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Rayleigh-Taylor instability (RTI) is a fundamental instability that occurs when a denser
medium is accelerated into a lighter one, and it plays an important role in many plasma
systems, including laboratory plasmas, astrophysical flows, and fusion-related environments.
While RTT has been studied extensively using fluid models and fully kinetic descriptions,
it is less clear how well reduced kinetic-fluid models can reproduce the essential instability
physics at a lower computational cost. This thesis examines that question by comparing fully
kinetic and Parallel Kinetic-Perpendicular Moment (PKPM) simulations of RTI performed
with the Gkeyll framework.

The work develops a consistent comparison between the two models using matched ini-
tial conditions, common boundary treatments, and contour-based diagnostics for interface
evolution and growth-rate extraction. The study focuses on the evolution of density struc-
ture, instability growth, and transport behavior under different collisionalities and PKPM
field-direction choices. For the Kn = 0.01 case, PKPM reproduces the main qualitative be-
havior of the kinetic reference, including the interface evolution and fitted growth rate, while
showing greater sensitivity in the later nonlinear morphology. The results show that the
retained kinetic direction in PKPM acts as an important control on the solution: in-plane

field directions remain closest to the kinetic reference, while out-of-plane directions produce



broader and more fluid-like interface structures. At Kn = 0.1, the comparison becomes
more transport-dominated, and the PKPM field direction more strongly affects whether the
interface remains diffusive or develops a clearer RTI head.

Overall, the results show that PKPM provides a useful reduced description of RTI.
It captures the dominant growth and morphology trends of the fully kinetic model while
requiring significantly lower computational cost, making it a practical tool for studying

larger and more expensive plasma-instability problems.
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Chapter 1

INTRODUCTION

Plasma physics is a field with applications spanning a wide range of areas, from studying
fundamental physics to practical engineering systems. It seeks to understand how the ionized
matter behaves when subjected to a wide range of electric and magnetic fields, how energy
and momentum flow across many orders of magnitude in spatial and temporal scales and
how collective effects give rise to complex and often unexpected dynamics. These same
questions are important to naturally occurring plasmas like the solar wind and the Earth’s
magnetosphere and also to technologies ranging from fusion devices to space propulsion to

plasma-based materials processing [10, 16].

1.1 Importance of plasmas in natural and laboratory systems

Plasma is commonly referred to as the fourth state of matter and consists of free electrons,
ions, and, in many cases, neutral particles that collectively exhibit behavior over a wide
range of spatial and temporal scales [10]. Unlike neutral gases, plasmas respond strongly
to electric and magnetic fields and can support a broad variety of phenomena, including
waves, instabilities, magnetic confinement, particle transport, heating, and radiation. Be-
cause of this rich dynamical behavior, plasma physics occupies an important place in both
fundamental science and engineering.

Plasma physics is especially important because it connects a common set of physical
ideas to systems that may appear very different on the surface. The same basic principles
that describe naturally occurring plasmas, such as the solar wind and magnetospheric envi-
ronments, also apply in laboratory settings where plasmas are created, controlled, and used
for specific purposes. In that sense, plasma physics is both a fundamental and an applied
science. It asks how charged particles and electromagnetic fields interact, and how those

interactions affect transport, confinement, stability, and overall system behavior. Many



naturally occurring systems exist primarily in the plasma state. These include the solar
wind, planetary magnetospheres, stellar atmospheres, and several diffuse astrophysical en-
vironments [16]. In such settings, plasma behavior governs the transport of momentum and
energy, the generation and evolution of magnetic fields, and the emergence of large-scale
structure. The same framework is therefore relevant across a remarkably broad range of
conditions, from dense laboratory plasmas to weakly collisional and magnetized systems in
space.

Plasmas are equally important in laboratory and technological applications. Controlled
thermonuclear fusion is one of the most prominent examples, where plasma must be heated,
confined, and sustained under extreme conditions in order to achieve energy-producing re-
actions [10]. Plasma is also central to many modern technologies, including semiconductor
processing, ion propulsion, and nanoparticle production. As a result, plasma physics nat-
urally draws from and contributes to many disciplines, including astronomy, solid-state
physics, fluid dynamics, nonlinear dynamics, nuclear engineering, plasma chemistry, and
plasma-material interactions.

In all of these settings, plasma behavior is shaped not only by external forcing but also by
self-organized collective effects arising from particles, waves, fields, and material boundaries.
One major consequence of this collective behavior is that plasmas are highly susceptible to
disturbances that can grow, interact, and reorganize the system. Some disturbances decay,
while others develop into instabilities that significantly alter transport, confinement, mixing,
and overall system evolution. For this reason, understanding the origin and development of
plasma instabilities is essential to both interpreting naturally occurring plasma phenomena
and improving simulative capabilities in many laboratory plasma systems used to simulate
stellar plasmas or achieve fusion. This motivates the need to study not only plasmas in

equilibrium, but also the mechanisms through which that equilibrium can be disturbed.
1.2 Collective behavior and instabilities in plasmas

One of the defining features of a plasma is that its behavior is collective. Because electrons
and ions move in response to electromagnetic fields, the motion of one part of a plasma can

influence the motion of the system as a whole through long-range Coulomb forces, rather



than only through local collisions between nearest neighbors. As a result, plasmas can
support a wide variety of behavior, including waves, oscillations, transport processes, and
instabilities [10].

Not every disturbance in a plasma leads to a major change in the system. Some dis-
turbances decay because of damping mechanisms such as collisions or kinetic effects like
Landau damping, while others simply propagate as waves. However, some disturbances
grow by drawing energy from the plasma itself, for example from density gradients, temper-
ature gradients, imposed forcing, or an unstable equilibrium. When that occurs, the plasma
becomes unstable. Such instability can strongly alter plasma structure and the transport of
particles, momentum, and energy, making plasma evolution difficult to predict even when
the governing equations are known. The details of that evolution depend strongly on the
plasma regime. Factors such as collisionality, magnetization, and the relative importance of
fluid and kinetic effects can all change how a disturbance grows and saturates. In weakly
collisional and magnetized systems, for example, behavior along magnetic field lines can
differ significantly from behavior across them, and even small departures from equilibrium
can trigger microphysical processes that influence large-scale dynamics [16].

For this reason, the study of plasma instabilities is central to both fundamental plasma
physics and many practical applications. In fusion-related systems, instabilities can degrade
confinement, redistribute heat and particles in undesirable ways, and limit device perfor-
mance. In space and astrophysical plasmas, instabilities can generate structure, mediate
transport, and drive mixing over a wide range of scales. Understanding how and why these
instabilities arise, and what physical mechanisms control their growth and saturation, is
therefore essential to predicting plasma behavior.

What makes the subject especially challenging is that plasma instabilities rarely evolve
in isolation. Their growth is affected by gradients, boundaries, imposed magnetic fields,
collisionality, and other properties of the surrounding plasma. As a result, the same basic
disturbance may behave very differently under different physical conditions [10, 16]. In many
cases, instabilities ultimately determine whether a plasma configuration remains useful,
breaks down, or transitions into a very different state.

Among the many instabilities that occur in plasmas, the Rayleigh—Taylor instability



is especially important because it lies at the intersection of classical fluid dynamics and
distinctly plasma-specific effects. Its basic physical mechanism is simple, but its development
can be altered substantially once transport, collisions, magnetic fields, and kinetic effects
are taken into account. That makes it both physically important and a valuable benchmark

for testing plasma models.
1.3 Rayleigh-Taylor instability and its relevance in plasma physics

Among the many instabilities that appear in fluid and plasma systems, the Rayleigh—Taylor
instability (RTI) is one of the most fundamental. In its simplest form, RTI occurs when
a denser medium is accelerated into a lighter one. Under these conditions, even a small
disturbance at the interface can grow with time, causing the heavier material to penetrate
downward in the form of spikes while the lighter material rises upward in the form of bubbles
[17]. Although the basic physical picture is simple, the resulting evolution can become highly
complex, especially once nonlinear effects begin to dominate.

RTT has been studied for many years in classical fluids, where it serves as a standard
problem for understanding interfacial instability, mixing, and growth dynamics [17]. In
plasma systems, however, the problem becomes richer. RTT is relevant in a range of envi-
ronments, from astrophysical settings to laboratory plasmas, and its evolution can influence
mixing, transport, and the redistribution of mass and energy [19, 20]. In high-energy-density
and fusion-related contexts, these effects are especially important because instability growth
can degrade confinement, distort interfaces, and alter the expected evolution of the system.

What makes plasma RTI particularly interesting is that it is not always governed by
fluid behavior alone. In some regimes, fluid models provide a useful first description and
recover the expected large-scale growth of the interface. In others, kinetic effects begin to
matter. Finite collisionality, transport across the interface, non-Maxwellian features in the
distribution function, and, more generally, departures from local equilibrium can modify
both the growth rate and the structure of the instability [19]. Previous work has also shown
that viscosity, resistivity, magnetic fields, and thermal conduction can all influence RTI
evolution in plasma environments [21, 2, 25]. As a result, the behavior observed in a plasma

RTI problem may differ substantially from the classical hydrodynamic picture, even when



the underlying instability mechanism remains the same.

RTI is also appealing from a modeling perspective because it combines a familiar macro-
scopic instability mechanism with physics that can become strongly model-dependent once
the plasma leaves the ideal fluid limit. In a highly collisional regime, one expects behavior
closer to classical hydrodynamic intuition. As collisionality decreases, however, particles
can stream more freely across the interface, and transport begins to alter both the sharp-
ness of the interface and the rate at which the disturbance develops. This makes RTI a
particularly useful comparison problem: the instability mechanism remains recognizable,
but its quantitative evolution can depend strongly on the modeling framework being used
[19].

This is precisely where the present work is situated. The question is not only whether
RTT develops, but how its development is represented when the same physical problem is
viewed through different plasma descriptions. A fully kinetic model provides access to the
underlying distribution function and the transport processes built into it, while a reduced
model such as PKPM is designed to retain selected kinetic physics at lower computational
cost. Comparing them in the context of RTI therefore provides a practical way to examine
what is preserved, what is approximated, and where the two descriptions begin to separate.

For this reason, RTI provides a useful setting for comparing plasma models. It is simple
enough to define clearly, but still rich enough to expose the roles of transport, collisionality,
and model assumptions in a direct way. That balance makes it well suited to the goals of
the present work, where the objective is not only to study the instability itself but also to
examine how its evolution is represented in different computational descriptions of plasma

dynamics.
1.4 Modeling challenges: kinetic and reduced descriptions

Once Rayleigh—Taylor instability is considered in a plasma setting, the question is no longer
only whether the instability grows, but also how well a chosen model can represent that
growth. In the simplest regimes, fluid descriptions can capture the large-scale behavior
reasonably well and remain useful for building physical intuition. They are also far less

expensive computationally than kinetic models. At the same time, plasma dynamics are



not always well described by fluid closures alone. When the plasma is weakly collisional,
when transport across the interface becomes important, or when the particle distribution
departs significantly from a local Maxwellian, a fluid picture may no longer be sufficient to
capture the relevant physics [19].

A fully kinetic description retains this additional information by evolving the particle
distribution function in phase space rather than only a small set of its moments. As a
result, kinetic models can provide direct access to velocity-space structure, non-equilibrium
transport, and departures from local Maxwellian behavior. In the context of RTI, this makes
it possible to study how collisionality and transport modify the instability beyond the fluid
limit. The drawback is that this level of fidelity comes at a substantial computational cost,
especially as the number of spatial and velocity dimensions increases [16, 15].

This is what motivates reduced models. Their purpose is not simply to lower compu-
tational cost, but to do so while preserving the physics most relevant to the problem of
interest. The Parallel-Kinetic-Perpendicular-Moment (PKPM) model is one such approach.
It retains kinetic resolution along the magnetic-field direction while treating the perpen-
dicular dynamics through reduced moments. If that reduction is done carefully, it offers
the possibility of capturing important kinetic effects without paying the full cost of a fully
kinetic calculation [16]. That tradeoff makes PKPM particularly relevant to the present
study. It occupies a useful middle ground: richer than a conventional fluid model, but much
more affordable than a fully kinetic description. At the same time, that middle ground
raises an important question. A reduced model may reproduce some aspects of the instabil-
ity well while misrepresenting others, and those differences may not be obvious in advance.
Comparing PKPM with a fully kinetic model is therefore not merely a performance bench-
mark; it is also a way to identify which aspects of RTT are represented similarly in the two
descriptions and which depend more strongly on the level of kinetic fidelity retained.

That comparison, however, is not entirely straightforward. Differences between two
simulations do not necessarily arise only from the physics content of the models. They may
also reflect how the initial equilibrium is constructed, how forcing is applied, how boundary
conditions are imposed, or how transport is represented numerically. RTI is especially

sensitive to such details because the instability develops from a background state that must



remain carefully balanced at the start of the simulation. A fair comparison therefore requires
both models to begin from closely matched physical and numerical conditions. One of the
central tasks of this thesis is to construct that comparison as consistently as possible, so
that the later differences between the fully kinetic and PKPM results can be interpreted

meaningfully.
1.5 Objectives and scope of the present work

So far we have established that Rayleigh—Taylor instability is an important problem in
plasma systems, linking interface growth, transport, and mixing to the broader evolution of
unstable plasma configurations. This discussion also shows that the way this evolution is
modeled matters. Fully kinetic models can resolve the particle distribution function directly
and therefore represent transport effects with high fidelity, but they do so at significant
computational cost. Reduced models such as PKPM offer a more affordable alternative,
but their ability to reproduce the essential instability physics under comparable conditions
must be tested carefully. The primary motivation for the present work is therefore to
examine this tradeoff between physical fidelity and computational tractability.

The main objective of this thesis is to compare the evolution of Rayleigh—Taylor insta-
bility in two plasma modeling frameworks implemented in Gkeyll: a fully kinetic description
and the Parallel-Kinetic-Perpendicular-Moment (PKPM) model. The goal is not only to
determine whether both models exhibit instability growth, but also to evaluate how closely
their predictions agree when the simulations are constructed to represent the same physical
problem as consistently as possible. In that sense, this thesis is both a physics study and
a modeling study. It is concerned with the instability itself, but also with the practical
question of how to compare two descriptions in a way that leads to meaningful conclusions.

A major part of the work is therefore devoted to building a consistent comparison frame-
work. In principle, that sounds straightforward: initialize the same Rayleigh—Taylor config-
uration in both models, evolve each system, and compare the results. In practice, however,
the problem is more delicate. A meaningful comparison requires careful attention to the
initial equilibrium, the imposed acceleration, the perturbation used to seed the instability,

the role of collisions, and the boundary conditions. If the background state is not properly



balanced, or if the two models interpret the setup differently, then the resulting differences
may reflect inconsistencies in setup rather than actual differences in model physics. One
goal of this thesis is to make that distinction as clear as possible.

More specifically, the thesis addresses four main questions. First, does PKPM reproduce
the main qualitative features of the instability seen in the fully kinetic simulations, including
the evolution of the interface and the overall morphology of the density field? Second, do
the two models predict comparable growth rates under the same physical setup? Third, how
does the predicted behavior depend on the direction chosen for the retained kinetic response
in PKPM? Fourth, how do the ideal and non-ideal transport terms evolve, and what do
they reveal about how the reduced model represents the underlying transport physics?

A second theme of the thesis concerns the role of collisional modeling and parameter
variation. In the kinetic framework, we examine how different collision operators, namely
BGK and LBO, affect RTI growth and interface morphology. In the PKPM framework, we
examine how the instability changes with Knudsen number and field-direction choice. This
helps separate differences that arise from the reduced nature of PKPM from those that arise
from the particular collisional model or parameter regime being used.

The scope of the present study is intentionally limited to a controlled comparison prob-
lem rather than a broad survey of all possible plasma RTI configurations. The goal is not
to develop a complete theory of plasma RTT under every relevant physical effect, but to use
a carefully constructed side-by-side comparison between a fully kinetic description and the
reduced PKPM framework to gain insight into RTT under well-defined conditions. Several
topics therefore remain outside the scope of this work. We do not attempt to cover the
full range of magnetic-field geometries, collisional closures, or plasma parameter regimes
relevant to RTI. While broader plasma applications motivate the present study, the simu-
lations considered here are idealized and are intended primarily as a comparative modeling
framework rather than as a direct representation of a specific experimental or astrophysical
system.

Overall, the goal of this thesis is to determine what can be learned by studying Rayleigh—Taylor
instability with both a high-fidelity kinetic approach and a reduced PKPM description under

matched conditions. By comparing instability morphology, growth rates, transport effects,



collision-operator dependence, parameter sensitivity, and computational cost, we aim to
identify the regimes in which the reduced model remains physically useful, the regimes in
which important deviations begin to appear, and the considerations that should guide the

interpretation of such comparisons.
1.6 Organization of the thesis

The remainder of this thesis is organized as follows. Chapter 2 presents the modeling
framework and numerical methodology used in this work. It introduces the fully kinetic and
PKPM descriptions, outlines the computational framework used for the simulations, and
discusses the initialization strategy, boundary conditions, diagnostics, and other practical
considerations required to construct comparable runs. Chapter 3 presents the simulation
results and compares the outcomes of the different modeling approaches, with emphasis on
instability evolution, growth behavior, transport effects, and the influence of collisionality
and PKPM field direction. Finally, Chapter 4 summarizes the main findings of the thesis

and outlines directions for future work.
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Chapter 2
MODELING FRAMEWORK AND NUMERICAL METHODOLOGY

2.1 Hierarchy of plasma descriptions

The level of description required to capture plasma phenomena depends strongly on the
physics of interest and on the computational cost that can be afforded. At one end of the
hierarchy are fluid and moment models, which evolve macroscopic quantities such as den-
sity, bulk velocity, and pressure. At the other end are fully kinetic models, which evolve the
particle distribution function in phase space. Between these two limits lie reduced descrip-
tions that retain selected kinetic effects while avoiding the full cost of a high-dimensional
phase-space calculation [10, 16, 15].

These descriptions are connected through velocity moments of the distribution function.

For a species s with distribution function fs(x,v,t), the number density is

nS:/fsdgv, (2.1)

the bulk velocity is
1
u; = — /st d3v, (2.2)
Ns

Fluid models evolve some subset of these moments and require closure assumptions for
the higher-order moments that are not retained explicitly. Fully kinetic models avoid this
closure problem by evolving the distribution function itself, while reduced models aim to
preserve the most important kinetic effects in a more computationally affordable form.

In this work, we compare two models that lie at different levels of this hierarchy: a fully
kinetic description and the Parallel-Kinetic-Perpendicular-Moment (PKPM) model. The
fully kinetic model serves as the higher-fidelity reference, while PKPM provides a reduced
description designed to retain part of the kinetic physics at lower cost [16]. The following
sections describe these two frameworks and the numerical methodology used to compare

them in the context of Rayleigh—Taylor instability.
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2.2 Fully kinetic description

2.2.1 Phase-space description of the plasma

In a fully kinetic description, the plasma is represented by its distribution function rather
than by a small set of macroscopic variables alone. For every species s, the distribution
function fs(x,v,t) gives the phase-space density of particles at position x with velocity v at
time ¢. Macroscopic quantities such as density, bulk velocity, and pressure are then obtained
as moments of the evolving distribution function [10, 15].

This description is especially valuable when the plasma is weakly collisional, when
velocity-space structure matters, or when the distribution function departs significantly
from a local Maxwellian. In such cases, low-order fluid closures may not capture the rele-
vant transport and non-equilibrium physics with sufficient accuracy. A fully kinetic model
retains this information directly, at the cost of resolving phase space rather than configura-
tion space alone [15, 19].

More generally, a kinetic model may involve up to three configuration-space coordinates,
three velocity-space coordinates, and time. The exact number of resolved dimensions de-
pends on the problem being studied, but the defining feature of the kinetic approach is that

it evolves the distribution function directly rather than only moments derived from it.

2.2.2  Governing kinetic equation

The evolution of the distribution function is governed by the Boltzmann equation. For a

species s, it may be written as

of, )
ajz +v-vxfs+7‘i (E+v xB)-Vyfs +ae - Vo fs = Cs[f], (2.3)
S

where g5 and m; are the charge and mass of species s, E and B are the electric and magnetic
fields, acyt is any prescribed external acceleration, and Cs[f] is a collision operator [10, 15].

This equation ((2.3) ) expresses conservation of particles in phase space. The first term
represents local time evolution, the second describes advection in configuration space, and

the third and fourth terms describe acceleration in velocity space due to electromagnetic
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forcing and any externally applied body force. The right-hand side accounts for collisional
relaxation and velocity-space diffusion.

In the collisionless limit, Cs[f] = 0, the equation reduces to the Vlasov equation. For
the body-force driven Rayleigh—Taylor problems considered in this thesis, we use a neutral-

species form of the kinetic equation,

Ofs
ot

+V'fos+a'vvfszcs[f]a (2-4)

where a is the imposed acceleration that drives the instability. In this setting, the Lorentz-

force term does not appear explicitly because the kinetic reference is used in a neutral,

body-force driven form rather than as a fully electromagnetic Vlasov—Maxwell system.
When self-consistent electromagnetic evolution is retained, the kinetic equation is cou-

pled to Maxwell’s equations through

vV.E=", (2.5)
€0
V-B=0, (2.6)
0B
2= E 2.
OE 1
— = — B - 2.
€0 ot Mov X J, ( 8)

where the charge density p. and current density J from moments of the distribution function,

Pc = qu/fs d37}7 (29)
J= qu/vfs d3v. (2.10)

In the present thesis, however, the fully kinetic RTI problem is used primarily in the body-

force driven setting.

2.2.3 Velocity moments and macroscopic quantities

While the full kinetic simulation updates the distribution function directly, the standard
macroscopic quantities are still recovered through velocity moments. The zeroth moment

gives the number density,

ns(x,t):/fs(x,v,t) d3v, (2.11)
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and the first moment gives the bulk velocity,

wy(x, 1) = l/vfs(x,v,t) . (2.12)

S

The mass density is then

Ps = MgNy. (2.13)

To define higher moments, it is convenient to introduce the peculiar velocity
W=V — u,. (2.14)
The second central moment gives the pressure tensor,
P ;= ms/wiwjfs d3v, (2.15)

which measures the spread of particle velocities about the bulk flow. The scalar pressure is

obtained from the trace,

1
Ds = §Ps,ii7 (2.16)

and in normalized units the temperature is commonly written as

_ps
Ur

T (2.17)

It is important to note the distinction between the raw second moment tensor and the

central second moment tensor. The raw second moment tensor is given by

M, = mS/vivjfs d3v, (2.18)
which may be decomposed as

M ij = Psij + pstsitis ;. (2.19)

We see that this expression involves both the thermal motion via P ;;, and ordered bulk
motion of the particles, via us.

The third central moment gives the heat-flux tensor,

Qs,ijk = MmMs /wiijkfs dsvy (220)
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and the usual heat-flux vector is obtained by contraction,

1 m
Gsk = 5Quitk = = / wwy fs dv. (2.21)

These higher moments are important because they quantify transport effects that are not
captured solely through density, flow velocity, and scalar pressure.

The non-ideal stress tensor is defined for subsequent analysis as
IL ;; = Pssj — psdij, (2.22)

emphasizing the anisotropic part of the stress. In this framework, the energy flux may be

written as
1 45 5
Qe = { 5Psts + 5Ps ) Usk + Usills ik + ks (2.23)
where
1
Qs,k :/2m32}2’0kf3 dngo (224)

This form is useful because it separates ideal convective transport from heat-flux and non-

ideal stress contributions [19].

2.2.4 Collision operators

The collision operator in Eq. (2.3) determines how the distribution relaxes and how colli-
sional transport is represented. The collision term is modeled using simplified velocity-space
operators rather than the full Landau operator. In this work, two collision models are rel-
evant: the Bhatnagar-Gross-Krook (BGK) operator and the Lenard-Bernstein-O’Neil /
Dougherty-type Fokker—Planck operator, referred to here as LBO.

Bhatnagar-Gross-Krook (BGK) operator is given as,

CBGK[fs] = Vg (fM,s - fs) 5 (2'25)

where v, is the collision frequency and fyss is a Maxwellian constructed from the local

moments of the evolving distribution,

Mg 3/2 ms(v — ug)?
fM,s:ns ﬁ exp _T . (226)
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The BGK operator replaces the full collision term with a relaxation model that drives
the distribution toward the local Maxwellian while preserving density, momentum, and
energy when implemented consistently. It is simple, computationally efficient, and useful
for controlled comparisons, especially in neutral-species problems [3, 19].

The LBO operator provides a different reduced collisional model by combining a drag

term with a velocity-space diffusion term. In compact form, it may be written as
Colf] =D vV [(v = ) fs + 05, o Vi fi] (2.27)
T

where v, is a collision frequency, u, is an effective drift velocity, and v, s is an effec-
tive thermal speed [18, 6, 12]. This form preserves the conservative structure needed for
continuum DG implementations and is the main collisional operator used for the matched
kinetic-PKPM comparisons in this thesis [12].

In the RTT studies most closely related to the present work, both BGK and LBO are
used to represent finite collisionality. Their use makes it possible to examine how instability

growth changes as the system moves between more kinetic and more fluid-like limits [19].

2.2.5 Continuum kinetic formulation in Gkeyll

The fully kinetic simulations in this thesis are carried out using the Gkeyll framework.
Gkeyll solves continuum kinetic equations by discretizing the distribution function on a
phase-space mesh rather than representing the plasma with macro-particles. The phase-
space discretization is based on the discontinuous Galerkin (DG) method, which provides
high-order accuracy together with a formulation well suited for advection-dominated kinetic
equations. [15, 8].

In the present work, the fully kinetic model serves as the higher-fidelity reference for
comparison with PKPM. Its main strength is that it evolves the full phase-space distribution
function and therefore retains kinetic transport and higher moments without requiring a
low-order closure from the outset. The details of the spatial discretization, basis choice,
and simulation setup are presented in the following sections; for now, the important point
is that the fully kinetic model provides the reference description against which the reduced

PKPM model is evaluated.
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2.3 Parallel-Kinetic-Perpendicular-Moment model

2.3.1 Motivation and physical setting

The Parallel-Kinetic-Perpendicular-Moment (PKPM) model is intended for weakly colli-
sional, magnetized plasmas in which the dynamics parallel and perpendicular to the mag-
netic field can differ substantially. In such regimes, plasma particles moving along the
magnetic field are mostly unhindered, whereas movement perpendicular to the field lines is
restricted. So momentum and heat can evolve anisotropically. This separation of parallel
and perpendicular dynamics motivates the use of reduced models that retain the most im-
portant kinetic physics along the field while reducing the perpendicular degrees of freedom.

The basic idea of PKPM is to exploit that anisotropy directly. Instead of evolving the full
distribution function in all velocity-space directions, the model retains a kinetic description
parallel to the magnetic field and represents the perpendicular dynamics through a reduced
spectral or moment-based structure. In that sense, PKPM lies between fluid models and
fully kinetic models: it retains more kinetic content than a low-order fluid closure, but at
a cost that is much lower than that of solving the full Vlasov equation in all phase-space
dimensions.

An important point given in Juno et al., is that the PKPM model used here is not
introduced as an asymptotic expansion in a small parameter. Instead, it is constructed
through coordinate transformations and a reduced representation in the perpendicular ve-
locity. This gives the model a natural connection to magnetized plasma dynamics while
keeping the reduction flexible enough for problems beyond the strict limits of traditional

asymptotic models.

2.8.2  Field-aligned velocity coordinates

The construction of PKPM begins by decomposing the velocity v of a particle into com-
ponents parallel (v)) and perpendicular (v)) to the magnetic field. Let b = B/|B| be
the magnetic-field unit vector, let 71 and 79 form a field-aligned basis spanning the plane

perpendicular to b. The velocity may then be written in field-aligned form (b, 71, 72) as
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v = b+wv)cosf 71+ vy sinb Ty, (2.28)

where v is the parallel velocity, v, is the perpendicular speed, and ¢ is the gyrophase
angle.

This decomposition makes it possible to preserve full kinetic resolution only in the par-
allel direction while representing the perpendicular dependence with a reduced set of coef-
ficients. The resulting model therefore avoids a uniform discretization of the full velocity
space while still retaining the part of the kinetic response most directly aligned with the

magnetic field.

2.8.8  Spectral reduction / model structure

After transforming to field-aligned coordinates, the perpendicular dependence of the distri-
bution function is represented through a reduced spectral expansion. In practice, this means
that PKPM replaces the full perpendicular velocity-space resolution with a smaller set of
coefficients that retain the dominant perpendicular physics. The reduction is most effec-
tive when the perpendicular structure remains close enough to a low-order representation,
while the parallel direction is left fully kinetic so that nontrivial field-aligned phase-space
structure can still be resolved.

For this, the gyrotropic portion of the distribution function is expanded in Laguerre

polynomials of the perpendicular speed v, as follows:

> mU2
fo(x, || vy, t) = ZFk(X,UH,t) Gy (v, T)) Ly ( QTi‘) , (2.29)
k=0

where Lj denotes the Laguerre polynomials and

m mv?
Gu(vy,TL) = 21, P <— 2Ti> (2.30)

is the perpendicular Maxwellian weight.
In this approach, it is clear what the reduction means. The parallel speed is an explicit
coordinate, allowing us to display streaming and the parallel part of phase-space structure.

All of the perpendicular dependence is instead contained within the coefficients Fy. When
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few such coefficients suffice, this is a six-dimensional kinetic problem that reduces to a
smaller system of four-dimensional equations. The result is a hybrid description: kinetic
in the parallel direction and reduced in the perpendicular one. This is the key modeling
idea behind PKPM and is the reason the model can retain important anisotropic transport

physics at significantly lower cost than a fully kinetic treatment.

2.8.4 Lowest-order PKPM wvariables

In order for PKPM to be used for practical computation, it is most frequently used in its
lowest order. This is the simplest level of the original PKPM formulation and is obtained
by keeping only the zeroth harmonic of the gyrophase Fourier expansion. In addition, we
keep the first two Laguerre coefficients in perpendicular velocity, all higher-order harmon-
ics/coefficients are set to zero. The kinetic quantities kept in this lowest-order are Fy(x, vy, t)
and G(x,v|,t), where

= E(Fg — ). (2.31)

This definition is useful because it allows the perpendicular pressure to be evolved di-
rectly without introducing a separate evolution equation for 7', . In other words, the tem-
perature normalization appearing in the Laguerre expansion (from Eq. 2.29) is absorbed
into the evolution of G, which makes the reduced system more compact and easier to use
in practice.

The main macroscopic quantities needed for closure are derived from moments of Fy and

G. The number density is

n= /OO Fodv, (2.32)
the parallel pressure is :
Py = / Z muj Fo dvy., (2.33)
and the perpendicular pressure is
pL= m/oo G dy. (2.34)

Similarly, the parallel and perpendicular heat-flux contributions are

o
1
—o
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and

ql = TJ_/ ?)”(F() — Fl) dUH (2.36)

These relations show that we do have access to the anisotropy in the pressure and heat-

flux through the kinetic variables.

2.8.5 Lowest-order PKPM equations

With just the Fourier zero mode and the first two Laguerre coefficients taken, the lowest-
order PKPM model is made of two coupled 4-D kinetic equations for Fj and (G).
The first governs Fp,

OF;
=0 + Vi - [(’L)Hb + u)Fo]
ot
0 1
+ —1|b- —VX-P—v”b-qu Fy+GVy-b| =0, (2.37)
v p
while the second governs G,
oG
E + Vx . [('U”b + U)G]
—i—i b- 1VX'P—UHb'qu G
v p
+ <4G — QTLFO> ﬂvx -b
m m
= [b-(b-Vxu)—Vy - (yyb+u)]G. (2.38)

Here, the advection terms Vy - [(vjb + u)Fy] and Vx - [(v)b + u)G] describe advection
of Fy and G, both in the sense of streaming along b and of bulk flow driven by u. The
velocity-space derivative terms describe acceleration along the magnetic field due to the
forces arising from pressure gradients, spatial gradients of flow velocity and magnetic field
curvature or torsion. Specifically, Vx-b is coupling the magnetic geometry with the reduced
perpendicular dynamics and is central to the unique features of the PKPM model. The
important point is that the problem remains kinetic along the magnetic field line, as both
distribution functions depend explicitly on v and yet the v, dependence is not fully resolved
in the distribution. The structure in that direction enters only implicitly through the chosen

Laguerre modes and the calculated moments thereof.



20

2.3.6 Momentum equation and closure

The PKPM system closes through the momentum equation for the bulk flow:

0
) G (pueutP)=pl (EtuxB), (2.39)
ot m
with a pressure tensor of the form:
P:pr@b—i—pL(I—b@b). (2.40)

Note that this point should be reiterated for PKPM because it does not simply prescribe
the anisotropic pressure as a closure. Instead, p| and p, self-consistently arise from the
moments of the kinetic variables retained via Egs. (2.33) and (2.34), meaning PKPM remains
more tightly connected to the distribution function than a conventional low-order fluid
closure.

When considering the full electromagnetic regime, the equations of PKPM are coupled

to Maxwell’s equations:

0B
OE
EOMOE — Vx x B = —[LOJ, (242)
Vi E =2 (2.43)
€0
Vx-B =0, (2.44)
with the current density J given by
qs
J= — psUs. (2.45)
ms

s

This demonstrates that PKPM is not simply a prescribed-field description, it constitutes
a self-consistent kinetic-fluid electromagnetic model.
2.3.7 Relevance to the present work

PKPM is the reduced model that is being compared against the fully kinetic model in this

thesis. Its value lies in the balance it offers between model fidelity and computational cost.
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The model remains kinetic in the parallel direction, supports anisotropic pressure dynamics,
and retains a close connection to distribution-function moments, while avoiding the cost
of resolving the full perpendicular velocity space explicitly. That balance is precisely what
makes PKPM central to the present study. The aim is not only to determine whether PKPM
is computationally cheaper, but to assess whether it preserves the aspects of Rayleigh—Taylor
instability that matter physically under conditions comparable to the fully kinetic model.
If it does, then it becomes a promising tool for larger and more expensive studies. If
important differences appear, then the comparison helps identify where in the process the
reduced representation begins to lose physical information pertinent to the dynamics of the

instability.

2.4 Computational framework

2.4.1 Gkeyll as the solver framework

Both the fully kinetic and PKPM simulations are carried out within the Gkeyll simula-
tion framework developed at Princeton Plasma Physics Laboratory as a continuum plasma
code capable of solving fully kinetic equations, multi-moment models, and reduced kinetic
descriptions under a unified numerical framework. This is important because it allows the
comparison to be made within a shared numerical environment rather than across unre-
lated codes. Both approaches use discontinuous Galerkin spatial discretization, explicit
Runge-Kutta time integration, the same configuration-space geometry, and similar diag-
nostic output structures [8, 15, 19]. As a result, differences observed later in the thesis can
be interpreted primarily as model differences rather than artifacts of unrelated numerical

implementations.

In Gkeyll, the fully kinetic and PKPM models are advanced through different application
layers Vlasov.App and PKPM. App, but both remain part of the same overall computational
framework. This provides a common basis for domain decomposition, polynomial represen-

tation within each cell, explicit time stepping, and post-processing.
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2.4.2 Domain geometry and orientation of the instability

The computational domain is two-dimensional in configuration space and is taken as
(x,y) € [=Lg, Ly] x [—Ly, Ly], (2.46)

with
L,=1.5, L,=0.75 (2.47)

in the reference setup. Both models use the same configuration-space resolution,
N, = Ny = 64, (2.48)

so that the comparison is carried out on a common spatial grid.

In the present implementation, the Rayleigh—Taylor instability develops along the -
direction rather than the vertical direction used in many standard presentations of the
problem. This rotation is made for computational reasons, not physical ones. In the Gkeyll
workflow used here, the fixed-function boundary treatment needed to maintain reservoir-like
behavior is applied in the z-direction, while the y-direction is kept periodic. As a result, the
density stratification, imposed body force, and interface-normal direction are aligned with
x, while the sinusoidal perturbation is imposed along the periodic y-direction. The physics

of the problem is unchanged; only the coordinate orientation is rotated.

2.4.83 Discontinuous Galerkin discretization and RK3

To simulate both the kinetic and PKPM models, we use the discontinuous Galerkin (DG)
method. Within each cell, the solution is represented as a local polynomial expansion, and
communication between neighboring cells is handled through numerical fluxes at shared
interfaces [15]. For a conserved quantity ¢(z,t), the DG representation in a cell K maybe

written as

Np
Qh(z7 t) ‘K - Z q]l.((t) ¢:][<(Z)? (249)
j=1

where, qﬁf are the local basis functions associated with the cell K and qJK (t) are the corre-

sponding time-dependent coefficients.
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The DG method is well suited to the present problem because both the kinetic and
PKPM equations contain strong advection-like structure and must be evolved in multidi-
mensional phase or reduced phase space. In this work, both models use polynomial order
p = 2 together with a third-order explicit Runge-Kutta time integrator. The two mod-
els therefore share the same underlying DG-RK time-advancement framework even though
they solve different governing equations.

Both models are parallelized through configuration-space domain decomposition using
MPI. At selected times, Gkeyll writes both global diagnostics and model-specific outputs

needed for post-processing, including moment fields and integral quantities.

2.4.4 Basis functions and their role

The fully kinetic runs in this thesis use a serendipity basis, while the PKPM runs use a
tensor-product basis. These are not different physical models; they are different polynomial
representations within the same DG framework. The main consequence of the basis choice
is a difference in the number of local degrees of freedom and therefore in computational

cost.

In general, the tensor-product basis retains the full tensor-product set of polynomial
modes in each element, while the serendipity basis removes some of the higher-order inte-
rior modes in order to reduce cost. For the same mesh, polynomial order, and adequate
resolution, both bases approximate the same underlying solution. The practical difference
is therefore primarily one of efficiency. In the present study, the serendipity basis is used
for the higher-dimensional fully kinetic runs, while the tensor-product basis is used for the

reduced PKPM system.

2.4.5 Velocity-space representation in the two models

Although both models operate within a DG framework, they do not discretize the same
phase-space structure. In the fully kinetic model, the distribution function is defined on a

grid in velocity space that corresponds to
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(prvy) € [_Ux,maXa 'Ux,max] X [_Uy,maXa 'Uy7rnax]u (250)

with

N,, = N,, = 16. (2.51)

x

This constitutes a 2x2v resolution of the neutral RTT problem. Although a more realistic
higher-dimensional simulation domain would involve 2x3v, that is the same as the resolution
in the fluid—kinetic RTI study of Rodman et al. [19], but such simulation would require
far greater computational expense. We thus use the 2x2v Vlasov model for most our fully
kinetic reference simulations and only carry out higher-dimensional calculations where more
specifically called for.

PKPM is a bit more subtle. In its continuum form, it is a magnetization truncation of a
full 3v problem, but it only explicitly discretizes 1 velocity component parallel to magnetic

field, v [16]. The dynamics in those directions are kinetic, with v defined on the grid

| € [—VUmax, Umax| (2.52)

is explicitly gridded, with

N, = 16, (2.53)

while the perpendicular dynamics are encoded through the reduced variables of the PKPM

system rather than through a fully resolved perpendicular velocity mesh.

The core idea for this comparison is that the kinetic model resolves the full velocity phase-
space grid, whereas the PKPM model has explicit kinetic behavior only in one dimension,
with other directions accounted for through their integrated, moments of velocity. The
calculation, therefore, is not between two identical sets of discrete grid points, but between
a fully explicit description of the particle velocity space in kinetic form versus a partially
implicit description using moments of particle velocity in kinetic form, both contained within

the same DG framework.
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2.4.6 Role of the computational framework in the present study

The shared computational framework provides a controlled setting for comparing the fully
kinetic and PKPM models. Because both are implemented in Gkeyll, use DG discretiza-
tion, evolve on the same configuration-space geometry, and use the same time-integration
strategy, the comparison is less affected by unrelated numerical differences. This makes
it easier to distinguish model-based differences from solver-based ones. The fully kinetic
model provides access to the retained phase-space structure directly, while PKPM reduces
the perpendicular degrees of freedom in order to lower computational cost. One purpose
of the present work is to determine how much of the relevant RTT physics survives that
reduction. The common computational framework is therefore an important part of the

comparison itself.

2.5 Problem setup and initialization

2.5.1 Hydrostatic state

Both the fully kinetic and PKPM simulations are initialized from the same hydrostatic base
state. The goal is to begin from a stratified density and pressure profile in mechanical bal-
ance under a constant imposed acceleration, and then to trigger Rayleigh—Taylor instability
by adding a small perturbation. In the present implementation, the unstable direction is
taken along x, so hydrostatic balance is written as

dp

=, (2.54)

where n is the number density, m is the particle mass, and g is the magnitude of the imposed
acceleration.

The density profile is prescribed using a hyperbolic tangent form,
(z) = LN + 5 (2.55)
n - :
n(x 5 ta I 510,

where ng = 0.5, a = 25, and L, refers to the half-width of the grid domain in the stratified

direction. his form provides a steep but smooth density change at the location of the
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interface, transitioning from low to high density regions. The corresponding Atwood number
is
ny —ng 1

At = == 2.56
ni + N9 3’ ( )

which matches the value used in the reference kinetic RTT study of Rodman et al. [19].
The pressure profile is obtained by integrating the hydrostatic balance equation (Eq. (2.54))
using the prescribed density profile (Eq. (2.55)) as

ng Ly ox 3 3
= —gm | 2022 jneosh ( 22) 4 2 2 noT, 2.
p(z) gm [ 5 , ncos <L$> + Qnox] + 57070, (2.57)

where T must be chosen such that the pressure is always positive throughout the domain

and for the given implementation we used the reference temperature is taken as

2
Ty = % (3Lya + L Incosh «) . (2.58)
«

The resulting temperature profile is then obtained from the ideal relation
T(x) = —=. (2.59)

This base state satisfies hydrostatic balance, although, as discussed by Rodman et al.,
it is not a true collisional equilibrium distribution when collisions are present. At suffi-
ciently low collisionality, the interface may therefore diffuse before the instability has time

to develop [19].

2.5.2  Initialization of the fully kinetic model

Using the kinetic equation in the fully kinetic model involves preparing a particle distribu-

tion function at (t = 0) constructed from the hydrostatic base-state quantities of density,

temperature and drift velocity. The fundamental process involves initializing the differ-

ent particle species using local thermodynamic equilibrium distributions whose statistical

moments match the values provided by the hydrostatic solution (Equations (2.55)—(2.59)).
In general form, this may be written as

n(x) v~ u(z.y,0)

—— ——exp|— ,
(273 (2)) Du/2 205, (%)

f(viz,y,0) = (2.60)
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where D, represents the number of dimensions used in velocity space and

T(z) .

- (2.61)

ven(z) =

In the present Vlasov implementation, this initialization is applied through Gkeyll’s local
thermodynamic equilibrium (LTE) projection so that the density and temperature are set
from the hydrostatic profiles and the initial drift velocity carries the perturbation used to
drive the instability. This is the same basic construction used in the neutral continuum-

kinetic RTT study of Rodman et al., [19].

2.5.8 Initialization of the PKPM model

Initialization for the PKPM code comes from exactly the same density and temperature
hydrostatic profiles but in reduced variables of the simplest (lowest order) model for a

gyrotropic system. In this instance, the initial parallel kinetic component is set as

n() ]
Fo(x,v),0) = ——=——=-exp|— , 2.62
where normalized units with m = 1 have been used,
The second PKPM variable is initialized as
G(z,v),0) = T(x) Fo(x, v, 0). (2.63)
The quantity G is defined for the lowest-order PKPM to be equal to
T
G="=(F - F), (2.64)
m

Using the expression given in Eq (2.63) ensures that the perpendicular pressure is encap-
sulated within G without needing to solve a separate equation for T'| . The parallel kinetic
component, expressed as shown in (2.62), represents an isotropic equilibrium, therefore, any
agyrotropic contributions are eliminated in the lowest-order PKPM when beginning from
such a state.

Thus, although the fully kinetic and PKPM models are initialized differently, both are

constructed from the same hydrostatic density and temperature fields.
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2.5.4 Perturbation

To initiate the instability in a controlled way, a small localized single-mode sinusoidal per-
turbation is imposed on the initial velocity profile. In the instability direction, z, the
perturbation is applied to the x-component of the drift velocity and it varies in the periodic

y direction as:

2
ugz(x,y,0) = —0.1 vy, . cos(ky) exp <—;2> ) (2.65)
xT
where vy, . is a typical thermal speed at the interface center and
L,
=2, 2.
Tr =15 (2.66)

The exponential profile is designed to isolate the disturbance near the interface and pre-
vent the bulk domain from diverging drastically from the initially hydrostatically balanced
state.

Here, the wavenumber k is chosen to be the total periodic length in the y direction for
the single-mode perturbation, i.e.,

27 s

== 2.
2L, L, (267)

The corresponding classical Rayleigh-Taylor growth time is

1
_ 2.68
NI XT (2.68)

and the simulations are generally run for a duration of
end = 3TRT- (2.69)

The perturbation amplitude is kept small enough that the initial stage of the evolution
remains close to the intended background equilibrium. This makes it possible to compare the
early growth behavior, where the instability remains in its linear phase before transitioning

to nonlinear evolution, of the kinetic and PKPM models under matched conditions.

2.5.5 Boundary conditions and forcing

The boundary conditions are chosen so that the problem remains a single-mode Rayleigh—

Taylor configuration with a localized interface and a periodic perturbation direction. Since
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the instability develops along x, the boundaries at £ = x5, and & = T4, use fixed-function
reservoir-like conditions, in which the distribution is set at the boundary to a prescribed
equilibrium state so that the domain is effectively coupled to an external reservoir [4], while
the boundaries at ¥y = ¥min and y = Ymae Will be periodic.

The periodic y-direction ensures continuity of the imposed sinusoidal perturbation across
the domain. In the x-direction, the reservoir-like boundary treatment maintains the strat-
ified background state and helps prevent artificial boundary-driven evolution. Reflecting
boundaries would introduce wall effects that are not part of the intended problem, while
simple outflow boundaries would not preserve the hydrostatic profile near the domain edges.
The fixed-function treatment is therefore used so that the instability develops primarily from
the interface in the center of the domain rather than from the boundaries, as is expected
and was done in the kinetic simulation in Rodman et al., which left the ghost cells at the
boundary edges of the stratification constant with the hydrostatic profiles.

The instability arises from an applied, external acceleration along the negative x,
a=(—g,0,0). (2.70)

In the fully kinetic neutral-species simulations, this acceleration enters directly as a
body force in the kinetic equation. In the PKPM model, the same imposed acceleration is
included in the reduced kinetic-moment evolution. Although the two models evolve different
equations, they are therefore driven by the same external forcing.

For the neutral fully kinetic runs, the field solve is disabled, leaving a body-force driven
evolution together with the collision operator. In the PKPM calculations, a prescribed mag-
netic field is retained because the model depends on the decomposition of the dynamics into
parallel and perpendicular directions relative to B. In this work, that field is fixed in time,
so it defines the PKPM closure direction without adding self-consistent electromagnetic

evolution to the neutral RTT problem.

2.5.6 Collision model and collisionality parameterization

Instead of using the full Landau collision operator, the present work uses reduced velocity-

space collision operators to represent collisional effects in a computationally tractable way.
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For the matched kinetic-PKPM comparison, the most important common operator is the
Lenard—Bernstein / Dougherty-type form, since it is available in both models within the
Gkeyll framework [18, 6, 12, 16].

In shorthand form, this operator may be written as

Clfl=vVy-|(v-u)f+ %va : (2.71)

where v is the collision frequency, The operator combines a drag term with a velocity-

space diffusion term while preserving the conservative structure needed for continuum ki-
netic and reduced-kinetic simulations.

In addition, a set of runs comparing kinetic-level runs are presented that use the BGK
operator (Eq 2.25). These BGK runs are included to give some additional kinetic context
for our cases, in cases where performing high-dimensional fully kinetic comparisons with
BGK is far simpler than using the LBO operator. Nonetheless, the main comparison that
is performed between PKPM and kinetic is done using the LBO operator.

Collisionality is measured using the Knudsen number, defined as:

Am
Lref ’

where A, is the mean free path and L, is the characteristic length scale used for the

Kn =

(2.72)

problem. The corresponding collision frequency is then chosen through

Uth,c o Uth,c
Am Kn Lyet ’

UV =

(2.73)

with vy, . derived from the characteristics of the reference thermal state in the plasma inter-
face. Changing Kn thus provides a single, smooth control parameter to change collisionality,
while holding the rest of the simulation parameters fixed.

The specific Knudsen numbers studied in the following chapters are chosen to compare
more fluid-like and more transport-dominated regimes. At low Knudsen numbers, the ki-
netic distribution relaxes quickly to local equilibrium, such that behavior is much more
fluid like. As the Knudsen number is increased, the mean free path becomes larger than
L,¢y, non-equilibrium effects such as kinetic energy and momentum transport, become more

prominent and are critical to understanding evolution near the interface [19].
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2.6 Diagnostics and post-processing

2.6.1 QOwverview of the analysis

The purpose of the post-processing pipeline is to convert the raw simulation outputs into
a consistent set of diagnostics that can be compared across the fully kinetic and PKPM
models. The analysis is not limited to visual inspection of contour plots. Instead, it is
designed to extract physically meaningful measures of the instability, including interface
evolution, fitted growth rate, thermal structure, heat flux, and the relative importance of
ideal and non-ideal transport terms.

To accomplish this, we perform the following steps. Firstly, the DG output fields are
reconstructed onto a plotting grid. Second, the density field is used to identify the evolving
interface and extract a contour-based measure of the interface amplitude h(t). Third, a
fitted growth rate is obtained from In(h(t)) over a selected time interval. Finally, model-
dependent moment fields are used to evaluate transport quantities and compare how the two
descriptions represent the evolving RTI dynamics. This workflow follows the same general
spirit as the diagnostic approach used in the kinetic RTI study of Rodman et al., while

extending it to the kinetic-PKPM comparison carried out here [19].

2.6.2 Reconstruction of saved fields

The fields written by Gkeyll are stored in DG form, meaning that the saved data consist of
local polynomial coefficients rather than pointwise values on a standard plotting grid. The
first step in the post-processing is therefore to reconstruct the DG solution onto a uniform
grid suitable for visualization and analysis. If g,(x,t) denotes a saved DG field, then the
reconstructed quantity used in the analysis is obtained through interpolation of the DG

representation onto the plotting coordinates.

where 7, denotes the interpolation associated with the polynomial order p, (z;,y;) are the

plotting-grid coordinates, and t, is the time of the n-th saved frame.
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The plotting coordinates are taken from the configuration-space grid associated with the
output files. If z;_1 /5 and x;1 /5 denote neighboring cell edges, then the cell-center location
is given by

1 1
T =5 (Ti1/2 + Tiv1/2) 5 Yi=35 (Yj—1/2 + Yjs1/2) - (2.75)
All contour extraction, line profiles, and derived post-processing quantities are then evalu-

ated from these reconstructed fields rather than directly from the modal coefficients.

2.6.8 Interface extraction from the density field

The main geometric diagnostic used for both models is the density interface. At each saved
frame, the reconstructed density field is scanned row by row along the periodic y-direction,
and the locations at which the density crosses a chosen contour value n* are identified. For

a fixed row y;, the crossing locations satisfy
np(x,yj,tn) =n". (2.76)

The crossings are obtained by interpolation between neighboring points that bracket the

selected contour level. If a crossing lies between x; and x;1, then

n* —np (25, Y5, tn)
nh(wz‘+1,yj,tn) - nh(lﬁz’ayj’tn

Te=T; + ) (l‘i+1 — ZL‘z) . (277)

where n* is chosen within the density range of the interface. The reference value n* = 0.6
was selected from the density values encountered at the interface, so that the contour
represents the same physical interface across different saved frames. The interface width
is then determined from the extreme displacement of the interface in the unstable x-axis,

defined as

Zpnin (tn) = min x., Tmax (tn) = max z.. (2.78)
The resulting interface width or amplitude:
hay(tn) = Tmax(tn) — Tmin(tn)- (2.79)

This is equivalent to the bubble-spike measure introduced in the reference work [19, 22,

24, 23] , but is rotated here as the RTI evolves in the x-direction. The value is computed by
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first extracting the set of vertices that comprise the contour from the reconstructed density
field and then finding the maximum and minimum x coordinates in the set. A contour
provides a more global measure of the overall bubble-and- spike perturbation and so would

be preferred to make comparisons across different values of morphology or grid resolution.

2.6.4 Growth-rate estimation

To quantitatively measure the growth, one would typically analyze the time history of
hz(tn). In the roughly linear portion of the unstable region, the amplitude of the interface
might be modeled as

he(t) = hyoe™, (2.80)

so that
Inh,(t) =yt + C. (2.81)

In the present work, the fit is carried out in normalized time using ¢/, and only a selected

fitting interval is retained. If the retained times are denoted by ¢,,, and
L, = Inhy(ty), (2.82)

then the least-squares slope is computed from

m—t) (b, — L
- Dl e o

where £ and ¢ are averages over the fitting interval. The physical growth rate is then

recovered as

v = (2.84)

The scripts also compare the fitted growth rate to the ideal and theoretical references

Yideal = V kg At, (285)

Ytheory = V kgAt + ngA - (Vv + £)k27

and report the ratio v/7theory- Since this study is concerned primarily with comparison

against the expected kinetic or collisional behavior, this ratio is more informative than
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comparison with the ideal inviscid growth rate alone. It directly shows how closely the
measured instability growth follows the theoretical prediction for the regime of interest.
Here, vy, = vgh,cAm/2 is the kinematic viscosity, and £ represents the diffusive contribution
included in the theory. As noted by Rodman et al., the earliest frames are typically excluded
from the fit as the interface may not have fully transitioned to an exponential growth stage

due to effects such as transient relaxation and collision diffusion [19].

2.6.5 Temperature-field diagnostics

The evolution of the thermal state is observed via saved LTE moments. We extract the
relevant stored quantity 7'/m, once normalized, corresponds to the squared thermal-speed

field,

v, = (2.86)

T
m
As LTE moment layout varies, the script is designed to identify the correct component,
where we typically encounter it in component 4 for the (2x3v) layout and component 3 for
the (2x2v) layout. We can then reconstruct this field on the same spatial grid as used for the
density plots and iterate through it frame-by-frame, as depicted below. It is predominantly

used as a background field to illustrate the behavior of the interface width and local thermal

state during the instability.

2.6.6 Fully kinetic transport reconstruction

For kinetic (2x2v) results, we obtain transport terms by extrapolating (f) back out on the
spatial phase grid: the relevant fields are recovered from f(x;, yj, V.o, vy,g, tn) at each saved
frame. Since (f) are in DG format, they must be extrapolated back on the structured spatial
and velocity grid using postgkyl.

The computation of the lowest moments done by numerical quadrature over the resolved
velocity grid. Mathematically, these quantities are defined as velocity integrals, the density

is obtained from

n(xi,yj,tn):/fdvxdvy, (2.87)
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and the momentum densities are

My (T4, Yj, tn) = /vxf dv, dvy, my(xi, yj, tn) = /vyf dvy dvy. (2.88)

From these, the bulk velocities are reconstructed as

Uy = %, Uy = My, (2.89)

n n

These results represent the lowest moments calculated just before the formation of trans-

port terms. Next, we translate the velocities to peculiar velocity by defining
Wy = Uy — Uy, Wy = Uy — Uy. (2.90)

From peculiar velocities, we compute the gas-frame pressure tensor, components for

pressure and stress:

P, = m/wif dv dvy, Py = m/wmwyf dvg dvy, Py = m/wif dvg dvy.

(2.91)
For 2z2v calculations, we take the two-dimensional analog of scalar pressure:
1
p= 5 (Pa:r + Pyy) ) (292)
and from this we then extract the non-ideal stresses:
me = Igx — P, ny = P:chy Hyy = Pyy —D. (2'93)

So, at this stage, the script has already reconstructed the density, velocity, pressure, and
non-ideal stress fields from the saved distribution.

By this stage, we have obtained density, velocity, pressure and the non-ideal stress terms.
Next is the gas-frame heat flux calculated from the same reconstructed distribution function

f, where we use the peculiar kinetic energy w?2 + wfj. The components are

m
Qz = - /(wi + w;)wxfdvx dvy, qy =

m
5 — /(wﬁ + wz)wyf dv, dvy. (2.94)

2



36

These quantities are the fully kinetic heat-flux contributions used in the transport plots.
Finally, we construct the transport terms for plots: if the plots focus on the z direction, we

calculate ideal enthalpy as

5
Foth = Suap, (2.95)
the bulk kinetic-energy transport is
bulk _ 1 2
Fo = 5PUU”, (2.96)
the heat-flux contribution is
Fi = Ga (2.97)
and the stress-work contribution is
FI = My + uy Ty, (2.98)

with p = mn and v? = u2 + ug The logic remains consistent when plotting the other
direction. Thus, the script reconstructs the fields in sequence and then forms whichever

transport term is requested for plotting.

2.6.7 PKPM reduced-moment diagnostics

For PKPM, post-processing relies on stored reduced-moment variables. In our setup,
PKPM’s results come from the two stored files using together: pkpm moms, which stores
reduced kinetic moments, and pkpm_fluid, which stores the bulk fluid quantities.

From pkpm_fluid, the bulk velocity components are reconstructed from

_ Pla uy = 2 u, = 22 (2.99)

Uy ) y = ) 2z .

P P p
We use M;; from the same pkpm_fluid to construct the clean pressure tensor
Pij = Mij — puiuj. (2100)
The scalar pressure and non-ideal stress then follow from

1
p= g(Pxx+Pyy+Pzz)7 Hij :f)ij _péij- (2101)
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Using quantities from pkpmmoms, we read in the reduced p, pj, p1, q, q.. We then

construct the heat flux as

qa~ (g +q1)b, (2.102)

with b being the unit vector along the fixed magnetic field. This is fully consistent with
PKPM: in gyrotropic PKPM, the parallel and perpendicular heat flux components appear
as field-parallel and field-perpendicular parts of the reduced heat flux [16].

Using the selected plotting direction k € x,y, z, PKPM computes transport fields iden-

tical in form to the corresponding kinetic results

5
Fitth = S, (2.103)
1
F = Spug?, (2.104)
Tk = (2.105)
and
Tt = uilly. (2.106)

This produces PKPM transport plots of the same structure as those appearing as analogues
to Figure 6 for the kinetic case of Rodman et al., while still accurately respecting the set of

reduced variables evolved by PKPM.

2.6.8 Summary of the diagnostic strategy

In addition to the physical diagnostics, the runtime of each simulation is also recorded. This
quantity is not used to define any physical observable; it is included only to compare the
computational cost of the PKPM and fully kinetic models. Since one of the motivations
for using PKPM is its potential to retain the essential transport physics at a much lower
cost than a higher-fidelity kinetic simulation, runtime provides a practical measure of the
benefit of model reduction. For this reason, it is discussed later together with the physical
diagnostics, where it helps illustrate the accuracy-cost trade-off rather than serving as an
independent diagnostic.

The diagnostics used in this thesis progress from simple geometric measures to transport-

based quantities. The density field is used both to identify the interface and to define the
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instability amplitude h,(t), from which the growth rate is extracted. In the fully kinetic runs,
the LTE moments provide a concise way to track how the evolving plasma state affects the
particle distribution, while the reconstructed 2z2v distribution is used to evaluate quantities
such as pressure and heat flux. In PKPM, the pkpm_moms and pkpm_fluid outputs are used
to reconstruct the reduced density, pressure, velocity moments, and the associated heat-flux

and stress-work fields.
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Chapter 3
RESULTS AND DISCUSSION

This chapter presents the numerical results from the fully kinetic and PKPM simulations
and interprets them in terms of interface evolution, growth behavior, and transport effects.
We begin by verifying that the two models are initialized consistently and evolve from
equivalent physical conditions. This step is necessary because the later comparison is only
meaningful if the observed differences can be attributed to the models themselves rather

than to differences in setup, forcing, or boundary treatment.

3.1 Verification of the problem setup

Before comparing the fully kinetic and PKPM results, it is important to confirm that both
models represent the same initial physical problem discussed in Chapter 2. In particular,
we check that the density stratification, imposed perturbation, and thermal structure are
initialized consistently, and that the early evolution reflects the intended setup rather than

numerical or boundary-driven artifacts.

3.1.1 Consistency of the initialized state

Figure 3.1 shows that the fully kinetic and PKPM models are initialized from the same
underlying physical state. In both cases, the density field has the same smooth hyperbolic-
tangent transition across the stratified direction, centered near x = 0, with the lighter
region at negative x and the denser region at positive . This matches the intended initial
configuration.

The perturbation velocity u, also agrees closely between the two initializations. In both
models, the perturbation is localized near the interface and varies sinusoidally along the
periodic y-direction, as intended.

Temperature fields are again the same. In the fully kinetic case, the thermal quantity
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Kinetics: initial conditions
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Figure 3.1: Initial-condition fields for the matched Kn = 0.01 case. Top: fully kinetic 2x2v LBO run.
Bottom: PKPM LBO run with B || X. Shown are the density, the imposed perturbation velocity uz, and a

temperature-related field.

is shown as T'/m, while in PKPM a scalar thermal field is constructed from the reduced

pressures according to

9 _pt2py

vth,scalar - 3P (31)

Although the two models use different evolved variables, the resulting thermal profiles are
smooth and show the same structure across the interface and in the bulk regions.

The main purpose of Fig. 3.1 is therefore to confirm that both models begin from a
consistent stratification, perturbation, and thermal state, so that the later comparison can

be interpreted as a true model comparison.

3.1.2  Farly evolution of the interface

Figure 3.2 shows the early evolution of the density field for the same case introduced in the
previous figure. At ¢/mrr = 0, both runs begin from a nearly flat interface located around

(x=0). Over time, the interface begins to deform in the right direction and the small initial
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Kinetics: Density Evolution
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Figure 3.2: Early density evolution for the matched Kn = 0.01 case. Top: fully kinetic 222v LBO run.
Bottom: PKPM LBO run with B || X. The panels show representative frames at ¢t/7rr = 0.00, 0.90, 1.50,
and 3.00.
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perturbation grows so as to create a clearly resolved interfacial displacement.

By t/mrr = 0.90, the first differences appear between both runs: the interface has moved
out along the middle of the domain (y = 0) while both the top and bottom sides still lag.
This implies that the perturbation actually drove the instability. At ¢/7gp = 1.50, the shape
of the interface becomes clearer and at ¢/t = 3.00, it is now developed and smooth. It
should be emphasized that deformation only occurs around the interface, not out in the
dense, uniform layers.

Additionally, the instability evolution appears symmetric about the middle plane because
of the single-mode perturbation. Finally, we observe no spurious disturbance that arises at
the domain boundary throughout these times. Moreover, we see similar early behavior
in both models. The resulting shape of the interface is similar, as is the location of the
greatest displacement, both models evolve from a nearly flat state into one with a larger,
clearly developed displacement. Overall, this initial comparison suggests that both models
successfully carry out the setup parameters, both numerically and conceptually, with no

apparent inconsistencies or dominant spurious phenomena arising.

3.1.8  Verification of interface tracking

Figure 3.3 shows the interface-tracking contour method, which we used to determine the
growth rate, behaves for the same two models. The white contour follows the density
transition in a reasonable fashion throughout the entire evolution and continues to bound
the minimum and maximum (x) values at either edge of the interface while the deformation
grows. The interface is mostly planar at the beginning of the simulation (¢/m7gp = 0) and
the corresponding amplitude is 0 in both cases, as is expected. The contour starts to move
to the right near the middle of the grid at ¢t/mgrr = 0.90 and the two dashed lines capture
this expansion.

At t/mrr = 1.50, the interface is more strongly deformed, but the contour remains
smooth and single-valued over most of the domain, so the extracted i, and xpax still
provide a clear geometric measure of the instability amplitude. By ¢/mgr = 3.00, the shape

of the interface has dramatically altered, nevertheless, the same contour is still faithfully
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Figure 3.3: Contour-based interface tracking for the matched Kn = 0.01 case. Top: fully kinetic 2z2v LBO

run. Bottom: PKPM LBO run with B || X. The white curve marks the selected iso-density contour used

for interface tracking, while the dashed vertical lines indicate the extracted Tmin and Tmax positions used to

define the interface amplitude hy = Tmax — Tmin. Representative frames are shown at t/mrr = 0.00, 0.90,

1.50, and 3.00.
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tracking the density boundary in both models, allowing the height measurement h, to be
taken in a consistently defined fashion.

Thus, the takeaway from Fig. 3.3 is the viability of using the given contour level of the
density transition for analysis and that the derived quantities Tin, Tmax, and h, should

serve as valid base quantities for analysis of the growth rate later on.

3.2 Comparison between the fully kinetic and PKPM results

Here we begin the first direct comparison between the fully kinetic reference run (222w,
Kn = 0.01, LBO) and the reduced PKPM model at the same collisionality. For the PKPM
case, we start with the B, orientation, defined by
X+y

7

It is helpful to consider the B,, orientation because it represents the simplest form of

b=

the PKPM orientation that still maintains kinetic transport in both the z and y dimensions,
which are the ones that matter most. Because the instability growth occurs in the x direction
and variation along the y direction. For that reason, it is reasonable to expect By, to remain
among the closer PKPM case to the fully kinetic reference, at least as an initial transport-
based expectation. At the same time, that is only a starting hypothesis. The results later
may show that different field orientations can agree more closely with the kinetic solution

in specific quantities such as fitted growth rate or final interface morphology.

3.2.1 Density evolution and interface morphology

Figure 3.4 compares the density evolution of the fully kinetic and PKPM models for the
matched Kn = 0.01 LBO case. At early times, the two solutions evolve in a similar manner:
the initially planar interface deforms near the centerline, and the imposed perturbation
develops into the expected single-mode structure with comparable symmetry and overall
shape.

At later times, the same is retained in both models, but small differences emerge in the
detailed interface geometry. Relative to the fully kinetic solution, the PKPM B, case shows

a slightly different interface position and curvature near the head and shoulders, together
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Figure 3.4: Comparison of density evolution between the fully kinetic reference and the PKPM B, case
for Kn = 0.01 with LBO collisions. Each row compares the two models at the same normalized time. This
layout makes it easier to assess differences in interface position, curvature, and transition-layer thickness at

corresponding stages of the evolution.
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with a modest difference in the thickness of the transition region. These differences remain
limited in magnitude, but they mark the point at which the reduced description begins to
depart from the fully kinetic reference. Overall, Fig. 3.4 shows that the PKPM B, case

reproduces the main features of the fully kinetic interface evolution at Kn = 0.01.

3.2.2 Interface amplitude and growth-rate comparison

Figure 3.5 compares the interface amplitude and fitted growth rate for the fully kinetic
model and the PKPM B, case. The two solutions remain close throughout the run, but
the separation between them grows gradually with time. By the final frame, the interface
amplitude reaches h, = 0.9937 in the fully kinetic case and h, = 1.1064 in PKPM, indicating
that the PKPM front has advanced slightly farther in the unstable direction.

The fitted growth rates show the same trend. The fully kinetic case gives v = 0.7779,
while the PKPM B, case gives v = 0.7887, so the PKPM growth is only slightly larger.
This difference is small, but it is consistent with the density and interface-tracking plots,
where the PKPM front remains modestly ahead at later times. At the same time, the
two values are close enough to show that the reduced model is capturing the main growth
behavior of the fully kinetic reference reasonably well.

Table 3.2 shows that the fitted growth rates for the two models are very close to one
another and both remain below the theoretical reference value suggesting the evolution in
both models is being moderated by effects that are not present in the ideal estimate, such as
diffusion. The PKPM B, case is slightly closer to ytheory than the fully kinetic case, while
the high R? values in both fits indicate that the chosen fitting window is well described by

an approximately linear trend in log(h,).

3.2.8 Thermal-field evolution

We compare the thermal-field time evolution for the fully kinetic reference and the PKPM
B,y case for selected times, namely t/7rT = 0.00, 0.90, 1.50 and 3.00. We plot 7'/m in the
kinetic run and the scalar (p| +2p1)/(3p) in PKPM. Although these variables differ, they

play equivalent roles as indicators of local temperature.
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(c) Growth-rate fit for the fully kinetic case. (d) Growth-rate fit for the PKPM B, case.

Figure 3.5: Comparison of interface amplitude growth between the fully kinetic model and the PKPM By,
case for the matched Kn = 0.01 LBO runs. The top row shows the tracked interface at the final saved time,
hz = Tmax — Tmin. The bottom row shows the corresponding logarithmic growth fits over the selected fitting

interval.
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Table 3.1: Frame-by-frame comparison of the interface amplitude h, for the fully kinetic model and the

PKPM Bg, case for the matched Kn = 0.01 LBO runs. The last column gives the difference Ah, =

he PKPM — Rz kinetic-

t/TRT  hzkinetic PapkpMm  Ahg
0.0 0.0000 0.0000  0.0000
0.3 0.0649 0.0652  0.0003
0.6 0.1463 0.1563  0.0100
0.9 0.2186 0.2306  0.0120
1.2 0.2995 0.3319  0.0324
1.5 0.3968 0.4312 0.0344
1.8 0.4921 0.5526  0.0605
2.1 0.6059 0.6825  0.0766
2.4 0.7283 0.8180  0.0897
2.7 0.8566 0.9608  0.1042
3.0 0.9937 1.1064 0.1127

Table 3.2: Summary of growth-rate quantities for the fully kinetic reference and the PKPM B, case for
the matched Kn = 0.01 LBO runs.

Case “measured  Vtheory ’7/ “Ytheory R?
Fully kinetic 2x2v 0.7779 0.8252 0.9426 0.9893
PKPM B, 0.7887  0.8252  0.9558  0.9873
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Figure 3.6: Thermal-field evolution for the matched Kn = 0.01 LBO comparison. Top: fully kinetic 2z2v

case, plotted as T'/m. Bottom: PKPM B, case, plotted using the scalar thermal quantity (p; + 2pL)/(3p).

Representative frames are shown at ¢t/7gr = 0.00, 0.90, 1.50, and 3.00.
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As we see in the density evolution (Fig. 3.6), the temperature distribution has the same
overall spatial features as density just like in the kinetic RTI result of Rodman et al., The
high-temperature region remains on the low-density (right) side, while the low-temperature
region sweeps along with the dense front as the interface proceeds toward negative x. The
two models remain close throughout the selected frames. At t/mr = 0, both show the same
sharp thermal transition across the interface. By t/mgr = 0.90 and 1.50, the thermal front
bends with the interface in the same way as the density field, and by ¢/mgr = 3.00 both
runs show a similar cooler protrusion extending toward negative x. The differences are the
PKPM front is slightly different in curvature and transition thickness near the advancing

head.

3.2.4 Energy-flur decomposition for both the PKPM B, and Kinetic cases

The z-directed energy flux was decomposed into ideal and non-ideal contributions as

) 1
Fpo=Susp+opueu’ + g+ williy (3.2)
M M heat flux  stress-work
I I
where
Fideal -7 T Fnonideal _ TI. 3.3
Ex — 11+ 12, Ex = gz +uilliz. (3.3)

The volume-averaged magnitudes of each contribution over the full computational domain

are summarized in Table 3.3. The ratio reported in the final column is

(1)

== ﬁ. (3.4)
<’FE?:?1 ea ‘>

Table 3.3: Whole-domain averaged energy-flux terms for both Kinetics and PKPM B,, case at frame 10.

Model (1)) (12)) {gz]) (Juilliz) (Jideal|) (|nonideall) R
Kinetics 7.10472 x 1072 3.51157 x 10~%  8.94942 x 10~* 4.24415 x 107° 7.13983 x 1072 9.37384 x 10~ 76.16765
PKPM  8.63811 x 1072 6.76262 x 10~* 1.28593 x 103  1.72502 x 107° 8.70574 x 102 1.30318 x 10~3  66.80369
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The dominant contribution to the ideal energy flux in both models is the pressure/enthalpy

transport term,

)
L = o UaP- (3.5)

For the kinetic simulation, this term contributes approximately

(L)  7.10472 x 1072
(Jideal|) ~ 7.13983 x 10~2

~ 99.51%, (3.6)

while for PKPM,
(IIl])  8.63811 x 1072
(Jideal|) ~ 8.70574 x 10~2

~ 99.22%. (3.7)

Therefore, the ideal energy transport is almost entirely controlled by the pressure/enthalpy

flux in both simulations. The kinetic-energy flux term,

1
I2 = §puxu2’ (38)

is larger in PKPM than in the kinetic case, but it remains small compared with ;. In
the kinetic simulation, I contributes only about 0.49% of the ideal flux, while in PKPM
it contributes about 0.78%. Thus, even though I is nearly doubled in PKPM, it does not
control the overall ideal energy-flux behavior.

The ideal flux itself is stronger in PKPM:

(lideal|) pgepyr — ([ideal]) e 8-70574 x 1072 — 7.13983 x 102
(|ideal]) - 7.13983 x 102

~21.93%.  (3.9)

kinetic
Therefore, the smaller ideal-to-nonideal ratio in PKPM is not caused by a weaker ideal flux.
Instead, PKPM has a larger ideal flux than the kinetic simulation.

The main difference comes from the non-ideal flux. The PKPM non-ideal contribution
is

(Inonideal|)pxpy — (|nonideal|) ~ 1.30318 x 102 — 9.37384 x 10~*

9.37384 x 10—4

kinetic

~ 39.02%,
(3.10)

<|n0nidea1‘ >kinetic

which is a stronger relative increase than the ideal flux. This explains why the ideal-to-

nonideal ratio decreases from

Rkinetic = 76.17 (311)
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to

Rpkpy = 66.80. (3.12)

Equivalently,

Rpxpm 66.80369
= ~ 0.877 3.13
Riinetic  76.16765 ’ (3.13)

meaning that the PKPM case is about 12.3% less ideal-dominated than the kinetic case.

The non-ideal flux is mainly controlled by the heat-flux term ¢,. In the kinetic simula-

tion,
(lqz]) 8.94942 x 10~4
= ~ 95.47 14
(Inonideal|) ~ 9.37384 x 104 95.47%, (3.14)
while in PKPM,
v 1.28593 x 1073
o)) __ XY < 98.68%. (3.15)

{|lnonideal|) ~ 1.30318 x 103

Thus, the non-ideal energy flux in both simulations is primarily a heat-flux contribution,

but this dominance is even stronger in PKPM. The PKPM heat flux is approximately

(122 ) prcont — (1% Diimetic  1-28593 x 1073 — 8.94942 x 10~
<|qw|>kinetic B 8.94942 x 10_4

~ 43.69% (3.16)

larger than the kinetic heat flux. This increase is the primary reason why the PKPM
ideal-to-nonideal ratio is smaller.

The stress-work term behaves differently. In the kinetic simulation,
(uilliz ) netic = 4-24415 x 107, (3.17)

whereas in PKPM,
(Juilliz ) pcpay = 1.72502 x 1072, (3.18)

Therefore, the PKPM stress-work contribution is approximately

1.72502 x 107° — 4.24415 x 10~°
4.24415 x 10~5

~ —59.36% (3.19)

smaller than the kinetic value. This indicates that the reduction in the PKPM ratio is
not caused by stronger stress-work. In fact, the opposite is observed: PKPM has a weaker
stress-work contribution, while its heat-flux contribution is larger.

The spatial structure of the heat-flux plots supports this interpretation. In both simu-

lations, ¢, is concentrated near the deformed Rayleigh—Taylor interface rather than being
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Figure 3.7: Side-by-side comparison of the ideal and non-ideal z-directed energy-flux terms for the fully

kinetic and PKPM B, cases at frame 10. The top two rows show the ideal contributions, guzp and % puzu?,

and the bottom two rows show the non-ideal contributions, g, and w;I1;;
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distributed uniformly across the domain. This indicates that heat flux is generated mainly
in regions where the density, pressure, and temperature fields are strongly distorted by the
instability. In the PKPM case, the g, field shows stronger alternating red and blue regions
near the interface. These alternating structures suggest stronger local redistribution of
thermal energy around the mixing layer. The kinetic heat-flux field shows the same general
localization around the interface, but the structure is smoother and has a smaller mean
magnitude.

This behavior can be interpreted as the heat flux is strongly coupled to the evolving
interface. As the Rayleigh-Taylor instability deforms the density layer, sharper thermal
and pressure gradients develop near the bubble and spike regions. These gradients produce
localized heat-flux structures. In PKPM, the stronger heat-flux response may contribute
to enhanced thermal redistribution near the interface, which can influence the detailed
morphology of the mixed layer.

The stress-work plots show a different behavior. The kinetic stress-work field is broader
and more coherent, while the PKPM stress-work field is more localized and patchy, with
smaller positive and negative regions near the interface. This suggests that the PKPM
stress-work contribution is less coherent and less dynamically important for the total non-
ideal energy flux. Since the stress-work term contributes only about 4.53% of the kinetic
non-ideal flux and only about 1.32% of the PKPM non-ideal flux, it is not the controlling
term in the energy-flux balance.

Overall, both cases at frame 10 remains strongly ideal-flux dominated in both simula-
tions. However, PKPM is relatively less ideal-dominated than the kinetic model. This is
because the PKPM non-ideal flux increases more strongly than the PKPM ideal flux. More
specifically, the ideal flux increases by about 21.9%, while the non-ideal flux increases by
about 39.0%. The larger PKPM non-ideal flux is almost entirely due to the heat-flux term

Gz, not the stress-work term.
3.3 Effect of magnetic-field orientation in PKPM

Before comparing different magnetic-field directions in PKPM, it is useful to clarify what

B represents in the present setup. Here, the field is used primarily to define the direction
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along which PKPM retains the kinetic dynamics, while the perpendicular response is treated

through reduced moments.

When the field direction is fixed and only the magnitude is varied, for example from
B = 0.1 to B = 10, the density evolution and fitted growth rates remain unchanged. In
other words, the magnetic-field magnitude is not controlling the instability dynamics in
these neutral species runs. This also helps the comparison with the fully kinetic reference
since the kinetic runs do not include an active magnetic field. The results in this section
show how the PKPM solution changes when the direction of the retained kinetic response

is rotated relative to the interface.

3.3.1 Growth-rate and morphology trends across field orientations

After confirming that changing the magnitude of B does not affect the PKPM solution, the
meaningful comparison is between different field directions. In the present neutral setup, B
does not act through magnetic tension or Lorentz forcing. Instead, its role is to define the
field-aligned kinetic direction in PKPM and therefore to determine how the RTI dynamics

are divided between parallel kinetic evolution and perpendicular moment closure.

Table 3.4 summarizes the growth measurements for the kinetic and PKPM cases. The
kinetic 222v LBO run remains the fairest direct reference for PKPM because both models
use the same collision operator. The kinetic 222v BGK run is also useful because it shows
how much the instability can change when only the collision model is altered. In the present
results, the BGK case gives both a smaller fitted growth rate and a smaller final interface
height than the kinetic LBO case. Its interface head remains narrower and less expanded at
late time. A plausible reason is that the BGK operator relaxes the distribution more directly
toward a local Maxwellian, which tends to suppress velocity-space structure and smooth the
interface more strongly, whereas the LBO operator redistributes the distribution through
drag and diffusion in velocity space and allows more detailed non-equilibrium structure to
persist. In these runs, that difference appears as a weaker overall interface advance in BGK

than in LBO. [3, 6, 12]
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Table 3.4: Summary of kinetic and PKPM interface-growth measurements for Kn = 0.01.

Case he(t/mRT = 3) Y v/Yideat  R?

Kinetic 2z2v, LBO 0.9937 0.7779 0.9426 0.9893
Kinetic 2z2v, BGK 0.7599 0.7005 0.8489 0.9936
PKPM B, 1.0978 0.7893 0.9565 0.9897
PKPM B, 1.0691 0.7936  0.9617 0.9892
PKPM B, 1.1655 0.8038 0.9741  0.9860
PKPM B, 1.1064 0.7887 0.9558 0.9873
PKPM B, 1.1329 0.8014 0.9712 0.9871
PKPM B,., 1.1376 0.7922 0.9601 0.9877
PKPM B, 1.1308 0.7935 0.9616 0.9868

The measured growth-rate ordering is
B. > By, > By = Byy. > B, > B, > B, > kinetic LBO > kinetic BGK,

while the final interface-height ordering is
B. > By, > By, > By, > Byy > B, > By > kinetic LBO > kinetic BGK.

So all PKPM cases grow faster and reach larger final amplitudes than both kinetic
references, but they do not behave identically among themselves. The in-plane cases B,
and B, remain the closest to the kinetic LBO reference in fitted growth rate, whereas the
cases containing a z-component move farther away. In the pure B, case, the retained kinetic
direction is not absent, but it lies out of the resolved x—y plane. As a result, the in-plane
RTI dynamics are not moderated by an in-plane kinetic transport channel in the same way
as in the B, By, or By, cases. Instead, more of the resolved in-plane evolution is handled
through the reduced perpendicular response. In that sense, the B, case behaves more fluid-
like in the plane of the instability, which helps explain why it departs most strongly from
the kinetic reference and develops the broadest, most mushroom-like interface head, giving

both the largest v and the largest final interface height.
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Figure 3.8: Density field for the PKPM B. case at frame 10 (¢/7sr = 3.0). Relative to the in-plane
field-direction cases, the interface head is broader and more bulbous, giving the front a more pronounced
mushroom-like shape. This case also corresponds to the largest fitted growth rate and final interface height

among the PKPM orientations considered.

This same ordering is reflected in the interface morphology. The in-plane cases remain
more compact and stay closer to the kinetic shape, especially near the advancing head
and the upper and lower shoulders. Once a z-component is introduced, the head becomes
broader and the late-time front develops a more mushroom-like profile. This is strongest
in the pure B, case (Fig. 3.8), and it remains visible, though less strongly, in the mixed
By, B;., and By, cases. The out-of-plane field directions therefore do not just increase
the fitted growth rate; they also change the nonlinear shape of the front.

The By case is a useful detail. Its fitted growth rate is not the smallest among the PKPM
runs, yet it gives the smallest final interface height in the PKPM set. This indicates that
the fitted linear growth rate is not the only quantity controlling the late-time amplitude.
When the field-aligned kinetic direction is along the perturbation direction, the interface
head appears to remain more compact and undergo less late-time widening. In other words,
the B, orientation does not strongly reduce the fitted exponential growth over the chosen
window, but it does limit the later nonlinear swelling of the front. That is why its final h,
is smaller than in the other PKPM cases even though its fitted 7 is not the smallest.

The overall trend is consistent with the structure of the PKPM model. When B lies in

the z—y plane, part of the active RTI motion is still represented through the field-aligned
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Table 3.5: Interpretation of kinetic and PKPM cases for the neutral ¢ = 0 simulations.

Case

Interpretation

Kinetic LBO

Kinetic BGK

Bzyz

Primary comparison case for PKPM. Higher growth than kinetic BGK and a
more advanced interface, consistent with stronger retained non-equilibrium
structure.

Lowest-growth case in the set. The direct relaxation toward a local
Maxwellian gives a narrower head and smaller final interface advance than
the LBO case.

In-plane field aligned with interface growth. One of the closest PKPM cases
to the kinetic LBO reference.

In-plane field aligned with the perturbation direction. Smallest final PKPM
interface height, suggesting reduced late-time widening even though its fitted
growth rate is not the smallest.

Field fully out of plane. Gives the largest growth rate, largest final interface
height, and the most pronounced mushroom-like head.

In-plane mixed direction. Closest PKPM case to the kinetic LBO reference
in fitted growth.

Mixed case with out-of-plane component. Stronger growth and broader head
than the in-plane cases, but less extreme than pure B.,.

Mixed case with out-of-plane component. Gives one of the largest final
interface heights and a clearly broadened head.

Fully mixed direction. Intermediate behavior between the in-plane and

strongly out-of-plane cases.
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kinetic channel, so the solution stays closer to the kinetic reference. When B is rotated
toward z, less of the in-plane RTI dynamics is carried by that kinetic channel and more
of it is handled through the reduced perpendicular response. The result is a slightly faster
instability and a broader, more mushroom-like interface. From that point of view, the out-
of-plane cases behave more fluid-like in their in-plane evolution, whereas the in-plane cases

retain more of the kinetic moderation seen in the fully kinetic runs.

3.83.2  Directional transport terms and their relation to PKPM field orientation

The directional transport data clarify what the imposed field orientation is doing in PKPM.
Since these are neutral runs, the field does not enter through a physical Lorentz force. In-
stead, the imposed b selects the field-aligned kinetic direction, so changing the field orienta-
tion changes which part of the in-plane RTI dynamics is treated through kinetic transport

and which part is left to the perpendicular moment closure.

Table 3.6: Frame-10 directional heat-flux magnitudes and ideal-to-nonideal ratios for the fully kinetic
reference and PKPM orientation cases, together with the final interface height and fitted growth rate from

the corresponding evolution analysis. Here R, = (|ideal;|)/(|nonideal|) and R, = (|ideal,|)/(|nonideal,|).

Case (lg=1) Iy ) Ry Ry hg(t/rr =3) v

Kinetic LBO  8.95 x 107* 6.81 x 1074 76.17 45.92 0.9937 0.7779
PKPM B, 1.83 x 1073 0 47.17 4974.16 1.0978 0.7893
PKPM B, 0 1.43 x 1073 4384.98 25.06 1.0691 0.7936
PKPM B, 0 0 93520.97  73750.13 1.1655 0.8038
PKPM B, 1.29 x 1073 1.29 x 1073 66.80 28.68 1.1064 0.7887
PKPM B, . 0 7.55 x 107%  7627.52 52.20 1.1329 0.8014
PKPM B, 9.63 x 1074 0 98.33 8232.35 1.1376 0.7922
PKPM B,,. 877x107% 8.77x1074 105.01 43.99 1.1308 0.7935

The first important result is that the non-ideal contribution is controlled mainly by
the heat-flux term, not by the stress-work term. In all cases where an in-plane heat-flux

component is present, |g;| is much larger than |u;I1;;|. The stress-work term is therefore a
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correction, whereas the heat flux sets the main non-ideal transport channel. This means
that the field-orientation dependence is telling us, above all, how PKPM is redistributing
thermal energy within the x—y plane.

The second important result is that the presence or absence of ¢, and g, follows the
field direction very clearly. Cases with an x-component in b (B, By, By, Bmyz) produce
nonzero q,. Cases with a y-component (By, Byy, By, Byy.) produce nonzero g,. The pure
B, case produces essentially zero in-plane heat flux in both directions. This is exactly the
behavior expected from the PKPM construction: the dominant heat transport is carried
along the field-aligned kinetic direction, so only the in-plane projection of that direction
appears in the resolved ¢, and g, components.

Before comparing the PKPM g, structure across different field orientations, it is useful
to compare the signed ¢, field directly between the fully kinetic reference and the PKPM

B, case, since B, is the simplest PKPM orientation that retains both in-plane transport

channels.
PKPM Bxy, frame 10 Kinetics, frame 10
0.75 Q}//(nov?h,c) 0.75 qy/(novtsh,c)
' ' 0.010 ’ 0.004
0.501 0.50
0.005 0.002
0.251 0.25
> 0.004 0.000 > 0.00 0.000
~0.251 -0.25
—0.005 —0.002
—0.50 1 \ -0.50 ‘
—0.004
-0.75 T r v " " -0.010 -0.75 r " r " r
215 -1o  -05 0.0 0.5 10 15 215 -10  -05 0.0 0.5 1.0 15
X X
(a) PKPM B,,, signed g, at frame 10. (b) Fully kinetic reference, signed ¢, at frame 10.

Figure 3.9: Comparison of ¢, at frame 10 for the PKPM B,, case and the fully kinetic reference. Both
cases show oppositely signed transport along the upper and lower shoulders of the interface, while the kinetic

field remains broader and smoother than the PKPM projection.

A comparison of the signed g, field between the fully kinetic reference and the PKPM B,
case helps clarify both what PKPM captures and what it misses. In the kinetic solution,

qy forms a broad bipolar structure along the upper and lower shoulders of the interface,
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showing that thermal energy is redistributed in opposite y-directions above and below the
centerline. The PKPM B, case reproduces the same qualitative pattern, with oppositely
signed g, lobes appearing along the two shoulders, so the reduced model does retain the main
shoulder-directed transport trend. At the same time, the PKPM pattern is sharper and more
localized than in the kinetic case. This difference is consistent with the lowest-order PKPM
closure: in the By, case, the plotted ¢, and ¢, are not independent heat-flux components,
but equal in-plane projections of the same retained field-aligned reduced heat flux. The
comparison is therefore useful because it shows that PKPM captures the dominant signed
transport structure qualitatively, while the fully kinetic model retains a broader transverse

heat-flux structure that is not explicitly represented in PKPM at this order.
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Figure 3.10: Signed ¢, at frame 10 for PKPM cases with different field orientations. Cases with a nonzero b,
component show clear red-blue structures along the upper and lower interface shoulders, indicating oppositely
directed transverse heat-flux transport above and below the centerline. In contrast, the B, case shows

essentially no organized g, transport in the resolved plane.
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When b, # 0, PKPM permits a nonzero g, through the field-aligned projection

qy =~ (q) +q1) by

Thus, the red-blue structures in the signed ¢, plots are showing oppositely directed y-
transport. Because the upper and lower RTI shoulders are tilted in opposite y-directions,
a field-aligned transport channel with a y-projection naturally appears with opposite sign
above and below the centerline. This behavior is shown directly in Fig. 3.10. In this
sense, the y-component of b redirects part of the non-ideal energy transport along the
interface shoulders, rather than primarily into the head-advance direction x. This is a
direct consequence of the PKPM closure: changing b changes the direction along which the

retained kinetic heat-flux response is projected into the resolved plane.

Frame 10 | t/tgr = 3.00 Frame 10 | t/Tgr = 3.00
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(a) PKPM with B || %, frame 10. (b) PKPM with B || y, frame 10.

Figure 3.11: Final density field at t/7rr = 3.00 for the PKPM B, and B, cases. The overall RTI
morphology is similar in both runs, but the interface head and the upper and lower shoulders show small

geometric differences.

This also helps explain why the ordering by fitted growth rate is not identical to the
ordering by final interface height. The clearest example is B,,. In that case, the fitted growth
rate is slightly larger than for B, and B,,, but the final interface height is smaller. The
reason is that the fitted v measures the growth of h, only over the selected quasi-exponential
interval, whereas the final h, also includes later nonlinear reshaping of the interface. For

By, the dominant non-ideal transport is in the y-direction rather than the z-direction:

(lgzl) =0,  {(lgy]) = 1.42855 x 1072



63

Figure 3.11 compares the final density fields for the PKPM B, and B, cases. It shows
that the B, case has a more diffuse interface than the B, case. This is consistent with
the transport data. In B,, the dominant non-ideal transport is carried by q,, which acts
directly across the interface and therefore smooths the front more strongly. In B, the main
non-ideal transport is instead carried by gy, which redistributes energy along the upper and
lower shoulders rather than across the interface itself. As a result, B, shows stronger cross-
interface diffusion, while B, mainly modifies the flanks. This also helps explain why B,
remains the closest PKPM case to the fully kinetic reference from a transport perspective,
since it retains both in-plane transport channels. This also means that once the interface
shoulders develop, PKPM is preferentially redistributing energy along the upper and lower
flanks instead of feeding continued extension of the head in the z-direction. As a result,
the mode can maintain a competitive linear-stage growth rate while finishing with a smaller
overall x-extent.

The opposite limit is B,. In that case both ¢, and g, are essentially absent, so the
in-plane dynamics become the most ideal-like of all the PKPM runs. This is exactly the
case with the largest fitted growth rate and the largest final interface height, and it is also
the case with the clearest mushroom-like head. The interpretation is that once the in-plane
non-ideal redistribution is strongly reduced, the interface is freer to roll up and advance
without being smoothed by in-plane heat transport.

The mixed z-containing cases B,, and B, sit between these two limits. Including a
z-component weakens the in-plane heat flux relative to the purely in-plane cases, so both
cases grow more strongly than B, By, and B;,. At the same time, they retain one in-plane
transport channel, so they do not become as extreme as the pure B, case. This is why they
cluster just below B, in growth and late-time interface extent.

The fully kinetic case is also helpful here. Unlike PKPM, the fully kinetic run retains
both in-plane transport channels at once, with moderate nonzero values of both ¢, and
¢y- Among the PKPM cases, B, is therefore the closest analogue in transport structure,
because it is the only simple orientation that retains both in-plane channels at comparable
strength. That is why B, remains one of the closest PKPM cases to the kinetic reference

in overall morphology, even though its fitted growth rate is not the largest.
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Figure 3.12: ¢, at frame 10 for the fully kinetic LBO case and selected PKPM field orientations. These
panels show how the head-advance heat-flux channel changes when the imposed field retains or loses an
r-component. Cases with nonzero b, preserve a strong forward transport pathway in the growth direction,
while differences in the detailed lobe structure reflect how the PKPM kinetic direction redistributes non-ideal

transport across the interface head and shoulders.
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Table 3.7: Frame-10 heat-flux and stress-work contributions to the non-ideal transport in the z- and y-
directions. The data show that whenever an in-plane heat-flux channel is present, it dominates the non-ideal

contribution, while the stress-work term remains much smaller.

Case |gz| |u; 11 lgy| |u; 1Ly |

Kinetic LBO  8.95 x 107™*  4.24 x 107™° 6.81 x 107* 1.21 x 107°
PKPM B, 1.83x 107% 3.87x 1075 0 7.11 x 107¢
PKPM B, 0 2.02x107° 143 x 1073 1.57 x 1075
PKPM B, 0 1.07 x 1076 0 5.72 x 1077
PKPM B,, 1.29x107% 1.73x107% 129x 1073 2.05x 107°
PKPM B,. 0 1.26 x 107°  7.55 x 107%  2.24 x 1076
PKPM B,, 9.63x107* 5.74x107° 0 4.71 x 107°
PKPM B,,. 8.77x107* 7.93x107% 877 x107* 9.75 x 107°

Taken together, the directional transport data show that the orientation dependence in
PKPM is not arbitrary. Cases with strong in-plane heat-flux transport are more strongly
redistributed within the simulation plane, whereas cases with weak in-plane heat flux behave
more ideally and develop stronger late-time RTI roll-up. In this sense, the field direction
in PKPM chooses direction in which kinetic transport is allowed to smooth or redistribute

the instability.

3.4 Dimensionality sensitivity of the kinetic reference

A natural question in the present comparison is whether using a 2z2v kinetic reference could
affect the interpretation of the PKPM results. To check this, an auxiliary BGK comparison
was carried out between 2x2v and 2x3v kinetic runs. This is not meant to replace the
main 2z2v LBO reference, but rather to estimate how sensitive the kinetic solution is to
the addition of a third velocity dimension.

A full 223v LBO reference was not practical at the resolution used here because the
computational cost grows very rapidly with phase-space dimensionality. In the present DG
discretization, the 2z2v case uses 48 basis functions, whereas the 2x3v case uses 112. Since

the cost scales approximately with the square of the number of basis functions, and the
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Figure 3.13: Growth-rate fits for the BGK kinetic runs used to assess dimensionality sensitivity.
Adding the third velocity dimension changes the fitted growth rate only slightly, indicating that the

2x2v reference captures the dominant growth behavior relevant to the PKPM comparison.

extra velocity dimension also increases the phase-space workload, the overall cost increase
is roughly 80 times the 2x2v LBO case. In practice, this means that a comparable 2z3v

LBO run would be expensive.

As shown in Fig. 3.13, the fitted growth rates for the 2z2v and 2z3v BGK runs are
very close, with only a small increase in 7 when the third velocity dimension is included.
The final interface height increases from hy(t/Try = 3) = 0.7599 in 2z2v to 0.7821 in
2x3v, which is a difference of about 2.9%. The fitted growth rate changes from v = 0.7005
to v = 0.7058, corresponding to an increase of only about 0.8%. The density evolution
remains qualitatively the same in both cases, with the 2z3v run showing only a slightly

larger late-time interface extension.

This indicates that the extra velocity dimension introduces a modest correction, but
does not change the overall RTT behavior. If we expand what was observed in BGK case,
the 2x2v kinetic reference appears to capture the dominant dynamics relevant to the PKPM
comparison, while a fully resolved 2z3v LBO reference would likely refine the result slightly

only by 1% at much greater computational cost.
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3.5 DMagnetic-field orientation effects at Kn = 0.1

Figure 3.14 compares the final density fields at ¢/mgr = 3 for the fully kinetic reference and
all PKPM field-direction cases. Compared with the Kn = 0.01 results, the Kn = 0.1 regime
is much more transport-dominated. The fully kinetic solution already shows substantial
interface diffusion, a weak head, and no strong mushroom roll-up. This indicates that at
intermediate collisionality, non-ideal transport is no longer a small correction; it directly
competes with the RTI growth.

For the neutral PKPM model, the imposed B defines the PKPM parallel direction IE),
which determines how the field-aligned kinetic transport projects into the 2D (z,y) plane.

In simple terms, the in-plane transport channels scale with the in-plane projection of b,

Az ~ bacquu qy ~ byQHa

so adding a z-component reduces the part of the parallel transport that can act inside the
simulation plane. Thus, when b, increases, less of the field-aligned non-ideal transport is
available to smooth or redistribute the interface in # and y. It means that the PKPM clo-
sure contributes less in-plane redistribution relative to the ideal RTI advection/compression
terms. As a result, the density contour is less smeared by transport and is freer to preserve

a sharper RTT structure.

Table 3.8: Frame-10 transport budget in the z-direction for the fully kinetic reference and PKPM Kn = 0.1

cases.
Case (1) (|12 (lgz]) (|stress|) (|ideal]) (Inonideall) ratio
Kinetic 2.13287 x 1072 2.47357 x 1076 9.02130 x 1073  4.34989 x 1076 2.13312 x 1072 9.02565 x 1073 2.36340

PKPM B, 539752 x 1072 7.41011 x 10™° 1.78958 x 1072  6.39439 x 10™° 5.40493 x 1072  1.79597 x 1072 3.00947
PKPM B,  4.35395x 1072 4.21556 x 107° 0 2.90339 x 107> 4.35816 x 1072 2.90339 x 10™>  1501.06305
PKPM B,  1.01030 x 1071 9.95483 x 10~* 0 9.54872 x 1070 1.02026 x 10~ 9.54872 x 10~¢  10684.77930
PKPM B,, 4.20964 x 1072 6.86843 x 10™° 9.20231 x 1073 4.22542 x 107> 4.21651 x 1072 9.24456 x 107°  4.56107
PKPM B,. 7.50260 x 102  3.56804 x 10~* 0 3.92645 x 107  7.53828 x 1072  3.92645 x 10~°  1919.87018
PKPM B,. 7.49811 x 1072 3.21014 x 10~* 8.94117 x 10~ 2.12740 x 107> 7.53021 x 10~2 8.96244 x 10~ 8.40196
PKPM Byy. 5.95452 x 1072 2.36911 x 107%  6.94920 x 1073 2.99699 x 1075 5.97821 x 1072 6.97917 x 1073 8.56580

The transport budgets in Tables 3.8 and 3.9 make this trend clear. In the fully kinetic
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case, the non-ideal terms are already comparable to the ideal contribution:

(|lideal,|)
(|nonideal,|)

(lidealy|)

= 2.36, e
(Inonideal,|)

= 3.72.

So the kinetic Kn = 0.1 reference is strongly diffusive.
Among the PKPM cases, the strongest roll-up appears for B,. This is also the clearest

case where the in-plane non-ideal transport is nearly removed:
(Inonideal,|) = 9.55 x 1075, (Inonideal,|) = 2.93 x 107,

with correspondingly huge ideal-to-nonideal ratios in both directions. So B, is not “more
unstable” because of magnetic forcing; rather, it is the case where the in-plane closure-
driven smoothing is weakest. Once that smoothing is minimized, the interface can maintain
a much sharper head and develop the strongest mushroom-like morphology.

The B, and B, pair shows the same mechanism in a more controlled way. In both cases,
the active non-ideal transport is mainly in the z-direction, but adding the z-component

reduces its in-plane effect. For B,

(|ideal,|)

— =3.01
{|nonideal,|) ’

(|nonideal,|) = 1.796 x 1072,

whereas for B,,,

(lidealy|)

ideal,|) = 8.962 x 1073 T
(|nonideal, ) x " {|nonideal,|)

= 8.40.

So in this family, adding z weakens the z-directed smoothing both in absolute terms and
relative to the ideal transport. The density field then becomes more RTI-like, with a clearer
forward head.

The B, and B, cases highlight an important nuance. Here the dominant non-ideal chan-
nel is in the y-direction, so the transport acts mainly along the upper and lower shoulders

rather than directly in the head-advance direction. For By,

ideal
(Inonideal, |) = 5.701 x 10~3,  —tideabil) 67
(Inonideal,|)
For By,
ideal
([nonidealy|) = 5.892 x 1072, (lidealy) g o9

(|nonideal,|)
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Table 3.9: Frame-10 transport budget in the y-direction for the fully kinetic reference and PKPM Kn = 0.1

cases.
Case (IL4]) (I12]) (layl) (|stress|) (|ideall) (Inonideal|) ratio
Kinetic 2.93035 x 1073 2.40387 x 10~7  7.81387 x 10~* 5.93053 x 1078 2.93059 x 1073 7.87318 x 104 3.72225
PKPM B,  1.45860 x 1072 7.73583 x 1076 0 6.79462 x 1076 1.45937 x 1072  6.79462 x 1076  2147.83488

PKPM B,  1.52196 x 10-2 6.82664 x 10 5.68768 x 10™% 1.34671 x 10™° 1.52265 x 1072 5.70114 x 10=%  2.67077
PKPM B,  4.32193 x 1072 2.06483 x 10~* 0 2.92934 x 1070 4.34258 x 1072 2.92934 x 1070  14824.43238
PKPM B,, 2.58892x 1072 2.60738 x 107> 9.20231 x 10™% 4.28993 x 1075 2.59153 x 1072 9.24520 x 10~3  2.80311
PKPM B,. 3.16662 x 1072 7.33885 x 10™° 5.88860 x 1073 3.88240 x 1070 3.17396 x 1072 5.89248 x 107°  5.38645
PKPM B, 2.89594 x 1072 5.30616 x 107> 0 1.30710 x 107> 2.90125 x 1072  1.30710 x 10™°  2219.61110
PKPM By, 3.04585 x 1072 6.25258 x 107°  6.94920 x 1072  2.72785 x 107° 3.05211 x 1072 6.97648 x 107%  4.37485

So the absolute y-flux is not reduced much by adding z, but its dynamical importance is
reduced because the ideal transport grows more strongly. This is why adding a z-component
should be interpreted as reducing the effect of the non-ideal transport inside the plane, not
necessarily lowering every non-ideal number by itself.

This also helps explain why morphology is not controlled by fitted growth rate alone. A
case such as By, can still maintain a competitive growth during the quasi-exponential stage,
but because its dominant transport acts along y, it redistributes energy along the two tilted
shoulders instead of feeding continued forward extension of the head. The result is a smaller
final z-extent, even though the fitted «y is not especially low. In other words, the linear-stage
growth rate measures how fast the interface amplitude grows over the selected interval, while
the final frame also includes later nonlinear reshaping by directional transport.

The mixed cases B, and B,,. show both effects at once. For B,,, the non-ideal trans-

port is strong in both directions,
(Inonideal,|) = 9.245 x 1073, (Inonideal, |y = 9.245 x 1073,

so the interface is smoothed both in the head-advance direction and along the shoulders.

When a z-component is added, giving By,
(Inonideal,|) = 6.979 x 1072, (|nonideal,|) = 6.976 x 1072,

and the ideal-to-nonideal ratios increase in both directions. Thus, adding z weakens the
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Table 3.10: Effect of adding a z-component to the PKPM field direction at Kn = 0.1. The comparison is

made within each family.

Family Change in dominant Change in ratio Interpretation

non-ideal channel

B, — B,. gz : 1.796 x 1072 — R, :3.01 — 8.40 z-directed smoothing
8.962 x 1073 weakens strongly.

By — By, ¢y 5.701 x 1073 — Ry :2.67—5.39 Absolute gy stays
5.892 x 1073 similar, but its effect

weakens relative to

the ideal transport.

Byy = Bay:  Quyqy:9.245x 1072 — R, : 4.56 — Both in-plane
6.98 x 1073 8.57, Ry :2.80 — smoothing channels
4.37 weaken.

in-plane transport channels in both absolute and relative terms. The final density contour
therefore becomes more RTI-like than B, but still not as rolled up as the pure B, limit,

because some in-plane smoothing remains active.

Taken together, the Kn = 0.1 results show that the field orientation in PKPM acts as a
geometric control on where non-ideal transport is allowed to act in the 2D plane. Cases with
an xz-component preferentially smooth the advancing head, cases with a y-component redis-
tribute energy along the upper and lower shoulders, cases with both components combine
both effects, and cases with a z-component reduce the in-plane influence of the field-aligned
transport and therefore recover a sharper, more RTT-like interface. In x-dominated families
this happens partly because the in-plane non-ideal term decreases in absolute magnitude,
whereas in y-dominated families it happens mainly because the ideal term grows while the

non-ideal term stays similar.
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Figure 3.14: Final density evolution at ¢t/mrr = 3 for the fully kinetic Kn = 0.1 reference and the PKPM

cases with different imposed field directions.

3.6 Computational cost and fidelity

In this work, the fully kinetic runs are treated as the reference, and PKPM is assessed by
asking two practical questions: how much cheaper is it, and how closely does it reproduce
the kinetic RTI behavior that matters for this study?

The computational difference is large. For the matched Kn = 0.01 LBO case, the fully
kinetic 2x2v run required about 25 hours on 192 cores, or roughly 4800 core-hours. The
corresponding PKPM LBO runs required only about 35 to 45 minutes on the same 192
cores, or about 112 to 144 core-hours. This is a cost reduction of roughly a factor of 33 to
43. The higher cost of the kinetic model comes from resolving the full phase-space dynamics,
and it increases further when either the collision physics or the dimensionality is made more
complete. This is also clear from the auxiliary kinetic runs: BGK 2z2v required only about
2 hours on 128 cores, whereas BGK 2x3v required about 1 day 14 hours on the same core
count, and the LBO 2x2v reference cost about the same total core-hours as BGK 2z3v.
In other words, both the collision operator and the velocity-space dimensionality matter
strongly for cost, and either one can make the kinetic reference expensive.

What makes PKPM useful is that the loss in fidelity is much smaller than the savings

in cost. For the Kn = 0.01 LBO comparison, the kinetic reference gives v = 0.7779 and
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Table 3.11: Representative computational cost of the kinetic and PKPM runs used for comparison.

Case Wall time  Core-hours
Kinetic LBO Kn = 0.01, 2z2v 25 h 4800
PKPM LBO Kn = 0.01 35-45 min 112-144
Kinetic LBO Kn = 0.1 1 h 57 min 499
PKPM LBO Kn = 0.1 10-16 min 11-17

hy(t/mrT = 3) = 0.9937. Across the PKPM field-direction cases, the fitted growth rates lie
between 0.7887 and 0.8038, so the difference from the kinetic value is only about 1.4% to
3.3%. The final interface heights differ more, ranging from 7.6% to 17.3% above the kinetic
result, which shows that the later nonlinear morphology is more sensitive to the PKPM
closure direction than the fitted linear-stage growth. Even so, the main kinetic trends are
still captured at a much lower computational cost.

Overall, the fully kinetic model remains the higher-fidelity reference, but PKPM repro-
duces the main RTT trends well enough to be useful at much lower computational cost. The
agreement is stronger at Kn = 0.01, where PKPM remains relatively close to the kinetic
growth and morphology, whereas at Kn = 0.1 the deviation from the strongly diffusive ki-
netic solution become more pronounced. This suggests that, for the present problem, PKPM
captures the kinetic dynamics more faithfully in the intermediate collisional Kn = 0.01

regime than in the low collisional Kn = 0.1 regime.
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Chapter 4

CONCLUSION AND FUTURE WORK

This thesis compares the Rayleigh-Taylor instability in a fully kinetic model and in the
parallel-kinetic-perpendicular-moment (PKPM) model in order to understand what the re-
duced description captures, where it begins to differ from the kinetic reference, and how
those differences depend on collisionality and on the direction of the retained kinetic re-
sponse. The comparison is built on matched initial conditions, equivalent perturbations,
and a common interface-tracking procedure, so that the later differences between the models

can be interpreted as true modeling effects rather than setup inconsistencies.

For the matched Kn = 0.01 LBO case, PKPM reproduces the main features of the fully
kinetic reference reasonably well. The density evolution, interface displacement, and fitted
growth rate remain close to the kinetic solution, showing that the reduced model can capture
the dominant instability behavior. At the same time, the later nonlinear interface shape
depends more strongly on the PKPM field direction than the fitted linear-stage growth. The
in-plane cases remain closest to the kinetic reference, while cases containing a z-component
develop broader heads and more mushroom-like roll-up. This shows that the field direction
in PKPM is not just a numerical parameter. It changes how the model partitions the
dynamics between the retained kinetic direction and the reduced perpendicular response,

and that choice leaves a clear signature in the morphology of the instability.

The transport analysis helps explain why these differences appear. In the Kn = 0.01
cases, the ideal flux remains dominant, but the non-ideal contribution is controlled mainly
by heat flux rather than stress work. The directional heat-flux channels follow the PKPM
field direction in a clear way: cases with an x-component retain non-ideal transport in the
head-advance direction, cases with a y-component redistribute energy along the upper and

lower shoulders, and the pure B, case removes most of the in-plane heat-flux response.

At Kn = 0.1, these directional effects become even more visible. The fully kinetic
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reference is strongly diffusive and does not develop a clear RTI head over the simulated
interval. The PKPM cases, however, show a much wider spread of late-time behavior. Some
orientations remain more diffusive, some redistribute energy mainly along the shoulders, and
some recover a much sharper and more RTI-like head. In particular, adding a z-component
reduces the influence of the in-plane non-ideal transport and allows a clearer roll-up to
form. This makes the Kn = 0.1 study especially useful, because it shows that the PKPM
field direction can change whether the interface remains transport-dominated or develops
a recognizable RTT structure at all. The BGK 2x2v and 2x3v comparison is used to check
whether a missing third velocity dimension would significantly affect the reference, and the
small difference between them supports using 2z2v LBO as a reasonable kinetic benchmark.

A final outcome of this work is the cost—fidelity balance between the two model classes.
The fully kinetic model remains the more complete description, but it is substantially more
expensive. PKPM, by contrast, captures the main growth behavior and the main transport-
driven morphology trends at a much lower computational cost. The conclusion is therefore
not that PKPM replaces the kinetic model, but that it provides a useful reduced description
when the goal is to capture the dominant instability physics without resolving the full phase
space. Which model is more appropriate depends on what one wants from the simulation:
if the full velocity-space response and non-equilibrium transport must be resolved directly,
the kinetic model is the more faithful choice; if the main interest is in instability growth,
field-direction effects, and transport-driven changes in morphology at a manageable cost,
PKPM becomes a practical and informative alternative.

Future work should extend the present comparison beyond the neutral-species setting
used in this thesis and into genuinely magnetized plasma RTI, where the magnetic field
would influence not only the geometric partition of the PKPM closure but also the instabil-
ity physics itself through self-consistent electromagnetic evolution. A natural next step is
therefore to study charged multispecies plasmas, so that the comparison can move closer to
the weakly collisional magnetized environments for which PKPM is designed, and so that
the roles of field strength, field shear, anisotropic transport, and finite collisionality in shap-
ing RTI growth and nonlinear morphology can be examined more directly. It would also be

important to move beyond the spatially uniform collision setting used here and allow the col-
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lisionality to vary in space, since in more realistic plasmas the collision frequency depends on
local density, temperature, composition, and ionization state. That extension would make
it possible to study how collisional smoothing and kinetic effects vary across the interface
as the instability evolves, rather than treating the entire domain with a single collisional
background. More broadly, the framework developed here is relevant beyond the specific
RTI problem studied in this thesis. Weakly collisional magnetized plasmas often exhibit
strongly anisotropic transport, and reduced models such as PKPM are especially attractive
in such settings because they retain field-aligned kinetic response without requiring the full
cost of a continuum kinetic treatment in all directions. This makes the present comparison
framework potentially useful for a broader class of simulations in which perpendicular trans-
port, finite Larmor radius effects, or field-aligned kinetic dynamics play an important role.
Examples include low-£ magnetized plasmas in confinement devices such as tokamaks and
stellarators, as well as sheared-flow-stabilized Z-pinches, where transport across the field
and the competition between ideal and non-ideal effects are central to the overall plasma
evolution [5]. A further development would be to include multispecies collisional physics
and eventually partially ionized or two-fluid effects, which would allow ion-electron coupling,
ion-neutral decoupling, ionization and recombination, and frictional heating to be captured
within the same framework. In this way, the next stage of the work would not only refine the
benchmark developed here, but would move the kinetic-PKPM comparison toward a more
complete plasma RTI problem in which both the reduced model and the kinetic reference

are tested against genuinely magnetized, multispecies, and spatially nonuniform dynamics.
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Appendix A
INPUT FILES AND CODE AVAILABILITY

The simulation input files, post-processing scripts used in this thesis are available in the

following GitHub repository:
https://github.com/tej3000/MS-Thesis/tree/main

The repository contains the numerical input files for the kinetic and PKPM simulations,
the scripts used to extract interface amplitudes and growth rates, and the code used to

generate the figures presented in this thesis.



