by Landau damping (phase mixing) as opposed to the
explicit dissipation term in Eq. (3.1). It is an interesting question whether in the
steady state, the second term on the left-hand side of Eq. (3.8) can be expressed as
Vet (%), leading an analogue of the FDR (Eq. (3.3)), and if so, whether the “effective
damping rate” 7.g in this expression is equal to the Landau damping rate ;. The
answer is that an analogue of the FDR does exist, 7. is non-zero for vanishing

collisionality, but in general, vog # VL.

3.3 Kinetic Fluctuation-Dissipation Relations

Ignoring collisions in Eq. (3.4) and Fourier-transforming it in space in time,

we get
vFo Xk  Fo
o = — Ok — . 3.9
Ioo = 7Pk T 0T T kv —w/k (3.9)
"Note that o = —1 corresponds to an effectively undriven system; the Landau damping rate for

this case is zero (Eq. (3.16)). We will see in Sec. 3.4.1 that in this case the driven density moment
decouples from the rest of the perturbed distribution function; see Eq. (3.27). For a < —1 the
system is no longer a driven-damped system; this parameter regime never occurs physically.

40



102 ) ——— f(Oé), Eq (35) |

Numerical

5 results
107 4

10" 10° 1ot
1+«

x X

Figure 3.1: Normalized steady-state amplitude 27|k|(|ox|?)/er = f(a) vs. 1 + a:
the solid line is the analytical prediction (f(«) as per Eq. (3.13)), the crosses are
computed from the long-time limit of {|px|?) obtained via direct numerical solution

of Egs. (3.4) and (3.5).
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Introducing the plasma dispersion function Z(¢) = [ dvFy/(v — (), where the inte-

gration is along the Landau countour [105], we find from Egs. (3.9) and (3.5):

o P Z(afl)
* = 7] Dalo/TR])

Da(%) = 1+é+|%‘2(%). (3.11)

(3.10)

Note that D, (w/|k|) = 0 is the dispersion relation for the classic Landau problem [4].

We now inverse Fourier transform Eq. (3.10) back into the time domain,

Z(w/|k|)
XD (@ /E])

b
K|

—twt

dwe

oult) = [ dwe = (3.12)

and compute (|¢|?) in the steady state. In order to do this, we use the fact that

Xiw = [ dte™x,,(t) /27 satisfies (Xpw X)) = exd(w —w’)/2m because (xx(t)x;(t)) =

erd(t —t'), where ¢y, is the source power at wave number k. The result is

2

400
°k , (3.13)

_ 2(0
o). fe= [

(louf?) = N

dg‘

[e.9]

where we have changed the integration variable to ¢ = w/|k|. This is the fluctuation-
dissipation relation for our kinetic system that predicts the long-time behavior of the
electrostatic potential. The function f(«), computed numerically as per Eq. (3.13),
is plotted in Fig. 3.1, together with the results of direct numerical solution of
Egs. (3.4) and (3.5), in which f(«) is found by computing the saturated fluctu-

ation level {|¢x|?).
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Eq. (3.13) can be written in the form

a’ey, To?

<|<Pk|2> = 2,%3&7 ’Veff(a) = m“ﬂ, (3.14)

but the “effective damping rate” v.g is not in general the same as the Landau
damping rate ;. This is illustrated in Fig. 3.2, where we plot the real (wy) and
imaginary (—v) parts of the slowest-damped root(s) of D,(w/|k|) = 0 together
with yes () for a < 0 and e () /2 for o > 0. In the latter case, the linear modes of
the system have real frequencies and the analogy with the Langevin equation (3.1)
is not apt—a better mechanical analogy is a damped oscillator, as explained at the
end of Sec. 3.3.2; the FDR in this case acquires an extra factor of 1/2, which is why
we plot Yer/2 (see Eq. (3.23)). Remarkably, ve(a) does asymptote to vz in the
limit 1 + o < 1 and to 2y in the limit & — oo, i.e., when the damping is weak.

These asymptotic results can be verified analytically.

3.3.1 Zero real frequency, weak damping (o« — —1)

When a+1 < 1, the solution of the dispersion relation will satisfy ¢ = w/|k| < 1.

In this limit,

Z(() mivm, Do)~ 1+é+i§ﬁzz’ﬁ (g—il\j;‘). (3.15)
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Figure 3.2: Slowest-damped solutions of the dispersion relation D,(w/|k|) = 0:
normalized frequency wy,/|k| (red dashed line) and damping rate v, /|k| (black soloid
line) vs. 1+a. Also shown are e () for a < 0 (blue dash-dotted line) and ~eg(cr)/2
for a > 0 (magenta dotted line), as per Eq. (3.14). The two asymptotic limits in
which these match ~, are discussed in Secs. 3.3.1 and 3.3.2.
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Therefore, the solution of D, (w/|k|) =0 is

. I+«
W —iyL, YL = NG |K|. (3.16)

A useful physical example of Landau damping in this regime is the Barnes damping
[38] of compressive fluctuations in high-beta plasmas, where 1 + o ~ 1/3; (see
Schekochihin et al [1], their eq. (190)).

Since the zeros of D, (¢) and D}((), which are poles of the integrand in the
expression for f(«) (Eq. (3.13)), lie very close to the real line in this case, the integral
is easily computed by using the approximate expressions (3.15) for Z(¢) and D,(()

and applying Plemelj’s formula, to obtain

R N

~ = . 3.17
l+a v 21+ a)lk| 271 (3.17)

Noting that a? ~ 1, this is the same as Eq. (3.14) with v.g = 7z, so the “fluid” FDR
is recovered. Note, however, that this recovery of the exact form of the “fluid” FDR
is a property that is not universal with respect to the exact form of energy injection:

as shown in appendix B, it breaks down for a different forcing (see Eq. (B.14)).
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3.3.2 Large real frequency, weak damping (o — 00)

Another analytically tractable limit is a > 1, in which case the solutions of

the dispersion relation have { = w/|k| > 1. In this limit,

2O VRS —T-5h DO~ - garivEe S @)

The solutions of D, (w/|k|) = 0 are

a . 042 —a/2
wa+ §\k|—2’yL, ’yL:\/er |k|. (3.19)

Two textbook examples of Landau-damped waves in this regime are ion acoustic
waves at 3; < 1, T; < T, (cold ions), for which o« = ZT,/T;, and long-wavelength
Langmuir waves, for which o = 2/k*)\%, [4].

In the integral in Eq. (3.13), the poles are again very close to the real line and

so in the integrand, we may approximate, in the vicinity of one of the two solutions

Z(C)MF\/? Da(¢) = =+ (2)3/2 (C$\/g+i|%>. (3.20)

Using again Plemelj’s formula and noting that equal contributions arise from each

(3.19)

of the two roots, we find

o’k
fla)mayrer =Ty O (321)

which is the same as Eq. (3.14) with veg = 27y
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Despite the apparently discordant factor of 2, this, in fact, is again consistent
with a non-kinetic, textbook FDR. However, since we are considering a system with
a large frequency, the relevant mechanical analogy is not Eq. (3.1), but the equally

standard (and more general) equation for a forced and damped oscillator:

¢ +79+ wio =X, (3.22)

where overdots mean time derivatives.

We continue to consider x a Gaussian white noise satisfying (x(¢)x(t')) =
ed(t — t'). For w = 0, Eq. (3.22) then precisely reduces to Eq. (3.1). For w #
0, it is not hard to show (by Fourier transforming in time, solving, then inverse
Fourier transforming and squaring the amplitude) that the stationary mean square
amplitude (p?) for Eq. (3.22) still satisfies Eq. (3.3). However, the relationship
between the actual linear damping rate v, of ¢ and the parameter v depends on
the frequency: v, = v when w < v and v, = v/2 when w > /2. In the latter case,
which is the one with which we are preoccupied here, Eq. (3.3) becomes, in terms

of YL:
3

(¢*) = o (3.23)

The required extra factor of 2 is manifest.*

tAs in Sec. 3.3.1, this very simple mechanical analogy also breaks down for a different choice of
forcing; see appendix B (Eq. (B.15)).
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3.4 Velocity-space structure

The kinetic FDR derived in the previous section was concerned with the rate
of removal of free energy from the density moment of the perturbed distribution
function. This free energy flows into higher moments, i.e., is “phase mixed” away.
In this section, we diagnose the velocity-space structure of the fluctuations and

extend the FDR to compute their amplitude.

3.4.1 Kinetic equation in Hermite space

The emergence of ever finer velocity-space scales is made explicit by recasting
the kinetic equation (3.4) in Hermite space, a popular approach for many years
[40,106-114]. The distribution is decomposed into Hermite moments as follows

@) =3 Hnl)Fy Jao T2 g (324
V)= - — Ym» m = V—F/—— v), .
g g g N g

!
— V2mm!

where H,,(v) is the Hermite polynomial of order m. In terms of Hermite moments,

Eq. (3.5) becomes

p = ago, (3.25)

while Eq. (3.4) turns into a set of equations for the Hermite moments g,,, where

phase mixing is manifested by the coupling of higher-m moments to the lower-m
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ones:

dgo @ 91

— = 2
891 8 1 + « B

o + 4 92 (92 + 90) =0 (3.27)

OGm fm+1
(gt 92 ( ——— 1 + gm 1) = —Uvmg,, m>2, (3.28)

where v is the collision frequency and we have used the [80] collision operator,
a natural modelling choice in this context because its eigenfunctions are Hermite
polynomials.

The free energy (3.6) in these terms is

1—|—a 2 1 =
W = 5 mE (3.29)
and satisfies
dWw  1+a = )
- 3 ¢ VmE:2m<gm). (3.30)

3.4.2 Fluctuation-Dissipation Relations in Hermite space

It is an obvious generalization of the FDR to seek a relationship between the
fluctuation level in the m-th Hermite moment, (|g,,|?) (the “Hermite spectrum”),
and the injected power €. This can be done in exactly the same manner as the

kinetic FDR was derived in Sec. 3.3. Hermite-transforming Eq. (3.9) gives

Yk 1 —sgn k)™ Z™ (w/|k
G = — e LT (o) 20w/ IRD (3.31)

k| o« omml  Da(w/|k])’
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where we have used

(3.32)

and Z™(w/k) = (sgnk)™**Z™)(w/|k|). The mean square fluctuation level in the

statistical steady state is then derived similarly to Eq. (3.13):

2
. m>1. (3.33)

_ L 1+a)® 1 e Z™ (<)
G = o) = oy () o | 2|

This is the extension of the kinetic FDR, Eq. (3.13), to the fluctuations of the
perturbed distribution function. The “Hermite spectrum” C,,; characterizes the

distribution of free energy in phase space.

3.4.3 Hermite spectrum

It is interesting to derive the asymptotic form of this spectrum at m > 1.

Using in Eq. (3.32) the asymptotic form of the Hermite polynomials at large m [115],

e V2 H,,(v) ~ (Q_m) " V2 cos (v\/% - 7rm/2> : (3.34)

e

and remembering that the v integration is over the Landau contour (i.e., along the

real line, cicumnavigating the pole at v = ¢ from below), we find

m/2

2 |

20 (¢) m ™27 (—m) oG /2+iCVEm. (3.35)
e
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provided ¢ < v/2m (this result is obtained by expressing the cosine in Eq. (3.34)
in terms of exponentials, completing the square in the exponential function appear-
ing in the integral (3.32) and moving the integration contour to v = +iv/2m; the

dominant contribution comes from the Landau pole). Finally, in Eq. (3.33),

ARIGSIE 2 >
27 27 e (3.36)

omm! T \m

and so the Hermite spectrum has a universal scaling at m > 1:

e T+a\? [P d¢e® | 1 gl+a) 1
Cm”f”[mky( A |Da<<>|2] Vm v v O

The universal 1/y/m scaling was derived in a different way by Zocco et al. [112]
(see Sec. 3.4.4; [111,114]). The integral in (3.37) was evaluated using the Kramers—
Kronig relations [116,117] for the function h(¢) = 1/D,(¢) — a (which is analytic

in the upper half plane and decays at least as fast as 1/|¢|* at large ():

tedge 1 +2° 4¢ Im h(C) - o
/oo DaQP ~ ﬁ[ﬂ’/m —C L,O‘ VAReA(0) = 3oV

(3.38)
Note that in the limit of high frequency (a > 1, Sec. 3.3.2), the approximation (3.35)
requires wy,/|k| < V2m, or a < 4m, but there is also a meaningful intermediate

range of m for which 1 < m < «/4. In this range, we can approximate Z(¢) ~ —1/¢
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and, since ¢ = £+/a/2, we have in Eq. (3.33):

Zm(()[? 2m! m'
| oam (Cl>| ~ m+1 = Cm7k m e/
m! « \/_|k;| «

(3.39)

This spectrum decays with m up to m ~ «, where it transitions into the universal

spectrum (3.37).

3.4.4 Free-energy flux, the effect of collisions and the FDR for the

total free energy

Observe that the total free energy in our system, with its 1/y/m Hermite
spectrum, is divergent. The regularization in Hermite space (removal of fine velocity-
space scales) is provided by collisions. If v is infinitesimal, these are irrelevant
at finite m, but eventually become important as m — oo. To take account of
their effect and to understand the free-energy flow in Hermite space, we consider

Eq. (3.28), which it is convenient to Fourier transform in z and rewrite in terms of

Gmge = (1580 K)" G it

OGm k -
%t’k l/l (V ngrl k — \/_gm 1 k> = _Vmgm,k- (340)

The Hermite spectrum Ch, . = {|gmk|*) = {|Gmx|*) therefore satisfies

acm,k
ot

+gij2k — Dimc1y20 = —2vmChiy i, (3.41)
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where I'yi1/ok = [k[3/2(m + 1)Re(Gmi1kG5,x) 18 the free-energy flux in Hermite
space. If we make an assumption (verified in Sec. 3.4.5) that for m > 1 the Hermite

moments ¢, ; are continuous in m, i.e., gm+1.% = Gm,k, then

Ping1jzn = [k[V2(m + 1) Crog (3.42)

and Eq. (3.41) turns into a closed evolution equation for the Hermite spectrum [112]:

OC,, i
ot

+ \k|%\/ 2m Cr . = —2vmCiy . (3.43)

The universal C,, ; & 1/4/m spectrum derived in Sec. 3.4.3 is now very obviously a
constant-flux spectrum, reflecting steady pumping of free energy towards higher m’s
(phase mixing). The full steady-state solution of Eq. (3.43) including the collisional

cutoff is

A 2v2
Conk = ZE exp <—%ﬁm3/2> : (3.44)

where Ay is an integration constant, which must be determined by matching this
high-m solution with the Hermite spectrum at low m. This we are now in a position
to do: for 1 < m < (v/|k])™%3, Cpup =~ Ai/v/m and comparison with Eq. (3.37)
shows that the constant Ay is the same as the constant Ay (a) in that equation. Thus,
Eq. (3.44) with Ay given by Eq. (3.37) provides a uniformly valid expression for the
Hermite-space spectrum, including the collisional cutoff (modulo the Hermite-space
continuity assumption (3.42), which we will justify in Sec. 3.4.5).

As a check of consistency of our treatment, let us calculate the collisional
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dissipation rate of the free energy. This is the second term on the right-hand side of
Eq. (3.30). Since Cy, o 1/4/m before the collisional cutoff is reached, the sum over

—2/3

m will be dominated by m ~ (v/|k|) and can be approximated by an integral:

I/ZmkaNZ / dmmC’mk—ZAkW. (3.45)

On the other hand, in steady state, Eq. (3.30) implies

1
v Z mCy, = —; a E. (3.46)

m,k

If energy injection is into a single £ mode, € = ¢, comparing these two expressions

implies
Ek ( 1+ Oé)

Ay, = T (3.47)

which, of course, is consistent with Eq. (3.37).
Finally, we use Eq. (3.44) to calculate (approximately) the total steady-state

amount of free energy across the phase space:

Ly _ 1/3) Ay, r(1/3) 1+a
5 Z N 32/3 (u/]k’)1/3 T 9.32/3 V1/3|k]2/3 (3.48)

(we have again approximated the sum with an integral, assumed energy injection
into a single k and used Eq. (3.47)). Eq. (3.48) can be thought of as the FDR for
the total free energy. The fact that this diverges as v — 0 underscores the principle

that the “true” dissipation (in the sense of free energy being thermalized) is always
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collisional—a consequence of Boltzmann’s H theorem.

3.4.5 Continuity in Hermite space

In this section, we make a somewhat lengthy formal digression to justify the
assumption of continuity of Hermite moments in m at large m, which we need for
the approximation (3.42). The formalism required for this will have some interesting
features which are useful in framing one’s thinking about energy flows in Hermite
space.

Returning to Eq. (3.40) and considering 1 < m < (v/|k|)™%, we find that
to lowest approximation, the /m terms are dominant and must balance, giving
Gm+1k ~ Gm-14. This is consistent with continuity in m, viz., gmi1k = Gmk, but
there is also a solution allowing the consecutive Hermite moments to alternate sign:
Om+1k = —Gmpk. Thus, there are, formally speaking, two solutions: one for which
Gm i is continuous and one for which (—1)"g,,x is. To take into account both of

them, we introduce the following decomposition [118]:

Ime = G + (1) G 15 (3.49)

“_m

where the “+” (“continuous”) and the (“alternating”) modes are

~ gm,k + gm 1,k ~ mgm’k - gm 1,k
g;,k = %7 Imp = (_1) % (3.50)

The Hermite spectrum and the flux of the free energy can be expressed in terms of
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the spectra of these modes as follows:

Cone = (|Gmal®) = CF  +Co (3.51)

T2k = [EIV2(m + DRe(Gmr1kGm ) = [K[V2m (CF = C k) (3.52)

where an; . = (|9 gm /%) and the last expression in Eq. (3.52) is an approximation
valid for m > 1.

The functions gf;’k can both be safely treated as continuous in m for m > 1.
Treating them so in Eq. (3.40) and working to lowest order in 1/m, we find that

they satisfy the following decoupled evolution equations:

aai,k \/_ 1/4 8 1/4~+
or, for their spectra,
oC*
a’:’“ - |k;|—\/ mCE, = —2vmCE (3.54)

“_»

Manifestly, the “4+” mode propagates from lower to higher m and the mode
from higher to lower m—they are the “phase-mixing” and the “un-phase-mixing”

collisionless solutions, respectively.?

Taking the collisional term into account and noting that energy is injected

$The existence of un-phase-mixing solutions has been known for a long time: e.g., [108] treated
them as forward and backward propagating waves in a mechanical analogy of Eq. (3.40) with
a row of masses connected by springs. The un-phase mixing solutions are also what allows the
phenomenon of plasma echo [9], including in stochastic nonlinear systems [118].
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into the system at low, rather than high, m, the solution satisfying the boundary
condition G, — 0 as m — oo has Gy =0 and SO Gm i = g;yk. Thus, Gk is
continuous in m. With C, , = 0, Eq. (3.52) is the same as our earlier approximation
(3.42) (to lowest order in the m > 1 expansion).

As §:;7k and g,, ;. are decoupled at large m, if we start with a g, , = 0 solution,
no g, will be produced. However, both the decoupling property and the inter-
pretation of gf;k as the phase-mixing and un-phase-mixing modes are only valid to
lowest order in 1/m. It is useful to know how well this approximation holds.

Let us use Eq. (3.31) to calculate (in the collisionless limit)

gm-l—l kw . Im+1,kw ? Z(erl) (C)
R, = 27—""= =jgsgnk = — ) 3.55
i Im. kw & 9Im kw 2(m + 1) Z(m)(g) ( )
Taking m > 1,(?/4 and using Eq. (3.35), we find¥
i 1 1
i =1 — ). .
Rmii =1+ 2= = 20 +0 (m3/2) (3.56)
Therefore, to lowest order in 1//m,
- o 1-Ry, i
gm,kw = <_1) 9m kw e ~ (_1) H (357>

o/2m ke

YThe same lowest-order expression can be found by Fourier-transforming Eq. (3.40) in time, ig-
noring collisions, writing R, 1 = R.,'\/m/(m + 1) +i(+/2/(m + 1), approximating R,, ~ Ry11,
solving the resulting quadratic equation for R,,11, expanding in powers of 1/y/m and choosing
the solution for which R,,+1 = 1 to lowest order. This last step is the main difference between
the two methods: if we work with Eq. (3.40) in the manner just described, we have to make an
explicit choice between the continuous and alternating solutions (R,,+1 = 1 and R,,41 = —1); on
the other hand, Eq. (3.31) already contains the choice of the former (which is ultimately traceable
to Landau’s prescription guaranteeing damping rather than growth of the perturbations).

2
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Figure 3.3: The free-energy spectra C= obtained via direct numerical solution of
Egs. (3.26-3.28) with o = 1.0 followed by decomposing the solution according to
Eq. (3.50). In the code, rather than using the Lenard-Bernstein collision operator
(as per Eq. (3.28)), hypercollisional regularization, —vm®g,, , was used to maximize
the utility of the velocity-space resolution, hence the very sharp cut off. The dotted
lines show the collisionless approximation: Eq. (3.37) for C’;;’k (the phase-mixing

“+” mode predominates, so C,  ~ C:m) and Eq. (3.58) for C .
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Following the same steps as those that led to Eq. (3.37)!l, we get

o~ [ Ek (1+a>2/+°° dCCQe@] 1 ex(l+a)* 1 (3.58)

m, 8v/27 k] o s DO | m32 162k m*?’
so both the energy (~ 1, while the total is ~ v71/3; see Eq. (3.48)) and the dissipation
(~v ), mC, , ~ v?/3) associated with the “—” modes is small.

The steady-state spectra Ci, . obtained via direct numerical solution of Eqs. (3.4)
and (3.5) are shown in Fig. 3.3, where they are also compared with the analytical
expressions (3.37) and (3.58).

Note that we could have, without further ado, simply taken Eq. (3.56) to be
the proof of continuity in Hermite space. We have chosen to argue this point via the
decomposition (3.49) because it provided us with a more intuitive understanding

of the connection between this continuity and the direction of the free-energy flow

(phase mixing rather than un-phase mixing).

3.4.6 The simplest Landau-fluid closure

Simplistically described, the idea of Landau-fluid closures is to truncate the
Hermite hierarchy of Eqs. (3.26-3.28) at some finite m and to replace in the last

retained equation

Im+1,k (t) = _(Z sgn k)Rm—I—lgm,k (t)a (359)

IThe integral is again calculated via Kramers-Kronig relations, this time for the function h(¢) =

(?/Da(Q) — aC? = a?/2, 50 [17dC e /| Da(Q)]? = a?y/7/2.
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where R,,;1, which in general depends on the complex frequency ¢ (Eq. (3.55)),
is approximated by some suitable frequency-independent expression leading to the
correct recovery of the linear physics from the truncated system. A considerable
level of sophistication has been achieved in making these choices and we are not
proposing to improve on the existing literature [90-93,95,98,99,102]. It is, however,
useful, in the context of the result of Sec. 3.3.1 that the “fluid” version of FDR is
recovered in the limit of low frequency and weak damping, to show how the same
conclusion can be arrived at via what is probably the simplest possible Landau-fluid
closure.

In the limit ¢ — 0, the ratio R,,1, given by Eq. (3.55), becomes independent
of ¢ and so a closure in the form (3.59) becomes a rigorous approximation. It is not

hard to show that

20m(0) = —;T; /\ﬁ ”I') (3.60)

Therefore, for ( < 1 and m > 1,**

m '(m/2)
Ryyiq = . 3.61
i 2(m + 1) I'((m+1)/2) 36!
If we wish to truncate at m = 1, then Ry = y/7/2, and so in Eq. (3.27),
, ™
o = —isgnk L g (3.62)

2

**The same result can be obtained by inferring R,,+1 ~ R;'\/m/(m+1) from Eq. (3.40)
(provided m < 1/¢?), then iterating this up to some Hermite number M such that 1 < M < 1/¢2,
and approximating Ry ~ 1 (Eq. (3.56)). The condition m, M < 1/¢? is necessary so that the
¢ terms in R,,+1 are not just small compared to unity but also compared to the next-order 1/m
terms (see Eq. (3.56)).
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On the basis of Eq. (3.26), we must order g1 ~ O(()gox. Thefore, 0gy /0t ~

O(¢?)gox must be neglected in Eq. (3.27), from which we then learn that

, 2
g1e = —isgnk \/; (14 ) go- (3.63)

Finally, substituting this into Eq. (3.26), we get

890 k 1 + «
: — |k = Yk- 3.64
ot + Jr |k[gor = Xx (3.64)

This is a Langevin equation (3.1) with a damping rate that is precisely the Landau
damping rate 7, in the limit 1 + o« < 1 (and so ( < 1), given by Eq. (3.16). In
this limit, ¢ = —go (Eq. (3.25), o & —1) and we recover the standard “fluid” FDR
(Eq. (3.17)). As we discussed in Sec. 3.2, a useful application of this regime is to
compressive fluctuations in high-beta plasmas: in this case 1 + a ~ 1/8; < 1 and
the damping is the Barnes damping (also known as transit-time damping) [38], well

known in space and astrophysical contexts [1,119,120].

3.5 Conclusions and discussion

We have provided a reasonably complete treatment of the simplest generaliza-
tion of the Langevin problem to plasma kinetic systems. While we have focused on
the simplest Langevin problem, in which the source term is a white noise, there is
an obvious route towards generalizing this by considering source terms with more

coherent time dependence (longer correlation times, prescribed frequency spectra;
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see [39]). One such calculation was recently undertaken by Plunk [40], who consid-
ered a coherent oscillating source and found that when the frequency of the source
is large, the amount of energy that can be absorbed by the kinetic system is expo-
nentially small. Another straightforward generalization (or variation) of our model
(as treated in this chapter) is energy injection into momentum, rather than density
fluctuations—which can be interpreted as forcing by an externally imposed random
electric field. Whereas some of the more literal parallels with the Langevin problem
are lost in this case, the results are fundamentally the same (appendix B). Let us

itemize the main results and conclusions.

e Eq. (3.13) is the fluctuation-dissipation relation for the kinetic system (Eqgs. (3.4)
and (3.5)), expressing the relationship between the fluctuation level (]p|?)
and the injected power. This can be expressed in terms of an “effective”
damping rate 7. in a way that resembles the standard “fluid” version of the
fluctuation-dissipation relation (Eq. (3.14)), but 7. is not in general equal to
the Landau damping rate ;. We stress that this result is not a statement of
any kind of surprising “modification” of Landau damping in a system with a
random source, but rather a clarification of what the linear response in the
statistical steady state of such a system actually is. The system, in general,
is not mathematically equivalent to the Langevin equation (3.1) and so the

fluctuation-dissipation relation for it need not have the same form.

e In the limit of zero real frequency and weak Landau damping, the effective and
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Figure 3.4: Reproduction of Fig. 3.1 along with the normalized saturated amplitude
calculated using a 4-moment Landau fluid model (green crosses).

the Landau damping rates do coincide (Eq. (3.17)). Another way to view this
result is by noting that this is a regime in which the simplest possible Landau-
fluid closure becomes a rigorous approximation and the evolution equation
for the electrostatic potential can be written as a Langevin equation with the
Landau damping rate v, (Eq. (3.64)). It is crucial to note, however, that
a more realistic 4-moment Landau-fluid model reproduces the kinetic results

with near-perfect accuracy as can be seen in Fig. 3.4.

e Another limit in which the fluctuation-dissipation relation for the kinetic sys-

tem can be interpreted in “fluid” (in fact, mechanical) terms is one of high real
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frequency and exponentially Landau small damping, although the correct anal-
ogy is not the Langevin equation but a forced-damped oscillator (Sec. 3.3.2;
this analogy, however, ceases to hold in such a simple form for a different

choice of forcing, as shown in appendix B).

The damping of the perturbations of ¢ (which are linearly proportional to
the density perturbations) occurs via phase mixing, which transfers the free
energy originally injected into ¢ away from it and into higher moments of
the perturbed distribution function. This process can be described as a free-
energy flow in Hermite space. The generalization of the FDR to higher-order
Hermite moments takes the form of an expression for the Hermite spectrum
Cmx (Eq. (3.33)), which at high Hermite numbers m > 1 has a universal
scaling Cp,p o 1/v/m (Eq. (3.37)). This scaling corresponds to a constant
free-energy flux from low to high m (Eq. (3.42)). Analysis of the solutions of
the kinetic equation making use of a formal decomposition of these solutions
into phase mixing and un-phase mixing modes underscores the predominance

of the former (Sec. 3.4.5).

A solution for the Hermite spectrum including the collisional cutoff is derived
(Eq. (3.44)). The fluctuation-dissipation relation for the total free energy
stored in the phase space (Eq. (3.48)) shows that it diverges oc #~1/3 in the
limit of vanishing collisionality v, a result that underscores the fact that ul-

timately all dissipation (i.e., all entropy production in the system) is collisional.
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In the process of deriving these results, we have made an effort to explain the
simple connections between the Landau formalism (solutions of the kinetic equation
expressed via the plasma dispersion function) and the Hermite-space one. We are
not aware of any work where the results presented here are adequately explained—
although implicitly they underlie the thinking behind both Landau-fluid closures
[90-93,95,98,99,102] and Hermite-space treatments for plasma kinetics [40,106-114].

Besides providing a degree of clarity on an old topic in the linear theory of
collisionless plasmas, our findings lay the groundwork for a study of the much more
complicated nonlinear problem of the role of Landau damping and phase mixing in
turbulent collisionless plasma systems [118,121], which is carried out in the following

chapters.
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Chapter 4
Kinetic passive scalar advection by 2D velocity

4.1 Introduction

Advection of a passive scalar by a turbulent velocity field is a fundamental
and well studied problem in hydrodynamic turbulence [14,54-78]. Investigations
into passive scalar turbulence have helped develop the basic ideas underlying hydro-
dynamic turbulence theory (Refs. [69,77, 78] give thorough reviews of this topic).
Recently, a few authors have carried out numerical investigations of passive scalar
advection in magnetohydrodynamic turbulence [122-125]. However, to the best of
our knowledge, kinetic passive scalar turbulence has not been studied before.

A kinetic passive scalar is slaved to a turbulent cascade while simultaneously
being phase mixed. Since the particle distribution functions for such systems may
develop non-trivial velocity space structure, it is unclear if the results regarding
passive scalar advection derived in the fluid limit will still be valid in the kinetic
regime. In the fluid limit, the passive scalar acquires the same energy spectrum as
the advecting velocity field. However, in the kinetic limit, if phase mixing turns
out to be the dominant process, the turbulent cascade of the scalar will terminate.
This will result in an exponentially attenuated spectrum. The key question then
is whether a kinetic passive scalar has a power law spectrum, or an exponentially

decaying spectrum.
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The answer to this question has significant implications regarding how the sys-
tem chooses to dissipate the energy contained in the scalar. There are two available
dissipation mechanisms: phase mixing transfers energy to smaller velocity space
scales, which eventually gets dissipated by collisions; on the other hand, the turbu-
lent cascade transfers energy to small scales in real space, which is then dissipated
by a diffusive term*. In the context of KRMHD, all energy that is dissipated by
collisions will end up heating ions, whereas the energy that survives in the low ve-
locity moments until the cascade reaches the diffusive cutoff may end up heating
either ions or electrons. Therefore, knowing how the injected energy gets partitioned
between collisions and diffusion will shed some light on the differential heating of
ions and electrons.

In this chapter, we consider a simple model for a kinetic passive scalar g,
which can be obtained from the KRMHD equation by making certain simplifying

assumptions' :

1. Electrostatic approximation: set 0B, =z x VA = 0.

2. Assume the Kraichnan model [59] for the velocity field, i.e., let u; be an
Ornstein-Uhlenbeck process [126-133] evaluated by solving the Langevin equa-
tion [88]:

0P

57 P1®=r w =2x Vo, (4.1)

where @ is the stream function for the velocity field;  is a white noise source,

*Diffusion here is a stand-in for a more complicated cutoff like finite Larmor radius effects. One
may also consider it to be classical diffusion.

"This should be thought of as a first step towards solving the full KRMHD equations. Study
of a simpler model such as this one helps develop understanding of how the full system behaves.
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Figure 4.1: The velocity field u; is independent of z. The structure of the velocity

field with respect to x and y is plotted on the left. The time evolution of the kinetic
energy is plotted on the right.

(k(t)k(t")) = €d(t — t'). The amplitude of the advecting velocity (which can
be thought of as the strength of the turbulence) is controlled by changing
€. Depending on the value of €, v is chosen such that the Kubo number
(a dimensionless parameter characterizing the correlation time of the velocity
field) Ku = p u, /v, where p, is the perpendicular wavenumber of the velocity

is held constant. We set Ku = 1.

3. Additionally, assume that the velocity field u; is a 2D, single-scale velocity
field, i.e., the energy containing wavenumbers p have p, # 0,p| = 0. Further
assume that the scale given by p, corresponds to the largest scale (smallest
magnitude wavenumber) in the system*—this is akin to the Batchelor limit [56]
in hydrodynamic turbulence. A cross section of the velocity field at constant

z, along with the time evolution of the kinetic energy is plotted in Fig. 4.1.

In our numerical box, this corresponds to p, = 1.
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Under these assumptions the kinetic scalar Eq. (1.19) in KRMHD reduces to:
g +uy - Vig+uVyg+ek) = C"lg] +nVig + x, (4.2)

wza[mww@% (4.3)

o0

where « is defined in the same way as Chapter 3, « = —1/A (see Eq. (1.20)); the
electrostatic potential ¢ is same as the one used in Chapter 3 (see Eq. (3.5)). C"[g]
is the hyper-collision operator which in Hermite space looks like —vm?g,, for the
m' Hermite moment; nk% g is a hyper-diffusion term that extracts energy from the
system at small perpendicular scales in real space, and x is a delta-correlated-in-
time source term which drives g. Since Eq. (4.2) is homogeneous in g, the strength

of x can be set to one without any loss of generality.

4.2 Nonlinear Cascade and timescales

Since the velocity u; does not vary in the z, the passive scalar g does not
undergo a parallel cascade. This can be seen by considering a three mode interaction
where modes with wavenumbers p and q couple to give a mode with the wavenumber
k = q + p. The parallel wavenumber remains unchanged, k| = ¢;. If the source x
injects energy into the system with a parallel wavenumber kj, then the timescale
associated with phase mixing is given by (/{HO’Uth)_l. Since p, is non-zero, the passive
scalar does get mixed in the perpendicular plane. The rate at which the scalar

cascades to small perpendicular scales can be roughly estimated as ~ |p u|.
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Since we have assumed that the scale of the velocity field is the largest scale
in the system, we are in the so-called Batchelor limit [56]; this implies that if g were
a fluid passive scalar instead of a kinetic one, it would have had a 1/k; spectrum.
On the other hand, if there were no velocity field, i.e., no turbulent cascade for
the scalar, then the problem gets reduced to the one from Chapter 3, where the
spectrum in velocity space is given by 1/y/m. In this sense, if the nonlinear cascade
dominates over linear phase mixing, that corresponds to the “fluid” limit, whereas

in the “kinetic” limit phase mixing is the dominant process.

4.3 Numerical setup

We solved Eqs. (4.2-4.3) using Gandalf®. The velocity field was driven at
wavenumbers p such that p; = 1, p| = 0. The passive scalar g was driven by inject-
ing energy into the first Hermite moment at perpendicular wavenumbers between
one and two, and parallel wavenumber k), = 1. For these runs, we chose a = 2.
As shown in Chapter 3, the particular value of o does not have any bearing on the
Hermite space dynamics for m > 1. It only determines the relationship between gq
and g;. The resolution was 642 in the perpendicular plane, single wavenumber in
the parallel direction and 100 Hermite moments. We chose values for hyper-collision
frequency v and the hyper-difussion coefficient 7, such that the collisional dissipa-

tion microscale was m, ~ 66, and the diffusion microscale was kj , ~ 219 All the

§ Gandalfhas an option where instead of solving reduced MHD equations, it can be made to solve
the Langevin equation to evaluate the velocity field u, . In this scenario € and «y are user-provided
inputs which allow the user to control the strength of the velocity field.

TDue to the “hyper” nature of the dissipation, the dissipation microscales give a better sense
of the numerical setup, instead of the values of v and 7.

70



simulations in this chapter are in the “strongly nonlinear” regime, i.e., in the limit
where the nonlinear timescale is comparable to, or greater than the phase mixing
timescale. In the opposite limit, phase mixing dominates and the problem reduces
to the one discussed in Chapter 3.

We change the Hermite space variable from m to s = /m. In terms of the new
variables (s, k|, k|), the energy spectrum is given by F; x = $|gmx|>. The numerical

results presented in this chapter use this definition for the energy spectrum.

4.4 Results

We observe in our simulations, that when the nonlinear timescale is faster than
the linear timescale, the passive scalar does not get phase-mixed. This is shown in
Fig. 4.2, where we see the spread of the spectrum in s to be strongly dependent on the
strength of the nonlinearity. Figs. 4.3 and 4.4 show this dependence—the spectrum
decays exponentially in s at a rate proportional to |piuy|/kjovw. This is further
confirmed by Fig. 4.5, where the passive scalar is shown to have a perpendicular
spectrum consistent with the fluid limit.

In Fig. 4.6 we plot the dissipation due to collisions normalized to the total
dissipation (collisional and diffusion) as a function of |p u,|/kjovwm, where we see
that the dissipation due to collisions decreases exponentially as the nonlinear advec-
tion rate is increased with respect to the linear frequency, i.e., once nonlinear, the

system preferentially dissipates via diffusion.
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Figure 4.2: The spectrum Fyy vs s — k1 at k) = 1, for four different |piuy|. For
larger values of |p,u,|, the spectrum does not extend far into Hermite space, as
expected.
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Figure 4.3: The 1D spectrum [ dk, Fsx vs s (left) is seen to be an exponential
decay at a rate A proportional to [piu.|/kjovs. The decay rate is plotted versus
lpiuy | /kjoven on the right—the red crosses are runs with fixed kjo = 1 and varying
IpLuy |, whereas the green circles are runs with fixed [p,u | ~ 8 and varying k.
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Figure 4.4: Spectrum F at fixed k; vs s for four different values of |p u,].
After an initial “transient” in s, the spectrum decays exponentially at a rate
o |piu|/kjoven—the dashed line depicts the expected spectrum.
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Figure 4.5: 1D spectrum [ dsFsy vs k. The spectrum becomes increasingly fluid-
like (~ 1/k,), as |p u, | is increased.
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Figure 4.6: Collisional dissipation normalized to the total dissipation vs
lpiui|/Kjov,,- As the system becomes more nonlinear, most of the energy is dissi-
pated by the diffusive cutoff, and vanishingly small amount of energy is dissipated
via the collisional channel.
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4.5 Discussion

We showed by numerically solving Eqs. (4.2-4.3), that if a kinetic passive
scalar is being advected by a 2D velocity field, in the strongly nonlinear regime,
the steady-state behavior is fluid-like. The nonlinear cascade transfers the energy
to finer perpendicular scales, not allowing the scalar to phase mix. As a result, the
perpendicular spectrum for such a system in the Batchelor limit is the well-known
fluid spectrum: 1/k,. The spectrum in Hermite space decays exponentially at the
rate [pyuy|/kjove, which is consistent with the fluid-like behavior of the system.
The dissipation for such a system happens almost completely through diffusion,
since negligible amount of energy is transferred to small scales in velocity space,
which makes collisions inaccessible.

It has been suggested that the compressive fluctuations in the solar wind do
not undergo a parallel cascade [1] (see Sec. 6.1 for a detailed discussion). If this
is assumed to be true, then the results presented in this chapter help explain the
observed power law spectra of density fluctuations. In KRMHD, the nonlinear
cascade rate associated with the background Alfvénic turbulence increases with the
perpendicular wavenumber; whereas, in absence of a parallel cascade, the linear
phase mixing rate of the compressive fluctuations remains unchanged. As a result,
beyond a certain scale the nonlinear cascade dominates, and disallows the slow
modes to phase mix, resulting in a fluid-like turbulent cascade, i.e., power law
spectra.

The results discussed in this chapter are the kinetic generalization of the Batch-
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elor spectrum for a passive scalar, where the advecting velocity is 2D and the scalar
does not undergo a parallel cascade. We discuss the effects of parallel cascade in

the next chapter, by considering a 3D advecting velocity field.
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Chapter 5
Kinetic passive scalar advection by 3D velocity

5.1 Introduction

We saw in earlier chapters that phase mixing damps electromagnetic fluctua-
tions and drives sharp velocity space gradients in the perturbed distribution func-
tion, which are eventually smoothed by collisions. The regularization of velocity
gradients by collisions produces entropy and heats the plasma. For a linear system
with a single Fourier mode, this is seen as a damping solution to the dispersion rela-
tion (see Fig. 3.2). However, the behavior of Landau damping in nonlinear turbulent
systems, where multiple Fourier modes are coupled with each other is not fully un-
derstood. Some phenomenological models model the turbulent cascade by assuming
that if the linear damping rate is comparable to, or larger than the nonlinear cascade
rate scale-by-scale, a part of the energy is pumped into small velocity space scales at
each spatial scale [23-25]. This, in essence, superimposes the linear damping physics
on to the nonlinear turbulent cascade. However, such scale-by-scale extraction of
energy results in an exponentially decaying energy spectrum [134,135], which is not
seen in numerical simulations [136-138] or in observations [3,30-36, 104, 139-145].
Understanding how Landau damping (or, more generally, phase mixing) operates in
a turbulent environment is essential in addressing this discrepancy.

In Chapter 4, we approached this problem by considering a model for a passive
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Figure 5.1: The velocity field u; vs x and y for different values of z.
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kinetic scalar being advected by a 2D chaotic velocity. There, the phase mixing rate
for the scalar was fixed by its initial wavenumber. Therefore, for strongly nonlinear
systems, the scalar spectrum with respect to s was a sharp exponential decay. In
this chapter, we extend the analysis from Chapter 4 to a 3D advecting velocity field
(see Fig. 5.1). Due to the 3D structure of the velocity, the scalar now undergoes a
parallel cascade in addition to the perpendicular one. Hence, unlike the 2D velocity
case, the scalar now has access to larger k|, and may phase mix more efficiently.
Interestingly, we do not observe increased phase mixing efficiency in our numerical
simulations. Instead, we see that the energy gets scattered in the phase space in
such a way, that it generates a significant amount of return flux of energy from
small to large velocity scales. We identify this effect as the stochastic analog of the
plasma echo in a turbulent system. As a result, the net flux to small velocity scales
is suppressed, effectively reducing the phase mixing efficiency. Suppression of phase
mixing by the turbulent plasma echo helps explain the power law energy spectra at

kinetic scales in turbulent plasmas, even when the scalar has a parallel cascade*.

5.2  Kinetic model

We consider a homogeneous magnetized plasma close to a Maxwellian equi-
librium threaded by a background magnetic field By = Byz; with all fluctuations
low-frequency compared to the cyclotron frequency. We assume that it suffices to

describe only one particle species (ions or electrons) kinetically, and calculate the

*The case of no parallel cascade was discussed in Chapter 4, where it was shown that in the
nonlinear limit energy in the scalar is swept up to small spatial scales before it can phase mix—
resulting in power law spectra.
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evolution of the other species using an appropriate Boltzmann response. We further
assume all wavelengths to be large compared to the kinetic species’ Larmor radius.
Such a system is described using a (3+1)D model, with three spatial co-ordinates
x,y,% and one velocity co-ordinate v parallel to the background magnetic field;
the remaining velocity co-ordinates are integrated out. The perturbed distribution

function ¢ of the kinetic species satisfies a “drift-kinetic” equation':
Og +ur - Vig+y V(g +ek) =Clg +1Vig+x, (5.1)

0= a/_oo dvjg(vy). (5.2)

o0

Here u; is a “fluid” drift velocity that mixes the perturbed distribution function
perpendicular to the magnetic field, vV g is the parallel streaming term that phase-
mixes the distribution function, i.e. generates v structure, C[g] is a collision oper-
ator (diffusive in v) that smooths this structure in an irreversible manner, nV3 g is
a diffusive term that extracts energy from the system at small perpendicular scales
(and stands in for a possibly more complicated cutoff associated with finite-Larmor-
radius physics). The equilibrium distribution function Fy = e/ //Tog 1S a
Maxwellian, where vy, = \/m, T is the temperature and m the mass of the
reference species, and the equilibrium density is assumed to be unity. —V ¢ is the
normalized (by the parameter «) parallel electric field, and x is a source that injects

energy into the system.

TThis equation could have also been derived from KRMHD in the same way as Chapter 4.
By giving an alternate presentation here, we emphasize the general applicability of this equation
beyond KRMHD.
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Egs. (5.1-5.2) describe qualitatively or, in some cases, quantitatively, a multi-
tude of plasmas, for e.g. ion-acoustic perturbations in a proton-electron plasma, in
which case a = T, /T; (T. and T; are temperatures of electrons and ions respectively)
and u; = vz X piVp/2 (p; is the ion Larmor radius) is the E x B drift veloc-
ity. In this electrostatic system, the fluctuating electric field, and hence the drift
velocity, is set by the density fluctuations of the perturbed distribution function
g. In contrast, compressive fluctuations in electromagnetic plasmas decouple from
the Alfvénic turbulence in the long wavelength limit, and are passively advected by
the velocity fluctuations due to the Alfvénic turbulence [1]. For such a system, the
velocity u; is independent of the perturbed distribution function g; the parameter

a depends on plasma beta, T;/T, and the ion charge*.

5.2.1 Hermite space dynamics

The linear Hermite space formalism developed in Sec. 3.4 can be generalized

to the nonlinear model at hand as follows. Eq. (5.2) becomes

¥ = Qago, (53)

whereas the kinetic equation (Eq. (5.1)) turns into a set of fluid-like equations (sim-

ilar to Egs. (3.26-3.28)) in which phase mixing is manifested as a coupling between

*See eqs. 181 and 182 of Schekochihin et al. [1], « is related to their A as a = —1/A.
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neighboring Hermite moments:

dgo a1
P Uthvllﬁ = nV7 9o + Xo, (5.4)
d 14+«
d91 + v V)| (92 + go) =nVig + xa, (5.5)
d fm+1 Im

— T UthVH ( —— 9m+1 T gm 1)
= —vmgm + V3 gm, m>2. (5.6)

Here d/dt = (0; +uy - V) is the convective derivative, —vmg,, is the Hermite trans-
form of the Lenard-Bernstein collision operator [80], and v is the collision frequency.
Energy is injected into the system by driving gy and/or g; using the source terms yg
and xi. The energy then propagates to higher m. We will later see that a perturba-
tion at high m can be coupled back to low m through the nonlinear interaction—this
is the “phase-unmixing” component, the stochastic turbulent analog of the plasma
echo.

Upon Fourier transforming Eq. (5.6) in space, (z,y, 2) — k and defining g, =

(isgn k”)m 9m,k» Where kj is the component of k parallel to By, one finds

OGmr | |Kylvin ( y 3
: Lgm - m— ) =
ot + NG VM 4+ 1gmi1x — VMGm—_1k

> Mipq [sen (kya)]™ Cpdma = vMim.s
P.q

where ® is the stream function for the drift velocity, u;, = z x V® and Mypq =
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—2-(p X @) fkp+a-

If we assume weak collisions v < |kj|vw, large values of m, 1 < m < (|k|vem/v)?,
remain undamped. For such large m, the second term on the left hand side of
Eq. (5.7) is dominant. This implies i1 & Gm-_1, 1-6., Jms1 ~ +Gm. Hence, there
are two solutions: one where §,, is continuous, and the other where (—1)"g,, is.
Thus g = (Gm + Gms1)/2 and g, = (—=1)"(Gm — Gm+1)/2 are both continuous in m
(see also Sec. 3.4.5)%. We would like to approximate the second term on the left hand
side of Eq. (5.7) as a derivative in m. Since §$’k are continuous in m, we can derive
approximate evolution equations¥ (valid to O(1/y/m)) for gfmk from Eq. (5.7), by

expanding in the small parameter 1/v/m

agi,k \/— 1/4 9 1/4~+ ~+
T + V2|kjlvgnm o™ I + VMg, i
~t - = 2~
P.q
where 5ki”7qu = 1if kj and g have the same/opposite sign and 0 otherwise (the
sign of kj = 0 is taken to be positive). There are three separate physical effects

manifest in Eq. (5.8): (i) phase mixing/unmixing—the left hand side of Eq. (5.8) is
an advection equation in m, where “+” (phase-mixing) modes propagate from small
m to large, and “—" (phase-unmixing) modes propagate from large m back to small;
(ii) turbulent cascade—the first term on the right hand side describes nonlinear
coupling of modes with different wavenumbers, which generates fluctuations at small

spatial scales; (iii) plasma echo—the second term on the right hand side couples the

§Note that the “+” and “ — " fields here are not the same as the ones in Eq. (1.19).
YExcept for the nonlinear terms on the right hand side, this is the same equation as Eq. (3.53).

84



phase-mixing and phase-unmixing components via nonlinear interaction with the
drift velocity. This allows for a phase-mixing mode propagating to large m to be
converted to an phase-unmixing mode which would propagate back to small m, and
vice versa.

In the absence of nonlinear advection (¢ = 0), there is no turbulent cascade,
and the phase-mixing and phase-unmixing components are decoupled. In this “lin-
ear” limit it can be proven analytically that g, = 0 to lowest order in 1/y/m, i.e.,
there is no plasma echo (see [146], Chapter 3). Another instance where a complete
lack of an echo can be shown, is when the drift velocity is 2D (p; = 0). Then, the
resonance condition kj = ¢ + p; = g does not allow k| and g to have opposite
signs, which according to Eq. (5.8) is a necessary condition for coupling between
phase-mixing and phase-unmixing modes. Unlike the linear or the 2D drift veloc-
ity limit, a 3D drift velocity (p; # 0) has all three aforementioned effects existing

simultaneously in the system.

5.2.2 Energetics

In order to understand the relative importance of these three effects, we diag-
nose how the free energy of perturbations, W = [ dr ([ dvj(g?)/2F, + (¢?)/2a) =
[ dr[ >, |gml* + 1g0* (1 + )] gets distributed in the phase space by the dynam-
ics of the system. W is conserved by Egs. (5.1-5.2) in absence of dissipation (see
Refs. [1,16,146] and Sec. 1.5.2). Phase mixing transfers W from small m to large,

phase unmixing brings it back from large m to small. Nonlinear advection cascades
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W to small spatial scales.

The contribution of individual Hermite moments to the total free energy W,
is given by Fyx = v/mk |Gmk|?, where we have changed the Hermite space variable
from m to s = y/m. At large s, Fix can be split into the phase-mixing (ij) and
phase-unmixing components (Fy, ), where F;k = /mk, |§ff%k|2 (see Eq. (5.8)). To
derive evolution equations for ij, multiply Eq. (5.8) by /m k. f]i*k (the asterisk

denotes complex conjugate), to obtain

OF  |ky|ven OF

ai’k + | %th a;’k + 2V32ij + 2nkiF§k = Nonlinear terms. (5.9)

We can now define the flux of energy from low to high s in the large s limit:
Ik = |k5H}Uth (F:k — F;k) /v/2. The efficiency of phase mixing is then given by
the normalized flux v/2Ts i /|ky|ven Fixe = (F)x — Fo /(Fy + F, ) )—phase mixing
is completely suppressed when this quantity is zero, whereas when it is one, the

amount of phase mixing is same as that for the linear system. An exact expres-

sion for the flux that is valid at all s can be calculated directly from Eq. (5.7):

Lo = |k v/ (m + 1) /2 Re(Grms 1105 1)

5.3 Numerical setup

We solve Egs. (5.4-5.6) numerically using Gandalf. To simplify the analysis
we assume that the distribution function is passive, i.e., the drift velocity u, is
independent of g. The velocity u; =z x V& is calculated by solving the Langevin

equation 0;® + yv® = k, where v > 0 and k is Gaussian white noise ((k(t)x(t')) =
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€d(t — t')) which drives ® with power ¢; v is chosen such that the Kubo number is
held constant at one (see Sec. 4.1). The drift velocity was restricted to a single scale
(all wavenumbers p such that p, = 1,p = 1), the largest scale in our numerical box.
The saturated root mean square amplitude of the drift velocity can be calculated
using the fluctuation-dissipation theorem [89]: (u%) = p%e/27y. In light of these
simplifications, one can estimate the turbulent cascade rate as 7, '~ |pLuy|, which
we control in our simulations by changing e.

The source term in Eq. (5.4), xo, is assumed to be delta-correlated in time,
and x; is set to zero. Since Eq. (5.1) is homogeneous in g, the power with which yq
injects energy into the system can be set to unity without loss of generality.

Instead of using the Lenard-Bernstein collision operator or regular viscosity
as in Eq. (5.6), we use hypercollisions (—vm8g,,) and hyperviscosity (—nkS g,,) to
efficiently utilize computational resources. The dissipation microscales for these
operators can be estimated as s, = \/m. = (pjvn/v) V1T and ki, = (Jur|/m)"e,
where s, is the collisional cutoff for modes with parallel wavenumber py; k. , is the
viscous cutoff. A simulation is fully characterized by 3 parameters: the nonlinear
advection rate 7'51, the collisional cutoff s. and the viscous cutoff k, ,. All the
results included in this chapter are from a simulation with parameters 7o ~ 1.5,

se~21.3 and k, , ~ 18.8.
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Figure 5.2: Normalized flux (defined after Eq. (5.9)) through s = 10 vs k, — k.
Phase mixing is nearly completely suppressed for k’ﬁ <k |s.— s| /7c.
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Figure 5.3: F;Ek (defined before Eq. (5.8)) at s = 10 vs k; — kj; F~ is plotted on
the left, F'* on the right. The horizontal axis for F'~ is reversed, so as to facilitate
comparison with the F'* plot. For kf > k7 |s. — s| /7c, there is negligible I, . F/}
is seen to cascade to large wavenumbers along the kj ~ Ckk/ line.
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Figure 5.4: Normalized flux (defined after Eq. (5.9)) at k; = 8 vs kj — s. Phase
mixing is nearly completely suppressed for kﬁ’ <k |s.— s| /7c.
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Figure 5.5: F:k (defined before Eq. (5.8)) at k; = 8 vs k| — s; F~ is plotted on

the left, F'* on the right. The horizontal axis for F'~ is reversed, so as to facilitate

comparison with the F'* plot. For & > k7 |s. — s| /7c, there is negligible F,.
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Figure 5.6: Normalized flux (defined after Eq. (5.9)) at kj = 8 vs ki — s. Phase
mixing is nearly completely suppressed for kﬁ’ <K |s.—s| /7c.
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Figure 5.7: ka (defined before Eq. (5.8)) at kj = 8 vs ki — s; F~ is plotted on
the left, F'™ on the right. The horizontal axis for F'~ is reversed, so as to facilitate

comparison with the F'* plot. For & > k7 |s. — s| /7c, there is negligible F,.
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5.4 Results

5.4.1 Phase mixing efficiency

Since we chose the drift velocity to be a single scale velocity field with p| =
1, the nonlinear term couples modes whose parallel wavenumbers differ from each
other by one. A phase mixing mode at s = 1, with a parallel wavenumber &, is
converted to an phase-unmixing mode only if the two have oppositely signed parallel
wavenumbers (see Eq. (5.8)). Hence, such a phase-mixing mode has to go through at
least k| nonlinear interactions in order to reach kj = 0, before it can be converted to
an phase-unmixing mode. While this phase-mixing mode cascades to kj = 0, it also
gets transferred to a larger s due to phase mixing. If this value of s is comparable
to the collisional cutoff s., a part of the energy is lost to collisions, and only the
remaining energy gets converted to an phase-unmixing mode—this sets a bound on
the extent of the plasma echo in the phase space. We observe in our simulations
that the plasma echo is restricted to the k:ﬁ < k% |s. — s| /Tc region of the phase
space as seen in figs. (5.2-5.7). As a result of the echo, phase mixing is significantly

suppressed for ki < k7 |s. — s| /7c.

5.4.2 Spectra vs (s, ki, k)

In the previous section we saw that the phase space is split into a suppressed
and an unsuppressed region by the k:ﬁ ~ k% |s. — s| /T line. In this section we
discuss how the spectra look like in the (s, k., k) phase space.

From Fig. 5.3, we see that the phase-mixing component cascades to small
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Figure 5.8: F,y vs k) for s = 10. Fyy increases for k; < kjj/Ck, and then is ~ 1/k3.
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Figure 5.9: Fiy vs kj for s = 10. Fyy is a constant kj < Ckk,, and then steeply
rolls off.
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spatial scales along the b ~ Cgk, linell, where Cx is a constant (we observe
Ck =~ 2). This relationship between the parallel and the perpendicular wavenumber
can also be seen from the 1D spectra plotted in Figs. 5.8 and 5.9: the perpendicular
spectra increase till k; < kj/Ck, and then are approximately ~ 1/k%, whereas the
parallel spectra are constant till & < Cxk, and then roll off steeply.

2

In order to understand these spectra, we add the “+”7 and “—" equations in

Eq. (5.9), to derive an equation for the spectrum Fjy:

OF; x N Ol's k

BT 3 + 2us*F, x + 2nk3 F,y = Nonlinear terms. (5.10)
s

For the suppressed region of the phase space, I's x ~ 0, i.e., the steady state spectrum
is a zero flux solution. Setting I'sx = 0 in Eq. (5.10) reduces the problem to the
fluid limit. It can be shown in this limit that the spectrum is given by Fyx
ki/ (kﬁ + C%(ki>3/2; this is consistent with the spectra observed in Figs. 5.8 and
5.9.

The spectra versus s in the suppressed region are observed to decay exponen-
tially at a rate proportional to 1/k,, and independent of k (see Figs. 5.10, 5.11
and 5.12). In the unsuppressed (phase-mixed) region, the s spectrum is constant
(see Figs. 5.11, 5.12 and 5.13), which is the same spectrum as that for the Landau-

damped solution™ [111,112,114,146].

IThis may be thought of as the analog of a critical-balance style relationship between parallel
and perpendicular wavenumbers in our model; C'i is the equivalent Kolmogorov-constant.
**Since the spectrum plotted in this chapter is Fsx = /mk |Gm x|?, a constant-in-s spectrum
is same as the |g,,|? ~ 1/y/m spectrum from Chapter 3.
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Figure 5.10: Fjy vs s for k = 2. The spectrum decays in s at a rate A oc 1/k) (see
Fig. 5.11) in the region where phase-mixing is suppressed (see figs. (5.2-5.7)).
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Figure 5.11: The rate A at which spectrum F decays in s (see Fig. 5.10) vs k. We
observe that A oc 1/k; in the suppressed region; in the unsuppressed region A\ ~ 0.
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Figure 5.12: The rate A at which spectrum Fjy decays in s (see Fig. 5.10) vs k. A
is independent of k| in the suppressed region; in the suppressed region A — 0.
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Figure 5.13: Fyx vs s for k; = 6. In the unsuppressed region the spectrum vs s is
constant.
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5.5 Conclusions and discussion

We demonstrated with a simplified model for kinetic passive scalar turbulence
that Landau damping, or more generally phase mixing can be suppressed signifi-
cantly in turbulent systems for a part of the phase space. Energy is scattered in
the phase space such that the net flux to higher Hermite moments of the distribu-
tion function is reduced due to the stochastic plasma echo. We showed using direct
numerical simulations that phase mixing is suppressed significantly in the region
kﬁ < |pruy| ki/ 3s.. Therefore, in the collisionless limit (s, — 00), phase mixing
would be suppressed in the whole inertial range. Perpendicular and parallel spectra
were shown to be the same as fluid spectra in the suppressed region. The suppres-
sion of Landau damping by the stochastic plasma echo helps explain why power
law energy spectra survive at scales where fluctuations are expected to be strongly
damped, by linear theory.

Here, we conclude our treatment of the kinetic passive scalar (chapters 3, 4

and 5), and give a summarized list of our results so far:

o We analytically derived the fluctuation-dissipation relations in the linear limit

for the kinetic passive scalar.

e We constructed an analytical framework to diagnose the efficiency of phase
mixing by considering the flow of energy in the Hermite space. Within this
framework, we proved that in the linear limit, the steady state solution to the
system is a constant-flux solution, and that the energy solely flows from small
to large Hermite moments for large values of y/m.
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e When the passive scalar is being mixed by a 2D velocity field, the spectrum in
the Hermite space is exponentially attenuated in the strong turbulence regime,
and the behavior of the kinetic system is essentially fluid-like. This is a result
of the energy in the passive scalar being swept up to small spatial scales by

the advecting velocity field, before it can phase mix.

e On the other hand, if the scalar is being mixed by a 3D velocity, there is a
stochastic analog of the plasma echo which suppresses the efficiency of phase
mixing in a part of the phase space, the extent of which is determined by the

collisionality of the system, and the amplitude of the advecting velocity.

In the next chapter, we use these ideas, and the diagnostic tools developed here

to study the compressive fluctuations cascade in the kinetic reduced MHD limit.
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Chapter 6
Compressive fluctuations in the solar wind

6.1 Introduction

In situ measurements of turbulence in the solar wind [135, 147-151] make it
a remarkable laboratory to study kinetic plasma turbulence. It is generally agreed
upon that the turbulence in the solar wind comprises mostly of Alfvénic fluctuations
[152] (about 90% of the energy), with an admixture of compressive modes. The
Alfvén-wave cascade has been studied in great detail using fluid [122,153-167] and
kinetic [136, 168, 169] models. Numerical studies of the compressive cascade have
mostly been done in the fluid limit [120,170-174]. However, since the solar wind
is a nearly collisionless plasma, a kinetic treatment is required. The compressive
perturbations in the solar wind are mostly slow and entropy modes with negligible
amounts of energy in the fast mode [175], hence a low frequency description like

kinetic reduced MHD (which orders the fast mode out) can be used.

time O

Figure 6.1: The compressive fluctuations are passively cascaded by the Alfvénic
turbulence, and may remain correlated along the perturbed fieldlines (figure taken
from Schekochihin et al. [1]).
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In a weakly collisional system like the solar wind, slow modes are subject to
strong kinetic damping. This is at odds with the observed power law spectra for
density and field strength fluctuations. Power law spectra suggest that compressive
fluctuations undergo a Kolmogorov-style turbulent cascade. A possible explanation
for this apparent discrepancy is that even though slow modes develop fine scales
in the plane perpendicular to the local magnetic field as they are passively mixed
by the background Alfvénic turbulence, they remaining correlated in the parallel
direction [1]. This leads to highly anisotropic structures with the parallel wavelength
set by the initial conditions, which results in weak damping since the damping rate
is proportional to the parallel wavenumber (see Fig. 6.1). However, this argument
ignores dissipation. Lithwick and Goldreich [120] argued against this suggestion, by
noticing that when the cascade reaches the ion Larmor radius in the perpendicular
plane, these highly anisotropic fluctuations would decorrelate due to finite Larmor
radius effects (which in our model show up as a diffusive term at small perpendicular
scales), and acquire the same parallel correlation lengths as the Alfvén waves. Recent
observations of the solar wind seem to support the idea that there is no parallel
cascade [104]. However, these results are somewhat inconclusive. In Chen et al.
[104], they construct a representative eddy for the field strength fluctuations, and
find it to be much more anisotropic than the Alfvénic eddy (see their figures 4
and 6), which on its surface seems to have settled the issue. But in the same
paper, they also observe a power law spectrum in the direction of the local magnetic
field, with a spectral exponent between —1.42 and —1.58 (see their figure 5)—a
shallower spectrum than that for Alfvénic fluctuations (though severely limited by
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resolution). In fact they use this shallow spectrum to construct the eddy in the
first place. A possible conciliation between these two mutually contradictory results
is that the compressive fluctuations are anisotropic at the outer scale itself, and
then cascade to smaller perpendicular and parallel scales [176]—i.e., an anisotropic
structure observed at small scales does not imply a lack of parallel cascade, and
might be a result of the initial conditions. This however, still leaves two questions
unanswered — (a) is there a parallel cascade for the compressive fluctuations? (b) If
there is a parallel cascade, why are the compressive fluctuations undamped?

We show, using direct numerical simulations of kinetic reduced MHD, that the
compressive fluctuations undergo a parallel cascade*, but they remain undamped due

to suppression of phase mixing by the turbulent plasma echo discussed in Chapter 5.

6.2 Numerics

We solve Egs. (1.16) and (1.19) using Gandalf. Alfvén waves were driven by
injecting random velocity fluctuations using a Gaussian white noise source; com-
pressive fluctuations were sourced independently by driving 0By, i.e. the zeroth
velocity moment of gg (see Eq. (A.35)). The ion charge (Z), ion to electron tem-
perature ratio (7) and the ion plasma beta (3;) were all set to one—these choices
are representative of the usual solar wind parameters. The resolution in the real
space was chosen to be 1283, 144 Hermite moments of the perturbed distribution

function were evolved, hypercollisions (vm®) and hyperviscosity (nk1®) were used to

*The observed parallel cascade may be a result of our forcing—this requires further investigation.
However, the results from Chapter 4 explain the observed power law density fluctuation spectra
for the case where there is no parallel cascade.
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Figure 6.2: Perpendicular and parallel spectra of the Alfvénic fluctuations. The

critical balance predictions: k‘ls/ % for the perpendicular spectra and kﬁ for the

parallel spectra are observed in simulations.

regularize fine scale structure.

6.3 Alfvénic turbulent cascade

The Goldreich-Sridhar critical balance theory [1,19,20] predicts the Alfvénic
turbulence to have kf’/ 5 perpendicular, and k”’ 2 parallel spectra. The precise spec-
tral exponent is a highly debated issue in the community—Boldyrev et al. [177-180]
argue that scale-dependent dynamic alignment needs to be included in the critical-
balance theory for MHD turbulence, which ends up predicting a kf’/ 2 perpendicular
spectrum, whereas Beresnyak et al. [163,164] observe the Goldreich-Sridhar /{:15/ s
spectrum in their simulations. The resolution requirements to settle this controversy
are beyond the capability of present day GPUs, and hence this issue is not addressed
in our work. In our simulations, we observe the perpendicular spectrum to be k‘f/ s

(see Fig. 6.2), which we consider to be consistent with the theories on either side

of this debate. The parallel spectrum is seen to be k:[2 (see Fig. 6.2), which is a
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Figure 6.3: Kinetic (left) and magnetic (right) energy vs k., k.

prediction of both the theories. Our numerical spectra are broadly consistent with
observations in the solar wind [104,135,141,148-151].

In addition to the power law spectra having different spectral exponents in the
perpendicular and the parallel directions, the wavenumber anisotropy predicted by
critical-balance can also be seen in the 2D spectra plotted in Fig. 6.3. The energy
containing region is seen to bounded by the kj ~ ki/ ? line as predicted by critical

balance.

6.4 Slow mode turbulent cascade

Being passively mixed, the compressive fluctuations are predicted to have the
same perpendicular spectrum as the Alfvénic fluctuations, kls/ ® This is observed
in our simulations as shown in Fig. 6.4. Interestingly, the compressive fluctuations

are also observed to undergo a parallel cascade (see Figs. 6.4 and 6.5), and have the

"The anisotropy constant given by the ratio ky/ ki/ ® used here is not predicted by critical
balance. We use the constant measured in numerical simulations by Beresnyak [163] to plot the
analytical predictions in Fig. 6.3.

108



Figure 6.4: Perpendicular and parallel spectra of the density and field strength
fluctuations. The compressive fluctuations being passively mixed, inherit the same
perpendicular spectrum as the Alfvénic fluctuations, consistent with the theoretical
prediction. The parallel spectra for compressive modes are also observed to be
the same as that for the Alfvénic perturbations, indicating that the compressive
fluctuations undergo a parallel cascade, with the parallel correlation lengths being
set by the Alfvénic turbulence.

10
kJ_

Figure 6.5: Density (left) and field strength fluctuations (right) vs ky, k.
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Figure 6.6: Density (left) and field strength spectra (right) vs &y, for different res-
olutions and hyper-dissipation exponents—similar to Fig. 2.2. The first number
corresponds to the resolution used, the second number is the hyper-diffusion expo-
nent.
same parallel spectra as the Alfvénic cascade. These are preliminary results, and
we are still in the process of diagnosing the reasons behind such a parallel cascade.
However, we carried out a convergence study (see Fig. 6.6), and are fairly confident
in our numerical results.

These results show that compressive fluctuations are unable to stay correlated
along the perturbed fieldlines as suggested by Schekochihin et al. [1], and do develop
small scale structure along the perturbed magnetic field. However, it is not yet

clear as to why despite cascading to small parallel scales, the slow modes remain

undamped.

6.5 Suppression of phase-mixing

We saw in Chapter 5, that for a kinetic passive scalar being nonlinearly ad-

vected by a chaotic velocity field, phase mixing is significantly suppressed due to
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Figure 6.7: Normalized flux vs k, — kj, at m = 1 for g* on the left, and g~ on
the right (see Eq. (A.38)). Phase-mixing is nearly completely suppressed in the

critical-balance cone, kj < k:i/ 5,

the turbulent plasma echo. In this section we argue that even though compressive
fluctuations develop small spatial structure along the fieldline, and should be heavily
damped by phase mixing, they remain undamped because of the echo.

We diagnose the plasma echo using the normalized flux diagnostic developed in
Chapter 5 (see discussion after Eq. (5.9)), except, we use the exact form for the flux:
ik = |k:H}vth\/ml%e(gmﬂ’kg:n’k)—we do so because the approximate
expression for the flux is valid only at large values of \/m, and we wish to diagnose
the amount of flux out of the first Hermite moment. In steady state, the flux to
higher Hermite moments is seen to be nearly zero (see Fig. 6.7)—this is especially
true in the critical balance cone k| < ki/ % which is the energy containing region
for our system. Since, in steady state, the amount of energy transferred to higher
Hermite moments out of the first moment is nearly zero, the compressive fluctuations

have a fluid-like turbulent cascade that remains unaffected by phase mixing. As a

result, we observe power law spectra for density and field strength fluctuations
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extending all the way to the ion Larmor radius.

6.6 Conclusions

Preliminary results from direct numerical simulations of the kinetic reduced
MHD equations show that compressive fluctuations undergo a parallel cascade in
the inertial range, and they do not maintain long correlations along the perturbed
field as suggested by Schekochihin et al [1]. This also suggests that the anisotropic
eddies observed in the solar wind [104] are probably due to the anisotropy at the
outer scale—unfortunately, since our analytical, and numerical framework does not
include the outer scale, this can not be tested in our simulations.

Despite the parallel cascade, the compressive fluctuations remain undamped
in the inertial range, which contradicts the linear prediction that these fluctuations
should be heavily damped due to transit-time damping. This happens because the
Alfvénic turbulence drives a substantial return flux for the compressive fluctuations
from small to large velocity space scales (similar to the echo in Chapter 5)—as
a result, phase mixing is suppressed, and power law spectra for density and field

strength fluctuations are observed.

112



Chapter 7

Summary and discussion

In this thesis, we have presented fundamental results pertaining to passive
scalar turbulence in kinetic systems—we analytically derived the fluctuation-dissipation
relations for a kinetic scalar (Chapter 3), and we showed numerical results which
shed light on how linear phase mixing for a kinetic passive scalar is modified due
to nonlinear advection (chapters 4 and 5). In particular, in Chapter 5, we identi-
fied the turbulent analog of the plasma echo, and demonstrated, with the aid of a
simple model, that phase mixing may be siginificantly suppressed due to the echo
in collisionless systems. We developed a new code, Gandalf (Chapter 2) to simulate
the kinetic reduced MHD equations [1], which describe the Alfvénic and compres-
sive components of the turbulent cascade in the solar wind at scales larger than the
ion Larmor radius. In Chapter 6, we addressed two key questions regarding the
compressive cascade in the inertial range using numerical simulations — 1. Do the
compressive fluctuations have a parallel cascade? 2. Why are the density and field
strength fluctuations undamped at kinetic scales? We found that the compressive
perturbations do indeed have a parallel cascade, and have the same perpendicular
and parallel power law spectra as the Alfvénic fluctuations. We showed, by di-
agnosing the flux in Hermite space, that despite the parallel cascade compressive

fluctuations remain undamped due to the stochastic plasma echo.
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Even in the absence of a parallel cascade for the slow modes, the power law
spectra can be explained using the results from Chapter 4. In this limit, the slow
modes cascade to small perpendicular spatial scales before they can phase mix,
resulting in a fluid-like turbulent cascade, hence, exhibit power law spectra.

We would like to investigate the cascade of compressive fluctuations further,
in particular, to understand how the parallel cascade comes about. After developing
solid understanding of this problem, we hope to study how the compressive cascade,
in particular the plasma echo, is dependent on parameters like the plasma beta, the
ion charge, and the ion to electron temperature ratio. Another direction forward
would be to add more physics to Gandalf. This can be done in two possible ways.
Firstly, by implementing non-Maxwellian distribution functions—this would enable
further numerical investigations into solar wind turbulence near the marginal stabil-
ity boundaries for firehose and mirror instabilities. Secondly, making Gandalf fully
gyrokinetic by including finite Larmor radius effects. The work in this thesis was
restricted to scales larger than the ion Larmor radius, where linear phase mixing is
the only phase mixing process available to the system. With a gyrokinetic code, the
ideas developed here could be generalized to include finite Larmor radius effects,
specifically, to investigate the role nonlinear phase mixing [8] plays in the turbulent
cascade at sub-Larmor scales.

The analytical and numerical framework developed as a part of this thesis fits
in a larger program to understand the properties of turbulence in weakly collisional
magnetized plasmas like the solar wind, in particular, to study the dissipation mech-
anisms favored by the system, and to learn how the dissipated energy is partitioned

114



between different species of the plasma.
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Appendix A
Mathematical framework: Kinetic reduced MHD
A.1 Introduction
A kinetic plasma is described by the distribution function fs(¢, r, v)—the prob-

ability of finding a particle of species s (ions or electrons) at position r with velocity

v at time t. The distribution function evolves according to the Boltzmann equation:

of, qs vx B\ 0f  (0fs
o Y Vf‘ﬁ—mS (E+ c ) ov <8t)cou’ (A1)

where ¢, and mg are the species’ charge and mass, ¢ is the speed of light; the
right hand side is the (quadratic in f) Landau collision operator. The electric and

magnetic fields, E and B, are calculated using Maxwell’s equations:

A7 10E
B=—j+-—— A2
VX cJ+cat’ (A2)

10B
E=——-—" A.
V x iyt (A.3)
V- E = 4np, (A.4)
V-B=0, (A.5)

p= qu/d?’vfs, j= qu/d?’vvfs, (A.6)
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where p and j are the charge and current densities.

Although a complete description, the Boltzmann-Maxwell set of Egs. (A.1-
A.5) is computationally prohibitively expensive. A more tractable, reduced set of
equations can be derived by limiting to a description of plasmas with a strong mean
magnetic field. It is assumed that the turbulent fluctuations in such a plasma are
(i) spatially anisotropic with respect to the mean field, (ii) have frequencies that
are smaller than the ion cyclotron frequency, (iii) and are small in amplitude in
comparison with the equilibrium quantities. The dimensionality of the phase space
is then reduced from six to five by averaging over the fast cyclotron motion of the
particles. This set of equations is known as gyrokinetics, which though simpler, is
still a fully kinetic description.

Depending on the research problems in mind, even simpler, hybrid models can
be derived by making further approximations. All the results in this thesis pertain to
the behavior of weakly collisional plasmas at scales larger than the ion gyro-radius:
the so called “inertial range”. By expanding the gyrokinetic equation in the small-
ness of the ion gyro-radius, one can derive kinetic reduced magnetohydrodynamics,
an asymptotically valid description of these systems in the inertial range. All the
work in this thesis is done in the limit where KRMHD is true. In the next two

sections we describe the gyrokinetic and the KRMHD set of equations.
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A.2  Gyrokinetics

A.2.1 Introduction

Linear [42-46] and nonlinear gyrokinetics [1,17,47-51, 181] has been used
in studying magnetized plasmas for over four decades. Historically, gyrokinetics
has been a popular choice to study turbulence and transport generated by micro-
instabilities in fusion plasmas ( [182-190] are a handful of examples). In the past
ten years, however, there has been substantial work studying the relevance and util-
ity of gyrokinetics for space and astrophysical plasmas [1,16,17,138,168,191-196]
. Traditionally, these plasmas have been described using magnetohydrodynamics.
However, there are many examples of astrophysical plasmas where small-scale per-
turbations have wavelengths smaller than the ion mean free path, and therefore
require a kinetic description. MHD turbulence has a natural propensity to drive the
system towards increasing anisotropy as energy is cascaded to small scales [21,22].
The intrinsic anisotropic nature of the MHD turbulent cascade also implies that
the frequencies of these small-scale fluctuations remain far below the ion cyclotron
frequency (this is so because the frequencies of the turbulence are proportional to

the parallel wavenumbers). Hence, such plasmas are well described by gyrokinetics.
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A.2.2 Equations

First separate the distribution function and the fields into equilibrium and

fluctuating parts (the 0 f approximation):

f, = Fpy +3f,, B=By+ 6B, E = JE, (A.7)

where [y is the equilibrium distribution function, which to zeroth order is a Maxwellian:

2

Nos v 2T0$

Fys = —— 75 €Xp (—_> y  Uths = ) (A8>
(,ﬁthhs)S/Q Uih s

ngs and Ty, are the density and temperature of species s. We further assume that the
equilibrium is homogeneous, i.e., there are no gradients of the equilibrium density
and temperature. The background magnetic field By is assumed to be a straight,

uniform magnetic field:

By = By (A.9)

The two homogeneous Maxwell’s Egs. (A.3) and (A.5) can be solved by expressing

the fields in terms of potentials,

104
SE = —Vgp—ga—t”, B =V x A, (A.10)

p and A are the electrostatic and magnetic vector potentials respectively; we also
choose the Coulomb gauge V- A = 0.

The gyrokinetic approximation is formalized by the following ordering assump-
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tions:

ofs OB oFE Ey w
N_N—N—N—N€<<]_’ Al]_
FOS BO (Uths/C)BO kl QZ ( )

where k| and & are the spatial wavenumbers along and across the magnetic field,
w is the typical frequency of the fluctuations and €; is the ion cyclotron frequency.
The perturbed distribution function can be further split into two parts,

S t?
5f, = —%Fm + Byt Ry, vp, 1)) (A.12)
0s

where the first term is the Boltzmann response. The second term is the distribu-
tion function of the centers of the particle gyro-orbits. Note that the gyrocenter
distribution function is evaluated at the guiding center position R4 and not at the
particle position r,

V| X%

R, — , Al
r-+ a (A.13)

s

and is a function of the velocity space variables v, and v *. The function h, satisfies

the gyrokinetic equation:

Oh, Oh c qsFos O(X)R, Oh
— hs} = = , A.14
ot U5y T g Rt =TS ) (A-14)
where x is the gyrokinetic potential,
v A v, - A
X=¢— ”c I lc = (A.15)

*This choice of velocity space co-ordinates is convenient for homogeneous plasmas. For in-
homogeneous plasmas, the conserved quantities energy and magnetic moment make better co-
ordinates [47].
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The Poisson bracket is defined as,

IR, " OR.

(A.16)

Q=2 (o 5.

The angle brackets in Eq. (A.14) denote an average over the Larmor motion of the

particle at a fixed guiding center position:

1 27

V) X Z
<X (t,I‘,U”,Vl)>RS = o ; dé x (t,RS — J‘Q—,UL,U”) , (A17)

where 0 is the angular velocity-space co-ordinate in a cyclindrical co-ordinate system:
vV = vz + vy (cosOx +sinfy) . (A.18)

Observe that the ring average in Eq. (A.17) is evaluated at constant guiding center
position, but the gyrokinetic potential is a function of the particle position. Another
thing to notice is that the ring average, as well as the guiding center position R
depends on the particle species index s.

The electromagnetic fields are calculated consistently from A, using Maxwell’s
equations. In the non-relativistic limit, Poisson’s Eq. (A.4) turns into a quasineu-

trality condition,

0= quéns = qu {_gs(pnos + /d3V<h5>r:| : (A.19)
s s Os

the parallel and perpendicular components of the Ampere’s law take the following
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forms:

4 41
VQLAH = _?jH = —? ZqS/d3VU<hs>r, (A20)

47 . . 47
ViéB” = —7Z . (VJ_ X JJ_) = —?Z .

V., X qu/d:sv(vjzsﬁ] . (A21)

where B =z - (V1 x A ) is the field strength fluctuation. Notice that since the
electromagnetic field variables ¢, A and 0B) are functions of the particle position
and not the guiding center position, the charge and current densities are calculated

by gyroaveraging the guiding center distribution at fixed r (a dual operation to the

one in Eq. (A.17)),

1 [ V| X%
(hs (t,RS,U||,VJ_)>r = %/0 de x (t,r + LQ—,UJ_,U) . (A.22)

Gyrokinetic Eq. (A.14) for ions and electrons, along with the field Eqs. (A.19-

A.21) form a complete, self-consistent set of equations.

A.2.3 Conserved quantity

In absence of collisions, the gyrokinetic system of equations conserves the

following quantity, which is the gyrokinetic version of the free energy:

Tos(h2)e  ¢?p*ng 6B T, 5f2 6B
_ d3 d3 0s\Ps/r  Us S /d3 /d3 s )
w / r [ ES ( / v oF,, T, + 3 E oF,. o

(A.23)
W is the quantity that is cascaded in the phase-space in gyrokinetic turbulence, and

is eventually destroyed by collisions, which generates entropy and heats the plasma.
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A.3 kip; < 1: Kinetic Reduced MHD

A.3.1 Equations

Even though gyrokinetics is a reduced set of computationally tractable equa-
tions, solving them numerically can prove to be quite expensive . In this section,
we present a simpler hybrid model which is derived by taking the k, p; < 1 limit
of the gyrokinetic set of equations. This range of wavenumbers corresponds to the
“inertial range” of the turbulent cascade. In this limit, dynamics of Alfvén waves
decouples from that of the slow waves. The Alfvén waves satisfy reduced MHD, a
system of equations that can be derived from MHD in the collisional limit, but are
true even in the collisionless limit.

Define stream and flux function ® and ¥ as,

C A”
o & I A.24
B()('D7 \/47rmin0i ( )

The Alfvénic turbulence then evolves according to the following (reduced MHD)

equations:
I .
%—t == UAb . VCD, <A25)
2
) A
dvdi =vsb-VVA U, (A.26)

where vy = By/+/4mm;ng; is the Alfvén velocity. This seemingly strange result of a

collisional theory being valid at collisionless scales happens because the Alfvénic part

tThough not impossible, there are numerous gyrokinetic codes used widely to study turbulence
in magnetized plasmas.
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of the distribution function (the part that describes the E x B drift of the plasma
and the magnetic fieldlines), is a shifted Maxwellian with a mean perpendicular flow

velocity u; = ug =z x @, the E x B velocity:

2 2
No; (vi—ug) +vj v? 0B,
fz- = W exp [— ’02 UTLB#FOl + qg . <A27)
(mvg,;) thi LVihi D0

vV . .
Alfvénic fluctuations Compressive fluctuations

Since the Alfvénic fluctuations do not alter the Maxwellian character of the distri-
bution function, it is unsurprising that the equations satisfied by the Alfvén waves
are the same in the collisional and the collisionless limit.

The compressive fluctuations still require a kinetic description in terms of the
function g (see Eq. (A.27)), ¢ turns out to be a kinetic passive scalar, which evolves
according to a kinetic equation that involves the density (dn.) and the field strength
(0B)) fluctuations, and is turbulently mixed by the Alfvénic turbulence. The density
and field strength fluctuations in turn depend on g. The complete set of equations

describing the compressive fluctuations are:

~ [ A 2 0B 2 0B
@ + U”b -V g+ (_ (Sne + U_L—”> FOZ:| = <CZ [g + ' —F01:| > s (A28)
L R

dt T Noe U?hi By E By i
67%_Z+2(1+1>}_11/d3v{vi—2<1+1>} (A.29)
Noe LT Bi Noi Ui Bi . .
5By [z INTH L [ [08 Z
T _Zr9(14+ = — | d —_ 4 — A.30
By LjL ( +5¢>} “m'/ v Ut2hi+T s (4.50)
where
d 0 . 0 1
—_ = — D ... b-V=—+—1{U ... A.31
R ERCIRR B AR SLAn Y (A31)



and

2 SrngTy;
B, = “thi _ ZTR0I0i (A.32)

4y S To; .
2 2
vy Bg

Z = - )
Qe TOe

C;; is the gyro-averaged, linearized ion-ion collision operator, that acts on the non-
Maxwellian part of the distribution function.

Egs. (A.25) and (A.26) can be rewritten in a more intuitive form in terms of
the Elsasser potentials,

E=0+ 0. (A.33)
The Alfvén waves then satisfy (see also Eq. (1.16) and the following discussion),

ovier _ oviet
ot AT, T

—% {E VAT +{E VAT FVA{ET, €. (A34)

In this form, the “+” and “—” potentials have physical interpretations—they are
counter-propagating Alfvén waves. In the collisionless limit, Eqs. (A.28-A.30) can
be reduced to a simpler form as well. If the collision operator in Eq. (A.28) is ignored,
the v, dependence can be integrated over. Define function g,(v) and gg(v|) such

that,

(5ne (SBH
dvy g, = —<, d - A.35
/ UIgn = / vI9B = (A.35)

e

Then Eq. (A.28) becomes two coupled equations,

dgn . Z 1\
&n +U||b Vg, =— [? + 2 (1 + —)} U”FO(UH)

dt Bi
~ A 2 (5ne 2 5B||:|
xb-V|—([1+ — + =1, A .36
{T ( 51) e ﬁz By ( )
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ng ~ Z 1 -1
— b- =—|—4+2(14+ — F
gt + Vs L_ + < + B@):| | O(U”)

xb -V [5 (1 + Z) one (2+ 5) @] , (A.37)

T T ] Noe T ) By

where Fy(v)) = (1/4/T0m;) exp (—vﬁ/vfhi> is a one dimensional Maxwellian in v.

Further define,

1 A 17
g == (1 + —) gnt 98, 9 =9n+ —59B, (A.38)
o T o/
where
T 1 T\ 2 1
S (1 —) . A.39
o=1+—+ 2 +\/ +o )+ 7 (A.39)

Then Eqs. (A.36) and (A.37) can be reduced to the following decoupled equations:

dg* v Fo(v)) ¢
o + "UHV”gi = Tb . V/dvgi, (A.40)
where
1 T\ 2 1
Mo T4 J(1+1) = A4l
Z" 5 \/(+Z)+6? (A-41)

Eqgs. (A.34) and (A.40) together constitute the KRMHD model.
g and g7, as defined in Eq. (A.38) do not have obvious physical meanings like
the Elsasser variables for Alfvénic turbulence. However, it is somewhat instructive

to consider the large and small beta limits: for §; > 1, ¢~ = g,, while for §; < 1,

gt = gp.
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A.3.2 Conserved quantity

In the k; p; < 1 limit, the conserved quantity from Sec. A.2.3 splits into four

parts which are all separately conserved:

W= W;W + WARN + WCngpr + WC?)mpr’ <A42>
where
Wi, = / d%% Vet (A.43)

are free-energies of the right and left-going Alfvénic fluctuations, and

n ZT,L £)2 1 2
W — [[arell [ [l L (] dvngﬂ:)] (Add)

are free-energies of the + and — components of the compressive fluctuations, as

defined in the previous section.
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Appendix B

An alternative choice for the source term in Chapter 3

The source term in Eq. (3.4), providing direct forcing of density perturbations,
was a choice of convenience: it allowed us to compare directly the FDR for the
potential field ¢ in a kinetic system with the FDR for the Langevin equation (3.1).
If, instead, one strives for a form of energy injection with a more transparent physical
interpretation, it is natural to imagine it coming from a fluctuating electric field.

This changes Eq. (3.4) to the following:

dg = Og dp
5% —l—v@—i-vFo% = x1(t)vFy + C[g], (B.1)

(x1(t)xa(t)) =ed(t =),

where xi(t) is the fluctuating parallel electric field, which we model (again, for
analytical convenience) as a Gaussian white noise.
The new forcing injects fluctuations of momentum, rather than density. In-

deed, in terms of Hermite moments, instead of Egs. (3.26) and (3.27), we now have

990 9 .

o Toe (B2)
dg, 0 1+« X1

ot oz (92 MG 90) V2 (83)

and Eq. (3.28) is unchanged. The field that is directly forced is g; = \/§f dvvg(v),
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which is proportional to the mean velocity associated with the perturbed distribution

g. The new free-energy equation, an analog of Egs. (3.7) and (3.30), is

[e.9]

dW ¢ Clg
E=1+/dv<g Z (B4)

This immediately gives us the universal Hermite spectrum and the FDR for the
total free energy: we repeat the calculation in Sec. 3.4.4 (which is unchanged because
nothing has changed at high m’s) using the steady-state version of Eq. (B.4) instead

of Eq. (3.46) to get

€k

Ay = —— B.5
in the expression (3.44) for the Hermite spectrum. Therefore,
1 — r/3) 1
9 Z T 4.32/3 1/3|k|2/3 (B.6)

m=1

replaces Eq. (3.48) as the FDR for the total free energy. The only differences are
in numerical prefactors and the o dependence, which has now disappeared. This
is because in our previous forcing model, the source term injected energy into gq
(density fluctuations), which got scaled by the factor of 1 + « when passed on to g;
(see Eq. (3.27)), whereas in the case we are considering now, the energy is injected
directly into g;, which is then phase mixed to higher m’s, without ever encountering
any « dependence.

Let us also give here the results one obtains in the collisionless limit by back-
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Figure B.1: Normalized steady-state amplitude 27|k|(|px|?)/ex = fi(a) vs. 1 + «
for the case of momentum forcing: the solid line is the analytical prediction f;(«)
(Eq. (B.13)), the crosses are computed from the long-time limit of (|ox|?) obtained
via direct numerical solution of Eq. (B.1).

tracking to Eq. (B.1) and solving for g explicitly, as we did in Secs. 3.3 and 3.4.2:

1X1 ke v
gsz—(sokw+ ;;k )U_uf/k. (B.7)
This gives
, = —2b : B.8
Pk 2 Da(C) (B.8)

Imkw = L o \/Qm—Tn' -DO((C) 3 - 4

where ¢ = w/|k| as usual. From the last formula, proceeding in the same manner
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as we did to get Eq. (3.37), we recover again the Hermite spectrum:

€k 1 1
Lo [ a2

27| k| o2 2mm'

Z<m
Cm,k C

(B.10)

| e 1 /+°° d¢¢e | 1 g 1 (B.11)
Vorlklo® Joo [Da(Q)F | Vm  2V2[k| v/m '
The latter expression was obtained in the limit of m > 1 (see Sec. 3.4.3) and is

the same result as Eq. (B.5). The integral is already familiar from Eq. (3.58). For

“_m

completeness, the -mode spectrum (3.58) becomes

e L [TRdCte | (3+a) 1
Crne ™ o2 2 32 3/2° (B.12)
™ 8V2rlk| @ Jooo [Da(QI? | M3 32/2]k| m¥/

The integral was done by Kramers—Kroning relations for the function h(¢) = ¢*/D,(¢)—
a¢t — a?C?/2 — a?(3 + a) /4. While again numerical prefactors and o dependence
are different, none of the substantive arguments in Sec. 3.4.5 are affected.

Finally, from Eq. (B.8), proceeding in the same manner as in Sec. 3.3, we

obtain the FDR relation for the mean square fluctuation amplitude of the potential:

1+¢Z(¢) |

<|90k:|2> = Da(C)

), A= [ :Odc\ BB

5
27| k|

which is the new version of Eq. (3.13). The function fi(«) is plotted in Fig. B.1,
along with the results of the direct numerical solution of Eq. (B.1). While formally

it is a different function than f(«), it exhibits very similar behavior (see Fig. 3.1).
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Its asymptotics are (see Secs. 3.3.1 and 3.3.2)

Ek

— —1: ~N— = 2\~ B.14
o O (B.14)
ol k| o QEf
— : Ry = ~ —. B.15
o oor i)~ T (louf? ~ (B.15)

Whereas in both limits there is still an inverse relationship between the mean square
fluctuation amplitude and the Landau damping rate vy, the numerical coefficients
are not easily interpretable in terms of any simple “fluid” Langevin models for o—
not a surprising outcome as, already examining Eqgs. (B.2) and (B.3), we might have
observed that they do not map on any obvious Langevin-like equation for ¢ = agp.
The elementary Landau-fluid closure that in Sec. 3.4.6 neatly mapped the o — —1
limit onto a “fluid” Langevin equation, when reworked for the case of the momentum
forcing, gives

Ok, sgn k
—_— = . B.16
ot + YL ek Jr X1,k ( )

Thus, a Langevin equation still, but with an order-unity adjusted noise term.
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