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Data-driven electrostatic heat flux closures with sparse
regression

EMIL RAAHOLT INGELSTEN

Department of Physics
Chalmers University of Technology

Abstract

Developing models which are both accurate and computationally efficient is a
long-standing goal in plasma physics. For systems where small-scale kinetic
phenomena significantly influence global dynamics, this can be challenging, as
global kinetic simulation — though highly accurate — is often computationally
intractable. Fluid models often provide a viable alternative, but their accuracy
depends on how well the utilised closure captures the neglected kinetic physics.

For collisional plasmas, closures can be constructed rigorously through
perturbative expansion around thermal equilibrium. However, no similarly
general framework exists in the collisionless case, prompting the development
of a variety of collisionless closures with limited ranges of validity. Examples
include the Chew-Goldberger-Low closure, valid in the strongly magnetised
limit, and Hammett-Perkins-like closures for linear Landau damping. Many
problems of interest lie outside these regimes, however, often necessitating
ad-hoc or theoretically poorly justified closures.

This motivates the exploration of alternative approaches to closure construc-
tion. In this thesis, we use a data-driven approach, employing machine learning
methods to systematically construct closures from first-principles kinetic simu-
lation data. Initially restricting ourselves to one-dimensional setups, we develop
a two-step sparse regression procedure based on the SINDy framework and
use it to discover a new six-term closure for electrostatic phenomena. The
closure accurately captures both linear and nonlinear regimes of the electron
two-stream instability, as well as Landau damping of Langmuir waves. Addi-
tionally, the closure generalises naturally to multi-species modelling, relevant
for streaming instabilities.

Having identified the closure form in the first step of the procedure, we
further show how its free parameters can be dynamically estimated from
fluid quantities. For this, we illustrate how both neural networks and more
interpretable methods can be leveraged — in the latter case through a newly
developed framework for nonlinear sparse regression.

Keywords: Plasma physics, data-driven, heat flux, closures, sparse regression,
neural networks, electrostatic, two-stream instability, Landau damping
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Part 1

Overview






Chapter 1

Introduction

1.1 Why Study Plasma Physics?

As every plasma physicist worth their salt will inevitably tell you at some point,
the overwhelming majority of visible matter in the universe is plasma. The
exact number given varies from 99 % to as high as 99.999 % [1-3], but suffice it
to say that only a very small percentage of the universe is actually made up
of solids, liquids and gases — despite these usually being introduced simply as
“the three states of matter” in pre-university physics. With this in mind, it is
unsurprising that when a fourth state of matter is mentioned, it is usually in
reference to plasmas.

Whether “percentage of the universe’s matter content” is a particularly
important metric on its own is seldom elaborated upon. If it is, dark matter
scientists have us beat — according to the reigning standard model of cosmology,
Lambda-CDM, only about 15 % of the universe’s matter content is visible in
the first place, with the remaining 85 % being dark matter [4, 5]. However,
to paraphrase a quote [6] by mathematician G. H. Hardy (1877-1947) which
I recently heard from my examiner, Prof. Tiinde Filop, it is the duty of
any scientist to slightly exaggerate both the importance of their field and
their own role within it. As such, I nevertheless feel obligated to repeat the
abovementioned statistic, with the qualifier “visible” added before the word
“matter” to discreetly remove dark matter from the equation.

Luckily, there are — facetiousness aside — many good reasons to care about
plasma physics, meaning there is little need for exaggeration in our case. While
the prevalence of plasmas in the universe might not be a strong argument on
its own, it nevertheless hints at a better argument: Plasmas occur throughout
the universe under a vast array of different conditions, and exhibit a diverse
range of intricate behaviours and interactions. This means that understanding
plasmas well is key to understanding the dynamics of the universe — both at
large and more locally — which is fundamentally the core aim of physics as a
whole. For example, understanding the interaction between electromagnetic
radiation and plasmas was vital for the development of the modern field of
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astronomy, since all radiation reaching us from space is filtered through the
plasma of the interstellar and intergalactic media [7, 8].

Even in the modern day, the frontiers of high-energy physics are being
explored through the study of plasma phenomena. For example, the intersection
between general relativity and quantum mechanics, and thus the long-standing
unresolved issue of quantum gravity, is currently being studied by examining
black hole accretion disks [9-11] and the electron-positron pair-plasma coronas
of neutron stars [12-14]. The high-energy frontiers are also being probed
in settings closer to home, e.g. through particle accelerator and laser plasma
experiments here on Earth [14-17]. Apart from shining a light on the previously
unexplored strong-field limits of quantum electrodynamics, the setups developed
through such exploration also lend themselves to the construction of more
efficient particle accelerators, with both fundamental physics and medical
applications [18-21].

Outside of the laboratory, one might think plasma physics is of less imme-
diate concern in our everyday life. In some ways, this is of course true — one
rarely comes into contact with plasmas directly, after all. There is, however,
one very prominent feature of our lives through which we do come into contact
with plasma physics, albeit indirectly: our sun. This ball of hot plasma is the
ultimate source of almost all of the heat and energy we use on a daily basis,
produced through hydrogen fusion in its core. And replicating this mode of
energy generation in fusion power plants like tokamaks [22-26] and stellarators
[27-29] is another highly active area of study within plasma physics [30-34].
Should these efforts succeed, they may very well prove vital to successfully
addressing the climate crisis, paving the way for a future of practically unlimited
clean energy.

The sun does not only affect us through the light it gives us, however. It
is also constantly emitting charged particles in the form of the so-called solar
wind, giving rise to space weather here on Earth [35-39]. For the most part,
we can live our lives blissfully ignorant of this, due to the strong magnetic
field generated by the Earth’s molten iron core, which shields us from nearly
all of the sun’s particle emissions. The only way we usually experience space
weather at all is through the spectacular displays of aurora which occur when
the solar wind is particularly strong or an outburst from the sun hits the Earth.
In such cases, the geomagnetic field guides the incoming energetic charged
particles towards the north and south pole, where they hit and excite oxygen
and nitrogen molecules in the atmosphere, giving rise to the aurora as they
deexcite and emit the additional energy as visible light.

In some cases, space weather can be severe enough to punch through the
Earth’s magnetic shielding even at lower latitudes. Such geomagnetic storm
conditions are often caused by especially large solar eruptions — coronal mass
ejections — hitting the Earth. In severe cases, these magnetic storms can
knock out power grids on subcontinental scales by inducing large currents
in power lines, as happened in 1989, when the Hydro-Québec grid failed,
causing 9-hour blackouts throughout eastern Canada and the northeastern
US [40, 41]. Additionally, the solar flares occurring in conjunction with the
eruption of material from the solar surface can cause communications blackouts
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by disturbing the Earth’s ionosphere, which is usually used as a mirror for
long-distance high-frequency radio transmission [38-40].

Accurate modelling of the plasma conditions, both in the sun’s interior and
in the solar wind, is thus of vital importance for predicting and mitigating
disturbances to the power and communications infrastructure on which so much
of our modern lives depend. Not least because we know the sun can produce
even more severe magnetic storms than the one which occurred in 1989 — a
repeat of the 1859 so-called Carrington event [42, 43], potentially more than
twice as strong as the 1989 storm [44], would likely incur damages on the order
of trillions of USD were it to occur today [45].

1.2 Plasma Modelling and the Closure Problem

Having now hopefully conveyed why plasma physics — and accurate modelling
of it in particular — is important, it is high time to define what a plasma actually
1s. Per the standard textbook definition, a plasma is “a quasi-neutral ionised
gas exhibiting collective behaviour”. In other words, it is a state of matter
much like a regular gas, except that a significant percentage of the atoms have
been stripped of (at least some) electrons. Since neutral gas particles have
thus been split into collections of charged particles, which nevertheless still
have a net charge of zero over large enough scales, the fluid in question is
quasi-neutral.

The collective behaviour then stems from the charged nature of the constitu-
ent particles, letting them interact over long distances via the electromagnetic
field — a characteristic which regular neutral gases notably lack. As we shall
see, this long-range interaction between particles (and between particles and
waves) gives rise to a long list of complex phenomena, making plasmas a
particularly challenging beast to model — even more so than neutral fluids,
which are themselves highly nontrivial to model efficiently.

In both cases, much of the complexity simply arises from the fact that
there are so many particles involved. In fact, modelling them all individually is
completely infeasible, even for relatively simple setups. Thus, one must resort to
statistical models. The most fundamental such description of plasmas, termed
the “kinetic” approach, describes the plasma using a distribution function
f(t,z,v), giving the local particle density in phase space — in other words,
it tells you how many particles are passing through a given point & with
velocity v at a given time ¢ for each possible @, v and ¢. The time evolution
of this distribution function can then be calculated exactly, provided one has
a suitable statistical model encoding the correlations caused by individual
particle collisions. The differential equation one has to solve to do this is known
as the Boltzmann equation, and looks like

6tf+v-Vf—|—a~VUf:(iJ;> : (1.1)
coll

Here, the right-hand side of the equation is the rate of change of f due to
collisions and V and V,, are the gradients in physical space and velocity space,
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respectively, with a being the (non-collision-driven) acceleration experienced by
a particle with a given position and velocity. Depending on plasma conditions,
the importance of the collisional term can vary widely: while it is very important
for fusion applications, in space and astrophysical contexts it is often completely
negligible, due to the extremely low density of the plasma. For example,
electrons in the solar wind can travel for more than a day without experiencing
a single one. In fact, the mean free path of a solar wind electron is of the order
of 1 au, meaning they on average collide only about once during their entire
journey from the sun to the Earth’s orbit [46].

The complexity of the collisional term might make collisionless plasmas
seem significantly easier to model than collisional ones. In the kinetic picture,
this is true. However, for many plasma phenomena of interest — especially ones
where multiple scales are important simultaneously, the Boltzmann equation
ends up being too expensive to solve numerically in any reasonable time frame.
Thus, one needs to take a further step down the model ladder, reaching the
world of fluid modelling. And for such models, the situation is rather the
reverse — collisionless plasmas are actually harder to model than collisional
ones. To see why, we must take a closer look at the way a fluid model is derived
from the kinetic picture. The way this simplification is made is by integrating
away the three dimensions of velocity space. The distribution function then
turns into the particle density n(¢, ), and the Boltzmann equation turns into
the continuity equation, dyn + V - (nV) = 0.

Unfortunately, the second term involves the particle flux nV', the time
evolution of which is unknown. To calculate it, we can multiply the Boltzmann
equation by v and integrate over velocity space again — but this introduces a
new unknown quantity, namely the pressure, p. And this pattern continues:
the time evolution of p depends on the heat flux, q, the time evolution of which
in turn depends on the kurtosis, sometimes denoted r, and so on. The exact
fluid description is thus really an infinite tower of coupled partial differential
equations, together containing all of the complicated velocity-space information
of the Boltzmann equation.

Needless to say, this is not very practical to work with. To reach a workable
model, we need to stop at some floor of the tower and somehow express the
unknown quantity at that floor in terms of the quantities we already know from
the lower floors. Since this entails conjuring an additional equation to make
the total set of equations closed, the additional equation in question is known
as a closure, and the problem of how it should look in order to capture as much
as possible of the neglected kinetic physics is perhaps the central problem in
fluid modelling of plasmas.

And it is at this step that the collisions come to the rescue for collisional
plasmas: while the collisional physics do yield some complications (e.g. friction
terms) in the fluid equations at floors above the continuity equation, one of the
main effects of all of the collisions is thermalisation, meaning collisional plasmas
are constantly driven towards local thermal equilibrium. The physics of this
state is both well-studied and well-understood: the distribution function’s
velocity dependence simply becomes a normal distribution — commonly referred
to as a “Maxwell-Boltzmann” or “Maxwell(ian)” distribution in plasma physics.
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Specifically, it becomes a normal distribution centred on the flow velocity
V and with a width corresponding to the thermal speed vy, = /kgT/m of
the particles involved (kpT being the thermal energy and m being the mass
of the particles). Deviations from equilibrium can be assumed to be small
and transient, and widely applicable closures can be derived [47-51] using
perturbation theory.

Due to the lack of thermalising collisions, closures for collisionless plasmas
are far less straightforward to derive — in fact, there is no known generally
applicable framework for this case. The work included in this thesis is part
of the currently ongoing efforts to address this issue. While closures have
traditionally been derived by starting from kinetic theory — often in a linearised
limit, ours are instead discovered through the use of machine learning methods.
This approach, termed data-driven closure discovery, has seen a rapid growth
in interest over the past few years, tracking the explosive growth of the field of
machine learning at large. Most famous among these methods are probably
those involving artificial neural networks [52-54], which e.g. underlie the recent
upwelling of generative Al chatbots and virtual assistants. But while we do
make use of neural networks to a limited extent, our focus is on a different
machine learning framework, known as sparse regression, or SR, [55-59].

1.3 Data-Driven Closure Discovery

Aiming to find collisionless heat flux closures (i.e. expressions for g in terms of
known lower-order quantities), we run kinetic simulations of a phenomenon of
interest and calculate both @ and all lower-order fluid moments as well as the
electromagnetic field at every spacetime point in the simulation. Using these,
we then create a library of terms we think might be of interest for modelling q.

In the simplest case [58—60], we assume the heat flux can be well approxim-
ated as a linear combination of the terms in the term library, and perform linear
sparse regression to identify the coefficients which should be placed in front
of all the terms to optimally fit the data. The term deemed “least important”
according to some metric is then deleted, and a new round of linear regression
is performed to find the optimal model without the deleted term. This process
is then repeated, yielding a sequence of successively simpler models which
approximately trace the so-called Pareto front between simplicity and accuracy.

For simplicity, we start by considering plasma phenomena which occur
already in one-dimensional simulations, such as Landau damping of Langmuir
waves and electron hole generation through two-stream instability — these two
phenomena in particular are the ones featured in the appended papers. In
both cases, SR consistently identifies the same six-term model for the (mass-
normalised) electron heat flux. The coefficients for terms associated with
spatial derivatives, which are free parameters, tend to correlate heavily with
the instantaneous growth rate of heat flux perturbations, while the remaining
coefficients vary more slowly depending on large-scale conditions. Interestingly,
the three terms which do not contain spatial derivatives are generally far more
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important for accurate ¢ modelling, regularly accounting for more than 90 % of
the variation in the heat flux on their own.

To actually make use of this closure in fluid simulations, the six free
parameters need to be dynamically estimated from known fluid quantities —
and as we show in the second of the two appended papers, this is at the very
least possible to achieve for the three most important terms. To this end,
both neural networks and a new framework for nonlinear sparse regression
we have developed based on rational function fitting can be used. The latter
approach yields models with higher interpretability, including e.g. analytically
computable derivatives, as well as somewhat decreased exposure to overfitting —
but at the cost of slightly lowered performance.

We additionally demonstrate that the six-term heat flux model can be
generalised to multi-species modelling — particularly useful for e.g. two-stream
instability simulations — in a straightforward manner. In future work, we hope
to apply similar methodology to discover closures for phenomena requiring
two- and three-dimensional simulation, such as pressure anisotropy—driven
generation of whistler waves and magnetic reconnection, and analyse to what
extent such closures can be viewed as generalisations of the six-term closure
discussed above.

1.4 An Outline of this Thesis

The rest of this thesis is structured as follows: Chapter 2 gives an overview
of the fundamentals of plasma physics modelling, from kinetic approaches
to fluid models, and additionally describes a selection of closures and their
respective ranges of validity. Furthermore, several plasma phenomena relevant
to the subject are introduced and discussed, including those mentioned without
explanation in this chapter, such as Landau damping and the fundamentals
of plasma wave theory. In Chapter 3, the machine learning methods used in
the appended articles — artificial neural networks and sparse regression — are
outlined. Both more traditional linear SR methods and our newly developed
nonlinear SR approach are discussed. In Chapter 4, the two previous chapters
are then connected, outlining how machine learning methods were applied to
closure discovery in the appended papers. Finally, we also give an outlook
towards future avenues of investigation.



Chapter 2

Plasma Physics

2.1 First Principles: Kinetic Modelling

Reading the title of this section, the concerned theoretician might object that
kinetic modelling of plasmas — i.e. modelling based on the use of phase-space
distribution functions — is hardly the first principles of the physics involved:
an actual first-principles analysis would start with the standard model of
particle physics and general relativity. This is of course true in the strictest
sense of the term. There are situations where taking quantum and/or general
relativistic effects into account is necessary, such as when modelling the black
hole accretion disks and neutron star pair-plasma coronas, as mentioned in
Chapter 1. Closer to home, there is also the regime of extremely high-density
plasma, which is reached in e.g. inertial confinement fusion and necessitates
taking quantum degeneracy pressure into account. Nevertheless, for the space
plasma applications this thesis is mainly concerned with, quantum effects can
be safely neglected, gravity is weak, and the particles in the plasma travel at
speeds which are at most weakly relativistic.

In such environments, treating the plasma as a collection of classical particles
is the natural starting point. However, as we already briefly discussed, even this
is far too computationally expensive to be viable for most plasma phenomena.
Thus, one resorts to the statistical kinetic approach encoded in the distribution
function f(¢,x,v) and the Boltzmann equation written out in Equation (1.1).
As long as we don’t care about tracking individual particles, this view is actually
ezxact, apart from any simplifications made with regards to the collisional term.
In other words, for a perfectly collisionless plasma, where the collisional term is
identically zero, the kinetic approach can for all intents and purposes be treated
as first-principles. Without the collisional term, the Boltzmann equation is
known as the Vlasov equation, and if we neglect gravity, the only important force
is the electromagnetic Lorentz force. The set of partial differential equations we
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need to solve in order to model our plasma is thus the Vlasov-Maxwell system:

0=0ufs+v-Vis+ 2(BE+vx B)-Vof,

o

v E="L

co (2.1)
V.-B=0
VXE:—atB

V x B=c20,E + wod,

Here, we use a separate distribution function f, for each particle species o
— meaning e.g. that the protons and electrons making up most of the solar
wind would be described by distribution functions f, and fe, respectively.
Furthermore, g, and m, refer to the charge and mass for particles of the
species in question, and E and B denote the electric and magnetic field.
The electric charge and current densities p and J can be calculated from the
distribution functions of the various species via

p:ZqJ/d%fg
J:qu/d?’vvfg.

For all of the small-to-intermediate-scale collisionless phenomena we will be
considering, this is a very accurate model. We will get into what kinds of
phenomena one can discern from these equations later on in Section 2.3, but
first, let us take a closer look at how they can be used to derive collisionless
fluid theory.

(2.2)

2.2 Fluid Models and the Moment Equations

As we discussed in Chapter 1, the kinetic approach to plasma modelling, while
highly accurate, is also very computationally expensive. In large part, this is
due to the fact that the distribution function has a seven-dimensional domain,
comprising both time, physical space and velocity space. To resolve this, we
can integrate the Vlasov equation over velocity space to derive a fluid theory:

o:/d%atf,,Jr/d%v-Vfg+q—”/d3v(E+v><B)-V,,fg. (2.3)
m

o

(0a) (00) (0c)

Since ¢ and « are independent of v when viewed as coordinates in (¢, , v) phase
space, terms (0a) and (0b) can be simplified by moving the differentiations
with respect to t and @ outside of the integrals:

(0a) = 8t/d3vfg =0y, (0b) =V - (/d%%) =V (n,V,). (2.4)
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Here, we have made the usual physicist’s assumption of all functions being
sufficiently continuous (C* unless otherwise noted) for integration and differen-
tiation to be freely reorderable. Additionally, we have introduced the particle
density n, and particle flux n,V,. These two quantities are the zeroth- and
first-order raw moments of the distribution function — a term which might
be familiar from statistics, where one uses similar methodology to extract
information from probability distributions. In this analogy, the density corres-
ponds to the total probability (in statistics usually normalised to 1), and the
particle flux — or alternatively the flow velocity V, — corresponds to the mean
of the distribution. With these definitions, the expressions in Equation (2.2)
can be simplified into p = Y"_gon, and J =Y _ ¢,n, Vs, underscoring their
respective interpretations as charge and current densities.
For term (0Oc), we need to perform partial integration, making use of the
fact that
%(Oc) - /d% Vo (foE+vf, x B) - /d%favv (E+wvxB). (25)
(e}
By the divergence theorem, the first of these expressions can be exchanged for
a surface integral over the boundary of the integration domain. But since we
are integrating over all of velocity space, this boundary is actually at |v| — oo,
and in this limit f, must go to zero. In fact, for all cases of interest to us, f,
will go to zero fast enough that |'0|ka — 0 for all k. Thus, the first term on
the right-hand side of Equation (2.5) will evaluate to zero. As it turns out, this
is actually also true for the second term: Firstly, the E and B fields clearly
do not depend on v. Secondly, the divergence of v cross-multiplied by any
v-independent vector is identically zero. Provided one is familiar with index
notation, this can be seen clearly by writing out the indices of the summation:

Vo (v X B) = €;10,,vi Bj = €;j10;sB; = 0, (2.6)

since the Kronecker delta d;; is symmetric, while the Levi-Civita tensor €,
is fully antisymmetric. For conciseness, we are using the Einstein summation
convention, where repeated indices are implicitly summed over. In other words,
term (Oc) vanishes entirely in the fluid equation we have derived, and we are
left with the continuity equation,

One +V - (nsV,) =0. (2.7)

Note that Maxwell’s equations are not affected by this procedure — after all,
they depend on integrals of f, over velocity space (specifically on n, and n,V,)
even in the kinetic case, through p and J.

2.2.1 The Momentum Equation

This is not the end of the story, however, as we know from Chapter 1. The
continuity equation tells us how the zeroth moment n, evolves only in terms
of the divergence of the first moment n, V,, for which the time evolution is
still unknown. To derive the governing equation for its evolution, we must
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multiply the Vlasov equation by v and then integrate over velocity space again,
effectively taking the first moment of the entire equation:

O:/d3vvﬁtf,,+/d3vvv-Vfg—i—?i—a/dgvv(E—&—vxB)-vaU. (2.8)

(1a) (1b) (1o)

For terms (la) and (1b), we can use exactly the same line of reasoning as for
the “zeroth moment” (i.e. the continuity equation), giving us

(la) = 0% /d3v vfe = 0(n,V,), (1b)=V". </ d?v vvfg> =V-P,. (2.9)

Here, we end up defining a new kind of mathematical object: the symmetric
second-order stress-energy tensor P,. As we have done here, we will make use
of so-called dyadic notation going forward, where two vectors written next to
each other are implicitly tensorially multiplied. In other words, ab = a ® b is
a second-order tensor with elements [ab];; = a;b;. As for term (1c), we must
again perform partial integration, and the boundary term vanishes just like
before. The other term, however, does not, instead yielding

My 3

—(lc):—/d vf,(E+vxB) - Vyv={a -V,v=a}=

1 (2.10)

:—/d?’vfg(E—l—va):—nU(E—&—VU><B),

where we have used the fact that the Lorentz force E + v x B has no v-
divergence, as we discussed previously. In other words, the first-order moment
equation — the momentum equation — looks like

(noVe) +V - Py =~y (B + V, x B). (2.11)

g

It should be noted that the stress-energy tensor P, introduced here is really
the mass-normalised stress-energy tensor. The more standard definition, which
has the expected units of energy density, is equal to our P, multiplied by the
particle mass. For convenience, we will use similar mass-normalised definitions
for several other fluid quantities introduced in this chapter as well, including
the pressure and temperature tensors.

These two tensors in particular are related to the stress-energy tensor in a
straightforward manner: the pressure tensor p is the second central moment,
while P is the second raw moment. In other words, the pressure is the part of
the stress-energy tensor which is not from overall plasma convection, i.e. the
part which is nonzero even in the plasma’s local centre-of-momentum frame.
Mathematically, we can calculate it through

p= /d3 v— (Q)fg = /d3v (’1)(2) —2{vV,} + V;Q))fg =
_ nUV(Q)

(2.12)
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Here, we have introduced the shorthand notation a(™ for n times repeated
tensor multiplication, so that e.g. v(® = vvv. We have also introduced the
notation {-} for symmetrisation. This operation returns the “fully symmetric
version” of a given tensor — or, more specifically, the average of all tensor per-
mutations, so that e.g. {aP}ijk = %(aink + a; Py, + ap P;;) with P symmetric.
From the pressure tensor p, we can then derive the temperature tensor T,
for each species by normalising with respect to density: T, = ipa. This
mass-normalised definition of T, also absorbs the kp prefactor which would
normally be present, as is common practice in plasma physics. Thus, this
tensor really corresponds to (mass-normalised) thermal energy.

It is sometimes convenient to rewrite Equation (2.11) in terms of the pressure
instead of the stress-energy tensor. Inserting Equation (2.12), the divergence
term in Equation (2.11) can be expanded into

V P, =V -p,+[V:(n;V;)+n,V, - V|V,. (2.13)

Expanding the time derivative term as well, we can cancel out a copy of the
continuity equation multiplied by V, yielding the “centralised” version of the
equation:

NeDiVy +V - Py = %nU(E +V, x B). (2.14)

o

Here, we have further introduced the convective derivative D; = 9; + V,, - V.

2.2.2 The Pressure Equation

Of course, we now have the same problem as before: we only know how to
evolve n,V, or V, given the divergence of P, or p,, and the time evolution of
these quantities is unknown. To find the differential equation governing their
behaviour, we need to take the second moment of the Vlasov equation:

Oz/d3v [v<2>8t+v<3>-V}fﬁi—"/d%v(?)(EJrvxB).vaU.

(2ab) (2¢)
(2.15)
By the same line of reasoning we used when deriving the continuity and
momentum equations, term (2ab) can be rewritten as 9;P, + V - Q,, where
Q, = [dPvv®f, is the third-order moment of f,, known as the energy
flur tensor (sometimes also called the energy flow or stress flow tensor).
Furthermore, partial integration of the remaining term gives

(2¢) = —:iTa /dg'u [(E' +v x B) - Vvv(Q)}fU -
- {a Vv = 2{av}} = (2.16)

= 72%(71,0{VUE} + {Pa X B})a

where P, x B should be interpreted as the second-order tensor with indices
[P, x B]ij = €jrPyirB;. In other words, the complete pressure equation —
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perhaps more accurately referred to as the stress-energy equation when written
in terms of P, and Q, like this — looks like

P, +V-Q, = 2%’(%{%15} +{P, x BY). (2.17)

Just like for the momentum equation, it is sometimes more convenient
to work in terms of the central moments p, and q, = fd3v (v — Vg)(g)fg.
This latter quantity is the heat flux tensor, which will feature heavily in the
discussion of collisionless plasma closures below. Defining v/ = v — V,,, we can
expand

Q, = /d% W + V)P, = @y + 3{Vopo} + 1o VO, (2.18)

where we have used the fact that [d*vv’f, = 0. Inserting this expression
into Equation (2.17) together with the previously derived expression for P, in
terms of p,, we eventually reach the centralised pressure equation,

OPs +V - (VoPo) +2{ps - VV,} +V - g, = 2570{pg x B},  (2.19)

after subtracting away one copy of the continuity equation multiplied by VJ(Q)
and two copies of the momentum equation multiplied by V,, along the way.
One could continue on further, deriving the time evolution of Q, and q,
and so on, but for the purposes of this thesis, we will stop at the third moment
equation. The resulting model is (somewhat confusingly) often referred to as
the 10-moment model, since n,, V, and p, together contain ten independent
degrees of freedom. Collecting the three moment equations we have derived in
one place for convenience, we can see that we also have ten scalar constraints:

One +V-(neVy) =0
neDiVy +V - Py = Ti—”ng(E 1V, x B)

o

(2.20)
P +V - (Vopy) +2{ps - VV,} +V - q, = 257"{% x B}.

Unfortunately, these constraints are only helpful insofar as the heat flux q, is
known, which is often not the case, as we briefly discussed in Chapter 1. We
will go into more of the details of how this problem — the closure problem —
can be resolved in Section 2.4 below. But first, let us quickly go through some
of the interesting phenomena which arise through the physics encoded in these
equations.

2.3 Plasma Phenomena: The Necessities

As we have already alluded to, plasmas exhibit a very wide range of complex
phenomena, not all of which fit neatly within the bounds of this thesis. For
example, particle transport and drift will be mostly ignored, and turbulence will
not be discussed in any significant detail either. Instead, we will focus on the
phenomena which are more directly related to the aims of and motivation behind
the appended papers — namely: waves, instabilities and Landau damping.
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2.3.1 Waves in Plasmas

Much of the interesting collective behaviour which distinguishes plasmas from
gases can be understood by looking at what kinds of oscillations are supported
—i.e. what kinds of waves we might expect to see if we perturb the plasma in
some way. One kind of wave we expect to see some version of is of course light
(or, more generally, electromagnetic radiation). Though there is clearly some
variance in how well such waves can propagate through a plasma depending
on wave and plasma parameters, seeing as radio waves at frequencies used for
communication are reflected back to Earth by the ionosphere, whereas visible
light can pass through it without issue.

Additionally, we might expect to see oscillations of the electrons and ions
making up the plasma, since the Coulomb attraction between the two kinds of
particles acts as a restoring force if the particles are perturbed from equilibrium.
As this is perhaps the defining characteristic separating a plasma from a neutral
gas, this type of oscillation is often referred to as simply the “plasma oscillation”
or “plasma wave”. In this thesis, however, we will not use the latter of these
two terms, since it risks confusion with all of the other wave modes occurring
in plasmas, though we will sometimes refer to them by their alternative name
of Langmuir waves.

To see that both of these kinds of waves indeed occur, let us start by
considering a plasma which is cold (zero-temperature to begin with) and
homogeneous, filling all of space. We can then examine what happens if we
make a slight perturbation 6X to the background value X of every quantity
X. Assuming the background electromagnetic field is zero, we can derive the
dispersion relation for the supported plasma waves by linearising Maxwell’s
equations around the background conditions (with p, J, E and B all zero):

v.oE="r
€o
V-dB=0 (2.21)

V x 6E = —9,6B
V x 6B = ¢ 20,0 E + 1190J.

Making a wave ansatz, we assume 6X = Xe “@t=k%) for each quantity
X, with X being some amplitude which is allowed to be complex to account
for phase differences between the oscillations in the various quantities. Here,
the quantities w and k are the (angular) frequency and wave vector of the
oscillation. The V operator when applied to a quantity 6 X then effectively
reduces to ik, and 0; reduces to —iw. Making a wave ansatz is thus equivalent
to performing a Fourier transform. Comparing the curl of the third equation
to the (negative) time derivative of the fourth, we find

—k x (kz X E) = w2 2E +iwpod, (2.22)

the Fourier-space Helmholtz equation. R
Assuming the perturbation is small, we can linearise in X for all quantities,
and in such a situation, there must be a linear relation between any two
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perturbation amplitudes X and Y. In other words, to first order in the
perturbation amplitudes, J and E must be related by some tensor conductivity
o according to J = o+ E. If we additionally define the vector index of refraction
n = kc/w, we can rewrite this as

—nx(an‘)=<l+w)~E~=K~E~, (2.23)

EoWw
where I is the identity tensor and K = I + io/eqw is the dielectric tensor. To

find o, we must refer to the momentum equation, since 6J = J =" q,ns Vs:

_ _ _v. Yo
atJ—gqaamava)—;qg[ VP4 BV B (220

o

With our wave ansatz, which does not include a background magnetic field
(meaning B = 0), nor background particle streaming (meaning V,, = 0 for all
species), this reduces to

—iwd = g, [—ik: - Po + q"mE} (2.25)
Mg

to first order in perturbation amplitudes. In the zero-temperature limit, p,
(and thus p,) goes to zero for all species, meaning we are left with only

. 2 —
~ ? q no_ ~
J=— “~—F. 2.26
52 (2:26)
In other words, the conductivity in this case is simply a scalar multiple of

the identity tensor (or equivalently, just a scalar). The dispersion relation in
Equation (2.23) thus simplifies greatly, into

—nx(an)— 1—izq‘2’i E=KE (2.27)
o (JJ2 p MmesEQ o ' '

Without loss of generality, we can take £ to be parallel to n, giving

) B, E,
—|n|?z x (z x E) —|nf*|B,| =K |E,| . (2.28)
0 E,
This dispersion relation has two types of solutions:
k2c? ~
K=n>="—, E.=0
Il =" (2.29)
K =0, E,=E,=0.

Solving the dispersion relation of the first solution type for w?, we find

5=
2 2 2.2 45Mo

= + k*c?, = AR 2.30

w wp c wp = 4/ % - ( )
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The mode described by this equation, known as the ordinary mode, is the
unmagnetised plasma analogue of the electromagnetic radiation we are used
to. To see this, we need only consider what happens in the zero-density limit
(i.e. what happens if we remove the plasma). This corresponds to taking w, — 0,
causing both the phase velocity vpn = w/k and the group velocity vy = 0w to
go to ¢, the speed of light. We can also see that two independent polarisations
are supported (e.g. along & and §), since E can be polarised in any direction
perpendicular to the direction of propagation for this type of solution. Unlike
regular light, however, unmagnetised plasmas only allow waves of this type
to propagate if they have frequencies w > wp, as can be seen in Figure 2.1.
This phenomenon, known as a mode cutoff, is the reason underlying why the
ionosphere reflects some radio waves back to Earth while allowing visible light
to pass through practically unaffected: wyisible > wp, While Wradio S Wpe-

As for the second type of solution, it is clearly a longitudinal mode (i.e. with
E || 2), which has no analogue in vacuum — and this we can actually see from
the dispersion relation, since solving for w? nets us

w? =w? (2.31)

which has no nontrivial solution in the w, — 0 limit. Calculating the phase
and group velocity, we find vy, = wp/k and vy = 0, meaning the mode does
not propagate.

4.0

3.5 1

3.0 1

2.5 1

2.0 1

w/wp

w = y/wi +|k3c

1.5
1.0 4 s T e

0.5 A

0.0 42— ; ; ; ! ! !
00 05 10 15 20 25 30 35 40

Figure 2.1: The unmagnetised zero-temperature plasma dispersion relation,
with the transverse, light-like ordinary mode in solid blue and the non-
propagating plasma oscillation in dashed red. For comparison, the dispersion
relation of electromagnetic radiation propagating through a vacuum is shown
in dotted black.

But this is in agreement with what we would expect from the Coulomb-
attraction—driven oscillation we anticipated finding, and it can be shown that
this is indeed the mechanism whereby this mode is generated. As the mode in
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question is commonly known simply as the plasma oscillation, its characteristic
frequency wy, is known as the plasma frequency. It is sometimes convenient
to define separate plasma frequencies wp, = ¢o+/fie /Moo for each species, in
which case the overall plasma frequency can be computed via wg =>. wgg.
Note however that since wp, ~ 1/ /Mg, the contribution from the lightest
particle species dominates. Thus, wy, is well approximated by the electron
plasma frequency wp. for most applications.

One important plasma phenomenon we have missed in this analysis is
magnetisation: the behaviour of a plasma changes significantly when an external
magnetic field is applied (i.e. when B # 0). The underlying reason for this is
that charged particles moving in a magnetic field will start to curl around the
field lines due to the v x B term in the Lorentz force. This effectively restricts
their motion to be largely along the field lines (neglecting the various sources of
drift, such as field line curvature), while their motion in the plane perpendicular
to the field lines is approximately circular, as illustrated in Figure 2.2.

Figure 2.2: The cyclotron motion of electrons (e, blue) and protons (p™,
red) in a magnetised plasma. As the particles have opposite charge, their
trajectories spiral in opposite directions.

The “orbital frequency” around the field lines is given by weo = ¢o B/my,
and is known as the cyclotron frequency. This is another important plasma
parameter, and shows up not only in the single-particle view, but also in the
dispersion relation for waves in a magnetised plasma. Note that with this
definition, the electron and ion cyclotron frequencies will have different sign (the
electron frequency being negative due to its negative charge), with |wee| > |we]
due to the mass difference between electrons and any relevant ion species .

In the dispersion relation for a magnetised plasma, these frequencies show
up as resonances, giving rise to electron and ion cyclotron waves. Additionally,
wave propagation both parallel and perpendicular to the background magnetic
field is significantly affected. This gives rise to further wave modes, such
as lower and upper hybrid waves, as well as so-called whistler waves, with
behaviour varying strongly depending on the angle between k and B. As
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the details of waves in magnetised plasmas lie somewhat beyond the scope
of this thesis, we will not go through the details of these modes here. The
interested reader is referred to textbooks such as Stix’s Waves in Plasmas [61]
or Swanson’s Plasma Waves [62] for a more in-depth treatment.

All of this discussion has been based on the zero-temperature limit, which is
of course not completely faithful to an actual plasma, magnetised or otherwise.
For example, a type of wave which we not seen so far is some version of sound
waves, familiar from neutral gases. These waves do indeed exist in plasmas — and
separately for ions and electrons, at that — but require nonzero temperature to
be able to propagate. After all, they are fundamentally oscillations in pressure,
travelling at a “speed of sound” proportional to the thermal speed of the species
involved, which can be written as simply vty , = /I, with our mass-normalised
definition of T,,. Due to the charged nature of the constituent particles, the
plasma analogue of sound waves additionally couple to the electromagnetic
field, giving rise to magnetised ion and electron sound waves at frequencies
below the cyclotron frequencies of the respective species, with resonances at
|weo |- At higher frequencies, the sound waves are unmagnetised, more similar
to the familiar sound waves in a neutral gas.

Apart from giving rise to these new wave modes, a nonzero temperature
also modifies the dispersion relations for the previously discussed ones. Most
relevant to our purposes, the Langmuir wave dispersion relation changes from

w? = wg to approximately

k202 kol
2 _ 2 th,e th,e
w'=w, +3 5 +O< 1 ) (2.32)

if electrons are allowed to have a nonzero temperature. This allows the mode
to propagate, since the group velocity is no longer identically zero. Being
the first terms of a Maclaurin expansion in kv, ./w, the expression on the
right-hand side of this dispersion relation is only useful at low k, however. To
more fully understand waves in plasmas (and Langmuir waves in particular),
we must also take into account wave-particle interactions. Specifically, a wave
passing through a section of plasma may either deposit energy into the particles
of the plasma, being damped in the process, or absorb energy and intensify,
leading to an instability. To understand these processes, let us go back to the
kinetic picture and see what happens to a wave passing through a plasma with
non-negligible temperature.

2.3.2 Landau Damping and Instabilities

For simplicity, and because it is the case most relevant to this thesis, let
us restrict ourselves to electrostatic waves in an unmagnetised (but nonzero-
temperature) plasma. Largely following Section 4.2.2 of Swanson [62], p, J, E
and B are zero like before, but we additionally have 6 B = 0 and §E = —V§¢,
with d¢ being the perturbation in the electrostatic potential. The Vlasov-
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Maxwell system thus effectively reduces to

028t5f6+v'V5f0_7V5¢ (.f_0+5fa)
v =L ‘1an/d3v5fa

Making a wave ansatz only in space to start with, i.e. taking §X = X(t)e
and neglecting higher-order terms, this further reduces to

(2.33)
ik-x

0= 8tfa + ikvzfa - %ikqgavzfa
_ 1 s
- Eokzgqa/d vf07

where we like before have taken k || 2 without loss of generality. Instead of
making a wave ansatz (or Fourier-transforming) in time as well, let us perform
a Laplace transform in order to take into account initial conditions. This
transform, which may be considered a generalisation of the Fourier transform
adapted for decaying and growing phenomena, is defined by

(2.34)

LIX ()] := X(s / dt et X (t)
A s g, (2.35)
£ X)) = x00) :/T et X (s),

—ioo 27TZ

where the positive real number r is chosen so that r > Rep,, for all poles p, of
X (s). With this definition, one can further derive that

L[0,X] = sX + [Xe = {Res > Rep,Vn} = sX — Xy,  (2.36)

,St] t—o00

where we have introduced to notation Xy = X ‘ —o- Our two equations then
become

~<7,O = Sfa + ikvzfo - %ikéavzfa

:EkQZQG/dvfay

where we are omitting the tildes on Laplace-transformed quantities to avoid
clutter. Solving the first equation for f,, we get

r fa,O + %anvzfa

(2.37)

o= ; ) 2.38
s+ ikv, ( )
and inserting this into the second equation, we find
92)7 1 Z /d3'l) fa,O"‘%éavzfa .
T gok? o s+ kv, o
7 (2.39)

1 3 fU,O ikQJ In 3 8vz.fo
gok? Za:%[/d vs—l—ikvz + My d)/d vs—i—ikvz '
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Performing the integrations over v, and v, and using the notation F(v.) =
[ d?v f(v) for the distribution function over v, we can solve for ¢ to get

- Fy,
Zaggﬁfd%ﬁ

1-> 4 [ dv, Bu; Fo

o kmgeg s+ikv,

é=

(2.40)

The question, then, is how this should be interpreted. By definition, we can

return to t-space via
rHice qgest .

¢ = o= (2.41)

T—100
Computing this contour integral directly is nontrivial. However, the integrand
is analytic along the path of integration (by the definition of r) — and, indeed,
analytic for all s such that Res > r. Furthermore, the function is analytic
almost everywhere on its domain for any reasonable f, and ngo, and can be
analytically extended even to s such that Res < 0, where the definition of
X (s) given in Equation (2.35) may not converge.

< <
| X J AN sc Re
o fm——————== - <« w Fm———- ————+-0>\
= ST SR — A H e T s
< <
1 x 1 ALE
< <
Res a a Res

Figure 2.3: The contour deformation used in the derivation of Equation (2.42).
As a — —oo, the black contour moves leftwards and is deformed to avoid the
singularities shown in red. A detour ygc, shown in blue, is taken around the
branch cut, and loops 7, shown in orange, are left behind encircling each pole
as the main integration contour moves leftwards.

We can thus deform the integration contour leftwards towards Re s — —oo
without changing the value of the integral, as long as we make detours to avoid
integrating over any singularities. The integral then becomes

~ atico qgest dsest . dse’t »
= 1li 2.42

—100

where vpc,, denotes the detour taken to avoid branch cut m and -, denotes a
small contour encircling a pole at z = p,, anticlockwise — see Figure 2.3. Since
the absolute value of the integrand is proportional to |e%| = e!R¢*  the first
integral goes to zero when the limit is evaluated. Assuming for simplicity that
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there are no branch cuts, we are then left with only the third term. By the
residue theorem, this term can be evaluated as

7 . st 2| _ fip s O nt 13 y
¢ = Xn: Sfi%: {e (;5} = {if simple poles} = Xn: eP sligln {(s - pn)(b}, (2.43)
where Res,—, X (s) is the residue of X(s) at s = p (the general definition of
which is somewhat involved and will be left out of this discussion, but can
be found in e.g. Ref. [63] — or for that matter in Appendix A of [64]). In any
case: what matters, largely, are clearly the poles of </3 These correspond to the
independent wave modes supported by the plasma. In contrast to our previous
fluid analysis, however, we now allow them to decay or grow in time.

A priori, these may come either from poles in the numerator or from zeros
in the denominator. Choosing our initial condition so that Fo,o(vz) is analytic
for all species, the numerator as written is well-defined and analytic for all s
with positive real part. For Re s = 0, however, the integrand in the numerator
integral

Fo’,O

has a pole at v, = is/k € R, meaning the integral is undefined. This can be
remedied, however, since we can analytically continue Iy ,(s) to non-positive
Re s by taking a detour around the pole of the integrand when needed, effectively
redefining the function as

Fy
/dvz 7"0, Res >0
s+ ikv,

Fyp
I +(s) = li d %7
Neo(8) s—1>I€+ vz s+ e+ ikv,

Fg() 2T ~ 1S
dz ~ Fcr 7. )
/ v s+zkvz+ B ’O<k> Res <0

Res =0 (2.45)

where we have again used the residue theorem in the final line. Since this
analytic continuation is nonsingular for all s € C, the numerator of 6 has no
poles, and all its poles must come from zeros in the denominator.

These occur when

. 2
145
1=) Ipo(s), 2.4
 Tmaeo Do (8) (2.46)

where Ip (s) is the analytical continuation of the denominator integral, which
by much the same logic as we used for Iy ,(s) can be explicitly written out as

/dvzavzi, Res >0
s +ikv,
0. Fs
Ips(s) =< li dv, —=——, Res=0 2.47
D.o(s) s—1>%1+/ vz s+¢e+ikv, s ( )

0, F, 2r _, (is
dv, et ZTp (19 Reg <o,
/” stiko, |k "(k) es<0
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Alternatively, we may write this more concisely in terms of the average between
the integrals above and below the pole, equivalent to the Cauchy principal value
(denoted with P) of the integral along a contour moved upward or downward to
pass straight through the pole —i.e. along {z € C : z = v, + i Re s/k}, meaning

F!(v, +iRes/k) -, /(is
Inof Te (), 2.4
D, 7D/ 1Im s + kv, Jrk T\ k (248)

which is well-defined for all s. Setting is = w = w, + iy for w,,7 € R and
assuming the only two species are electrons and protons (which must have
equal unperturbed density n. = i, = 71), our poles lie at w satisfying

c(ve +iy/k) + e F’(vz +iv/k)
k2‘ —wr/k

[Fé<k>+zz; (2)],

where we have used the fact that wga = ¢2Ny/myeo. We saw previously that
for a zero-temperature plasma, the supported wave modes are not damped —
meaning w = w, is real, and the growth rate « is zero. And reasonably, this also
falls out of Equation (2.49) — the kinetic dispersion relation for electrostatic
waves — if we go into this limit. The reason for this is that f, (and thus Fg)
becomes a delta function, which allows the right-hand side of Equation (2.49)
to be nonzero only when v = 0 exactly. It is thus not entirely unreasonable to
assume that |y| should be small compared to w, for many situations of interest —
especially when @ » is low compared to the phase velocity w,/k. If we assume
not only |v| < w, but also that |y|/k < dvchar, Where dVchar ~ Tin,o is the
characteristic velocity scale over which significant variations in F(v,) occur,
we can expand the kinetic dispersion relation around v = 0 via

(2.49)

F (vz + z;) ~ F(v,) + %Fg(uz). (2.50)

Splitting the dispersion relation into its real and imaginary parts, we get two
real-valued constraints — one for w, and one for . Keeping only the lowest-order
terms, we get

25 7(v,) mcF’(vz)
k2 N’P/dvz ,
wle vy — wr/k

(2.51)

"(v2) &F (v2) I Me =, (W
—73 F’(—T) °F (i) .
/ vz fwr/k +W[e K)o,
Here, the first equation defines an approximate dispersion relation for the real
frequency w;., and the second can be solved for v in terms of w, to yield

Tk (w, k) _

F(o)=F(w)+ 2R ).  (2.52)
Pfdvz

T F'(v.) "y

v, —wy/k
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Note that unless the protons are very hot compared to the electrons, their
contribution can be neglected, since m./m, < 1. In other words, it is often
the case that F' ~ F, (for example, this holds for the setups examined in the
appended papers). In the nonresonant — or low-but-nonzero temperature —
regime where w,/k > 4, » for both species, the integral in the denominator
will be approximately proportional to F*/(w,./k). This quantity will be negative
in the asymptotic limit for any monotonically decreasing and strictly positive
F, since the high-v, tail of F(v.) slowly flattens out, tending towards zero
curvature as v, — oo and F'(v,) — 0. Since F”(w,./k) is also negative, ~ is as
well, meaning any such electrostatic wave will be damped, and gradually lose
energy to the particles in the plasma.

This process is known as Landau damping, after Lev Landau [65], and the
growth rate v tending to have the same sign as the slope of F' turns out to
be quite broadly applicable as a rule of thumb. In other words, a negative
slope at v, around the phase velocity w,./k of the wave will generally lead to
damping, and a positive slope will generally lead to inverse Landau damping,
or growth, corresponding to an instability. From an intuitive point of view, this
can be understood through the lens that the wave mostly exchanges energy
with particles whose velocities are close to the phase velocity, since these are
the particles which spend a significant amount of time being pushed in the
same direction by the local perturbation moving along with the wave as they
travel. In our case, this push can be taken as coming from the co-propagating
perturbation in the electrostatic potential, but as pointed out in Swanson
[62], Landau damping is actually quite a general feature of waves in gases and
plasmas. For pressure waves in neutral gases, we may instead interpret the
“pushing mechanism” as coming from the local pressure gradients caused by
the propagating wave.

Whatever the mechanism, the end result is that particles moving slightly
slower than the phase velocity tend to be accelerated so that they catch up
with the wave, while particles moving slightly faster than the phase velocity are
instead decelerated. From a distribution function point of view, this “diffusion’
in velocity space acts to flatten the distribution function around v, = w, /k,
tending towards a situation where F’(w,/k) = 0, and propagation is stable
(i.e. the wave is neither damped nor growing). If F'(w,/k) was originally
negative, more particles were accelerated than decelerated as a result, and
the net effect is that the wave amplitude is decreased, while the plasma is
heated. In the same way, an originally positive slope would lead to a net
deceleration of particles, cooling the plasma and increasing the amplitude of
the wave. Of course, wave growth can only continue as long as a positive slope
is maintained — as the slope approaches zero, growth slows and eventually stops.
In the damping case, there are two possible end states: If the initial wave
amplitude is small, the wave is fully damped out, meaning the distribution
function still has nonzero negative slope around v, = w,/k when the wave has
dissipated. If the initial wave amplitude is large enough, the damping will
instead eventually saturate, leaving a non-decaying propagating excitation and
a flattened distribution function.

)
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Notably, these nonlinear saturation processes are not captured by the linear
theory of Landau damping outlined here. And there are indeed many aspects
of nonlinear Landau damping which we have left out of this discussion in the
interest of brevity, such as particle trapping, bounce times and the origins of
the oscillations in wave amplitude which occur during saturation. For more
information, see e.g. Chapter 8 of Swanson [62].

If we specifically choose f, to be Maxwellian, i.e.

- Mo |v\2
folv) = W exp (— 502 ), (2.53)

th,o th,o

the dispersion relation of Equation (2.49) can be expressed as

w? w
1= s gt , 9.54
Z 2k20, , <ﬂk5th,a (254)

g

where

Z(0) = LP/ R S (2.55)
¢

VT £—¢
with ¢ running parallel to the real axis at Im ¢ = Im ¢, is the so-called plasma

dispersion function. Expanding the integral term in the nonresonant large-|(]|
limit, we find

Z(O:—l(1+1+...) +ivme™¢

f 2§2 (2.56)
Z'(¢) = @ (1 + 23 +.. ) — 2i/mCe <,

and keeping only terms up to O(¢™%) in the first term, the dispersion relation
becomes

w? 3202 w2 w 2 /5122
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Assuming weak damping (or potentially growth), i.e. |v| < wy, kUih,s, and
splitting into real and imaginary parts, we get

w? 3k2p2
~ po th,o
1~ Z w2 1+ w2

T ™

- , (2.58)
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and neglecting the thermal correction to the proton terms (effectively treating
the protons as stationary, which is a reasonable approximation when modelling
electron-scale phenomena like Langmuir waves), we recover Equation (2.32), as
well as a first-order estimate of the damping rate v in the cold-proton limit.
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It should be noted that when initialising the Langmuir waves in Paper A, we
used the exact numerical solution to Equation (2.54) rather than any of these
approximations. Nevertheless, the approximations are useful in that they are
easier to interpret than the derivative of the plasma dispersion function.

On top of Langmuir waves, the appended papers also examine electron two-
stream instability. As outlined above, electrostatic instabilities in general require
effective distribution functions F'(v,) with positive slope at some v, > 0, in
order to drive wave growth. For the electron two-stream instability in particular,
this occurs due to the presence of two counter-streaming electron populations.
To model this, we can use two separate electron species, labelled with b and
¢ for the lower-density beam and the higher-density core, respectively. Each
species can then separately have a Maxwellian background distribution, but
centred on different positions in velocity space, separated by their relative flow
velocity Viet = V. — Vp. If we still enforce J = 0 by choosing Vb,c such that
Vi + 1.V = 0, we effectively just need to doppler-shift w — w — kV,, for each
species to account for the fact that the Maxwellians are centred on different
flow velocities. The dispersion relation thus becomes

w? w—kV,
1= LAy 7, 2.59
Z 2k2@t2h70 <\/§k@th,0 ( )

(o2

or in the cold limit (T, < |Vg|)

n 2 e, ,2
P W L Wl (2.60)
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where wp; is the ion (proton) plasma frequency.

As outlined in Ref. [66], this configuration has two high-frequency (w, > wp;)
modes in the limit of relatively weak and slow beams: a Langmuir-like mode
with w, ~ wy, and a beam mode with w, ~ kEVi. When V,q is increased from
zero, one of the modes will eventually become unstable due to the peak of
the beam Maxwellian becoming separated enough from the core distribution
function to cause positive slope at some v,. For very weak or warm beams,
it is the Langmuir mode which first becomes unstable, whereas dense cold
beams instead make the beam mode unstable first. It is this latter case
which corresponds to two-stream instability, sometimes also referred to as
electron beam instability, electron/electron streaming instability or bump-on-tail
instability. The specific criterion, originally derived by O’Neil and Malmberg
in 1968 [67], states that two-stream instability occurs for

ﬁb‘zjg

——3
LN

>1, (2.61)

~

while a smaller-than-unity value of this expression gives rise to Langmuir beam
instability. Having now described most of the necessary theory behind the
phenomena we develop fluid closures for in the appended papers, let us move
on to discussing how fluid closures can be derived, and what types of closures
already exist for modelling various phenomena.
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2.4 Closures from Theory

As the closure problem is a long-standing challenge in plasma physics, it has
seen many attempts at being addressed throughout the history of the field,
from different angles and with different aims. In this section, we will attempt
to give an overview of these efforts, some of the closures which have been
developed, as well as their applications and ranges of validity. To keep some
semblance of brevity, the overview will by no means be exhaustive, but rather
try to focus on closures which have seen significant use — and in particular
on those which are more closely connected to the motivation and aims of the
appended papers.

To set the stage, we will begin with a brief discussion of collisional closures
through the lens of the Chapman-Enskog procedure, also giving an overview of
the isothermal and adiabatic closures. We will then move on to collisionless
plasmas, where we will cover the CGL and Le closures as well as the Hammett-
Perkins closure and its generalisations.

2.4.1 Collisional Closures

As alluded to in Chapter 1, closures for collisional plasmas can be derived by
doing perturbation theory around local thermal equilibrium. Specifically, this
is done by assuming purely binary collisions and expanding the Vlasov equation
in terms of the Knudsen number Kn = Ayg,/L, where Ay, is the mean free
path of constituent particles with respect to Coulomb collisions and L is the
characteristic length scale of the phenomena one is interested in modelling.
This approach was originally developed in the context of neutral gases in
1916-1917, independently by Sydney Chapman and David Enskog [47, 48],
and then applied to plasmas in 1939 by Chapman and Cowling [51]. In 1958,
the framework was used by S. I. Braginskii to derive the so-called Braginskii
equations [49, 50], which constitute a closed fluid model for collisional plasmas.

At zeroth order in Kn, the distribution function is Maxwellian (i.e. equal to
fo as defined in Equation (2.53)), and it can be shown [51] that the first-order
correction is given by

0fy = — Uth’JA«VlnTg—i-iB: vV, | f,, (2.62)
Ne No

with : denoting double contraction, so that e.g. T : ab = Tjja;b; for an
arbitrary second-order tensor T and vectors a and b. In this expression for
0fs, A = A(v) is a vector and B = B(v) is a second-order tensor, both of
which can be calculated to desired accuracy by expanding them into convergent
series in terms of so-called Sonine (or generalised Laguerre) polynomials, and
then solving a set of integral equations. The details of such calculations — as
well as the integral equations in question themselves — will be left out of the
present discussion for brevity (they can be found in e.g. [51]). One important
consequence is nevertheless that to first order in Kn, the pressure tensor in the
unmagnetised case is given by

2
Ps = pal - 2770{VV0} + gnav : Vgl7 (263)
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where the (mass-normalised) viscosity 7e ~ fig Amip,oUth,c Can be calculated
from B. Since the only unknown quantity in the momentum equation thus
becomes the scalar pressure p, = % Tr p,,, we only need a closure for (one-third)
the trace of the tensorial pressure equation. In other words, we need to find
an expression for the heat flux vector g, defined so that [g,], = 2 > (9013555
i.e. half the contraction of the full heat flux tensor. As luck would have it, such

an expression can be calculated, yielding the closure
qe = —KeVTe + O‘pe(v-e - VL)7 q;i = —rk; VT, (264)

where the thermal force coefficient o and the thermal conductivities k, can be
calculated from A. As we can see, we have two types of contributions to the
heat flux — terms proportional to temperature gradients, and for the electrons
also a friction-related term o< (—)7.J. In principle, such a friction term also
exists for the ions, but can be neglected since there is very little deflection
and deceleration of ions due to collisions with electrons (as opposed to the
reverse, which is quite prevalent). As we shall see, terms similar to these will
continue to crop up in the other heat flux closures we will discuss — but with
some significant differences. For a full treatment of the Braginskii equations,
including also the magnetised case which we have left out of the discussion
here, see e.g. Ref. [68].

Before moving on to collisionless closures, we would be remiss not to mention
the fact that in certain collisional limits, one can derive even simpler closures,
relating the pressure directly to the particle density without even needing to
involve the heat flux [46]. In other words, the moment equation hierarchy can
be truncated already at the momentum equation. The first of these limits is the
1sothermal one, where one is interested only in phenomena with characteristic
velocities VUehar <K Vth,s, meaning the heat flux is strong enough to practically
instantly equilibrate the temperature over large distances. In an unmagnetised
plasma, this would correspond to having p, = n,T, with T, constant in
3D space. Such closures are particularly relevant for electron species when
considering phenomena occurring on ion time scales.

The opposite limit, vchar > Uth,», also simplifies in a similar manner. In
this regime, known as the adiabatic limit, the comoving rate of change in the
pressure will be dominated by the terms < V'V, meaning we effectively have

OPs +V - (Vopy) +2{Ps - VV;} =0

2.65)
Tenl (

Y NDupy + (N +2)poV -V, 20,
where N is the dimensionality of the system (i.e. the number of dimensions
over which p, is isotropic), and Try denotes the trace over these dimensions.
Using the continuity equation, we can then rearrange this as

(m) N2 (2.66)
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In other words, the ratio p,/nl is constant in the frame moving with the
plasma. The ratio I' = % (more commonly denoted by ~y, which we reserve
for the growth rate) is known as the adiabatic index of the plasma, and relates
the heat capacity at constant pressure Cp to the heat capacity at constant
volume Cy via I' = Cp/Cy. Because of this, the quantity in question is also
known as the heat capacity ratio. In the highly collisional regime, p, is fully

isotropic, meaning N =3 and I' = 5/3.

2.4.2 Collisionless Closures

Going into the adiabatic limit and prescribing g, = 0 was also one of the first
closures considered for collisionless plasmas. In the unmagnetised collisionless
case, the line of thinking outlined above for collisional plasmas cannot easily
be applied, since isotropisation does not occur. In the magnetised collisionless
case, however, the plasma becomes gyrotropic to leading order, i.e. locally
cylindrically symmetric around B (assuming relatively slow variations in time
and space). Because of this, one can perform a similar derivation to the one
outlined above, as shown by Chew, Goldberger and Low in an influential 1956
paper [69], treating the directions || B and | B separately.

In general, the gyrotropic approximation is valid at length scales L signific-
antly larger than the characteristic Larmor radius ry, = tih,01 /|weo| associated
with the cyclotron oscillations of species o. In the rz, /L — 0 limit, the pressure
and heat flux tensors reduce to

Po = pUHi)B—Fng_ (I— 55)

9o = ¢ ) + 3qu{ (1 _ 55)5}, (2.67)

where b is the unit vector in the direction of B.
Additionally taking the adiabatic limit by postulating ¢, = go1 = 0, the
pressure equation can be simplified into the two scalar equations

Dipo| + o] (V V, 4 2bb : VVU) —0
. (2.68)
Dipos + o1 (2V -V, — bb: WV, ) =0,

and we have reached a closed set of equations. We have not yet reached
an equation of state for the pressure, however. To find such an expression,
representing the magnetised collisionless analogue of Equation (2.66), one needs
to make several additional simplifying assumptions, due to the presence of the
terms o< bb : V'V, in the pressure equations.

For gyrotropic pressure p,, it can in general be shown that the adiabatic
limit q, — 0 yields

ng| Bl

o

11| B .
Dtln<p|ng|> :—2Dtln< Dol ) x b-[Vx(E+V,xB), (269
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meaning that if the expression on the right is zero, then p,|B ?/n3 and
Do /n|B| are both constant, giving us the equations of state we are after. One
way this can hold approximately is if E ~ -V, x B.

As outlined in e.g. Ref. [70], one can reach precisely this relation for the
proton species by neglecting electron inertia — i.e. focusing on time scales
T> |wce|_1 — and assuming relatively cold electrons, so that

me|Dt‘/e| 1 me|v 'pe‘ TL,e ’Bth,e

~ <l, —n~ —— < 1. 2.70
e|Ve X B|  |wee|T ene|Ve x B L V, ( )

One then further neglects the displacement current in Ampere’s law so that
J x V x B, as well as the resulting Hall term « (V x B) x B, to find

E =~ -V, x B, (2.71)
satisfying our requirement. In this limit, we thus have

2
pz'|\|B| Dil
n® ' n|B|

= const., (2.72)

and these equations of state, derived by Chew, Goldberger and Low, are known
as the CGL closure. Additionally, other adiabatic closures for magnetised
plasmas are often considered CGL variants — for example, closures which do
not neglect the Hall term are usually denoted Hall-CGL closures.

It should be noted that even without assuming anything apart from gyro-
tropy and adiabaticity, Equation (2.69) implies that p,| and p, are related

through
{/Poll Pos
————— = const. (2.73)

ns/3
This is a more widely applicable generalisation of the unmagnetised collisional
expression, reducing to Equation (2.66) if the pressure is isotropic. But notably,
it is not a complete closure in its own right, since one of the pressure components
still needs to be evolved explicitly by solving the corresponding component of
the pressure equation with q, = 0.

There are many situations where these adiabatic and isothermal closures
are not sufficient to adequately model important phenomena, however. One
example is that of magnetic reconnection, where magnetic field geometry is
rapidly rearranged, leading to fast acceleration and heating of particles. This
process plays a central role in both solar flares and coronal mass ejections, and
also underlies the production of auroras when the solar emissions reach and
reconfigure the Earth’s magnetic field.

Schematically, a reconnecting region looks like Figure 2.4. Particles are
initially largely tied to their respective field lines due to magnetisation, being
advected towards the X-point (or, more realistically, X-line) where the sep-
aratrices meet. Eventually, the particles come close enough that their cyclotron
motion is sufficient to reach the field lines on the other side of the X-line,
breaking magnetisation. The region where this occurs is known as the diffusion
region for the species in question. Since the Larmor radius is proportional
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to the particle momentum (which typically scales with the square root of the
particle mass), the ion diffusion region (IDR) is generally much larger than the
electron diffusion region (EDR).

\_/

Figure 2.4: A schematic view of a reconnecting magnetic field. Two magnetic
field lines oriented in opposite directions (black) move towards the separatrices
(dotted grey), reconnect at the X-point and move apart following the orange
arrows.

The breaking of magnetisation in this way allows the magnetic field lines
to reconnect at a point along the X-line — something which would otherwise
be forbidden by the frozen-in flux theorem [46, 71, 72] — changing the global
geometry according to Figure 2.4. The reconnected field line is then expelled
outwards, accelerating the newly re-magnetised particles towards the outflow
region.

A little less than two decades ago [73, 74|, a more accurate closure for
guide-field collisionless reconnection (i.e. reconnection with significant B,,) was
developed by Le, Egedal and collaborators. The chief aim of this closure is to
account for the high electron temperature anisotropy (7, > T ) which often
characterises reconnection in Earth’s magnetotail and similar environments.
To derive it, one still needs to make several simplifying assumptions, but not
quite as many as for the CGL closures.

Specifically, the closure is derived from kinetic theory by assuming the
electrons involved are very hot, so that ¥;, . is much larger than all other
relevant velocities. All distribution functions can then be expanded around a
gyrotropic background in terms of |V, |/ . Additionally, the electrons are
assumed to be well-magnetised, so that their magnetic moment p. is conserved
— an assumption which is valid everywhere except in the EDR very close to the
X-line. This quantity u, = mgﬂfh,eL/Q\B| is also known as the first adiabatic
invariant.

Using Liouville’s theorem, which states that f,(x,v) is conserved along
particle trajectories, the value of the distribution functions in the reconnecting
plasma can be related to their values f2° far away from the reconnection
site, following the field lines. Sufficiently far away, the ambient plasma is
assumed to be uniform with E - B = 0 and B = |B| constant. Additionally,
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the ambient distribution function f° feeding electrons into the reconnection
region is assumed to be fully gyrotropic.

As electrons propagate towards the reconnection site, they will be affected
by both electrostatic and magnetic mirror forces. Because of this, particles
with very low initial velocity may become trapped on their way through the
reconnection site, while particles with higher initial velocity are able to pass
through without being significantly affected. Assuming f° is Maxwellian
and treating trapped and untrapped electrons separately, one can derive the
following relation between n., B and the parallel potential ¢ () = [-° d! b-E:

:50 = %(1 — b)vu+ e erfe(v/u) — b3/2e"/b erfe <\/E ), (2.74)
where u = e¢ /T >0 and b=1— B/B> > 0. This can then be numerically
solved for ¢, which can in turn be used to derive an equation of state relating
p| and py to lower-order fluid quantities and B, analogous to the CGL closure.

As discussed in [74], the exact equation of state is well approximated by
the analytical expressions

- 2N, Jr7r3 202
Pl-= 50 6 20+ 1 (2.75)
Ty n « B ’
* — T TN Dy,
Py "1 ra

where o = n2 /B2 and the * subscript denotes normalisation with respect to
ambient values, so that e.g. B. = B/B* and p|, = p/p>. All fluid quantities
in this expression are electron quantities (with species index omitted for brevity).
Recently, significant progress has also been made towards generalising this
closure to the EDR, where p. is no longer conserved, by instead leveraging the
z-component of the second adiabatic invariant, J, o f dz v, [75-77].

Another important case where the CGL-type closures discussed above are
insufficient is when Landau damping or growth is important — which is very
much true for the phenomena considered in the appended papers. Fluid models
which attempt to model these effects are known as Landau fluid models, and
were pioneered by Hammett and Perkins in a widely cited 1990 article [78],
originally in the context of the so-called ion temperature gradient (or ITG)
instability. The simplest closure developed in that paper is now known as
the Hammett-Perkins closure, and relates the heat flux to the temperature
perturbation in Fourier space. In the original derivation for the 1D electrostatic
case, a closure of the form

2Vtho ., =
g, = ﬁgx\[;;lh’szg (2.76)

is postulated as an ansatz through analogy with Fick’s law, g, o< VT, from the
collisional limit, with x being a dimensionless proportionality constant (later
shown to equal 2/4/m). This ansatz is then justified by comparing resulting
expressions to the three-pole approximation of the plasma response function
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R(¢) =1+ ¢Z(¢) one can derive by linearising the three lowest-order moment
equations.

The essential difference between this closure and the temperature gradient
closures which appear in the collisional limit lies in the factor |lc\71 present in
the proportionality constant on the right-hand side of Equation (2.76). Because
of this term, the real-space closure becomes nonlocal, since multiplication
by —ik/|k| = —isgn(k) in Fourier space corresponds to a so-called Hilbert
transform in real space, usually denoted with H. Using the notation H = —H
for the negative Hilbert transform, the real-space closure looks like

8
4s(2) = _\/;ngvth,UH(STg =
oo no_ )
. _\/§3”avth,a/ dz’ 0o (z+7) ,6TO(Z : )
T 0 z

In other words, to calculate the real-space heat flux ¢, at a given point in
time and space, one needs to know the temperature over all of space at that
time. This is very different from the collisional case, where we only needed
to know VT, which can be calculated locally. This type of closure, where
one needs global information to evaluate the otherwise unknown quantity, is
usually referred to as a monlocal closure, and is generally disfavoured if local
alternatives exist with similar accuracy, since computing global integrals is
computationally expensive and makes any implementation of the closure into
a fluid code more difficult to parallelise. In this particular case, however, the
closure is local in Fourier space, meaning parallelisability is still possible if
one’s setup geometry allows for periodic boundary conditions, so that time
evolution can be performed entirely within Fourier space.

While there is certainly a marked difference in behaviour between the
Hammett-Perkins closure and Fick’s law, there are also clear structural sim-
ilarities, which are particularly visible in the Fourier domain. This is no
coincidence. In fact, it is possible to formulate a more general version of the
Hammett-Perkins closure which can handle arbitrary collisionality, as measured
by Amfp- To accomplish this, one starts by prescribing a collision operator
and a background distribution function, from which a more exact relation
between ¢, and e.g. T, can then be computed, valid for arbitrary Apg. In
Ref. [79], the relatively simple Krook-model collision operator is used along
with a Maxwellian background to derive

Go X Q(O)TgikT,. (2.78)

Here, Q(¢) is a somewhat involved expression involving the plasma dispersion
function which can be shown to reduce to a constant in the highly collisional
limit (yielding Fick’s law), and to an expression o @y »/|k| in the collisionless
one (corresponding to the Hammett-Perkins closure).

Notably, Hammett-Perkins-like closures can also be applied to 3D magnet-
ised dynamics || B, i.e. not only in the 1D electrostatic case. In the original
Hammett-Perkins paper, this is illustrated for slab geometry used to model the
ITG instability. If one does desire to use the closure for such cases, however,

(2.77)
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the integrals of the Hilbert transform must be performed along magnetic field
lines [80]. This raises additional issues with fluid code implementation, since
the line integration may become poorly defined numerically for chaotic field
line structures.

The dynamics | B are significantly more difficult to model well if one wants
to include Landau damping — in fact, as discussed in Ref. [81], constructing
an accurate equation of state for ¢, is likely only possible if all relevant phase
velocities w,/k are significantly smaller than oy, .. To more fully resolve
the perpendicular heat flux, a higher-order closure involving the fourth-order
moment F, — or, alternatively, a dynamical q, closure, supplying an expression
for 0,9, — is required. Significant work has been devoted to developing such
kurtosis-level Landau closures for various applications in the years since the
original Hammett-Perkins paper (see e.g. Refs. [80, 82-86]).

Finally, returning to the electrostatic case, it should be underlined that the
three-pole approximation of R(¢) used to derive the Hammett-Perkins closure
is not the only potentially viable such approximation. Indeed, any n-pole Padé
approximant of R(¢) can in principle be used to derive an equation of state for
the n'"-order moment of the distribution function, but the resulting closure is
not always well-behaved. Even seemingly well-behaved Padé approximants may
give rise to unphysical higher-order wave modes, however — though closures
where all such modes are heavily damped may still be useful. In Ref. [81],
Padé approximants with up to 8 poles are considered, and all closures which
accurately reproduce the kinetic dispersion relation are showcased.

In Refs. [81, 87], the notation R,, ,(¢) is used for the m-pole Padé approxi-
mant which agrees with the asymptotic expansion of R({) to n*" order in 1/¢
and uses the remaining degrees of freedom to agree with the small-|(| expansion
to highest possible order. In this view, the Hammett-Perkins closure can be
derived from kinetic theory by selecting specifically the R3 > approximant and
linearising the moment equations. However, both the R3 o and Rs3; approxim-
ants are more accurate for small || — and have smaller maximum relative errors
than Rj3 2 on the real line. Choosing instead the Rj3; approximant, which still
has correct asymptotic behaviour to leading order, a different closure is found,

namely
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As we can see, this closure still has a term proportional to the Hilbert transform
of the temperature perturbation, analogous to the Hammett-Perkins closure.
Now, however, there is also an additional advective term proportional to
the ambient pressure times the flow velocity perturbation, reminiscent of the
friction-related additional term present in the electron heat flux closure of the
Braginskii equations. Interestingly, this type of closure is more similar to those
we find for 1D electrostatic phenomena using data-driven techniques, which we
will discuss more in Chapter 4.
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It should be noted that regardless of how many poles we include in our Padé
approximants, the underlying methodology used to derive all of these Landau
closures is still fundamentally limited by the fact that it involves linearisation of
the fluid equations. In other words, there is no guarantee that nonlinear effects
will be modelled correctly. This is one of the chief motivations for exploring
data-driven closure construction for Landau fluid models — the underlying
methodology of which we will delve into in Chapter 3.
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Chapter 3

Machine Learning

You would be hard pressed to find anyone on the street today who hasn’t heard
of machine learning in some form. The most common point of reference is likely
generative Al and large language models. After all, these have for better or
worse come to play an increasingly prevalent role in society over the past few
years — whether in the context of customer service, hiring procedures, faster
coding or disinformation on social media.

However, machine learning as a field is quite a bit broader than just
generative Al In general, it can refer to any methodology which infers the rules
governing the behaviour of some system from data. And contrary to how it
may seem, the field did not suddenly appear out of thin air with the launch of
ChatGPT in November 2022. Needless to say, we will not cover every facet of
machine learning in this chapter — one could write entire books on the subject
— but we will cover some of the history of the field, and outline the basics of the
machine learning methodology used in the appended papers.

3.1 Artificial Neural Networks

While some basic inference methods, such as linear regression [88-91], were
known already in the early 20th century, much of the architecture underlying
the modern advancements in machine learning is built upon another idea, first
outlined in a 1943 paper by McCulloch and Pitts [92]: that of using artificial
neurons, inspired by the biological ones which make up our own brains. In
their original biological form, neurons can largely be viewed as binary functions,
which given a set of incoming signals from other neurons, will either fire,
corresponding to an output of 1, or not, corresponding to an output of 0.
Assuming that the incoming signals are combined linearly, we can formalise it
mathematically as a binary function f(«) of the form

f(x) =06(w- -z +0), (3.1)

where € R? is the input vector containing the strengths of the incoming
signals, w is a vector containing a set of tunable weights, b is a bias term
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setting the activation threshold and © is the Heaviside step function. This
formalisation of the neuron is known as a perceptron [52, 53].

For neurons to do anything useful, however, a large number of them must
be connected together into a neural network, or NN. In the simplest case, we
may imagine collecting IV of them together to form a layer, corresponding to
a function f : R? — {0, l}N. Each neuron is allowed to have its own set of
weights and biases, meaning the function will look like

f(x) =O(Wz+b), (3.2)

where W is now a matrix containing the weights of all the neurons, b is a
vector containing the biases, and the Heaviside function is understood to act
element-wise.

It is often advantageous to replace the binary Heaviside function with
some other function o(x), generally known as the activation function of the
neuron. Popular alternatives include various types of sigmoids like tanh(z)
and arctan(x), which can be viewed as smooth analogues of O(z), as well as
functions which heavily damp negative inputs while leaving positive inputs
largely unchanged, like the so-called ReLLU and GELU functions. Choosing o ()
to be differentiable at least almost everywhere is necessary for gradient-based
optimisation of the free parameters. This is particularly important for the
training of deep, multi-layer networks, where backpropagation enables efficient
computation of gradients [93-96]. To increase performance of such training
algorithms, it is also often useful to choose activation functions with finite
range [97].

To construct larger networks, we can simply connect several layers of neurons
in series. This architecture — perhaps the simplest neural network architecture
in regular use today — is known as the multi-layer perceptron, or MLP. In such
a network with L + 1 layers, the output of layer [ can be expressed recursively
as

T'@) = o (W' @) + 1), (3.3)

as illustrated in Figure 3.1.

With M; inputs and NN; outputs feeding into and from layer [, the weight
and bias matrices W! and b’ then have dimensions N; x M; and N; x 1,
respectively. Commonly, the input and output layers, with indices [ = 0 and
I = L, may have a slightly different structure than the intermediate hidden
layers with indices 1 <[ < L — 1. For example, the MLPs used in Paper B
omit the activation function tanh(x) in the final output layer, to allow the
final output to take values with arbitrary magnitude. Despite their relatively
simple structure, MLPs still see application today (albeit often as part of
more complex architectures), owing to their capacity for arbitrary function
approximation [98].

For many applications, however, more sophisticated network structures are
called for. For example, in audio and image processing, it has proven useful to
restrict the neurons in a layer to depend only on “nearby” neurons in the pre-
vious layer. In this way, the number of free parameters is significantly reduced,
which speeds up optimisation and alleviates some issues related to divergent
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Figure 3.1: A schematic picture of a single layer in a multi-layer perceptron,
using M! = 4 inputs and N! = 5 outputs. First, an affine transformation defined
by the weight matrix W' and bias vector b’ is applied to the four-dimensional
input f'~!(x). Then, the activation function ¢ is applied element-wise, yielding
the five-dimensional output f!(x).

or near-zero gradients which may otherwise occur during backpropagation [99,
100]. Such network structures are known as convolutional neural networks, or
CNNs, since every layer effectively computes a convolution of the output from
the previous layer [101].

In large language models and other generative Al (and increasingly also for
applications where alternative architectures like CNNs previously dominated),
a more complex structure known as a transformer is commonly used. This
structure, first introduced in the influential 2017 paper “Attention is all you
need” by Vaswani et al [102], uses a combination of MLP layers and a so-called
attention block [103], which helps the network take into account nonlocal
information — essentially, how the meaning of any one element of the input
is affected by the context of all the other input values. As transformers are
ultimately at most tangentially related to the aims of this thesis, we will not
discuss their inner workings in detail, but the interested reader is referred to
e.g. Refs. [104] and [105].

All of these kinds of neural network structures have started to see use
in plasma physics over the past few years [106-114], sometimes with specific
adaptations to more efficiently handle data defined on graphs, such as kinetic
or fluid quantities evaluated on discretised grids [115-117]. Architectures
adapted in this way are referred to as graph neural networks, or GNNs — see
e.g. Ref. [118]. Precisely how neural networks are leveraged to achieve more
accurate simulation varies greatly across different studies, however. Approaches
range from attempting to fully replace traditional simulation with neural-
network time evolution prediction [111, 112, 115-117] to using them to provide
a fluid closure wholesale [106-110, 113, 114] to estimating free parameters in a
fixed-form data-driven closure, as in Paper B.

With a naive implementation, using neural networks for direct prediction
of time evolution runs the risk of yielding unphysical results due to violation of
known theoretical constraints, such as conservation laws and physical symmet-
ries. A promising framework for avoiding these issues is that of physics-informed
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neural networks, or PINNs [119], where such constraints are explicitly taken
into account in each simulation time step. For example, a PINN fluid solver
might explicitly heavily penalise prediction of physical states which are not in
local agreement with the moment equations to desired order. Another approach
which warrants mentioning is that of Fourier Neural Operators (or FNOs) [120,
121], which may be considered an alternative to the usual PINN approach
more suited to nonlocal phenomena (and has seen some use recently for both
data-driven closures [113, 122] and tokamak disruption prediction [123]).

Of particular interest are adaptations of such approaches which are more
robust with regards to extrapolation outside of the convex hull of the training
data, such as the recently developed BEACONS framework (short for Bounded-
Error, Algebraically-COmposable Neural Solvers) of Ref. [124]. Alternatively,
one may of course use traditional simulation, and enforce the constraints
through the form of the closure, as is done in Papers A and B, and discussed
in Ref. [125].

3.2 Interpretability and Sparse Regression

While neural networks are very useful for many applications, they do have
one major drawback: due to their complex structure, large number of free
parameters and opaque optimisation process, their inner workings are very
difficult to interpret. Thus, they are mainly useful for applications where
understanding the exact details of how they work are less important. Some
alternative non-neural-network machine learning approaches which have also
seen significant use in plasma physics, such as Bayesian optimisation [126-128]
(commonly used for optimisation problems where the cost function is particu-
larly expensive to evaluate [129-134]) exhibit the same black-box opaqueness
problem. Luckily, there are alternative machine learning methods which are
more interpretable.

In large part, these more interpretable approaches can trace their lineages
back to more traditional regression-type machine learning. This is the case
both for the sparse regression (SR) we use in the appended papers, and for the
symbolic regression methodology of Refs. [135-138]. In both of these frameworks,
focus is placed not only on finding accurate models, but specifically on finding
accurate models which are as simple as possible. This can significantly help with
understanding the behaviour of the system being studied, and also facilitates
further more careful analytical examination.

Specifically, the goal is to model a target quantity y in terms of a set
of d other quantities {x,}. The difference between the two frameworks lies
in how y is allowed to depend on {x,}. In symbolic regression, one selects
a set of allowed operations and functions for combining the z,, quantities,
e.g. {Jr, —, X, %,iﬁliz,sin'i}, cosi:}}, but otherwise leaves the functional form
free. By defining some metric for the complexity of a given combination of
these operations and combining it with a more traditional error-based cost, one
can optimise for both simplicity and accuracy simultaneously, while leaving
the functional form semi-arbitrary. Commonly, this has been done through
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encoding the functional form in a tree-like data structure and using “genetic’
evolution-inspired optimisation algorithms [135, 139, 140].

However, symbolic regression generally scales poorly both with d and with
the complexity of the true functional dependence of y upon the x,, quantities,
since the number of possible functions increases combinatorially with the
number of included operations and quantities. Sparse regression remedies this
to a significant extent, at the cost of requiring a pre-defined library of M
allowed terms 0;(z1,...,xq), and specifying in advance how these terms should
be combined to yield a candidate model.

Historically, linear combination of terms has generally been used, since the
optimal model utilising some given subset of the allowed terms ¢; can then be
found exactly and efficiently through e.g. linear least-squares regression. Each
model § =" ;&;0; is then completely described by its coefficient vector €. For
convenience, we can collect all the measured pairs of y and 0; data into a target
vector y and term library matrix @ such that y; = y|pOint ;and O, = 0; }point i
The least-squares optimal model then corresponds to the coefficient vector that
minimises

C) =y - ¢ (3.4)

under the constraint that only the coefficients &; corresponding to ; in the
subset of interest are allowed to be nonzero.

Needless to say, the selection of terms included in the term library becomes
very important for these methods — and as is discussed in Paper B, the restriction
to linear combination of terms can make the creation of a viable term library
very difficult for certain problems. Additionally, even with linearly combined
terms, finding the optimal model at a given complexity s (defined as the number
of library terms 6; which are used) is expensive, even for only moderately high
s and M, since the number of candidate models (Af ) still grows combinatorially.
Indeed, the only way to be sure of finding it is to go through each value of s
from 1 to M and manually check every possibility — performing what is known
as best-subset selection [56, 57]. As such a procedure quickly becomes untenable
at higher s and M, it is in practice necessary to somehow focus the search.

For this, many different approaches have been tried, as outlined in e.g. Ref. [57].
Largely, these can be split into three categories: selection methods, where
one restricts the number of library subsets considered, shrinkage methods,
where the cost function is modified to penalise high-amplitude coefficient val-
ues, and dimension reduction methods, where the function space spanned by
{60,} is transformed into one of lower dimension. Examples of the latter two
approaches include e.g. lasso or ridge regression, and principal component
analysis/regression (PCA/PCR) or partial least squares (PLS) regression, re-
spectively. As the methodology used in the appended papers is best thought
of as a selection-type approach, we will restrict our more in-depth discussion
to these methods. For more information about the other types of SR, the
interested reader is referred to the sources in the bibliography.

Perhaps the most intuitive selection method is forward stepwise selection,
where one starts from the optimal 1-term model and adds terms sequentially,
always choosing the additional term which yields the biggest accuracy improve-



42 CHAPTER 3. MACHINE LEARNING

ment. Analogously, one might instead start with the optimal M-term model
and successively remove terms based on which one yields the smallest decrease
in accuracy, which is known as backward stepwise selection. Both of these
methods decrease the total number of least-squares regressions which need to
be performed from 2" — 1 to $M (M +1). It should be underlined that this
reduction in computational complexity from exponential to quadratic results
in very significant speedup even for relatively small term libraries — with 20
terms, 2 — 1~ 105, while M (M + 1) ~ 200. Additionally, the fact that the
very best model at each complexity is no longer always found can actually be
helpful, in that it reduces overfitting.

3.2.1 STLS and the SINDy Framework

If M, or the number of samples N in the dataset, is very large, even this (’)(M 2)
complexity may be impractically high. Using the forward or backward stepwise
selection algorithm as a starting point, we can address this by removing the
exhaustive search through all O(s) terms at each complexity to find the optimal
term to add or remove. If we do so, the complexity is reduced to O(M). But
we then need to replace the exhaustive search with some heuristic for selecting
which term should be added or removed.

One such heuristic-based selection method is the sequentially thresholded
least-squares algorithm, or STLS, introduced in Ref. [58] as a more computa-
tionally tractable alternative to other options (such as the lasso) for especially
large datasets. This is particularly relevant for applications to cases like ours,
where the unknown quantity y is a field, with a separate value at each point in
spacetime — and even more so in two- and three-dimensional settings.

Being a modified version of backward stepwise selection, the STLS algorithm
starts from the least-squares-optimal full M-term model. But instead of
performing an exhaustive search to find the optimal next simpler model, in
STLS the term marked for deletion is simply the one whose coefficient £; has the
smallest absolute value. As long as the term library is normalised [58, 141, 142],
so that the variance of each term 6; is the same over the dataset considered,
negligible optimal coefficients generally signify that the corresponding terms
are unimportant or spurious. After all, if a term ¢; can be leveraged to account
for a significant portion of the variation in y, its optimal coefficient will tend
to be order unity, while uncorrelated terms will generally have small optimal
coefficients.

There are, however, a few caveats. In particular, having a subset of terms
in the term library which are heavily correlated with each other can cause
issues: A pair of such terms could in principle have relatively large coefficients
with opposite sign without significantly decreasing the accuracy of the model,
even if they are ultimately spurious. Additionally, if they do have explanatory
power, they will at least to some degree be interchangeable. This may distort
their perceived importance according to the heuristic, since e.g. 0.66, + 0.46; or
1.20, —0.26, would be approximately equivalent to using either 8, or 8 on their
own if 6, ~ 6, but each case would lead to very different “importance” scores
for the two terms in question. To address this, one can calculate the correlations
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between terms already when constructing the term library, and if necessary
remove highly correlated terms — either based on physics considerations or on
some other rule.

Ultimately, this rarely causes severe problems in practice, but can lead to
inconsistent (i.e. dataset-dependent) model identification, as there are multiple
viable models at each given complexity, or to the inclusion of pairs of spurious
terms. Spurious terms can nevertheless be identified as such by manually
calculating the change in model accuracy which would be induced by their
removal — corresponding to the dpyy measure of Paper A for the variance-
normalised least-squared error used in STLS (commonly abbreviated FVU, for
fraction of variance unexplained). For a model g giving a set of predictions g
across a dataset, the FVU of the model over said dataset is defined as

Zi (yi — Qz’)z

A S

(3.5)

where 7 is the mean of y over the dataset, y; is the true value of the target
quantity at point ¢, and the summation runs over all points in the dataset.

This type of SR, applied to the modelling of dynamical systems, is known
as Sparse Identification of Nonlinear Dynamics (SINDy) [58] — or PDE-FIND
when applied to systems described by partial differential equations [59, 60].
Over the past decade, this framework has been adapted for a wide variety
of applications, in many different fields [143-147] — including plasma physics
[125, 148-151]. We use methodology based on this framework throughout the
appended papers, with various modifications.

The main modification to the standard SINDy methodology we make is that
instead of using the raw ©;; and y; = q‘point ; data from our kinetic simulations,
we integrate over small spacetime environments surrounding each point. This
is useful for reducing the particle noise which is otherwise present due to the
particle-in-cell methodology we use for our kinetic simulations. As outlined
in Ref. [152], this both increases the probability convergence for the STLS
algorithm and improves the accuracy of the estimated optimal coefficients, at
very limited additional computational cost. For terms involving derivatives
this is particularly valuable, since numerical differentiation tends to amplify
high-frequency noise. Integrating over environments of each spacetime point
in this way may be considered a special case of the weak SINDy (WSINDy)
approach introduced in Refs. [153, 154], using a box function integration kernel.

Another deviation from the standard SINDy approach in our work is that
we do not perform STLS over the entire dataset at once for simulations where
the dynamics differ greatly between different points in time. Ideally, one would
of course want to discover a closure which is applicable to arbitrary phenomena,
but the linear combination of terms in SINDy limits expressive power too much
for this to be viable for our purposes. To get around this, we split our data-
driven closure discovery into two steps: a first step, where we try to identify
what the overall form of the closure should be, and a second step, where models
for the free parameters in the identified closure form are constructed. To our
knowledge, this two-step procedure has not been used previously, and seems
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like a promising avenue for future data-driven closure discovery endeavours. In
particular, this split into two discovery steps further encourages model sparsity
and interpretability, since the full complexity of the data does not need to be
captured in a single SR step.

In the first step, we split our simulation data into time slices such that the
dynamics across a single time slice is broadly similar, and perform volume-
integrated SINDy over samples from each time slice separately. This is what
nets us the six-term heat flux closure of Paper A, where the coefficients &;
in front of the six identified terms (relabelled A; through Ag) are allowed
to vary with plasma conditions. In this step we additionally perform 10-fold
cross-validation to verify that these six terms are identified consistently, and
that the model is not overfitting the data.

The second step is significantly less straightforward, which is why it was left
out of Paper A. Since the optimal values for the free parameters may depend
on local (or global) conditions in complex ways, defining a suitable term library
with sufficient expressive power under the linear combination of regular SINDy
is very difficult. To get around this, one alternative is to make use of less
interpretable but freer functional forms like MLPs, as we illustrate in Paper B.
After all, since the approximate functional dependence of the free parameters
upon any set of candidate dependent quantities z,, (e.g. time-slice-averaged
fluid quantities) is expected to be complex, finding an easily interpretable
model may be difficult.

Alternatively, we may insist on trying to find a more interpretable model.
As we show in Paper B, this is also possible, at least to some extent. As
regular linear combination of terms is insufficient, a natural generalisation is
to consider rational functional forms. Versions of SINDy modified along these
lines have been considered previously [155, 156]. Specifically for our problem,
however, where we seek an explicit rational model for y = ¢, these approaches
effectively reduce to applying e.g. STLS to sparsely minimise the cost function

2

CL& Q) =D |D_0uwé ~&)| - (3.6)

?

using this linear problem as a proxy for the more difficult nonlinear problem of
minimising

B 225 03¢, ?
Cne(€,6) = Z <yz - W@) ) (3.7)

which is what we are actually aiming to do. As can be seen in these equations,
we now have two coeflicient vectors & and ¢ to optimise — containing the
free parameters in the numerator and denominator of our rational model,
respectively.

Using a linear proxy cost function in this way is in theory a very clever
approach, since we retain the linear least-squares optimisation which makes
SINDy so computationally efficient. Additionally, any nontrivial ideal model
which fully satisfies Cnr,(&,¢) = 0 will also necessarily satisfy Cp,(€,¢) = 0,
and vice versa. In practice, however, there will always be some level of noise,

i
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meaning no such ideal solution exists. And perhaps even more crucially, the
T, quantities used to construct our term library may simply be insufficient to
fully explain the variations in our target quantity y. Indeed, we expect this to
be the case when we attempt to estimate the free parameters in the closure.
To see why this is problematic, let us examine the error contribution from
point ¢ in both cost functions. Denoting the error contributions to Cr, and Cnr,
by &; and &; respectively, so that C(€,¢) =, 67 and Cni.(€,¢) = ., €7, we

7<)
have

i =iy Oirlx. (3.8)
k

The presence of the sum on the right hand side means that for models where
the optimal ¢; is still typically relatively large, it will be advantageous for the
linear optimiser to “cheat”, and decrease d; by minimising the sum instead
of £;. And since the linear least squares algorithm always finds the global
optimum, the linear proxy optimisation will always fail in this way once the
typical difference between y and the Cyp-optimal g is above some threshold.

Notably, this will be the case even if we enforce some restriction on the size
of (i, such as requiring that (o = 1 or that >, (x = 1 (which we would want
to do regardless to ensure that the optimal pair of & and ¢ is unique). If the
optimal ¢ differs from y too much, §; can almost always be decreased more
by leveraging the correlations between the terms in 6; to find a model with
>k Qi = 0 for all 4 than by actually minimising ;.

3.2.2 Nonlinear Sparse Regression

It seems, then, that there is no free lunch with regards to avoiding the nonlinear
cost function Cnp. In Paper B, we thus chose to simply use this cost function
as-is, and accept the increased cost of nonlinear least-squares regression. The
details of the implementation are described in Sections IT A 2 and IT A 3 of the
paper in question, but for convenience we will summarise the overall structure
of the framework and discuss its advantages and disadvantages here as well.
Broadly, the nonlinear sparse regression (NLSR) framework we use is
unchanged from the original SINDy method, except for specifically the fact
that the linear regression performed at each complexity in the STLS procedure
is now replaced with a global nonlinear optimisation step. The specific version
we use in Paper B may also indirectly be considered a version of WSINDy, since
the dependent quantities x,, we use are averaged over the time slices used in the
first of our two SR steps. This is done to ensure that our dataset contains one
datapoint per time slice for both our model terms 6; (chosen to be multivariate
monomials in z,, to yield rational models) and our target quantities y = Ay.
It should perhaps be emphasised that linear least-squares regression differs
from its nonlinear counterpart not only in that the linear case is less computa-
tionally expensive, but on a more fundamental level: In the linear case, the
global optimum can be found exactly through an analytical formula. This is
very much not true in the nonlinear case — instead, finding the global minimum
of Cnr, can only be done by applying one’s nonlinear optimisation algorithm of
choice and terminating the optimisation once further improvement is deemed
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unlikely. Finding the global optimum can never be guaranteed, and one always
has the option of spending more computational resources to potentially find a
better model, with diminishing returns as more of the parameter landscape
is explored. As was the case when switching from best subset selection to
stepwise selection or STLS, however, this is not entirely a negative, in that
overfitting is decreased.

The open-endedness of global nonlinear optimisation also entails a lot of
freedom with regards to the choice of optimisation algorithm. In Paper B,
we used the basinhopping() algorithm of SciPy [157] with an L-BFGS-B
minimiser, to make use of the fact that the gradients of Clxy, with respect to &
and ¢ are analytically computable. However, there is much room for further
exploration of other nonlinear optimisation algorithms and tuning of relevant
hyperparameters.

An additional difference between the second and first SR steps is the
importance of culling lower-quality parts of the dataset. This is in principle
also important in traditional SINDy if some parts of the dataset are significantly
more noisy than others. But often (as is the case for us in the first step), the
noisiest parts of the dataset are the parts where the dynamics of interest are very
low-amplitude, and these regimes are automatically suppressed through our
use of the (variance-normalised) mean-squared error as our error measure. In
the second step, however, we must manually account for the relative reliability
of the data from the various time slices.

There are a multitude of ways one could go about this, including e.g. weight-
ing the data from a given time slice based on the accuracy of the optimal
model found in step 1. For simplicity, however, we used a simple cutoff of
30 % first-step FVU in Paper B: Coefficient values Ay from time slices with
worse-performing optimal models than this were excluded from the dataset,
since optimising our A, models to better fit these time slices is unlikely to
significantly help the overall performance of the resulting ¢ model. In fact,
doing so could even decrease the overall performance, if the fit to data from
more well-modelled time slices is worsened. The precise cutoff FVU could
likely be optimised further, but doing so is not expected to yield any significant
increase in performance compared to what we achieved in the paper.

A major hurdle for our NLSR framework which needs to be overcome
when working specifically with rational functions is the fact that a naive
implementation risks yielding models with poles within the parameter regime
of interest, which could cause rare but potentially catastrophic failure of the
resulting model. In principle, one could address this by simply throwing more
data at the problem — if all parts of this domain are well-sampled, pole-ridden
models would be eliminated by the optimisation algorithm itself.

However, such an approach is not particularly robust, as one can never be
sure whether enough data has been supplied to eliminate all poles. Additionally,
thoroughly sampling the entirety of the potential parameter space where the
model might be applied somewhat defeats the purpose of constructing the
closure in the first place — we want a model that can at least semi-reliably
interpolate and extrapolate from the limited simulation data it is trained on.
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As we show in section IT A 3 of Paper B, we can reliably address this
issue in a straightforward manner without unnecessarily sacrificing functional
flexibility by expressing the denominator polynomial ), 65(. in the so-called
Bernstein basis instead of the usual monomial one. In the single-variable case,
the k' degree-n Bernstein basis function looks like

Bps(z) = (Z)xk(l — )", (3.9)

Unlike the monomial basis, where every basis function has a different degree,
all Bernstein basis functions have the same degree n as the polynomial being
decomposed. They may be thought of as a set of n 4+ 1 different degree-n
polynomials “spread out as evenly as possible” over the interval [0, 1], normalised
so that

> Bu(x) =1. (3.10)
k=0

n

For n = 2, we thus have three second-degree basis functions — one which is
largest close to x = 0, one which is largest close to z = % and one which is
largest close to x = 1.

There are a lot of details which need to be taken into account to fully
implement this methodology — for example, defining sparsity in the Bernstein
basis is not as straightforward as in the monomial basis. One natural definition
(which is also the definition we use in the paper) is the number of terms with
coefficient different from unity, since the simplest denominator polynomial may
reasonably be taken as f(x) = 1, which corresponds to setting every coefficient
equal to one, per Equation (3.10).

To avoid getting lost in minutiae, we will not go into further detail here. For
a more thorough overview of our Bernstein basis methodology, see Section 1T A 3
of Paper B. At the end of the day, what is important is that applying our
NLSR framework to the second sparse regression step yields rational models
for the free closure parameters which are generally highly accurate and fully
protected from divergences over the parameter regime of interest. Performance
is comparable to that reached with MLP models, generally being a little less
accurate but also less overfitted.

Since the dependence of the optimal Ay values on plasma conditions is
complex (generally needing on the order of 50 terms in the numerator and
denominator combined), the NLSR models are not quite as easily interpretable
as one might be used to from linear SINDy. Nevertheless, the NLSR models are
significantly more tractable to analyse analytically than the virtually completely
opaque MLP models, and constitute a viable tool for future closure discovery.
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Chapter 4

Summary and Outlook

Multi-scale collisionless plasma processes have long proven challenging to model
both accurately and efficiently. In large part, this can be attributed to the
lack of a general framework for collisionless closure construction akin to the
collisional Chapman-Enskog procedure. As a result, while many theoretically
derived closures have been proposed over the years, they are often quite limited
in applicability. Over the past few years, however, a new line of attack has
opened up in the form of data-driven closure construction, making use of recent
advancements in the field of machine learning.

In this thesis, we restrict ourselves to one-dimensional electrostatic setups,
focusing on Landau damping and electron two-stream instability, in order to
lay the groundwork for more complex two- and three-dimensional applications.
Through the first half of the two-step sparse regression (SR) approach outlined
in Chapter 3, we identify a local six-term closure in Paper A which regularly
accounts for upwards of 90 % of the variation in the heat flux. In Paper B, we
then generalise this closure to multi-species modelling and proceed to the second
step, illustrating how the most important free parameters can be estimated from
box-averaged fluid quantities. Below we give a more in-depth summary of the
findings of the appended papers, and outline potential avenues of investigation
for future work.

4.1 Summary of papers

Applying our two-step SR procedure requires a dataset. For both appended
papers, this dataset is constructed by performing fully kinetic particle-in-cell
simulations using the OSIRIS code, and saving all relevant fluid quantities at
regular time intervals. To ensure any discovered closures apply over a range of
plasma parameters, we perform simulations with a variety of initial conditions.

In Paper A, six Landau-damped Langmuir wave setups and seven two-
stream-unstable setups are considered. For the former, Langmuir waves with
fix wavenumber are excited in an initially Maxwellian plasma with thermal
speeds vy, between 8 x 1073 ¢ and 1.5 x 10~ 2¢, so as to yield decay rates
compatible with the duration and temporal resolution of the simulations, after
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which the waves are allowed to decay self-consistently. For the latter, the
plasma is initialised as two counter-streaming Maxwellian electron populations
with fix and equal initial thermal speed on top of a zero-temperature stationary
ion (proton) background. The beam density ratio n,/n is then varied from
1% to 50 %, adjusting the flow velocities V, and V. to stay in the zero-current
centre-of-momentum (CoM) frame with a fix relative flow velocity Vie1 = V.=V,

In Paper B, we focus wholly on two-stream-unstable setups, varying both
the beam density ratio ny/n, the relative flow velocity Ve and the thermal
speed of the two electron species. To more thoroughly examine the generality
of the closure form discovered in Paper A and evaluate how accurately its free
parameters may be estimated, we perform 76 simulations in total. Of these,
47 constitute parameter sweeps around the initial conditions considered in
Paper A, and the remaining 29 use initial conditions sampled randomly from
the four-dimensional parameter space exhibiting the desired instability.

While all particle-in-cell simulations are fully special-relativistic, at most
weakly relativistic setups are considered, since the moment equations un-
derlying our closure framework, described in Section 2.2, are fundamentally
non-relativistic. For an exhaustive account of the precise simulation parameters
used, see Section 2.2 of Paper A and Section 11 C of Paper B, respectively.

Having collected all data required, we apply our two-step SR procedure. In
the first step, where we identify the closure form — chiefly the focus of Paper A
— the target quantity y is the heat flux ¢, and the dependent quantities x,, are
chosen to be the lower-order fluid quantities n, V' and vy,. Since we initialise
our simulations in the overall CoM frame, V' should be interpreted as V — vcom.
With this interpretation, all of our dependent quantities are Galilean-invariant,
ensuring the same holds for any resulting ¢ model.

Next, a term library is selected. In Paper A, we firstly include all terms of
the form

0; = nvg Ve (4.1)

with positive integer o < 3, having the dimensions of heat flux. To additionally
allow for the discovery of Hammett-Perkins-like closures, we also include terms
where one or more of the fluid quantities is replaced with its spatial derivative
(e.g. n — 9;n). In Paper B, we generalise this to multiple species, replacing
{n,V,voen} — {ng, V, = V,, vth,o} for each species o, with V,, being the spatially
averaged flow velocity for the species in question.

Applying the SINDy-based approach outlined in Section 3.2.1 to temporal
slices of simulation data, we consistently identify a six-term model, split into
q = Geven T Goda With

{Qeven = A1nvd V + Asvd 0pn + Aznvd v (4.2)

Joda = As + Asnvd + Agnvd 0, V.

Here, the coefficients in geven (Goda) have even (odd) parity under spatial
reflections, meaning A; 23 are invariant while A45¢ pick up a minus sign
under such a transformation. This also means that A4 56 — 0 for symmetric
setups, such as standing wave Landau damping or equal-density two-stream
instability. As shown in Paper B, the same closure form is also identified in the
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multi-species case, but with {n,V, v} — {ng, V, — Vg,vth,g} in accordance
with the changes made to the term library.

This six-term closure regularly accounts for 95 % of the variation in ¢q. As
we discuss in Section 3.3 of Paper A, the vast majority of this explanatory
power lies in the A; 45 terms, typically accounting for upwards of 90 % of
the variation on their own. Since the constant A term does not affect the
heat flux divergence appearing in the pressure equation (only being present
to correct the 0" order As contribution), a two-term closure with only the A,
and As terms is likely sufficient for many applications. The A; term can be
understood as a convective heat flux of the type used in the Landau closure
of Equations (2.79) and (2.80). The As term, on the other hand, is a bit more
mysterious, but as discussed in Appendix C of Paper B it may help capture
the nonlocal parts of the Hammett-Perkins term, and/or nonlinear effects
unaccounted for in previously discovered linear Landau closures.

The coeflicients for the remaining As 3 ¢ terms are strongly correlated with
the instantaneous growth rate 7,(t) for the heat flux perturbation, and are
thus only non-negligible when there is significant Landau damping or growth.
This is consistent with the fact that these three terms correspond to gradient-
driven heat fluxes, which either intensify or weaken existing perturbations. In
particular, the Az term is proportional to a temperature gradient, equivalent
to the Fick’s law heat fluxes discussed in Section 2.4 — a local approximation of
the full Hammett-Perkins heat flux. The A5 term analogously corresponds to a
density gradient—driven heat flux, whereas the Ag term is driven by gradients
in (or divergences of) flow velocity. As noted in Paper A, it is often the case
that A3 ~ 2A3, in which case the A; 3 terms together constitute a heat flux
contribution driven by pressure gradients.

Even without describing their individual interpretations, the consistent
identification of these terms by the sequentially thresholded least-squares
procedure may be understood from another point of view. These six terms
are precisely the terms in the term library which contribute to the heat flux
at zeroth or first order in perturbation theory. There is, however, one further
term which is identified. As outlined in Section 3.5 of Paper A, this term,
o nugn V2, seems to help model the nonlinear processes involved in the slowing
of growth or decay (such as particle trapping). As such, it is mainly of use
when 9;|v,| < 0.

To reach a complete closure, we need to perform the second step of our
SR approach and estimate the free parameters A;. Already in Paper A, we
outline a few heuristics for this which can be derived from linear theory. For
example, in the low-7, regime one can set Ay = A3 = Ag = 0 and derive
eg A~ -3+ % sgn(k)As for w, ~ wpe ~ |k|Tsn. More generally, linear theory
gives two constraints on the six closure coefficients, as outlined in Appendix A
of Paper A, though in their general form they are quite involved, and have
limited accuracy for nonlinear dynamics.

For the three-term A; 45 model, the linear constraints yield an explicit,
complete closure as the A4 term does not influence closure performance. In
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the single-species case, this linear completion of the closure looks like

1+43¢2,

Ay =3 — (P +4————
P 1+ 3¢2, +3|¢)

4.3
4Gkl 3
1+ 3¢2, +3[¢)*

where (, = w,./kUyy, is the real part of the plasma dispersion function argument
¢ = w/kbn, and (pe = wpe/klin. Since these expressions depend on wave
parameters, they are impractical for use in local closures, however — and even
more so in the multi-species case, where the complexity of the analogous
expressions is even higher (see Appendix A of Paper B). Additionally, their
accuracy remains limited outside the linear regime.

In Paper B, we show how models for the free parameters can be identified
in a more holistic manner through data-driven methods. To this end, we
use both multi-layer perceptrons (MLPs) as described in Section 3.1 and the
newly developed nonlinear sparse regression (NLSR) framework outlined in
Section 3.2.2 to complete the closure by finding more generally applicable
models for the free closure parameters. For several reasons, we restrict these
efforts to the three-term A; 4 5 model in the paper.

Firstly, the A 36 terms, as discussed previously, only account for a limited
portion of the total heat flux variation (usually less than 10 % even during
maximum growth or decay). Furthermore, while two-stream instability in single—
electron species fluid models can only be driven through manual insertion of
terms like these in the closure, the same is not true in the multi-species case. If
the beam and core electron populations are treated individually, with separate
closures for g, and g, the instability is captured even with e.g. a naive adiabatic
closure ¢, = q. = 0.

A further reason is the fact that the A 36 terms correlate strongly with
v4(t), and including this quantity as part of the closure without inducing
non-physical numerical instabilities is nontrivial. Additionally, the growth of
the ¢, and ¢, perturbations in two-stream unstable setups is fundamentally
nonlinear (see Section 3 A of Paper B), and does not occur at the same rate
as the perturbations in the lower-order fluid quantities. This means that
even if one wants to include v, in the closure, estimating this quantity is not
straightforward without access to the heat flux — which is the quantity we are
trying to model.

Thus, in the second step of our closure construction, our target quant-
ities are y = Ay 45. For both the MLP and NLSR models we explore, we
proceed by choosing our dependent quantities {x1,...,24} to be the four
lower-order fluid quantities which define our space of initial conditions —
averaged over each time slice to match the size of our y quantity dataset,
ie = [ﬁb/ﬁ, Viel/c, Tgh,p/ € @th,c/c]. Training one MLP with three 25-node
hidden layers for each Ay and species, we find that this set of x,, quantities is
sufficient for predicting the target quantities with FVU error scores of 3-21 %
on training data and 4-30 % on test data.
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With the more interpretable NLSR approach, the Ay model accuracy is
lowered somewhat due to the the more restrictive rational functional form.
However, this reduced flexibility also helps limit overfitting, yielding training
FVUs of 5-31% and test FVUs of 5-38 % for the fully divergence-protected
Bernstein-basis models. It should be noted that these errors do not necessarily
translate into poor performance for the resulting heat flux closure

QU = Al,anavghﬁ (VO' - VO’) + A4,o + AS,Unovfh7g7 (44)

since values of A 4 5 which deviate significantly from the least-squares optimum
may nevertheless yield an accurate closure.

Choosing what metric to use for evaluating the closure accuracy requires
some thought, however, as discussed in Section III B of Paper B. The most
straightforward choice is perhaps the ¢ FVU evaluated across all spacetime
points ¢ in a simulation, i.e.

L2
FVUym[gy] = 2o o) (4.5)
> (oyi — o)

This measure is ultimately flawed, however. In particular, bias-type inaccuracies
in Ay are strongly amplified, since such errors yield error contributions across
the entire dataset, despite not actually affecting 0,¢q,. Especially for low-
variance data, such as ¢, in the weak-beam limit, this can result in very high
FVUs (>> 1), even when 0,4, is captured quite accurately.

A simple way to address this is to instead consider the d,q FVU, though
this measure is also imperfect. For example, complications arise with regards to
how exactly the spatial derivative should be evaluated numerically, as discussed
in Paper B. Additionally, the performance of the closure in an actual fluid code
implementation really only depends on the accuracy with which the pressure is
evolved. Thus, there is strong reason to measure closure accuracy by how well
we predict the entire right-hand side of the pressure equation

atpa == *Vaazpa' - 3paamva' - azQG“ (46)

Notably, all errors will still come from the errors in 0,¢q,. In other words, the
corresponding 9;p FVU may be considered a re-normalised version of the d,q
FVU which takes into account the fact that predicting 0,.q, poorly is acceptable
as long as the other contributions to d;p dominate.

Generally, d;p FVU error rates lie between 5 and 30% for the range of
initial conditions we consider, with the core species being somewhat harder
to model than the beam and combined species. For example, the median 0;p
FVU for the simulations with randomly sampled initial conditions is 15 % for
both the beam and combined species but 20 % for the core species. The beam
and combined 9;p FVU furthermore correlate strongly with the beam density,
being below 10 % for n,/n ~ 0.01 and increasing for denser beams. On the
other hand, the core-species FVU is largely uncorrelated with the beam density,
instead being inversely correlated with the core thermal speed Ty, .

This is connected to the main source of inaccuracies for the version of the
closure implemented in Paper B — namely, strongly inhomogeneous conditions
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across the simulation box (chiefly caused by fast, dense beams, especially in
conjunction with cold backgrounds). In such cases, the box-averaged quantities
in & are no longer good predictors of local conditions, which significantly
decreases the accuracy of the closure. This can be remedied by replacing the
box averaging with more local averaging, preferably using a kernel with compact
support to improve parallelisability. Notably, switching to local averaging in
this way would be necessary regardless for simulation of large-scale phenomena
— especially for two- and three-dimensional applications.

In summary, the two-step sparse regression procedure we have developed
constitutes a promising framework for constructing data-driven closures. By ini-
tially letting the closure parameters vary freely and focusing on the closure form,
we retain the interpretability advantage of sparse regression, while minimising
the adverse effects of the restrictive function space. Furthermore, the nonlinear
sparse regression method of Section 3.2.2 is a viable alternative to more opaque
neural network models, as we show in Paper B. The electrostatic closure we
identify is highly accurate over a large range of parameter values, significantly
outperforming both the naive ¢, = 0 closure and the local approximation of
the Hammett-Perkins closure. Though challenges remain, the methodology
used and developed in the present work will likely prove useful for a number of
future endeavours.

4.2 Outlook

Before switching focus to potential future applications of our data-driven closure
discovery methodology, we should note that there is some additional work which
could be done to more fully evaluate our electrostatic closure. In the appended
papers, we show that the closure generally predicts d;p, data from our kinetic
simulations accurately. However, a closure’s utility is ultimately determined
by its performance when used in fluid simulations, through implementation
either in a new purpose-built code or in an established code such as Gkeyll
[158, 159]. In such efforts, it may be of interest to consider not only traditional
finite difference or finite element methods, but also machine learning-inspired
approaches such as physics-informed neural networks, or PINNs [119], and the
more robust BEACONS approach of Ref. [124].

Generalising the closure, such as by extending it to handle relativistic effects
or to higher-dimensionality simulations, is also a potential target of future
endeavours, likely requiring significant analytical legwork. For example, fully
Lorentz-covariant closure construction demands significant modification of the
framework outlined in Section 2.2, since the Lorentz-tensor moment equations
differ from their non-relativistic analogues in several ways which make closure
construction more difficult (see e.g. Refs. [160-164]). Even outside of such
explorations, however, a more thorough theoretical analysis of our electrostatic
closure — beyond the comparisons to linear theory performed in the appended
papers — is of interest.

For higher-dimensional scenarios, directly applying our two-step sparse
regression methodology to kinetic simulation data from relevant setups — as
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was done in the present work — is a promising way forward. After all, the
development of our data-driven closure discovery methods is mainly motivated
by finding new ways to construct collisionless closures for two- and three-
dimensional collisionless phenomena, such as wave-particle interactions [165—
169] and magnetic reconnection [169-178]. For such work, careful consideration
of the tensorial nature of the pressure and heat flux is of vital importance.

In magnetic reconnection setups, it would be interesting to compare any
data-driven closures discovered with those which have previously been derived
analytically [73-77]. It would also be interesting to examine the effects of specific
small-scale phenomena on global dynamics, eventually aiming to incorporate
the net effects of important kinetic processes into a sub—grid scale closure,
similar to the approaches of Refs. [179-183]. For example, such an approach
could be applied to model the effects of pressure anisotropy—driven whistler
waves in the outflow regions of magnetic reconnection sites [184, 185].

Finally, we would be remiss not to reiterate that there are many different
potential data-driven avenues towards addressing the lack of generally applicable
collisionless closures, and the sparse regression methodology which is the focus
of this thesis is but one of them. Many of the alternatives we have already
discussed in Chapter 3, such as symbolic regression, Bayesian optimisation
and various neural network—based approaches. In the latter category, methods
which are more constrained towards physical correctness, such as FNOs, PINNs
and BEACONS [119, 120, 124] (the latter two also discussed above in the
context of fluid-code closure evaluation), are especially of interest. Nevertheless,
the methodology developed and used in this thesis remains a strong contender
— chiefly due to its relative simplicity and interpretability, paving the way for
further analytical study.
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Progress in understanding multi-scale collisionless plasma phenomena requires employ-
ing tools which balance computational efficiency and physics fidelity. Collisionless fluid
models are able to resolve spatio-temporal scales that are unfeasible with fully kinetic
models. However, constructing such models requires truncating the infinite hierarchy of
moment equations and supplying an appropriate closure to approximate the unresolved
physics. Data-driven methods have recently begun to see increased application to this end,
enabling a systematic approach to constructing closures. Here, we use sparse regression
to search for heat flux closures for one-dimensional electrostatic plasma phenomena. We
examine OSIRIS particle-in-cell simulation data of Landau-damped Langmuir waves and
two-stream instabilities. Sparse regression consistently identifies six terms as physically
relevant, together regularly accounting for more than 95 % of the variation in the heat flux.
We further quantify the relative importance of these terms under various circumstances
and examine their dependence on parameters such as thermal speed and growth/damping
rate. The results are discussed in the context of previously known collisionless closures
and linear collisionless theory.

Keywords: plasma simulation, plasma dynamics

1. Introduction

Global modelling of multi-scale collisionless plasma phenomena is a long-standing
computational challenge. Even with state-of-the-art computing resources, it is often
computationally infeasible to resolve the smallest scale, kinetic effects within large-
scale, global domains relevant for fusion and astrophysical systems. Thus, progress
in understanding these systems is bound to happen through a combination of ab
initio kinetic modelling and reduced models. In the latter category, collisionless
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fluid models have demonstrated their utility in global modelling (Dong et al. 2019;
TenBarge et al 2019; St-Onge ef al 2020; Ng et al 2020) and as part of
hybrid (kinetic-fluid) schemes (Shi ez al. 2021; Arzamasskiy et al. 2023; Achikanath
Chirakkara et al. 2023). For such reduced models to be able to capture the essence
of the kinetic physics at play, a systematic approach to constructing accurate fluid
closures is called for. A fluid closure relates higher-order fluid quantities (e.g. heat
flux) — for which the exact evolution equation is not retained — to lower-order fluid
quantities (e.g. density, flow velocity) and fields, allowing the truncation the other-
wise infinite hierarchy of fluid equations. Due to the lack of a universal closure for
collisionless dynamics, each closure must be tailored to the phenomena of interest.

In collisional systems, the distribution functions of the particles remain close
to local thermodynamic equilibrium, allowing for rigorous construction of closed
fluid models (Braginskii 1958; Chapman & Cowling 1991). There is, however, no
generally applicable closures for collisionless systems that are characterised by sig-
nificant departures from Maxwellianity and non-local kinetic phenomena, such as
wave-particle interactions. Nevertheless, there are theoretical approaches which dis-
til various aspects of the relevant physics into the form of the closure equations.
The closure by Hammett & Perkins (1990) is constructed to capture Landau damp-
ing, the Chew-Goldberger-Low (CGL) closure (Chew, Goldberger & Low 1956)
evolves the (generally anisotropic) pressure in such a way as to conserve adiabatic
invariants in collisionless magnetised plasmas, and the closure by Levermore (1996)
is based on the principle of maximum entropy, to name a few. However, all of these
approaches, while theoretically motivated, have limited scope — such as requiring
linearity or exact adiabaticity. These assumptions break down for many problems
of interest, for instance, in the presence of turbulence or magnetic reconnection.
Furthermore, some variants are numerically difficult to work with due to spatial
non-locality. In addition, there are ad hoc closures, such as the relaxation closure
that drives the pressure tensor towards an isotropic pressure (Wang et al. 2015).
These have had varying success in reproducing kinetic simulation results, and may
contain free parameters that cannot be determined theoretically, and the choice of
which can drastically alter dynamics.

An alternative systematic line of action to obtain closures for collisionless plasma
systems is to look towards data-driven methods, where the closures are constructed
to conform with kinetic simulation data. Neural network-based machine learning
is an effective tool to this end (Wang er al 2020; Maulik et al 2020; Qin et al
2023), though it lacks interpretability, which makes it difficult to gain intuition and
generalisable understanding from. However, symbolic regression (Makke & Chawla
2024) and sparse regression (SR) (Brunton, Proctor & Kutz 2016; Rudy et al. 2017,
Schaeffer 2017) methods can be used to infer interpretable and generalisable equa-
tions describing a dynamical system. The models thus obtained are parsimonious,
lying at the Pareto-front trading between predictive power and model complex-
ity. SR has been used to discover the governing equations of dynamical systems
in a broad range of fields previously, but it has only recently been introduced in
plasma physics (Dam et al. 2017; Kaptanoglu et al. 20215, 2023a; Alves & Fiuza
2022) and there is only a very limited number of attempts to use it for closure
discovery. Donaghy & Germaschewski (2023) employ SR to recover collisionless
fluid equations and discover a heat flux closure in the strongly nonlinear state of a
two-dimensional Harris-sheet reconnection scenario. They do not attempt to inter-
pret the found closure and avoid the linear regime, which is difficult due to noise
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at small amplitudes. Combining sparse regression and deep learning neural net-
works, Cheng et al (2023) recover fluid equations and the local approximation
(Sharma et al 2006; Ng et al. 2020) of the Hammett-Perkins closure in a
one-dimensional linearly Landau-damped Langmuir standing wave set-up.

Here, we employ the SINDy (Sparse Identification of Nonlinear Dynamics) algo-
rithm (Brunton et al. 2016; Rudy et al. 2017) for sparse regression to obtain a heat
flux closure — an expression for the heat flux in terms of lower-order moments —
in one-dimensional (1-D) electrostatic plasma scenarios. Specifically, we examine
Landau-damped Langmuir waves, and to gain further insights into the identified clo-
sure terms and illustrate their more general nature, we also study set-ups exhibiting
two-stream instability (Stix 1992) (and the following nonlinear dynamics), ubiquitous
in space and astrophysical systems (Khotyaintsev et al. 2019). Using particle-in-cell
simulation data produced with the OSIRIS code (Fonseca et al 2002, 2008), we
search for optimally accurate expressions for the heat flux at each given model
complexity (i.e. number of terms in the closure expression). Covering both linear
and nonlinear stages, we follow the time evolution of the closure terms across the
development of an electrostatic two-stream scenario, from growth through satura-
tion via the formation and merging of phase-space holes. We also elaborate on the
parametric dependences of the terms found and quantify their relative importance.
The expressions are interpreted in the context of the local Hammett-Perkins clo-
sure. Analytically obtained constraints between the various closure terms are also
provided to support the regression results and to assist their interpretation.

The rest of the article is organised as follows. In § 2, we describe the sparse regres-
sion method employed and the simulation set-up for the systems we study, exhibiting
Landau damping and growth. In §3, we outline and analyse the heat flux model
terms identified by SR. More specifically, we describe the results of applying SR to
simulations of Landau-damped Langmuir waves and two-stream instabilities in §§ 3.1
and 3.2, respectively. We then examine the relative importance of the various terms
found in § 3.3, relate the six terms found most consistently by SR to linear collision-
less theory in § 3.4 and finally, in § 3.5, discuss a fundamentally nonlinear seventh
term which is also identified as relevant by SR in many cases. We conclude by sum-
marising our results and giving an outlook on future work in §4. Furthermore, we
include Appendix A, containing a derivation of 1-D electrostatic linear collisionless
theory from the Vlasov—Maxwell system, as well as the constraints this imposes on
the heat flux model found by SR. Finally, in Appendix B, we give a demonstration of
how SR works by going through how one can recover the 1-D momentum equation
from simulation data.

2. Methods

Our aim is to find approximate, spatio-temporally local analytical expressions for
the heat flux in terms of lower-order fluid quantities, such that these expressions
capture most of the variation in the heat flux observed in kinetic simulation data.
When discovering heat flux closures for a given physical system, we start by per-
forming a kinetic simulation of the system in question using the particle-in-cell (PIC)
code OSIRIS. During the simulation, we export diagnostics for all fluid quanti-
ties present in the three lowest-order collisionless fluid equations (A.2), namely the
number density n, = f a4 vfo(v), flow velocity V, = n;l f d3vvfa, mass-normalised
pressure tensor p, = f vy — VU)(Z)f(T and mass-normalised heat flux tensor g, =
i dv(v — V)3, for each species o, as well as electromagnetic field data (electric
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field E and magnetic field B) at regular time intervals. Here, f;(v) denotes the dis-
tribution function for species o, and we use notation where [ab];; = a;b; and a? is
shorthand for aa. For accurate regression results, it is important that the version of
OSIRIS used here corrects for the otherwise occurring half-time step shifts between
position and momentum data, characteristic of PIC codes using a leap-frog scheme
(Boris & Shanny 1972; Hockney & Eastwood 2021). We also post-process our data
to correct for staggering of the fields through linear interpolation (see Appendix B
for a demonstration of the importance of correcting for such misalignments).

2.1. Sparse regression

In general, the aim of a sparse regression (SR) algorithm is to find an approxi-
mate relationship between some target quantity y and a set of M possibly relevant

quantities {Qj }j]‘il, while keeping model complexity low. In the version of SINDy we

use, which is one of the modified versions of the PDE-FIND algorithm described by
Alves & Fiuza (2022), the aim is specifically to approximate y as a linear combina-
tion of the 6; quantities. To accomplish this, we randomly select N small space-time
volumes from the simulation domain and integrate both y and all 6; quantities over

these small volumes to reduce noise.” We then collect the volume-integrated y and
6; quantities from all the sampled points in the domain into a vector y and a matrix
O defined so that

[y]l.zy and [O@];=6;| . (2.1)
pti pti

With these definitions, the task of approximating y becomes a question of finding
the coefficient vector & that optimally solves the equation

y=0E. 2.2)

For us, ‘optimally’ means achieving a low mean squared error with as few non-
zero terms as possible, maximising not just accuracy but also model simplicity and
generalisability. Thus, our cost function looks like

CE) =ly—OI* + 1 &l (2.3)

where [|€]|y denotes the O-norm of &, i.e. the number of non-zero coefficients. The
A hyperparameter is effectively gradually increased from 0, leading to increasingly
harsher penalisation of models with many non-zero terms. The end result of this
procedure is a sequence of models which are optimally accurate at each given model
complexity, sweeping along the Pareto front. To curb overfitting and more easily
discern which terms are spurious, we perform 10-fold cross-validation - terms in
® which are found consistently are more likely to be physical. The efficacy of our

I This approach, where one reduces the effect of particle noise by integrating over the data with some kernel,
is in general known as the weak formulation of SR (Schaeffer & McCalla 2017). Integrating over small space-time
volumes ‘without a kernel’, as we do, is a special case of this approach, effectively corresponding to using a space—
time box function as a kernel. It should be noted that using smooth test functions, as is done in SPIDER (Gurevich
et al. 2024) and WSINDy (Messenger & Bortz 2021), provides better accuracy when higher-order derivatives are
important.
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SR approach is demonstrated in Appendix B through a recovery of the electron
momentum equation.

In our case, we seek a heat flux closure for modelling electrostatic plasma phe-
nomena, meaning our y quantities are the elements of the heat flux tensor q,. As
for the set of possibly relevant quantities 6;, in principle, one would want to include
all possible expressions involving n,, V4, ps, E and B. In practice, however, this
is infeasible, since the space of possible expressions is infinite. As it turns out, even
restricting to e.g. arbitrary products of the form

)
o, =ns [1 VI EF BT 1P 24
k I

where the exponents «, B, Vi, 0r and &,; are non-negative integers summing to
< some integer s, results in enormous term libraries @ even when s is relatively
small due to the combinatorics involved. Since having a very large term library not
only increases computational cost, but also often leads to issues with convergence,
choosing a term library with as few superfluous terms as possible is desired.

For the one-dimensional electrostatic plasma problems we consider, where only
electron physics is relevant over the time scales of interest, we can first restrict
ourselves to considering only #,, V.1, E1, pe11 and set y = ¢.111. Since only electrons
are relevant, and all vectors and tensors in 1-D have just a single degree of freedom,
we can also suppress species and coordinate indices from now on. For convenience,
we also normalise to the electron mass mi,, the elementary charge e, the speed of

light ¢ and the plasma frequency wpe = v/71.€%/(gom,) at the unperturbed electron

density 7. This also normalises distances to the electron inertial length 8, = ¢/wpe.
To further narrow the range of possible candidate terms, we start with only those

terms which are dimensionally consistent with our y variable g, i.e. terms of the form

6y =% V3¢ (2.5)

for some integer o <3, where vy =+/T =+/p/n, defining T=p/n to be (the
11-component of) the mass-normalised temperature tensor. Inspired by the local
approximation (Ng et al. 2020) of the Hammett-Perkins closure, which involves
a temperature gradient, we extend this initial set of candidate terms to also allow
similar ones with first-order spatial derivatives, e.g. nvydx(vn)dx(V). It should be
noted, however, that the presence of the spatial derivative in these additional terms
means that the coefficient corresponding to each such term will be dimensional. For
instance, the example term mentioned above with two spatial derivatives necessitates
a coefficient with a dimensionality of length squared. This in turn suggests a scaling
~L? for the coefficient in question, where L is the characteristic length scale for the
variation in the quantities involved.

We emphasise that restricting our term library in this way specifically is an arbi-
trary choice, made to limit the term library size so as to make SR convergence more
likely. We start by considering dimensionally consistent terms mainly because mod-
els constructed from such terms contain only unitless coefficients, which facilitates
generalisability. The restriction to integer « is made for convenience. Our exclusion
of terms with higher-order derivatives is chiefly motivated by the fact that their inclu-
sion would lead to difficulties with SR convergence due to the vastly increased term
library size. Furthermore, closures constructed from such terms are more difficult
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to work with computationally, since even first-order derivatives in the expression for
q yield second-order derivatives in V - g and thus in the fluid equation system one
needs to solve. Importantly, the function space we have restricted ourselves to seems
sufficient to model ¢ accurately, as we shall see.

2.2. Simulation set-up

In all of our simulations, we kinetically model an electron-proton plasma in one

spatial and three’ velocity dimensions in the centre-of-mass (CoM) frame, with
physical mass ratio, a spatial resolution of Ax=10738, and periodic boundary
conditions. Since our simulations are all performed in the initial CoM frame and ion
flow velocities remain negligibly small, every instance of an electron flow velocity
V below can be thought of as V' — vcom, With a spatial average value of 0. Here,
vcoM 18 the velocity of the centre of mass. This quantity is invariant under Galilean
transformations, just like » and vy, meaning that all terms in our term library are
frame-independent with this interpretation of V. This is very much desirable since ¢,

the quantity we are seeking to model, is a Galilean-invariant quantity.3 For numeri-
cal stability, we consistently use a simulation-internal time step slightly smaller than
the spatial resolution: 9.5 x 10*4w;el. To limit the amount of data output as diag-
nostics, we save the state of the simulation only once every 100 time steps, thus our
regression analysis uses an effective temporal resolution of At = 0.095w;el.

2.2.1. Landau-damped Langmuir waves

When studying Landau-damped Langmuir waves, we initialise the plasma as a
Maxwell distribution with various non-relativistic thermal speeds vy ~ 0.01¢ using a
domain size of 0.2568, with 10° (104) electrons (ions) per cell. To excite Langmuir
waves, we then apply and smoothly turn off an external sinusoidal E-field pertur-
bation propagating in the +x or —x direction with wavenumber |k| =4/ (0.2568.)
and a frequency w, matching that of the analytic Langmuir mode. More specifically,
this is done by using a single-cycle sine squared envelope, reaching maximum ampli-
tude at wp.t =3 and being fully turned off at wpe? = 6. The values of vy, considered,
along with corresponding |k|Ap . values (where Ap . is the electron Debye length),
as well as frequencies and growth rates of the resulting Langmuir waves, are shown
in table 1.

After the external forcing is removed, the system is left to evolve self-consistently,
with the resulting Langmuir waves decaying due to Landau damping - initially expo-
nentially, with only linear processes involved, as can be seen in figure 1(a). The
PDE-FIND algorithm is then applied to find a closure for ¢ during the timeframe
of length A7y where decay is judged to be exponential (e.g. 6.0 < wpet < 21.0 for
initial vy, < 0.01c - see also figure la, where this time range is highlighted in red). In
total, ~ 6 % of this space-time range is randomly sampled per cross-validation fold,
of which there are 10. The values of Af for all values of vy, considered are listed
in table 1, together with the estimated bounce times 7, for trapped electrons. Note
that for the four lower thermal speeds considered, decay is exponential for roughly

2As noted above, however, we only expect the components along the single modelled spatial dimension to be
of im]j)ortance, meaning we are for most intents and purposes treating our simulation as 1D1V.
An alternative approach to ensuring Galilean or Lorentz invariance (or some other symmetry of the system)
is the augmentation of simulation data through application of transformations of the corresponding type before
performing SR (McGrae-Menge et al. 2023).
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Initial vy, /(0.01c): 0.8 0.9 1 1.1 1.25 1.5
Resulting |k|Ape: 0.393 0.442 0.491 0.540 0.614 0.736
wr/wpe (£0.06%): 1.24 1.31 1.36 1.42 1.50 1.67
Resulting w,/ (kvy): 3.16 297 277 2.63 2.44 227
Y /wpe: -0.0692 -0.109 -0.150 -0.195 —-0.291 —0.429
Wpe ATL: 15.0 15.0 15.0 14.5 8.3 6.4
Wpelp: 7.30 7.66 8.10 8.61 9.56 11.3

TABLE 1. Values of vy, used when studying Landau-damped Langmuir waves, the frequency
o, and the (negative) growth rate y of the excited Langmuir wave and the duration Afy, of
the period of exponential decay, over which SR is applied, as well as the estimated bounce
time #; for trapped electrons in each case. We also list the values of |k|Ap . and w/(kv)
resulting from the other parameters. The frequencies w, are calculated via Jacobsen interpo-
lation (Jacobsen & Kootsookos 2007) of the peaks in the discrete Fourier transform (DFT)
spectrum for the E-field, with uncertainty () corresponding to half the DFT bin size. The
growth rate y is calculated via linear regression on logarithmised data of the average E-field
energy density over the period of exponential decay. The estimated bounce time is calculated

as t, = /m./(e|k|Eims), Where Eys =+/(E?) is the spatial root-mean-square average of the
E-field magnitude at the point in time when the external drive is switched off.

(@) (b)

vin = 0.01¢ v =0.184 W,/\ b/me = 0.1
10-6 ¥
107 /
—~ —~
N ~) 1077
£ 107 3
(S (S
o o 1078
M =
v—«ufw 10°° v—«ufm
B ) B
107° /
10-10 /\/\V/\A" \/\V/\V/' 10-10 Jny H
0 10 20 30 40 50 0 20 40 60 80
Wpet Wpet

FIGURE 1. Evolution of the spatially averaged E-field energy density (%80E2) over time (a) in
the Landau damping case where vy, = 0.01c and () in the two-stream case where n,/n, = 0.1,
normalised to the rest energy of an electron and the unperturbed electron number density 7. The
linear decay/growth phase is highlighted in red.

twice the bounce time, meaning that we may expect slight nonlinear trapping effects
towards the end of the sampled time window. At higher values of vy, however, these
effects are drowned out by numerical noise present at the low perturbation ampli-
tudes reached towards the end of exponential decay. Indeed, this is the reason for
Aty being lower than #, for the two highest vy, values considered — in these cases,
the decay is so rapid that the perturbation disappears in the numerical noise before
trapping effects become visible.

https://doi.org/10.1017/50022377825000285 Published online by Cambridge University Press



8 E.R. Ingelsten, M.C. McGrae-Menge, E.P. Alves and I. Pusztai

np/ne: 0.01 0.02 0.05 0.1 0.2 0.4 0.5
vin/(0.01c): 0.373 0.422 0.503  0.678  0.860 1.03 1.05
8eKchar: —60.8 —-59.9 —602 —623 —-643 —676 —674
Resulting |kchar|AD,e: 0.227 0.253 0303 0422 0553 0.696  0.708
[ wpe (£0.03%): 1.00 0.96 0.88 0.80 0.66 0.19 0

Y/ Wpe: 0.0515 0.0837  0.137 0.184  0.234 0273  0.276
Wpe ALL: 31.3 23.7 20.9 19.0 13.3 12.3 11.9
Wpelp: 5.95 4.95 3.54 2.94 2.54 2.28 2.29

TABLE 2. Values of np/n. examined when studying two-stream instabilities and the cor-
responding values of vy, as well as the frequency w,, growth rate y and characteristic
wavenumber k¢, for the excited perturbation (also listing |kchar|AD,¢), together with the dura-
tion Az, of exponential growth and the bounce time #;,. The same methods are used to calculate
wy and y as in the Landau damping cases, described in table 1. The values of kcpar are calcu-
lated by using a weighted average over the DFT spectrum at the end of linear growth, using
the absolute value of the Fourier amplitude squared as the weighting. The minus signs sig-
nify propagation towards —x. Similarly to what was done in the Landau damping cases, we
estimate tp = \/me/(€e|kchar|Erms), with both kchar and Erpyg in this case being evaluated at the
time of maximum average E-field energy density. Note that while k¢pq, at this time is slightly
different than the values listed in this table, the difference is marginal (~1 %).

2.2.2. Two-stream instabilities

Apart from studying Landau damping, we also examine a set-up exhibiting Landau
growth, namely a two-stream unstable plasma. In this case, we choose a larger
domain size of 2.0485. to limit the effects of the periodic boundary conditions
employed. We initialise the ions in equilibrium, with the electrons split into counter-
flowing equal temperature Maxwellian populations - a core population with density
n. and flow velocity V,, and a beam population with density n; and flow velocity
V. The thermal speed for each population individually is ug, = 3.16 x 1073¢c. We
vary ny as a fraction of the total electron density 7., keeping the relative velocity
Viel = V. — V}, constant at 0.02¢ and staying in the zero-current frame by enforcing
nVe + npVy = 0. Specifically, we consider the range of values for np/n, listed in
table 2. In these simulations, we use 10* (200) electrons (ions) per cell.

Note that the non-zero relative velocity V. between the populations means that
the combined electron population had a thermal speed vy = +/p/n > ug. More
specifically, this combined thermal speed is v = [u3 + (15/ne) (1 — np/ne) V2112,
with a maximum of vy, ~ 1.05 x 10~2¢ for np/n, =0.5.

The counterflowing electron populations drive wave growth via inverse Landau
damping. Similarly to the decay of the Langmuir waves above, this growth is initially
exponential. It eventually saturates, however (as can be seen in figure 15), leading to
the formation of phase-space electron holes. With the data from these simulations,
SR is performed (a) over the linear part of the growth phase, and (b) over small
time slices of length 1.951)1;61 covering both the growth phase and the saturated phase
to study how the closure coefficients evolve over time, as illustrated in figure 3 -
in both cases for all values of n,/n, listed in table 2. Part (a) here is very much
analogous to what was done for the Landau damping case. For example, in the case
where np/ne =0.1, the time range sampled is 19.0 < wpe? < 38.0, highlighted in red
in figure 1(b), meaning wpe Aty =19.0. In part (b), the time slices are centred on
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time steps t=1.9 x {1,2,3,...} w;el, covering the entire simulation domain up to
the last such time step which is > O.95a)gel from the end of the simulation, so that
every time slice falls entirely within the domain of the simulation. In both of these
cases, each of the 10 cross-validation folds randomly samples ~2.5 % of the data in
the space—time ranges of interest.

Since we are now dealing with exponential growth rather than exponential decay,
the influence of noise towards the end of the linear part of the process is signifi-
cantly decreased compared with the situation in the Landau damping simulations.
This is also clearly visible in the stronger relationship between Af and ¢, in these
simulations — we consistently have Az ~ 5.5¢5, meaning growth is exponential for a
little over five times the bounce time. This suggests that there is a high probability of
nonlinear trapping-related effects being present to some extent in the data towards
the latter half of the sampled time range.

The excited perturbations in this case are more broad-spectrum than the Langmuir
waves examined above, necessitating the introduction of characteristic wavenumbers
kechar, calculated as outlined in the caption of table 2. The temporal spectrum is
dominated by a single frequency peak however, at the value of w, listed in table 2.
Like in table 1, we also, for convenience, show |kchar|Ap.e-

For simplicity and to more easily compare our results with those from the Landau-
damping case, we only consider the combined electron species rather than treating
the counter-streaming populations separately when performing SR. That is, all of
our closure models are models of the total electron heat flux, and our term library is
constructed from fluid quantities relating to the entire electron population. We note,
however, that for the purposes of modelling two-stream unstable systems in fluid
codes, it is likely more practical to treat the two electron populations as separate
species, with their own respective closures. Preliminary results suggest that applying
SR when using such an approach also yields broadly similar closure terms as those
identified here, in appropriately chosen reference frames. To avoid diverting our
focus, we leave a more detailed analysis of two-stream instability along these lines,
with separate closures for the beam and core populations, outside the scope of this
article.

3. Results

For both of the set-ups we considered, SR yields very similar results. In both cases,
a six-term model ¢ = geven + goad Was found, where

Geven = Alnvtzh V+ AZV?haxn + A3th2h3thha

3.1

Godd = As +A5nv?h —{—A(,nvtzhax V.
The split into geven and goqq is based on the dependence on the propagation of the
perturbations involved. While the coefficients in front of the geyen terms are indepen-
dent of propagation direction (and thus ‘even in k), the go4q coefficients switch sign
if the propagation direction is reversed (and are thus ‘odd in k’). This also means
that if there is no wave propagation, or when oppositely propagating waves are of
similar amplitudes, such as in a standing-wave scenario, all go,qq coefficients go to
zero. In several cases, an additional term o nvy, V2 is found. As this term mostly
appears for low |y| - specifically towards the end of linear growth or decay pro-
cesses when |y | is decreasing - it appears to help capture weak nonlinear trapping
effects.
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FIGURE 2. Results from the Landau damping simulations. (@) FVU of the successive closures
found for vy /¢ =0.01 (where y = —0.150), with each new term indicated by its coefficient in
(3.1). Circles, unlike triangles, denote consistently found terms and blue (orange) marker colour
corresponds to performance on testing (training) data. Note that while FVU is typically smaller
than unity, it is higher than unity in certain situations. For example, this is the case for the O-term
model, which is identically zero, meaning y; = 0 for all i, while the mean of the y data is y # 0.
(b) Dependence of the closure coefficients on vy, for a wave propagating in the +x direction.
Blue (red) lines/symbols indicate geven (godd) coefficients. For comparison, |y |/wpe is plotted
as a grey tightly dotted line.

We note that, due to the presence of spatial derivatives in terms 2, 3 and 6, the
corresponding coefficients are dimensional, having units of length. When plotting
them, they are implicitly given in units of &, though often re-scaled by a factor of
10? for readability. In other words, a label 4> x 10% should read 10?4, /8,. Similarly,
Ay has the units of mass-normalised heat flux, or number density times velocity
cubed, and is implicitly given in units of 7ic>. Thus, a curve labelled A4 x 10° shows
10%44 /(nc?).

We consistently quantify the error of the various models found by SR using the
fraction of variance unexplained (FVU), defined as FVU =Y, (vi — )/ >_; (i —
¥)2, where y; is the value of the y quantity at the ith sampling point, J; is the y-value
predicted by the model at that point, y = % > ;i is the mean y-value and the sums
run over the N samples. As stated in §2, the y-quantity of interest to us is the total
electron heat flux ¢ = ¢g111.

3.1. Landau-damped Langmuir waves

In the simulations of Landau-damped Langmuir waves, SR found the six-term
closure in (3.1) consistently, with an FVU of 2%-7%. The FVU increases with
higher initial vy, and corresponding stronger damping. In simulations of standing
waves (i.e. the sum of oppositely propagating waves), only the geyen terms are found,
consistent with the lack of a preferred direction.

We note that in some cases, additional terms are sometimes found consistently.
For example, the unannotated seventh circle marker in figure 2(a) corresponds to
a term ocnV?9, V. In particular, at low |y|, where nonlinear trapping effects are
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FIGURE 3. Results from the two-stream instability simulations. (@) Dependence of the growth
phase closure coefficients on n;/n.. For comparison, y /wpe is plotted as a grey tightly dot-
ted line. (b) Evolution of the coefficients over time in the case where n;/n, = 0.1. Blue (red)
lines indicate geven (odq) coefficients. Here, the grey tightly dotted line is the logarithm of the
spatially averaged E-field energy density in arbitrary units, recognisable from figure 1(b).

expected to be slightly more important, a term o nvg, V2 is found, likely helping
capture these weak nonlinear effects.

Since we are examining an electrostatic 1-D setting affected by Landau damping,
one might expect the closure to be similar to the local approximation (Sharma et al.
2006; Ng et al. 2020) of the Hammett-Perkins closure (Hammett & Perkins 1990):
q~ — (x/lkcharl) nvtzhaxvth, where kcpar 18 a characteristic wavenumber. The value
one should choose for the heat diffusivity x depends on which values of w/(kvy,) are
of interest, with the original Hammett-Perkins paper focusing on regimes relevant
for the ion temperature gradient (ITG) instability. In our closure, the 43 term can
be identified as playing this role. Sparse regression finds vg-dependent coefficients,
see figure 2(b). For most coefficients, however, this vg-dependence is significantly
weaker than the vg-dependence of y over the examined range of values — the major
exception being the constant term A4, which does not affect dvg, the quantity we
are ultimately in need of a closure for. There is one coefficient with non-negligible
vin-dependence which does affect dvg, however — namely, 4. Interestingly, we find
that the improvement in predictive power caused by the introduction of this Alnvtzh 14
term into the model is significantly larger than the one coming from the Hammett-
Perkins-like A3nvt2h8xvth term, as seen in figure 2(a).

3.2. Two-stream instabilities

As noted above, broadly speaking, the same six-term model is found for two-
stream instabilities as for Landau-damped Langmuir waves, at an even lower FVU
than in the Landau damping simulations of between 0.5% and 5 %. Furthermore,
the term oc nvy, 2 is again found in cases with low |y| - in fact, it appears for all
np/ne. < 0.4 (but is left out of figure 3 for readability). Also, some coefficients are
close to zero at certain np/n, values - see figure 3(a). Such near-zero coefficients are
generally not found consistently. For example, when nj, = 0.5n, = n,, the lack of a
preferred direction forces all goqq coefficients to zero, just like for a Landau-damped
standing wave. The sub-1% FVU values are achieved in the middle of the examined
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beam density range, where amplitudes are relatively small but growth is still rapid
enough for trapping effects to be mostly negligible throughout the linear growth
phase.

Both in these set-ups and the Landau damping ones examined above, the growth
(or decay) phase value of A3 tends to be roughly twice 4. An exact factor of 2
would correspond to having a single term o v dyp = v?haxn + 2th2h3thh, i.e. a pres-
sure gradient driven contribution to the heat flux, whereas the 4> and A3 terms,
on their own, correspond to contributions due to density and temperature gradient
driven heat flux contributions, respectively. Notably, while 4, and A3 are nega-
tive for Landau damping they are positive in the growth phase of the instability,
where inverse Landau damping occurs. Interestingly, the same holds for 4g in most
cases examined here, despite the fact that the wave propagation is towards —x here,
whereas it is towards +x for the Langmuir waves examined in figure 2. As we will
see in § 3.4, this can be explained quite well by the constraints imposed on the coef-
ficients from linear collisionless theory. Being a k-odd term, the 4¢ term represents
a contribution to the heat flux coming from the pressure times the rate of change of
flow velocity in the direction of local wave propagation.

So far, we have considered model coefficients obtained only for the growth phase
of the instability. Now, we will consider both the growth phase and the saturated
phase of the simulation, with coefficients obtained in a time-resolved manner. We
find that while the same model terms are sufficient to accurately approximate the

heat flux throughout the simulation,4 some of the coefficients vary significantly
across these phases. Overall, A3 is very well correlated with the instantaneous growth
rate, as is Ay and Ag. This is seen in figure 3(b), but is even more apparent if
one plots the three coefficients in question against the instantaneous growth rate
y(t) = %Bt In(E?) itself — see figure 4. What is interesting is that while the amplitude
of the oscillation in 43 decreases along with that of the oscillation in y(¢), the other
two growth-related coefficients exhibit a far smaller change in oscillation amplitude
from the growth phase to the saturated phase. It is also notable that while 4> and A4g
are practically equal during the saturated phase, they are desynchronised during the
growth phase, with 4, reaching its growth-phase maximum earlier than 4g. Note,
however, that while A, and 4g are out of phase in this way during the growth phase
for all examined values of np/n, (disregarding the symmetric set-up with np/n, = 0.5,
where Ag = 0), the exact nature of their relationship varies depending on np/n,, as
seen comparing the two cases shown in figure 4. In general, they synchronise earlier
in simulations with higher beam density. Furthermore, the fact that the oscillation
amplitudes of 4, and Ag are approximately equal only holds when np/n, ~ 0.1, as
one might suspect from the fact that 4¢ — 0 as np/n, — 0.5 by virtue of being
k-odd.

Compared with the growth-related terms, 4; and 45 (as well as 44) vary relatively
slowly over time — especially 45. Overall, the value of A4; fits quite well with the
heuristic 41 ~ -3 + % sgn(k)As obtained from linear theory in the limit where |y | <
wp ~ wpe ~ |k|vn (see §3.4), the actual values in this case being |y | < 0.2wpe, @y =
0.80wpe and |k[vn ~ 0.4wpe. The one notable exception to this is the very early

4This is not necessarily what one would expect. In general, the model terms - or even the modelling approach
- might need to be adapted to the various phases of the system’s evolution. To inform one’s choice of model, and
to quantify the complexity of the training data, which affects the difficulty of recovering/discovering terms, the
Shannon information entropy metric (Kaptanoglu et al. 2023; Vasey et al. 2025b) can be used.
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FIGURE 4. Three growth-/damping-related coefficients 4>, A3 and Ag, compared with the
instantaneous growth rate (a) in the case where np/n, = 0.1, also shown in figure 3(b), and
in the case where np/n, =0.2. As we can see, 43 is very nearly precisely proportional to y,
while the other two coefficients are also strongly correlated with it.

growth phase, where the prevalence of high-k noise means that the physics involved
is very far from this limit. In fact, in the later parts of the saturated phase, the
heuristic performs better than expected, given the fact that the merging of electron
holes should decrease the characteristic wavenumber |k| as time goes on. There also
appears to be a contribution from the growth rate y on top of this, leading to slight
oscillations in 4] over time, consistent with the constraints imposed by linear theory
as outlined in § 3.4.

When it comes to giving a physical interpretation of these non-growth-correlated
terms, A4 can be thought of as a global heat flux induced by passing waves. As seen in
§ 3.4, this term is beyond the purview of linear theory - in fact, the exact mechanism
giving rise to this contribution is unclear. However, the 44 term does not affect
the divergence of the heat flux, which is what one is ultimately seeking to model
when creating a closure for the pressure equation. The A; term is transparently a
product of pressure and flow velocity, and it provides either the most or the second
most important contribution to ¢, depending on ny/n,. Its appearance in our closure
might be related to the fact that {V'p} is part of the expression relating the energy
flux Q= [ d3w3f to the heat flux ¢ Q=nV?® + 3 {¥p} + q. Thus, having a term
in our ¢ model equal to specifically —3 {¥V'p} (i.e. having 4; = —3, which is quite
a typical value found by SR) would signify a cancelling of this term in the energy
flux. In the 1-D pressure equation, having an 4 term as part of ¢ similarly leads to
partial cancellations. Specifically, writing the rest of ¢ (i.e. ¢ excluding the 4; term)
as ¢, the equation reduces to

dp+ (1 +A41) Voxp + (34 A1) poxV + 9xgr =0, (3.2)

so that the value 41 = —1 would cancel the second term and 4; = —3 would cancel
the third term. The final of the three most important terms in our g model (see
§3.3), i.e. the A5 term, is k-odd. Thus, it is clearly related to the wave propagation
direction. Furthermore, in set-ups like ours which are in the CoM frame, V" oscil-
lates around zero while n and vy, have positive equilibrium values. As discussed
in § 3.4, this means that all of the terms in our six-term model contribute to ¢ at
first-order in perturbation theory. While there are many terms in our term library
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that do this, there are actually only two which contribute to ¢ at zeroth-order in per-
turbation theory due to how our term library is constructed — precisely the 44 and
As terms. This may be related to why they are identified by SR as being useful for
modelling q.

The fact that some of the coefficients correlate with growth (or decay) - and
as such, differ significantly between the growth and the saturated phases of the
instability — means that we should not expect to find a closure with fixed coefficients
which is accurate throughout both phases with respect to the contribution from these
terms. To capture both phases, one would need coefficients which are informed
about the phase, through e.g. a volume-averaged electric-to-thermal energy ratio.
We do not aim to provide such closures here. However, as we shall see in the next
section, the growth-related terms contribute relatively little to the accuracy of the
model compared with the 4{, A4 and As terms, meaning the closure we obtain in
the growth phase remains quite accurate even in the saturated phase.

3.3. Quantifying the importance of terms: Spyy

To get a better sense of the circumstances under which each term in our closure is
important, let us quantify their individual contributions by how much their exclusion
increases the FVU of the closure, a measure we will refer to as §ppy. Doing this for
the various time slices examined in figure 3(b), we get figure 5.

The two by far most important terms are the two terms with order unity coeffi-
cients, i.e. As and 4. The next most important term by §rpy is the constant term Ay,
although, as noted previously, this term is not very relevant to the accuracy of the
closure since it has no impact on dyg. Among the growth-related terms, A3 is overall
the most important by some margin, while 4¢ and A4, are the least important terms —
Ag, in general, being slightly more important than A4, in this case. Interestingly, 4> is
important mostly in the first half of a linear growth or decay process, while A¢ mostly
matters during the latter half. This agrees very well with what one might guess from
solely looking at the sizes of the coefficients in question in figure 3(b). While it is not
obvious that this should be the case, it is reasonable from the perspective that if the
best fit for a coefficient is zero at some point in time, its importance is necessarily
also zero. Since the achieved FVU is at best ~5 x 1073, any term with Sppy < 10~%
can be safely assumed to be irrelevant at our level of accuracy for describing the
physics during that time range.

The fact that the most important terms, 41 and As, vary quite slowly means that
regardless of on which time range we perform the regression, we should expect
the resulting closure to work quite well over the entire simulated time range. And
indeed, this is what one finds if one plots the six-term model ¢ = geyen + godd With
coefficient values from (e.g.) the growth phase over the entire space-time domain
of the simulation and compares it to a plot of the actual ¢ output by OSIRIS - see
figure 6.

This is especially promising since one of the primary use cases envisioned for these
kinds of closures is sub-grid scale modelling within a larger simulation, where the
instability occurs on a very short time scale compared with the overall time scales of
interest. In such a situation, modelling the saturated phase ‘end state’ where y ~0
is the most important. The fact that there is no growth on average means that the
six-term model can be reduced to a three-term model with only A, 44 and A5 — and,
of course, providing a value for 44 is unnecessary if one is only interested in solving
the fluid equations, since A4 does not affect d.q.
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FIGURE 5. Importance of the six terms found by SR as they vary over time in the two-stream
unstable set-up with n,/n, = 0.1, as measured by $ppy.
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FIGURE 6. A comparison of the OSIRIS g data (top left) from the n;/n, = 0.1 simulation with
our six-term SR model (top middle) and a local Hammett—Perkins model equivalent to keeping
only 43 and A4 (top right), as well as the resulting dg (bottom row). Both models are trained
solely on data from the linear growth phase, corresponding to 19.0 < wpet < 38.0. The six-term
model performs very well even in the saturated regime, corresponding to wpet 2 40. All mass-
normalised heat fluxes, like the 44 coefficient, are given in units of nc3, and spatial derivatives
of such quantities are given in units of ﬁa)pecz.

In general, using a six-term model trained solely on growth phase data like in
figure 6 tends to yield FVU ~ 1 % during the growth phase and FVU ~ 5 %—10 %
in the saturated phase, while using a six-term model trained on data from the sat-
urated phase where there is no net wave growth (or, more-or-less equivalently, a
three-term model with only the A;, A4 and As terms) yields FVU ~5 %—10 % in
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the growth phase and FVU ~ 2 %—5 % in the saturated phase. Thus, our six-term
(or indeed three-term) model seems to be largely sufficient for modelling the satu-
rated phase, despite the presence of nonlinear phenomena like particle trapping and
soliton-like phase-space electron holes.

3.4. Comparison with constraints from linear theory

During linear decay or growth, the plasma should be well described by linear col-
lisionless theory. As explained in Appendix A, this gives us two predictions relating
the different closure coefficients, namely

kdg = B + [—kAza)r + Leds (1 4+ ) o, — 145 (14 304) y] Ly

_ (3.3)
Al=—3—a+t [—kAzy +lkAs (1 + @4y y + 145 (14 30.) a)] oy
where we are using shorthand notation
2 2 2 2 2
ws,+y —ow 2 ws, £ ||
= - 7 4 - ’ = oy + = e (34)

232 22 252
kv, kv, kv,
Let us first consider some limiting cases. First, take a marginally stable perturbation
with y — 0, where (3.3) simplifies to

2 _ 2 _
e k
A6 = |:—A2 + %A3 (1 + %)} %a
‘U%e_wz 1 wlz)e_wz kv (35)
A1 =-3- K27 + 545 1+3W o

with w = w, real. We can immediately see that one solution of the first of these
equations is A = A3 = A¢ =0, in agreement with the relationship 4536~ y found
via SR. The second equation is less straightforward to interpret. If @ ~ wpe ~ |k|Ven,
like in most of our simulations, we expect 41 ~ —3 + % sgn(k)As - and this should
hold as a rule of thumb even when y is non-—zero but small compared with w,.
Qualitatively, this agrees decently with our results, even those from the growth phase
where y > 0 (but in most cases < w,). Generally, both 4; and As are order unity,
and A is shifted a bit upwards from —3 in figures 2 and 3 for all set-ups we consider
except the symmetric two-stream set-up, matching the fact that sgn(kA4s) = +1. That
this case should disagree with our rule of thumb is not surprising, since it has w, ~ 0,
while y is finite.

The growth rate is truly negligible mainly during parts of the saturated phase of our
two-stream simulations. However, the saturated phase is generally dominated by non-
linear physics, thus linear theory should not be expected to give accurate predictions.
Therefore, we restrict our comparison with (3.5) to the start at the saturated phase,
before the created electron holes start to merge. Specifically, let us examine the time
around when the peak average E-field energy is reached, marked in figure 7(a) for
the case where np/n, = 0.1. Performing SR over the region where the instantaneous
growth rate satisfies |y (#)|/wpe < 0.02 near this peak for each two-stream simula-
tion and comparing the SR value of 4; with the value predicted by (3.5) yields
figure 7(b). As we can see, the agreement is good for weaker beam strengths, but
becomes less accurate when approaching n,/n. = 0.5, where the physics involved is
more nonlinear by virtue of the larger perturbation amplitudes.
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FIGURE 7. (a) Time range around peak E-field energy density where |y |/wpe < 0.02 for np/ne =
0.1. (b) Values of 41 found by SR in the two-stream simulations during the equivalent time range
for all examined values of nj/n., compared with the linear theory prediction at y =0 given by
(3.5), inserting the values of A5 found by SR.

If we instead consider the limit w, — 0, corresponding to a non-oscillatory — but
possibly growing or decaying — perturbation, we get

K22 v

(3.6)
2 2 2 2 -
Ay=-3-B1 4 |:—kA2 + ks (1 + M)] B

th

2=2
kv, 14

2 2 -
kdg=—%4s (143257 ) Ky

Similar to the case with y — 0, the first equation allows for a solution where 4¢ =
As =0, consistent with the lack of wave propagation - in fact, 44 can also be set
to zero. As for the second equation, if we insert inferred parameter values from the
symmetric two-stream unstable set-up,

y =0.276 wpe,
v = 1.05 x 10~ 2¢, (3.7)
k& kehar = —67.4 871,
we get
wge—J_ryz ~2.15 and LLIN —2.56, (3.8)
S Y

giving a prediction of
A1~ —=5.15+2.56 (kAy — 1.58kA3) . (3.9
The coefficient values found by SR in this case are
Ap =-3.90,
Ay =7.18 x 10735, (3.10)
A3 =9.56 x 10735,
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FIGURE 8. Values of 41 and A¢ found by SR during the growth phase compared with the linear
theory prediction given by (3.3), inserting the values of the other coefficients found by SR. The
plot on the left contains the results from the Landau-damped Langmuir wave simulations, while
the plot on the right contains the results from those with two-stream unstable set-ups.

and if we insert our values for 4> and A3 into the approximate expression for
Ay, we get 41 = —3.79, which is reasonably accurate considering the quite broad
k spectrum.

Performing a similar comparison between the values of A; and Ag found by SR
during linear decay/growth, and those predicted by (3.3) for all simulations, given
the other coefficients as input, yields figure 8. The agreement is decent for both the
Landau damping simulations and the two-stream instability ones. Interestingly, the
two-stream instability simulations agree even better with linear theory, despite their
more broad-spectrum nature. This is likely due to a combination of several factors.
The instantaneous decay rate in the Landau damping case oscillates throughout the
decay, which means that assigning the A, 43 and A4g coefficients a single value for
the entire decay phase is less accurate than doing the same for the growth phase
in the two-stream simulations. In addition, the space-time domain is larger in the
two-stream simulations, yielding higher-resolution DFT spectra.

3.5. Aterm o« nvg, V?

The terms making up the six-term model are in some cases not the only ones
found consistently by SR. In particular, a term o nvy, V2 appears consistently in
regressions over the growth phase when |y| is small — at vy, /c < 0.01 corresponding
to |y |/wpe < 0.15 for the Landau damping simulations and at np/n, < 0.4, i.e. |y| <
0.27wpe, in the two-stream simulations. Like the terms in ¢oqq, this term is k-odd,
switching sign depending on the propagation direction of the waves. Notably, the
cases where the term shows up are precisely those where one would expect a k-odd
trapping-related term to show up, corresponding to high Atz /#, and a clear wave
propagation direction (i.e. high |w/k|).

Examining how the importance of this term evolves over time, as measured by
3ryu, we consistently find that it is almost as important as the Ay and Ag terms. At
a few instances during the simulations, however, it is significantly more important
than these two terms and sometimes even more important than A3. It is never
as important as the 4; and As terms, however. Consistently, the periods where it
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FIGURE 9. Variation over time of (a) the importance of the braking term Crnvy, 12 as measured
by drpr and (b) the coefficient value C itself, for the two-stream unstable set-up with np/n, =
0.1. In panel (a), we also show the §rpy values corresponding to the 4>, A3 and Ag terms for
reference, illustrating how the braking term is of similar importance. We highlight the time
ranges where the 8ppy value is above the semi-arbitrary cutoff 4 x 10™, largely corresponding
to decreasing |y ()|. We also show the time evolution of the E-field energy in arbitrary units. In
panel (b), we show the instantaneous growth rate y (#), illustrating its correlation with C. In the
highlighted region, the prevalence of high-frequency noise and rapid oscillation in the growth
rate causes the best-fit value of C to oscillate wildly. To improve legibility, we thus only show C
at wpet > 20.

is of higher importance occur towards the end of linear processes, when |y (?)]| is
decreasing, as can be seen in figure 9(a), which shows the case np/n, = 0.1. Because
of this, it might be reasonable to refer to this term as a kind of ‘braking term’,
working to damp ongoing growth or decay.

As for the value of the coefficient itself (which we can call C), it correlates well with
y (1) starting in the latter half of the growth phase. This can be seen in figure 9(b),
where the time evolution of the C coefficient in the case where n;/n, = 0.1 is shown.
Unlike terms A3, A3 and A4g, however, it only changes sign once for this value of
np/ne, going from positive in the growth phase to negative in the saturated phase.
However, its magnitude continues to oscillate along with the growth-related terms
even in the saturated phase. The high-frequency noise (and oscillation in y) in the
beginning of the growth phase causes the best fit value to oscillate wildly during this
time span, and because of this, we plot C only after these oscillations start to die
down. At other values of np/n,, the time evolution of C is similar, but the average
value of the coefficient in the saturated phase, around which it oscillates, varies.
More specifically, both the average value and the oscillation amplitude of C seem
to grow in absolute value as n/n, increases, until the term becomes unimportant at
np/ne. — 0.5 like the other k-odd terms.

This behaviour can be partly explained by the fact that nvy,V? is second-order
in r since V' ~ rvpn, while both n and vy, have non-zero unperturbed values. More
specifically, because of its second-order nature, we expect this term to matter only
when the processes of interest deviate significantly from linearity.
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4. Discussion and conclusions

Using methods from across the spectrum between physics fidelity on one hand
and numerical tractability on the other is vital in exploring and understanding colli-
sionless multi-scale plasma systems. In this context, collisionless fluid models play an
important role, allowing global, long-time scale modelling of systems where this is not
feasible with kinetic simulations. However, fluid models require closures to capture
essential unresolved kinetic physics relevant to the plasma phenomena in question.
Furthermore, theoretical closures are often derived by making idealised assump-
tions such as linearity or adiabatic invariance, which in many cases are broken by
the dynamics of the system, motivating the use of data-driven approaches.

We have performed a theoretical and numerical study of how sparse regression can
be used to discover local heat flux closures in 1-D electrostatic plasmas, examining
Landau-damped Langmuir waves as well as two-stream instabilities. To ensure our
inferred closures are able to capture kinetic effects, we generate our data using first-
principles kinetic simulations — specifically, the OSIRIS code. The closures identified
by sparse regression regularly account for more than 95% of the variation in the heat
flux, while remaining limited in complexity. Thus, we demonstrate the utility of an
SR-based approach to systematic closure discovery.

As noted in § 2, the high accuracy of the models found by SR suggests that our
term library is large enough to capture the majority of the physics at play. To test
whether there is room for improvement by exploring a larger function space (while
having the closure remain local), one could employ neural network models and see
how they perform compared with our SR models. No such analysis is included in
this paper, however, since our models already reach FVU values of a few percent.

In addition to a local approximation of the Hammett-Perkins closure, we con-
sistently find several additional closure terms in both scenarios. Notably, the three
overall most important terms — often accounting for over 90% of the variation in
g — do not include the local Hammett-Perkins term. As one of these is a constant
term, most of the variation in the heat flux divergence is captured by only two terms
in the ¢ model: one nvtth and one nv?h. We further describe how the accuracy
of the closure can be further improved by adding three more terms. These include
a term o nvtzhaxvth, the local approximation of the Hammett-Perkins closure, along

with terms vf’haxn and nvfhax V. These terms are closely connected to the growth
or decay of waves, their best-fit coefficients being approximately proportional to the
growth rate.

Among these six terms, three are independent of propagation direction and three
change sign depending on propagation direction (and are thus ‘k-even’ and ‘k-odd’,
respectively). In a three-dimensional (3-D) setting, this likely corresponds to the
absence or presence of a unit vector in the wave propagation direction in the
tensorial expression for the closure terms, so that terms with k-odd expressions
would appear as e.g. o {k£2} for some two-tensor £2. This dependence on propa-
gation direction for the k-odd terms also means that they can only exist when wave
propagation or beam asymmetry breaks isotropy.

Having reached these results, we compared the closure coefficients with predic-
tions from linear collisionless theory, overall with quite good agreement. The two
constraints imposed by linear theory give relationships between the coefficients of
the various terms found by SR and the wave parameters w,, ¥ and k, as well as the
plasma frequency wpe and ambient thermal speed vy, of the plasma. Not entirely
unexpectedly, the appearance of frequency and wavenumber in these constraints
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suggests that fully capturing wave-plasma interactions requires a spatio-temporally
non-local model.

Local approximations can still very much be used, however, provided one knows
which parameter regimes are likely to be most relevant for the physics — cf. the local
approximation of the originally non-local Hammett-Perkins closure, which needs to
be supplied with a characteristic wavenumber and heat diffusivity. Already from the
two constraints given by linear theory, various heuristics can be extracted depending
on the parameter regime of interest. Ultimately, all parameter dependencies should
be made explicit and absorbed in the closure terms, so that the coefficients are
parameter-independent, giving the closure as wide a range of applicability as possi-
ble. Further elucidating the parameter dependencies of the closure coefficients is left
for future work.

After examining these six terms, which are all zeroth- or first-order in the pertur-
bation amplitude r=7/n, we also studied one additional term with non-negligible
influence on ¢. This term, o nvy, 12, is second-order in r, and was found to mostly
be important when growth or decay is slowing down. The importance of each of
these seven terms was then investigated by examining their respective contributions
to lowering the fraction of variance unexplained, or FVU, of the model.

Despite the high accuracy of the models described in this work, expanding the term
library used by SR does merit some further investigation. Apart from more compli-
cated expressions involving n, V' and vy, the E and B fields are also of interest —
especially for higher-dimensional non-electrostatic set-ups. However, if the relevant
physics is 2-D or 3-D, the number of relevant components of the vectors and tensors
involved increases as well, necessitating even more careful selection of which terms
to include in the SR term library. There is also reason to explore alternative algo-
rithms for sparse regression such as SINDy-PI (Kaheman, Kutz & Brunton 2020),
which generalises PDE-FIND to allow for implicit expressions for the quantity of
interest y. It should further be noted that using SR in Fourier space to directly iden-
tify non-local closures like the one originally proposed by Hammett and Perkins for
Landau damping warrants more investigation.

As outlined in § 1, exploring ways of systematically discovering fluid closures is
chiefly motivated by the enormous computational complexity of accurately mod-
elling multi-scale processes in plasmas. In particular, one of the main envisioned use
cases for closures of the type presented in this paper is sub-grid scale modelling of
rapid, small-scale processes within larger simulations. When modelling instabilities
in this way, the far future limit of the saturated regime (relative to the time scales of
the instability) is the most important regime to model correctly.

Finally, evaluating the performance of — and fully benefiting from - data-driven
closures of this type requires a flexible implementation of closure terms in colli-
sionless fluid solvers, such as the 10-moment solver of Gkeyll (Hakim, Loverich
& Shumlak 2006; Hakim 2008), and comparing the results with equivalent kinetic
simulations. Flexible closure prescription would also be a requirement for e.g. the
robust — and challenging — approach demonstrated by Joglekar & Thomas (2023).
In that work, the free parameters of a fluid closure are learned by neural network
models, and a differentiable fluid solver is used, enabling the calculation of the loss
function gradient with respect to the neural network weights. The loss function in this
case quantifies the difference between the long time predictions of physics observ-
ables as calculated by a kinetic and the fluid solver. The complexity of this training
process limits the number of free parameters. We envision that the SR approach
we explored here can inform a good (and interpretable) starting point for closure
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parametrisation. The parametric dependences of the coefficients of the model terms
may then be be fine-tuned with a differentiable fluid solver.

It should be noted that implementing fluid closures in existing fluid codes is far
from trivial, due to the possibility of unphysical instabilities arising unless the clo-
sure is chosen with this aspect in mind; indeed, arbitrarily small errors in model
coefficients may lead to numerical instability. Enforcing long-time boundedness of
discovered models is possible in systems with quadratic nonlinearities (Kaptanoglu
et al. 2021a), but it is difficult more generally. In fact, many closures (e.g. the var-
ious existing ad hoc relaxation closures (Wang et al. 2015; Ng et al. 2015)) are in
part used because of their ability to ‘diffuse’ anisotropies, reducing the complexity
of dynamics and increasing the stability of the simulation. In our context, the signs
of the closure coefficients (in particular, that of the Hammett-Perkins-like term A3)
found in the Landau damping scenario are such as to increase entropy and thus pro-
vide stability. However, they correspond to an instability in the two-stream unstable
scenario. It should be emphasised that having such fundamentally instability-driving
terms in our closure in this case is necessary to accurately model the growth phase
solely because we are modelling this physically unstable scenario using only a sin-
gle electron species. Treating the counter-streaming populations as separate fluid
species may be applied to resolve this shortcoming, which is the subject of ongoing
investigations.

Notably, however, closures found by SR such as those described in this paper hold
an advantage when it comes to ensuring stability as compared with those based on
e.g. neural networks. This is due to their interpretability and low complexity, which
makes it possible to study the properties of the closures analytically - something
which is generally not feasible for neural networks.
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Appendix A. Constraints from linear collisionless theory

In this section, we construct constraint relations between terms appearing in a
local expression for the heat flux, which then can be applied to the closure terms
found using SR.
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Our starting point is the Vlasov—Maxwell system, i.e.
Ifo +v-Vfo + = (E+vxB) Vf; =0,
V-E=33, dolto,
V-B=0, (A.1)
V x E=—-0B,
VXB=c23E+ 1oy, qono Vo,

which is the most accurate self-consistent continuum description of collisionless plas-
mas. However, since this coupled system of partial differential equations (PDEs) is
very expensive to solve over large domains while retaining high resolution, it is often
necessary to simplify it. Most relevant for us is the fact that one can integrate the
Vlasov equation over velocity space to instead get the fluid equations (Grad 1949;
Levermore 1996). Truncating these after the pressure equation yields the system
sometimes referred to as the 10-moment model (Wang et al. 2015),

ong +V - (nsVs)=0,
o O+ Vo V)Vo+V pr=2n, (E+VsxB), (A.2)
3tpa+V'(VaPa)+2{Pa'VVa}-i-V'%:an:{Pa XB}’

which needs to be closed by supplying an additional expression for g, (or V - g5 ) in
terms of the lower moments. Here, {-} denotes symmetrisation, so that e.g.

{ab<2>} - % (ab<2> + bab + b%) , (A.3)

and p, X B should be interpreted as the two-tensor with elements [p, x Bl; =
€jki Dok Bi-

In 1-D electron-proton set-ups like those of interest to us, where only the electron
dynamics are important, the 10-moment fluid model (sans closure) together with
Maxwell’s equations simplifies to

n @+ Vo)V +dp=—=nk,
(0 + Vx) p+3pdyV + 0xq =0,
WE=(n—n),

WE=EnV.

(A4)

Note that the two remaining Maxwell’s equations imply the continuity equation.
Here, we have taken the ions to be immobile with number density equal to the
average electron density 7 to ensure quasi-neutrality. Now, let us consider a small
wave-like perturbation around equilibrium in the CoM frame, i.e.

n=rn+ flei(kx—wt)’

V= f/ei(kx—wt)
pP= ”Vtzh» Vih = P + Prne’E D, (A.5)
g= ZI + éei(kx—a)t)’

E—= Eei(kx—wt) )
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Here, we assume the wavenumber k to be real, but the frequency w =w, + iy is
allowed to be complex, y being the growth rate. Of course, one could equally well
set w = w, — iy, taking y as the decay rate.
Inserting ansatz (A.5) into (A.4) and keeping only terms up to first-order in the
perturbations, we get the relations making up 1-D linear collisionless theory:
—ionV + ik (g, + 2w in) = — -7k,
—iew (V2 + 2P + 3ikinv3 V + ikg = 0,

- A.6
ikE = —2-n, (4.6)
~ 0 ~
—iwE = =iV,
0
or equivalently

E= iérﬁ
V' =rvpn,
- 1 wpe—” | - (A.7)
vih=—5 |1+ K 'Vth, )
~ wl—w ——
g=— <3 + Zzﬂzh ) IV Vph.

To make the notation neater, we have introduced the (complex) phase velocity
vph = @/k and the shorthand notation r for 72/n, quantifying the amplitude of the per-

turbation. We have also introduced the electron plasma frequency wpe = /€%71/m,€o.
Note that when the ion dynamics is negligible, any heat flux closure would need to
agree with the expression for ¢ to first-order in r to be viable for modelling weak
wave-like perturbations.

A.1 Evaluating the six-term closure

For a closure to be consistent with theory, the heat flux perturbation amplitude ¢
given by the closure must agree with the final part of (A.7), i.e.

2 2

Wyo — @ __

q=— (3 + IZZT) }"}’ththph, (AS)
th

to first-order in r. To see whether this is indeed the case, let us calculate the contri-
bution to ¢ from each of the terms in the six-term model. For the terms in geyen, We
get

Ay (WY + 2mvainV +m3, 7)) = A1 v,
ikAs (37v3 Vi + vy, ) = ikAorinvy,, (A.9)
- =~ 0= = 2 - 1 Wpe=@” \ -~ _3
ikA3 (nvtthh + 2nvin vy, + nvthvth) = —5ikA3 | 1+ ,‘;T vy,
keeping only terms up to first-order in r. In other words,
_ -2
Vth Vih Wpe — @

2
) (1 1 L
Geven = — |:—A1 + ik <§A3 —A2> vph + ElkA3Ek2—T}t2hj| rnvthvph. (AIO)
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As for the terms in ¢oqq, the constant term A4 does not contribute to g, but the
contribution from the other two terms is non-zero:

2 2
As (v}, +3nv2 ¥ =—14 (1 4 3% ) rnvs,
5 ( th : th th) ) ) 2415 122 th (A1)
ikAg (ﬁvtzh V 4+ 2nvinva V + nvtzh V) = ikAgrﬁT/tzhvph.
Thus, the contribution from goq4q is
—_ - 2 2
- 1 Vth . 3 b Wpe — @ --2
Godd = — | =As— — ikAg + =A5— ———— | 11V vph. (A.12)
o |:2 Vph 2 Voh kzvtzh th"p
Defining
w2 —
[§
d(w, k):‘}CZT (A.13)
th
as well as
2 2 2
ws, + —w 2
w=Red =TV T g g = 2 (A.14)
kzvtzh k2vt2h

demanding (A.8) hold for our closure is equivalent to demanding

1 1 1
B+ DP)w=—(A4 + ikAg)w + |:§A5 + ik<§A3 — A2>i| kv + 5(3/15 + ikA3) kv @,
(A.15)

or equivalently
B+ )y + By = —A10r + kdsy + 5 [kd3p + As(1 + 30)] kv,

— G a)y + Bor=Ary + kdw, + [kdz = Tkd3(1 + @) + 3458] kv

(A.16)

If we now define
w2, + |w|?
k=i,

and solve for A; and kAg, the result can be simplified to the form of (3.3), giving us
two constraints on the coefficients which we can check.

Appendix B. Demonstration: recovery of the momentum equation

While the main use of sparse regression in this paper is to discover unknown
approximate relations between the heat flux and lower-order fluid quantities, it is
useful to verify that our workflow is able to identify known exact relations that the
simulation data must obey. To illustrate that this is indeed the case, we here show
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Model —-E —oxT —Td:In% —VoV o E

1. 0.739

2. 1.234 1.138

3. 0.985 0.977 1.006

4. 0.999 0.998 0.996 0.997

5. (uncorrected E) 1.000 0.998 0.991 0.991 5.00 x 1074

TABLE 3. Optimal coefficient values for the terms in the various models found by sparse

regression to approximate the momentum equation as given in (B.1). The numbering of the

models is the same as in figure 10. The theoretical value of almost all coefficients multiplying

the terms shown in the first row is 1. The only exception is the non-physical 9, E term, which is

only found consistently when the staggering of the E field data is not corrected for (model 5).

This coefficient should have the value 5 x 10™* to provide a first-order correction for the
half-cell size shift of the field data.

how one can recover the density-normalised version of the 1-D momentum equation
for electrons,

OV =—VoV—ToIne —o,T—F, (B.1)
n Me
from our two-stream simulation data. Note that the arbitrary normalisation of # to
the unperturbed total electron density n does not affect the the logarithmic deriva-
tive. In the sparse regression, we now set d,}” as our target variable y and use a term
library including all products of up to two terms from the set consisting of n, V, T
and FE, their spatial derivatives and a constant term.

We work with the n,/n, = 0.1 two-stream instability simulation, sampling ~2.5 %
of the data in each of the 10 cross-validation folds. This time, we take samples
from almost the entire time domain, and not just e.g. the growth phase. The sparse
regression algorithm yields the sequence of models for 9,/ shown in figure 10(a).

As shown by the marker shapes - indicating whether models contain consistently
the same terms (circles) or different ones (triangles) — SR correctly recovers the
momentum equation and finds no further terms consistently. That the model is
complete at four terms is also supported by the fact that the accuracy plateaus after
this point, at an FVU of ~3.26 x 10~%. This signifies that ~99.97 % of the variation
in 9,V can be explained by the 1-D momentum equation as given in (B.1). SR also
gives us the coefficients of the terms in the equation with an error of less than half
a percent; these are listed in table 3.

Next, we illustrate the importance of appropriately aligning the E-field data with
the fluid data in space. Misalignment between particle and field data naturally
occurs in PIC schemes using a staggered Yee grid (Yee 1966), where the E- and
B-field nodes appear in cell edges and cell faces, respectively, while the particle data

are often cell-centred.” This discrepancy then propagates through to any fluid and
electromagnetic field data exported from the simulation.

5In addition, the leap-frog type time integration scheme results in momentum and position information
available half-time step apart from which, unless corrected for (as in the version of OSIRIS we use), may also
lead to a reduced accuracy. Note that, unlike the spatial misalignment, the temporal one cannot be corrected by
post-processing; the correction needs to be made before the fluid quantities are computed by the simulation code.
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# non-zero terms # non-zero terms

FIGURE 10. Sequence of models found by sparse regression to approximate d,}, recovering the
momentum equation as given in (B.1). The consistently found models are labelled by the new
consistently found term which is added to the model compared with the next most simple one.
The coefficients for all terms in each model are provided in table 3 (with the same numbering
of models as here). Circles, unlike triangles, denote consistently found terms, and blue (orange)
marker colour corresponds to testing (training) data (note that they overlap almost completely
here). The two panels show the results (a) when using E-field data which has been corrected for
the half-cell grid shift with respect to the fluid quantities, which finds only the expected terms,
and (b) when using uncorrected E-field data, which also finds a non-physical d,E term adding
the correction back in.

In figure 10(b), we show the result of performing SR on the same simula-
tion data without correcting for the misalignment of the electric field data. The
first four consistently found terms are the same as before, but now this four-
term model is less accurate, with an FVU > 1073. A fifth term o d.E is also
consistently identified, however, and if retained, increases the accuracy to match
that achieved with corrected E-field data. This term corresponds to performing
a first-order Taylor expansion to evaluate E half a grid cell further towards —x,

=E| — 1AxdE
X—5Ax X

Ax =10736,, we find that

since E

. Specifically, if we insert our spatial resolution
X

Ealigned = Eshitted — 5 % 10748, Eshifted, (B.2)

corresponding exactly to the correction introduced by SR, since &, is our unit of
length.
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The dual aims of accuracy and computational efficiency in computational plasma physics lend themselves
well to the use of fluid models. The first of these goals, however, is only satisfied for such models insofar as
the utilized closure can capture the neglected kinetic physics—something which has proven challenging for
multi-scale collisionless processes. In a recent article [E. R. Ingelsten et al. (2025) J. Plasma Phys. 91 E64],
we used the data-driven method of sparse regression to discover a novel heat flux closure for electrostatic
phenomena. Here, we generalize the six-term closure model found in that work from single- to multi-species
modeling. Using data from OSIRIS particle-in-cell simulations over a range of initial conditions, we then
demonstrate how the unknown coefficients in front of the three most important terms in the closure can be
estimated from box-averaged fluid quantities. Both neural networks and a newly developed framework for
nonlinear sparse regression are showcased. The resulting models predict the heat flux for each species with
a typical accuracy of 80-90 % and regularly account for 85-95% of the rate of change in the pressure. The

models are also compared with results from multi-species linear collisionless theory.

I. INTRODUCTION

Fast and accurate plasma modeling has been a cen-
tral goal of numerical plasma physics since its incep-
tion, but achieving both simultaneously is rare. Fully
kinetic methods offer high accuracy but are too com-
putationally expensive for inherently multi-scale, three-
dimensional problems. Fluid models are therefore often
used—either on their own!™ or as part of a kinetic-fluid
hybrid approach®” offering much greater efficiency with
only limited loss of accuracy. The reliability of fluid-
based approaches, however, depends on the closure’s abil-
ity to capture neglected kinetic effects—a task which for
many systems is highly challenging.

For collisional plasmas, where particles generally re-
main close to local thermal equilibrium, one can de-
rive closures rigorously from first principles®12. The
same is generally not true in the collisionless case,
however—there are no known generally applicable clo-
sures for collisionless systems. Nonlinear and nonlocal
kinetic processes have proven particularly challenging to
model well without fully resolving the underlying kinetic
physics. Such processes are nevertheless ubiquitous in
many space and astrophysical contexts—turbulence!3 17,
electron holes'® 22, wave-particle interactions!'#23-26
and magnetic reconnection'®1726-33 being prominent
examples®3°, In other words, there is strong reason to
investigate potential avenues to improved closure con-
struction, so as to capture the net effects of small-scale
kinetic phenomena without in-detail modeling.

a)Electronic mail: emilraa@chalmers.se

To this end, several approaches have been explored.
Traditionally, theory has been the starting point, employ-
ing simplifying assumptions to derive collisionless clo-
sures valid in restricted limits. For instance, the Ham-
mett—Perkins closure®®37, which models Landau damp-
ing, assumes linearity, the Chew—Goldberger—Low (CGL)
closure®® assumes adiabaticity and full magnetization,
and the Le closure®®#% interpolating between the CGL
and isothermal closures, assumes magnetization as well
as an electron thermal speed much larger than the Alfvén
speed. These assumptions often fail in many collisionless
regimes of interest, such as magnetic reconnection, tur-
bulence, and instability saturation. Nevertheless, theo-
retically derived closures remain widely used—sometimes
even beyond their regimes of validity, as their well-defined
physical basis clarifies which processes are accurately rep-
resented and which are not. Ad-hoc closures such as the
relaxation closure*!, which forces the pressure tensor to-
ward isotropy, have also been used, with mixed success
compared to kinetic simulations.

A different approach, originating in the field of ma-
chine learning, is data-driven closure development. With
the rapid growth of this field, numerous methods have
emerged. Neural networks*?** are perhaps the most
well-known, not least through their role in generative ar-
tificial intelligence. Another method of interest is sym-
bolic regression®®#8, which typically uses evolutionary
algorithms to construct parsimonious models by encoding
constituent coefficients, dependent variables and elemen-
tary functions in a graph structure. Most central to this
work, however, is sparse regression*?®3, which more ex-
pressly focuses model space search along the Pareto front
between sparsity and accuracy for a pre-defined func-



tion library, so as to reduce computational complexity
and improve scalability. The latter two methods gener-
ally yield more interpretable models than neural network-
based approaches, due to the black-box nature of neural
networks—though often at the cost of a slight decrease
in expressive power. Given the ubiquity of data-driven
model construction in science and technology, all of these
methods have been applied across many disciplines®*~7°.

Recent examples of neural network-based approaches
to closure construction include Refs. 76-80. In Ref. 76, a
reservoir computing architecture was used to construct
a closure for a one-dimensional electrostatic Vlasov-
Poisson system expressed in a pseudo-spectral Fourier-
Hermite basis. Similarly, Ref. 77 used Fourier neural op-
erators to model nonlinear Landau damping. In Ref. 78,
on the other hand, time-embedded convolutional neural
networks were used to model the heat flux and the ra-
tio between the mean free path length and the charac-
teristic length scale of electron temperature variations.
Sparse regression has also started to see increased use in
plasma physics over the past few years®! 8> but for clo-
sure discovery specifically there has only been limited ex-
ploration of its utility thus far. In Ref. 86, it was used to
recover the collisionless moment equations and discover
a heat flux closure for the strongly nonlinear dynamics
involved in two-dimensional Harris-sheet reconnection.
The linear regime was left out of the analysis, however,
and no interpretation of the closure was given. Simi-
larly, sparse regression was used in Ref. 87 in conjunction
with deep neural networks to recover the fluid equations
as well as the local approximation®® of the Hammett-
Perkins closure for a one-dimensional setup exhibiting
linear Landau damping of Langmuir waves. More re-
cently, the SINDy algorithm for sparse regression®?? was
used in Ref. 89 to discover a six-term heat flux closure
capable of describing the Landau-damping of Langmuir
waves and two-stream instability—both in the linear and
nonlinear regimes, including the local approximation of
the Hammett-Perkins closure as one of the terms. Two
important questions were left unanswered in that work,
however.

Firstly, only fluid models with a single combined elec-
tron species were considered. This would be impracti-
cal for simulation of two-stream-unstable setups, since
the instability must then be imposed manually through
the closure unless one includes higher-order fluid mo-
ments (which would entail increased closure complexity
and could potentially lead to complications with regards
to ensuring hyperbolicity?®). This raised the question
of whether the six-term closure could be generalized to
multi-species electron fluids. Secondly, the closure coef-
ficients were free parameters found to vary with plasma
conditions. For full fluid-code implementation, it would
thus be desirable to estimate these from other fluid quan-
tities.

In this article, we address both of these questions. We
extend the six-term closure to multiple species and exam-
ine how its coefficients vary with plasma conditions. We

then show that the three most important coefficients can
be accurately predicted from box-averaged fluid quan-
tities using neural networks. With the aim of obtain-
ing more interpretable expressions, we further adapt the
SINDy sparse regression framework to perform nonlin-
ear sparse regression with rational functions, achieving
neural network-level accuracy. Finally, we describe how
one can leverage the Bernstein polynomial basis to avoid
poles on the domain of interest at only a limited cost in
expressive power.

This article is structured as follows: Following a short
reflective note on the scope and assessment of data-driven
closures, in Sec. IT we describe the sparse regression and
neural network-based methodologies we employ, as well
as the simulation setup used to generate our two-stream
instability dataset. In Sec. III, we first describe how
the previously identified six-term heat flux model can
be generalized to multi-species setups, and then illus-
trate how the three most important terms can be esti-
mated from box-averaged fluid quantities, discussing the
results in the context of linear collisionless theory. Fi-
nally, we summarize our results, discuss avenues towards
further improvements and give an outlook towards future
work in Sec. IV. We also include Appendix A, describing
multi-species collisionless theory and the constraints it
places on heat flux closures of our type, Appendix B, con-
taining a detailed overview of the relationship between
separate- and combined-species fluid quantities, as well
as Appendix C, recapitulating the single-species closure
described in Ref. 89 and discussing the physical interpre-
tation of the included terms.

A. On the Objectives and Assessment of Data-Driven
Fluid Closures

Data-driven collisionless closures can enhance the
physical fidelity of fluid simulations by effectively captur-
ing certain kinetic processes in regimes where analytical
treatments are difficult (e.g., strongly nonlinear dynam-
ics), as well as by representing underresolved phenomena
in large-scale simulations. Owing to the enormous diver-
sity and strong parameter dependence of collisionless pro-
cesses, any such closure — whether data-driven or other-
wise — can realistically capture only a limited set of mech-
anisms over a finite region of parameter space. Guidance
from kinetic theory is therefore essential in identifying the
dominant microphysical processes relevant to a given en-
vironment. For example, closures designed for high-beta
astrophysical plasma turbulence may focus on gyro-scale,
pressure-anisotropy-driven instabilities whose large-scale
effects resemble pitch-angle-scattering collisions, thereby
breaking adiabatic invariance in systems that would oth-
erwise evolve nearly ideally.

The ultimate test of a data-driven closure is the de-
gree of agreement between simulations produced by its
implementation in a fluid solver and corresponding re-
sults from kinetic simulations. Certain aspects of closure



performance can be quantified straightforwardly, such
as accuracy relative to kinetic simulations over short
or long timescales (using appropriate error metrics, see
footnote®!) and numerical complexity, ensuring that the
fluid model retains a computational advantage over ki-
netic approaches. Other desirable properties are more
qualitative or essentially binary, including numerical sta-
bility and the satisfaction of fundamental physical re-
quirements such as conservation laws and symmetries.

More broadly, an effective closure should ideally cap-
ture parametric dependencies across wide regions of pa-
rameter space and, if possible, represent multiple phys-
ical phenomena. Achieving such generalization beyond
the training regime remains notoriously challenging. In
this context, interpretability — although loosely defined
— can be valuable by enabling analytical insight into the
behavior of the closure. The value of a data-driven model
can also lie in its ability to inform analytic theory, for ex-
ample by identifying which variables or terms are most
important for a given process, or by indicating how much
nonlocal information is required to achieve accurate pre-
dictions. Finally, the practical feasibility of constructing
a closure also depends on the ability to generate a suffi-
cient amount of training data at reasonable cost.

Il. METHODS

When constructing heat flux closures, we start by per-
forming particle-in-cell (PIC) simulations of the mod-
eled system—in this case a two-stream-unstable electron-
proton plasma (see Sec. IIC)—using the OSIRIS
code293.  From the kinetic simulation data we then
export the fluid quantities relevant to us, namely
the number density n, = [dvf,, the flow velocity
V,= n;l f dvvf,, the mass-normalized pressure p, =
Jdv(v— Vg)(z) fo and the mass-normalized heat flux

g, = [dv(v— V[,)<3)f[,7 as well as electric and mag-
netic field data (E and B), at regular time intervals. In
these expressions, f,(v) is the distribution function for
species o, and we use notation where [a,b]i]- = a;b; and
a® is shorthand for aa. Note also that we for conve-
nience omit the spatiotemporal dependence of the distri-
bution function, fluid quantities and electromagnetic field
in this notation. Furthermore, since the PIC simulations
here are one-dimensional in position space, we will hence-
forth drop the vector and tensor notation for fluid and
electromagnetic field quantities unless otherwise noted,
using p, and F to mean p, 11 and E;. Additionally, the
processes we are modeling occur at electron timescales.
Thus, unless otherwise noted, we will only refer to elec-
tron fluid quantities, and fluid quantities without explicit
species labeling, like n, should be interpreted as referring
to the combined electron species. We treat the counter-
streaming electron populations separately, each charac-
terized by its density flow velocity and temperature, and
refer to the one with higher (lower) density as the core

(beam) population.

As in Ref. 89, we use a version of OSIRIS which cor-
rects for the temporal staggering of particle position and
velocity information when generating the data used for
the data-driven closure models in this work+?°. We ad-
ditionally correct for spatial grid staggering via linear
interpolation (see Appendix B of Ref. 89 for a more de-
tailed discussion of this).

Having conducted such simulations with a range of ini-
tial conditions, we use a version of the SINDy sparse
regression algorithm, as described in Sec. IIA 1, to find
optimally accurate and maximally sparse heat flux clo-
sures valid in the parameter regimes in question. Reduc-
ing the discovered models for the beam and core electron
heat fluxes to the three most important terms, we pro-
ceed to use neural networks as outlined in Sec. IIB to
show that it is possible to predict the three most impor-
tant free closure parameters at quite high accuracy from
the box-averaged beam density 7y, relative flow veloc-
ity Viel = V. — Vj, beam thermal speed Ugn,p, and core
thermal speed @y .. Here we have also introduced the
species labels 0 = b and o = ¢ for the beam and core
electron species, respectively. For a more detailed de-
scription of the two-species treatment of the electrons in
our PIC simulations, as well as how the simulations were
set up in general, see Sec. IIC. Finally, we use nonlin-
ear sparse regression described in Secs. ITA2 and ITA 3
to discover rational models for both beam, core and com-
bined electron model coefficients A; 45 in terms of these
four box-averaged fluid quantities.

A. Sparse regression

Sparse regression (SR) refers to a large and growing
family of function fitting algorithms, all with the common
goal of finding models for a target variable y which are
simultaneously optimized for both accuracy and model
sparsity. Optimizing for sparsity helps limit overfitting,
identifies which parts of the model in question are most
important and yields more interpretable results. Unlike
some alternative methods with similar aims like symbolic
regression, sparse regression performs this optimization
by picking terms from a pre-defined term library {6;}.
This enables faster optimization, at the cost of leaving
the selection of the term library, which can be highly
nontrivial, up to the user.

Of particular interest are algorithms based on SINDy,
which applies sparse regression to identify the govern-
ing differential equations of a system®?. For partial dif-
ferential equations, this approach is often referred to as
PDE-FIND®39, These methods start by optimizing a
“maximalist” model including all terms in the library.
Terms are then iteratively pruned: the least important
term is removed, the model is re-optimized, and this pro-
cess is then repeated until only one term remains. This
yields a sequence of increasingly sparse models that ap-
proximately trace the Pareto front between accuracy and



sparsity.

1. SINDy

In the original SINDy algorithm, as in most data-
driven approaches, one first needs to acquire a dataset of
target quantity values {y; }-—e.g., corresponding to mea-
surements of y at different points in space and time, along
with a corresponding dataset of 0; values {©;;} from the
same points in spacetime. The succession of more and
more sparse y models is then constructed through linear
combination of the terms in the term library: each model
is defined according to § = Zj 0;¢; = 0 - & with increas-
ingly sparse coefficient vectors £. Consistently, we will
in this section use ¢ for the index of a sample or data-
point within a dataset, and use j, k and [ for selecting or
summing over terms in the term library.

Model optimization at each level of sparsity is per-
formed through linear least-squares regression, finding
the coefficient vector &* which minimizes the least-
squares cost function

2

cE)=ly-o¢f=>" vi= 20t | (1)
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where © is the term library matrix with elements equal
to ©;;, and g = O£ is the model vector, containing the
value of the model at each point in the dataset.

Having found this optimal coefficient vector, the ver-
sion of SINDy we use in this work uses sequentially
thresholded least-squares (STLS) regression, as proposed
in the original SINDy article®?—see also e.g. Refs. 83, 85,
and 89—to determine which term should be considered
least important (and thus be removed before the next
round of optimization). Specifically, the deleted term is
the one whose coefficient has the smallest absolute value
when using a term library normalized according to term
variance (i.e., with ©;; — ©;;/var;(©;;)). Alternatively,
one may view this as working with an arbitrary (unnor-
malized) term library and discarding the term with index

Jdiscarded = argmin [Var(@ij){g;f”. (2)
J k3

This term is then excluded from all following models.
Since constant terms have zero variance, they are not
normalized in this way—instead, both the term itself and
its “variance” normalization factor are set to unity when
such terms are included. To protect against overfitting,
we further perform 10-fold cross-validation (i.e., dividing
data into 10 groups, each serving as a test set once, with
the others as training data, ensuring all data points are
used for validation).

Similarly to Ref. 89, this version of SINDy is essentially
what we use when searching for heat flux closures. When
treating the counter-streaming populations as separate
species o, we specifically take y = ¢,, and use a term

library analogous to the one we used in the single-species
case, with one modification: We consider terms of the
form

0; = navﬁl,g(Vo — Vg)gfn, (3)

for integer @ < 3 and with vy, = VT = Vp/n,
where T' = p/n is the (1l-component of the) mass-
normalized temperature tensor. We also include terms
containing first-order derivatives of these quantities, e.g.
61(n0)vth,aaz(vthﬁg)(Vg —VU). All library terms are
thus manifestly invariant under Galilean transforma-
tions, which is desirable, since the quantity we are at-
tempting to model, g,, is also Galilean-invariant. If this
were not the case, Galilean invariance would have to
be ensured through other means, e.g. by enlarging the
dataset via the application of random Galilean boosts,
as described in Ref. 85. Note also that the replace-
ment V — V, — V, here compared to the single-species
case is consistent with the fact that we are working in
the combined-species center-of-mass frame, meaning the
combined-species V' variable should really be considered
shorthand for V. — V. That this really is the correct
choice when generalizing to the multi-species case can
also be motivated from multi-species linear theory—see
Appendix A.

When the y and 6; quantities are given on a space-
time grid, as is the case for y = ¢,, we additionally
perform spatiotemporal averaging on the raw simulation
data around each sampled point in spacetime to calcu-
late our y; and ©;; quantities. Specifically, we aver-
age over a spacetime box 5 by 5 datapoints in size cen-
tered on the spacetime point in question. This proce-
dure, which reduces noise and helps with SR convergence,
may be considered a special case of weak SINDy"7, with
an integration kernel equal to a spacetime box function.
A smoother integration kernel, as implemented in the
WSINDy and SPIDER sparse regression frameworks of
Refs. 98 and 99, may be preferred for term libraries fea-
turing higher than first-order derivatives.

However, we do not perform any such averaging proce-
dure when we use SR to estimate the closure coefficients
Aj 4,5 from box-averaged fluid quantities, since the A; 45
coefficients in the dataset are already effectively averaged
over 20 time steps (and the entire spatial domain), due
to being calculated via sparse regression over such time
slices in the first place.

When performing this secondary sparse regression step
to create a three-term heat flux closure usable without
supplying ad-hoc values for the closure coefficients, it
quickly becomes apparent that using SR with a naive
term library consisting of multivariate polynomials in
{ﬂb/ﬁ, Viel/Cs Ten,p/C, ’Dth,c/c} (where ¢ denotes the speed
of light) is insufficient to adequately model A; 45 at rea-
sonable term library sizes. However, since neural net-
works with the same four inputs, designed and trained
as described in Sec. IIB, are able to express Aj 45 in
terms of these box-averaged quantities quite accurately



(see Tab. I), the main issue is clearly that a polynomial
term library has insufficient expressive power.

Inspired by the high efficiency of Padé approximants
compared to truncated Taylor expansions for achieving
high accuracy at relatively low complexity, we look to-
wards a rational function-based term library for a solu-
tion to this problem. However, such a library is difficult
to implement in regular SINDy, since the method is based
on linear combination of library terms, which is not well
suited to handle the addition or removal of terms in the
denominator of the rational model. There are extensions
to SINDy which attempt to solve this problem without
sacrificing the linearity of the least-squares optimization
lying at the core of SINDy, such as implicit-SINDy!?°
and SINDy-PI'%'. However, such approaches require a
low level of “noise” in the y and ; data, i.e. that there
exist a near-perfect model reachable with the used term
library, which is not the case for us. In our case, some
closure coefficients have minimum FVU error rates on
the order of ~ 20 %, judging by the performance of our
neural network models (described in Sec. II B). Thus, we
need a different solution.

The FVU, or the Fraction of Variance Unexplained, is
the metric we use to quantify the error for a model § of
a quantity y over a given dataset, and is defined as

>y — Qi)z‘
Zi (yz‘ - 37)2

Here, y; is the true and [§], = ¥; is the predicted value
of quantity y at the i*" datapoint, while 7 is the mean of

y over the dataset.

FVU[g] = 4)

2. Nonlinear sparse regression

When seeking to model Ay 45 in terms of 7, /7, Viel /e,
Ugn,p/c and Tgn /¢, we opted to replace the linear SINDy
model § = O with the nonlinear model calculating g
via

M-1
2o Ou&
1+ Z‘i”;f OirCr

Here, we use a convention where the index j = 0 corre-
sponds to the constant term and the library has M terms
in total. This is effectively the same as considering mod-
els [§], = [©¢€],/[O¢]; with the zeroth component of ¢
set to one to make each model correspond uniquely to
a specific combined coefficient vector ¢ = (€,¢) by re-
moving the degree of freedom corresponding to simply
multiplying both £ and ¢ with the same constant. Note
that this means that our ¢ has length M — 1, while € has
length M.

We want to use these nonlinear models to ex-
press Aja45 as rational functions in terms of
{ﬁb/ﬁ,f/,»el/c, Tenp/C, ﬂth’c/c}, as mentioned above.
To curb overfitting and encourage SR convergence,

[9l;

ot

we limit our term library {6;} to containing only
multivariate monomials of the four dependent variables
of order 0, 1 and 2, so that M = 3* = 81, giving us a
combined coefficient vector & of length 2M — 1 = 161.
Our term library thus includes e.g. 7i,V;2/(7ic?), but
not 71, V.3 /(7c®). Whether such a library is sufficient
can then be judged by comparing the FVUs reached to
those of the neural network models. We additionally
restrict our dataset to only those points where the
optimal three-term g, model FVU is below 30 %, since
the accuracy of our A; 45 models is largely unimportant
if the resulting g, model would be inaccurate regardless.

To now perform sparse regression and find the optimal
¢’ vector at each complexity, we can still use the same
least-squares cost function as before, except with our new
nonlinear 4:

225 9ii )
1+3,9ul/) ©)

Here, we have also introduced the notation (¢, ¢) for the
error vector y — 9.

Since this function depends nonlinearly on ¢, we can
no longer find the globally optimal model via linear least-
squares regression. Instead, we must perform nonlinear
regression to optimize our least-squares cost function.
To this end, we use SciPy’s optimize.basinhopping()

CE) = e O =3 (yi -

i

algorithm!'®2, which lets us exploit analytically com-
putable gradients to speed up optimization:
= 191 i
9,C = —2 dis
’ Zl: 1+ Y00 Ok
€Ok Zﬁal 055 ™)

0, C =2 ==
i (1 + Zﬁ;l @ilCz)2

These expressions—and the cost function itself—are then
compiled with Numba’s @njit decorator'®® to speed up
execution.

Nonlinear global optimization of this type is generally
far slower than linear regression, which uses an analyt-
ical expression to calculate the optimum. Additionally,
finding the global optimum is not guaranteed in the non-
linear case. This is not solely negative, however, as it
helps limit overfitting. Another key difference between
the basinhopping() algorithm and the linear regres-
sion used in regular SINDy is that basinhopping() is
non-deterministic. This means that one can never know
with certainty how close the optimizer is to finding the
global optimum (or indeed if it has already been reached).
There is simply a tradeoff between spending more com-
putational time with the possibility of improving FVU
further, or terminating the optimization at the current
optimum.

In our case, we used basinhopping() with an L-
BFGS-B minimizer and an optimization temperature of
T = min(4, Cpin ), where Cpiy is the minimal cost reached
thus far. These settings were sufficient to reach accuracy



equivalent to that of neural networks designed according
to Sec. IIB. Apart from the fact that the linear regres-
sion step at each complexity is replaced by nonlinear op-
timization using basinhopping(), our nonlinear sparse
regression (NLSR) algorithm is identical to the version
of SINDy we use for discovering models for g,.

3. Avoiding poles with Bernstein polynomials

While the overall FVUs reached with these kinds of
rational models may be neural network-equivalent, the
models in question are nevertheless unsuitable for use
in fluid codes, due to the possibility of poles within the
parameter domain where the model is to be used. Fur-
thermore, simply expanding the training dataset is not
a satisfactory solution to the problem: besides making
model training more computationally expensive, this ap-
proach alone can never guarantee a complete absence of
poles.

Instead, we can ensure there are no poles in the do-
main of interest by limiting the range of allowed values
for the denominator coefficients {(x}. A naive way to
accomplish this for positive inputs is to simply restrict
the coefficients so that ; > 0 for all k. However, as
discussed in Ref. 104, this restricts the coefficients (and
thus the space of models which are reachable) more than
is necessary—one can do better by applying this same
restriction in the so-called Bernstein polynomial basis.

In the single-variable case, the Bernstein basis for poly-
nomials of degree n are defined as

Buaa) = (1 )ak oy, ©

with k running from 0 to n. Note that }~, B,, x(x) = 1 for
all n, since the resulting expression is just the binomial
expansion of 1" = (z + 1 — x)". Each basis function can
be thought of as “governing” its own section of the closed
interval [0, 1], of width 1/(n + 1): The maximum of the
K" basis function on [0, 1] lies at 2 = £ and decreases rel-
atively quickly outside its corresponding interval section,
reaching zero at = 0 and « = 1 (except the 02 and nth
basis functions, which are only zero at the endpoints op-
posite to those they govern—i.e., B, (1) = By, ,,(0) =0,
while B, 0(0) = Byn(1) =1).

Just like the monomial basis we are used to, with basis
functions M, = 2*, the Bernstein basis can be used
to express any polynomial p,(z) of degree n. In other
words, for any coefficient vector ¢,, € R", we can find a
vector {p € R™ such that

pal@) =Y Cupa® = CpBun(x) )
k k

performing a change of basis into the Bernstein basis.
Importantly, the Bernstein basis functions are all

strictly positive on (0,1), just like the monomial basis

functions, meaning we can ensure a polynomial is strictly

positive on [0,1] by demanding all of its Bernstein-
basis coefficients be nonnegative (with at least one being
nonzero). In fact, as shown in Ref. 104, any polyno-
mial with solely nonnegative monomial basis coefficients
is guaranteed to also only have nonnegative coefficients in
the Bernstein basis. However, the same does not hold in
reverse—a polynomial whose Bernstein basis coefficients
are all nonnegative may still have negative coefficients in
the monomial basis. In other words, the space of polyno-
mials with nonnegative Bernstein coefficients is strictly
larger than the space of polynomials with nonnegative
monomial coefficients, the former including the latter as
a subspace.

In the case of interest to us, where n = 2, we get the
three basis functions

Bso(z) = (1 —2)*
By i(z) =2z(1—z) (10)
B212(:C) = 1’2.

Expanding out these expressions, we can deduce that the
change-of-basis matrix g satisfying ¢, = Qp(p is

1 00 100
Qp=|-2 2 0}, with inverse Q3' = |1 1 0]. (11)
1 —21 111

The presence of negative numbers in 25 but not in le
illustrates the fact that if ¢, is entirely nonnegative, the
same holds for ¢z, while the reverse is not necessarily
true, in this special case where n = 2.

Generalizing this to four variables is relatively straight-
we find that

just like the multivariate monomial basis functions in this
case are simply

iy Viel Uth,b Uth,e

forward. Defining = [ﬁ, e T - |

My (z) = H:rf‘, (12)

with a;r € {0,1,2}, multivariate Bernstein basis func-
tions can be defined via

Bi(x) = H Boa, (@) (13)

Note that with our choice of z; quantities, ensuring that
there are no poles on [0,1] for each z; is indeed suffi-
cient for all applications of interest, since 7, < 7 and
‘Zreh'ath,hvﬁth,c < ¢, with one caveat: Special care needs
to be taken when handling Vi /e, since it is a signed
quantity. There are several ways one could address this,
including e.g. switching to using 29 = (Vier/c + 1)/2,
but in our case, since we have knowledge about how A,
Ay and Ajs ought to transform under reflections (which is
equivalent to switching the sign of V;¢/c in this context),
we can simply take zo = |Vre1| /c and handle the sign of
Viel/c manually. With this modified , where x5 is re-
stricted to be nonnegative (yielding a similarly modified



term library @), we can define
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with ®p being the Bernstein basis term library. If we
want to remove a degree of freedom in the denominator
to preserve model uniqueness like before, while still re-
quiring the maximally sparse denominator to correspond
to the constant polynomial p(z) = 1, we can use the fact

) (14)
e

that this constant model corresponds to {5 = 1, and
note that the basis function By(x) = [], Ba,o(w;) con-
trols the value of the denominator at the origin, just like
in the monomial basis: Fixing (5 =1+ [0,{p], so that
¢ has M — 1 = 80 elements, accomplishes this task.

With this definition, setting an increasing number of
elements in {z to zero approaches the constant polyno-
mial, as desired. The sufficient demand on {5 to elimi-
nate all poles on the domain of interest also changes to
demanding (g > —1 for all k. Our final model thus in
principle looks like

4] - o8
i 14+ [(;)BCBL‘ (15)

~ [/ @ L
[A4,5L - sgn(‘/rel)#icfg]i’

where © B denotes the Bernstein-basis term library with
the 0*" column removed.

However, the A4,5 models found by sparse regression
sometimes have issues due to near-poles at Vie; = 0. The
poor ability of SR to predict behavior in this parameter
regime is likely related to the fact that conditions in such
cases may be more similar to V}el > 0 in certain space-
time regions and more similar to Ve < 0 in others. To
resolve this, we replace the step-like sign function with
a smoothly clamped version, tuned to minimally affect
performance outside of the problematic small-V; regime.
Specifically, we make the replacement

(16)

rel

6
_ _ Vr,
sgn(Viel) — sgn(Viel) exp { <ch>

with ver = 5 x 1073 ¢c. It is likely that performance
may be further improved by predicting A 45 from lo-
cally rather than globally averaged data, and/or working
in Fourier space to more easily capture wave effects, but
computational complexity would in both cases likely in-
crease as a result. Further investigation of such modifi-
cations is left outside the scope of this work.

B. Neural networks

To establish a baseline for accuracy and ascer-
tain whether a predictive model is feasible at all,

we also leverage more flexible—yet uninterpretable
machine learning tools in the form of deep neural net-
works!%® to learn the dependence of A; 45 upon x =
[m/ﬁ,f/rel/c, Ten,b/C, T)th,c/c}. Specifically, we use multi-
layer perceptrons (MLPs): fully connected, feedforward
neural networks, which have been shown to be universal
function approximators'®. These MLPs are organized
into a sequence of L + 1 layers. The input layer f'=°
receives the four plasma quantities contained in @, per-
forms an affine transformation into a space with dimen-
sionality equal to the number of nodes N per layer and
then applies a nonlinear function o element-wise, i.e.

@) = o(Wz +8°). (1n)

The N x 4 matrix W° and the N x 1 column vector
b° are the weight and bias matrices of the input layer,
respectively, and the nonlinear function o is often referred
to as the activation function.

FEach subsequent layer [ of the MLP is character-
ized by the application of a new affine transformation,
parametrized by a different weight matrix W! and bias
matrix b'. For the hidden layers (1 <1< L — 1) making
up the middle of the MLP, W! has dimensionality N x N,
while b' is still N x 1. These unknown parameters are op-
timized using stochastic gradient descent during training
on our dataset. Following the application of this affine
transformation, o is applied again, once for every layer.
The output of each hidden layer is thus given recursively
by

flz) = U(WlfH(a:) + b’). (18)

The output layer (I = L) needs to output a scalar, thus
WTis1x N and b is 1 x 1. In order to allow the final
output to have absolute values greater than one, the final
layer omits the application of o, and its output is instead
simply given by

fH@) =W (@) + bt (19)

The output of this recursively defined function consti-
tutes the output of the MLP.

Being universal function approximators, MLPs cover
the space of all functions well. This is not necessarily
the case for more traditional function fitting approaches,
such as the ones used in sparse regression. However, a
significant drawback to using MLPs—like with other sim-
ilar neural network-based approaches—is that the result-
ing models are highly opaque. This makes it difficult to
gain physical intuition from them, and hard to judge how
likely they are to extrapolate well into regimes beyond
the training dataset. To mitigate the latter issue, one
can utilize cross-validation, just like we do in our imple-
mentations of sparse regression discussed above. Even
then, however, well-behaved extrapolation can be diffi-
cult to ensure.

We trained one MLP for each combination of electron
species (beam, core and combined) and SR coefficient
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FIG. 1: Log-scale plot of training data FVU vs iteration
for the neural network model estimating the
combined-species A; coefficient (blue), along with a
51-iteration moving average (black). The 51-iteration
average FVU attained at the end of training, 21 %, is
highlighted with a red horizontal line.

of interest (Ay, A4 and Ag) to get an approximate lower
bound on what FVU scores are possible to reach with our
model in terms of {ny/n, Viel/c, venp/c, vin,c/ct. Each
MLP used three hidden layers of N = 25 nodes, with hy-
perbolic tangent activation functions: [o(a)]; = tanh(a;).
The total number of free parameters in each MLP is
thus'®7 2101. These were then split into 10 batches and
trained for 4000 epochs using the AdamW algorithm with
mean-squared cost functions and tuned learning rates on
the order of ~ 1073 (see Fig. 1 and Tab. I), as imple-
mented in the PyTorch package!0®:109,

The input space employed here, consisting of only four
box-averaged fluid quantities, limits the achievable accu-
racy of the closure model. This limitation is reflected in
the residual error of the neural network regression, as il-
lustrated in Fig. 1. In the present work, this modeling
error dominates over numerical inaccuracies arising from
finite simulation resolution.

C. Simulations and dataset

We use 1D3V physical mass ratio electron-proton PIC
simulations in the OSIRIS code to generate the data re-
quired for SR-based closure discovery. Consistently, we
initialize the plasma as consisting of three populations,
each in internal thermal equilibrium: a stationary zero-
temperature ion (proton) population, a beam electron
population and a core electron population. All simula-
tions are performed in the center-of-momentum (CoM)
frame, where the initial flow velocity V of the combined

electron fluid, as well as the net electric current, is zero.
Since ion dynamics largely only occur over time scales
significantly longer than the ones considered, V' remains
negligible throughout all simulations, and ion fluid quan-
tities can without issue be excluded from our analysis.

Our dataset in total consists of the output from 76
simulations with different initial conditions, varying the
four degrees of freedom available to us, namely the beam
density np, the relative flow velocity Viee = Vo — V
between the two electron populations and the thermal
speeds vynp,c for the two electron species. As described
in, e.g., Ref. 110, the electron/electron beam instabil-
ity occurs only at sufficiently high ny/n, |Viel|/vth,c and
Uth,e/Vth,p, With the dependence on beam-core temper-
ature differential being relatively weak. For example,
using a very rough approximation, instability requires
[Viell /vtne 2 2 + 1g(vemp/ene) — lg(ns/n) for 1071 <
Vghp/Vth,e S 10 and with n,/n in the ranges of interest
to us, as can be seen in Fig. 3.9 in Ref. 110.

Of the 76 simulations, 47 constitute parameter sweeps
in each of the four initialization parameters, over the
range where instability occurs and relativistic effects
are weak, centered on n, = 0.171, Ve = 0.02¢ and
Vgh,p = Ugh,e = V1075 ¢2 & 3.16 x 1073 ¢. Specifically,

ny € [0.01,0.5] @,
Viel € [0.012,0.1] ¢, (20)
Dby Uph,e € [5x 10748 x 107%] ¢
are considered. The remaining 29 simulations use ran-
dom parameters satisfying the same constraints, i.e. ex-
hibiting instability and being at most weakly relativistic.
Parameters were selected from uniform distributions over
ny <0.5n,
Viel <0.08¢, (21)

Vit by Vehe < 8 x 1073 ¢.
Additionally, we limit ourselves to cases where

@ |Vrcl|3

P
novg,

>1 (22)

~

since cases where this expression is less than unity are
either stable or correspond to Langmuir beam instability
rather than electron/electron beam instability!!0.

For all simulations we use a box size L = 2.0480,
with periodic boundary conditions and spatial resolution
Az = 10738, where §, = ¢/wpe is the electron inertial
length, wpe = \/7€?/mee( being the electron plasma fre-
quency (in this expression, e is the elementary charge,
me is the electron mass and ¢ is the permittivity of the
vacuum). To ensure numerical stability, the temporal
resolution is selected to be slightly higher than the spa-
tial one in natural units, corresponding to a time step
of 9.5 x 10~*wy!. To limit data output, we only record
the state of the simulation every 100 time steps, meaning
our sparse regression dataset has a temporal resolution of



At = 0.095 wp’el. Most simulations have a total duration
of 100 w;el, while simulations with weaker growth rates
instead use a duration of 200 wpe, to ensure both the
growth phase and saturated phase of the instability are
captured well. We consistently use 10* electrons per cell
of each species (i.e., 2 x 10* electrons per cell in total),
and 200 ions per cell.

Il.  RESULTS

The previously discovered six-term single-species heat
flux closure can be generalized in a straightforward man-
ner to handle separate-species modeling, in accordance
with what one may expect from linear theory, as dis-
cussed in Appendix A and Sec. ITA 1. Furthermore, the
three most important unknown coefficients A; 4 5 can be
predicted with reasonable accuracy from the four box-
averaged fluid quantities {ny, Viel, Vth,b, Vsh,c}, normal-
ized to the total number density and the speed of light,
respectively. Specifically, neural network models explain
77-97 % of the variation in the coefficients, while NLSR-
discovered rational models have comparable but gener-
ally slightly lower accuracies, ranging from 72 % to 94 %
in the monomial-basis case and from 68 % to 96 % in the
Bernstein-basis case, depending on the species and coef-
ficient considered. The resulting heat flux models regu-
larly account for 80-90 % of the variation in ¢, translat-
ing into a typical accuracy of 85-95% when predicting
0¢p,. Notably, the error when predicting 0;p, is consis-
tently more than halved (typically smaller by a factor of
~ 4) compared to using a naive ¢, = 0 model.

A. Multi-species closures

We first note some differences between the time evo-
lution of separate- and combined-species fluid quantities.
As shown in Appendix B, n and nV are simple sums of
the single-species quantities. Since the combined quan-
tities follow linear theory during the growth phase, the

npNe

same can be expected for the separate-species quantities.
To first order in perturbation theory, the same holds for
V', being the ratio of nV and n.

This is indeed what we observe. To quantify the varia-
tion in a quantity X over the simulation box at a certain
point in time, let us use the spatial variance

ST(xi-X)%

i

Az

X=— 2
var X = 23)

For a sinusoidally varying quantity described by X =
X + Sx sin[kx + px] at some point in time, this reduces
to 0% /2 in the limit of small Az. With X = E, for
example, this corresponds to the average F-field energy
density, since E = 0. In Fig. 2ab, we plot the spatial
variance of n, and V, for each species (beam, core and
combined), together with that of E (in arbitrary units)
to compare the perturbation growth for each quantity
over the course of the simulations. As we can see, all
seven quantities increase in tandem with the same growth
rate yg = %6,5 Invar, E once above their respective noise
floors, in accordance with single-mode linear theory.
The same is not true for p, and g,. Even though the
combined-species p and ¢ perturbations continue to grow
at a rate y(t) ~ yg(t), the separate-species py . and gy ¢
do not increase at the same rate. Specifically, in most of
the simulations considered, including the one depicted in
Fig. 2, the perturbation in g, grows at a weakly accelerat-
ing rate during the growth phase, while the ¢. perturba-
tion remains negligible until the end of linear growth, af-
ter which its growth rapidly accelerates, quickly reaching
similar orders of magnitude as the beam perturbation. In
simulations with very cold beams, however, the situation
is reversed, the perturbation in ¢. instead growing with
an accelerating rate and the perturbation in g, staying
negligible before growing very quickly during saturation.
This nonlinear behavior is due to the fact that the
combined-species p and ¢ are not simple sums of the
single-species p, and ¢,, respectively. In fact, the
combined-species p and especially ¢ are dominated by the
extra terms in Egs. (B9) and (B13) during linear growth:

p~ E ﬁaﬁ?hﬁ (V V)
nbnc ny — Ne 2
~ o - Ve T _Tc - — Ve ~
q E q Vo )[3(b ) W V)} (24)
nnL ny Ne
~ (V- V>[3(Tb—T>—T<v V)}

For ¢ in particular, having non-negligible

5, vars g,
vary q

(25)

correlates very strongly with the presence of nonlinear
effects. We can see this clearly if we plot this ratio and
the corresponding quantity for the pressures, as in Fig. 3.
Notably, the beam and core heat fluxes at the end of
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FIG. 2: The time evolution of the spatial variance in (a)
Ne, (b) Vi, (¢) po and (d) ¢, with beam quantities in
dashed blue, core quantities in dotted orange and
combined-species quantities in dash-dotted green, along
with var, E in solid black, rescaled to fit the plotted
ranges in each panel. In the depicted simulation, an
initial condition of {ny, Viel, Vth,b, Ven,c} =
{0.177,3.4%x1072¢,5.0 x 1073 ¢, 6.4 x 1073 ¢} was used.
The linear growth phase, defined as the time range of
linear E-field perturbation growth, is highlighted in red.

The nonlinear behavior of ¢, in the growth phase
leads to some interesting complications when it comes
to finding a heat flux closure. In particular, since the
subspecies-internal heat fluxes are for the most part neg-
ligible compared to the extra term in ¢ during linear
growth, taking ¢, = 0 is a viable closure for this part
of the simulation. On the other hand, in the saturated
phase, ¢. in particular is important to model well, and
qp is also non-negligible in some parts of the simulation.
The challenge is thus to find a closure able to stitch the
behavior in the two phases together.

1. The multi-species closures found by SR

As outlined in Appendix A, building ¢, closures which
behave analogously at first order in perturbation theory
to the original single-species closure requires the A; term
to be generalized according to

AV — Alngvfhﬂ (Va — V0)7 (26)

linear growth, with beam in dashed blue, core in dotted
orange, combined-species in dash-dotted green and the
“extra term” in long dashed red. Additionally, we show
the time evolution of the spatial variance in p;, and g,
(dashed blue), p. and ¢. (dotted orange) and the extra
p and ¢ terms (long dashed red), normalized to the
combined-species variances var, p and var, q. Pressure
quantities are shown in (b:1) and heat flux quantities in
(b:11). The vertical dashed red lines in these plots mark
the time of the snapshot panels. For reference we also
show the time evolution of the logarithmized E-field
variance in gray in arbitrary units, and highlight the
linear growth phase in red. As before, the depicted case
uses the initial condmon {np, V& re17 Uth,b, Vth C} =
{0.177,3.4 x 1072¢,5.0 x 1073 ¢, 6.4 x 1073

with all other terms in the combined-species six-term clo-
sure simply being amended by adding a o subscript to
every fluid quantity, so that the heat flux of each sub-
species is modeled according to ¢, = Geven,o + Jodd,s With

Geven,c = Alndv?h)g' (Va - Va) + A2v5h7081n17+

+A3Tlnﬂt2h,gaz”th,a (27)

3 2
Godd,o = Ay + A5n0vth,a + Aﬁnavch,aasz

And indeed, this is what is found by SR using a term
library analogous to the one used in Ref. 89 for the
combined-species case, consisting of dimensionally con-
sistent terms constructed from products of ng, V, — V,
and vh,o, as well as first-order spatial derivatives of these
quantities. Since 0, (V(7 — V,,) = 0, V,, such a library still
allows us to identify the Ag term without issue. For com-



pleteness the single-species 6-term closure is reproduced
in Appendix C, where the various terms are also physi-
cally interpreted.

A naive term library using V, instead of V, — V, in
principle still allows SR to find this closure, provided one
runs the sparse regression algorithm on narrow enough
time slices of simulation data that V,, is approximately
constant over each time slice. In practice, however, the
fact that V, does vary over each time slice, combined
with the difficulty of identifying an extra term which is
correlated with a term already included in the closure
means that SR convergence often fails in such cases. As
one might expect, SR usually does find the closure in
Eq. (27) with such a library in situations where V is
sufficiently small—sans the V,, correction.

Similarly, expanding the term library to also include
terms with a mix of quantities from the two species, like
NpUth VT, o, generally also leads to convergence issues due
to the vaétly increased library size and correlations be-
tween the perturbations in the beam and core fluid quan-
tities. When SR does converge for such libraries, no ad-
ditional closure terms to those appearing in Eq. (27) are
found consistently.

There are some more significant differences from the
combined-species case, however. In a single-species treat-
ment, the terms corresponding to Ay, Az and Ag are
strongly correlated with the instantaneous growth rate
of the instability v, as illustrated in Fig. 4 of Ref. 89.
‘When modeling the subspecies separately, however, these
coefficients are significantly less transparently related to
vE. There are two reasons for this. The first is that
the two subspecies interact with each other through the
electric field. As discussed in Appendix A, this can be
understood in terms of each subspecies having its own,
complex, plasma frequency wyq, which depends on the ra-
tio between the (complex) relative density perturbation
re = Ny /Ne for the species in question and the analo-
gous quantity » = 72/7 for the combined species, in ac-
cordance with Eq. (Al): wps = wpey/7/To. The possible
presence of an imaginary part to this quantity makes the
constraints derived from linear theory, Eq. (A6), signif-
icantly more complicated than in the combined-species
case, and among other things implies that Ay = A3 =
Ag = 0 is no longer a solution at v = 0 for arbitrary As.
Instead, setting all “growth-related” terms equal to zero
at v = 0 is only possible for A; = 2w!./3ky, . However,
as we shall see, this is actually quite a good estimate of
Aj in the saturated phase, where v ~ 0, so this is not
the main reason why the correlation between As 36 and
v breaks down in the separate-species case.

The main reason is instead that As 3¢ for each species
correlates with the growth rate v, of the heat flux pertur-
bation, which is not equal to g in the separate-species
case, as discussed above. This correlation, though less
transparent than in the combined-species case, can be
seen clearly in Fig. 4. The fact that the correlation is
with v, rather than vyg is problematic from a closure
construction perspective, however, since v, for the sub-
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FIG. 4: Time evolution of 6-term closure coefficients
compared to growth rates yg and v, for the (a) beam
species, (b) core species and (c¢) combined species,
together with (d) the FVU over time for the discovered
models of g, (dashed blue), . (dotted orange) and ¢
(dash-dotted green). In the former three panels, geven
(goaa) coefficients are shown in blue (red), while vg is
shown in tightly dotted gray and -, is shown in faded
blue (orange, green) for the beam (core, combined)
cases, respectively. In the latter panel, logvar, F in
arbitrary units is additionally shown in gray for
reference. In every subplot, the linear growth phase is
highlighted in red.

species cannot be predicted from lower-order moments,
but rather depends directly on the unknown quantity g,.
In principle, it might be possible to predict 7, to some
extent from yg together with v,, and then in turn use
this to predict the growth-related coefficients. In this
work, however, we have elected to sidestep this issue by
restricting ourselves to the three-term model containing
only the three most important terms, i.e.

do = Alnﬂv?}l,d(Vo - V") + A4 + ASTLUU?}‘*”' (28)

This decision is also motivated by the fact that includ-



ing any instantaneous growth rate y(t) in a closure ne-
cessitates very careful consideration of the exact imple-
mentation if one wants to avoid introducing unphysical
instabilities.

We note that the FVU for both the six-term and three-
term ¢, models are generally somewhat higher than the
FVU for the corresponding combined-species ¢ model, as
can be seen in Fig. 4d in the six-term case. One needs to
be careful not to draw the wrong conclusion from this,
however. While it is true that ¢ can most often be mod-
eled more accurately than g, for either subspecies, model-
ing both species separately with imperfect ¢, models still
captures the physics better than modeling the electron
population as a single fluid species. This is because ¢ in
large part is determined by the extra term in Eq. (B13),
which is “automatically” modeled exactly when using two
electron fluids.

Restricting to the three-term model, we can solve the
linear theory constraints for A; and As explicitly. The
resulting expressions, listed in Eq. (A), are not very prac-
tical to work with in our case, however. The main reason
for this is that some quantities which need to be provided,
like w!,, are poorly defined for perturbations which devi-
ate significantly from pure sinusoidality. A proper treat-
ment would thus require working in Fourier space. In
the low-v limit, however, the expressions simplify con-
siderably, becoming A; = —8/3 and A5 = 2w/./3kUyn 0.
This limit is of particular interest to us, since it describes
the saturated phase, which is the regime where ¢, and
g. are consistently non-negligible compared to ¢. As
we can see in Fig. 5, these simplified expressions indeed
agree fairly well with the values for A; and As found
by SR post-saturation, despite the presence of nonlin-
ear effects. The Aj coefficient in particular is predicted
quite accurately, despite the fact that the perturbations
in the simulation are multi-modal in nature—the faded
lines shown in the figure use characteristic values for w,
and k, approximately corresponding to the peaks in the
temporal and spatial Fourier spectra. Specifically, the
characteristic (angular) wavenumber is computed at each
timestep by taking a weighted average over the spatial
fast Fourier transform of the F-field, using the Fourier
magnitude squared as the weight at each wavenumber
k. For the characteristic (angular) frequency, a similar
weighted averaging procedure is utilized, but with tem-
poral continuous wavelet transform (CWT) magnitudes
used instead of Fourier magnitudes to retain temporal
resolution. This latter computation utilizes the Scale-
ogram module for CWT data analysis'!!, based on the
PyWavelets library''2. The predicted value of A; gener-
ally lies further from the SR value, but is correct as an
order-of-magnitude estimate. Since the linear prediction
in this case is simply a constant value, this is not entirely
unexpected. Furthermore, in the growth phase, where
7 is nonzero, both coefficients—unsurprisingly-—deviate
significantly from their predicted values at v = 0 in the
separate-species cases. In the case depicted in Fig. 5,
YE ~ 0.25 wpe during linear growth.
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FIG. 5: The two 3-term closure coefficients A; (solid
blue) and As (dash-dottd red) compared to predictions
from linear theory at v = 0 (in faded blue and red,
respectively) shown for the beam (top), core (middle)
and combined population (bottom) in the simulation
with initial condition {ny, Viel, U¢n b, Vgh,c} =
{0.177,3.4 x 1072¢,5.0 x 1073 ¢,6.4 x 1073 c}.
Furthermore, the growth rate of the electric field
perturbation is plotted in dotted gray and the linear
growth phase is highlighted in red.

Note also that while these predicted values of A; and
As in theory entail a complete, usable closure (A4 does
not affect V-q), they depend on wave parameters and on
the validity of linear theory, meaning the resulting closure
would be nonlocal and likely inaccurate for modeling non-
linear phenomena. Thus, we will instead utilize neural
networks and nonlinear sparse regression, as described in
Secs. IIB and IT A 2, to estimate Ay, Ay and As from the
four box-averaged fluid quantities 7iy/R, Vier/c, Tonp/c
and Oyp ¢ /c.



B. Closure coefficient modeling

Using neural networks of the type described in
Sec. II B, the 3-term closure coefficients can be predicted
at decent accuracy—varying from a total FVU of ~ 3%
for the combined-species As coefficient to a total FVU
of ~ 23% for the combined-species A; coefficient. The
full range of FVU values on the training, test and to-
tal datasets from these neural network models, as well
as the learning rate n used in each case can be seen

Training data # datapoints
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in Tab. I, and plots illustrating the performance for the
core-species As coefficient is shown in Fig. 6. As dis-
cussed in Sec. IIB, these values can be regarded as es-
timates of the lower bound on the FVU reachable when
attempting to model A; 45 as a function of the four box-
averaged quantities we have selected. The majority of
the remaining error is likely to be “irreducible” without
introducing a dependence on wave parameters or similar
into the model, which would entail an increase in com-
putational complexity.

Test data # datapoints
0 -
/]
_2 -
10!
24 [l
Z
z -
_6 4
_8 -
-10 . . . . . LL 100
-10 -8 -6 -4 -2 0
SR As

FIG. 6: Neural network performance when estimating As . from 7, /71, Viel/c, Tgnp/c and 0y o /c: a binned
scatterplot of predicted vs actual coefficient values (left: training data, right: test data). In this case, a learning rate
of n = 3.5 x 1073 was used, with FVU scores of 7% (training), 8% (test) and 7% (total).

Using NLSR with a monomial-basis rational ansatz
as outlined in Sec. II A2, we find models for all species
and closure coefficients with largely neural network-
equivalent accuracy. In fact, the accuracy of the NLSR
models in some cases, e.g. for the beam-species A4 coef-
ficient, even slightly surpasses that of the neural network
models, as can be seen in Tab. II. As the dependence of
A1 45 upon iy /7, Viel/c, Tenp/c and Tgn o/c is relatively
complex, the minimum model complexity m required for

neural network-equivalent performance is also high, rang-
ing from 25 to 73 terms for the monomial-basis models
and from 31 to 82 terms for the Bernstein-basis models.

For example, the combined-species As coefficient, be-
ing one of the more easily expressible, still requires
25 terms. Writing the model out explicitly—which is
only feasible due to the relatively limited number of
terms involved, we find that A; = N(x)/D(z) for * =
[76 /7, Vtn,b/ €, Ven,o/; Vie /] with

9 5 e e oo 2 9 2 2.9 2
§34M 01, p Viel + 36V, Viel + E37Mp0th,c Viel + §38Mp UVt e Vrel + &54Vial + §73700 0k o Viel + §7470 05 o Viel

2 9 - o IR 2 o 2.9
1+ (873 p + Colth,e + (117 Vth,e + (155 pVth,e + C18Tin e + G197 T ¢ + (2070 Vi, o+

S5 oo 5 2 —252 2 &9 2.9 2
+ (3776 Vth,c Vel + (3875 Vth,e Viel + Cas Ut e Viel + (5670 Viel + G597 Uth b Viel + C6272, Uiy Vier +

S o 5 I 2 2 _ 9 2
+ C630th,c Vil T C6aTb0th,c Viel + (657 Vth,e Viel + Cr20ih e Viel + G737 h  Viars

(29)



TABLE I: FVU performance and learning rates 7 for
the neural network models used to estimate A 45 from
the four box-averaged quantities fiy /7, Viel/¢, Uenp/c

and Tgn,c/c.
Training FVU  Test FVU  Total FVU  p [107°]
Ay 0.10 0.25 0.14 35
A 0.07 0.16 0.10 3.5
A 0.21 0.26 0.23 3.5
Asp 0.16 0.30 0.21 14
A 0.04 0.08 0.05 14
Ay 0.07 0.11 0.08 35
Asy 0.07 0.22 0.11 1.0
As.c 0.07 0.08 0.07 3.5
As 0.03 0.04 0.03 3.5

where the normalization factors 7 and ¢ have been omit-
ted for readability. Note that £ is 0-indexed, while ¢ is
1-indexed, in agreement with Sec. I A 2.

As it would be cumbersome and offer little immedi-
ate insight, we do not explicitly write out the remaining
NLSR coefficient models, nor the nonzero components of
& and ¢. In principle, however, such expressions could be
written out for each model, and they still provide more
interpretable information than the optimized parameters
of a deep neural network. In addition, NLSR models
are easier to differentiate analytically, as they lack the
recursive structure of neural networks. Although they
are not as interpretable as traditional linear SR models,
they thus remain significantly more interpretable than
neural networks, while retaining comparable expressive
power. It should also be noted that while the NLSR
models do require a large number of coefficients to reach
neural network-equivalent accuracy, the number of free
parameters in the NLSR models is still lower than that
of our MLP models by more than an order of magnitude.

Because of the nevertheless relatively high model com-
plexity required for neural network-equivalent perfor-
mance, and due to the stochastic nature of the algorithm,
consistent model identification is very rare with NLSR.
Instead, there are often many different viable models at
each model complexity. Thus, it is more useful to show
the FVU of all models found in the ten cross-validation
folds at each complexity in a scatterplot, as in Fig. 7,
rather than only showing the average FVU and the range
of FVUs reached as is usually done for linear SR. In the
figure, we specifically show the A5 models found for the
beam electron population, but the behavior of NLSR for
other coefficients and species is similar—the main differ-
ence being what the optimal FVU is, and what complex-
ity is required to reach it. We note that for some co-
efficients and species, NLSR has difficulty converging at
high complexity, leading to a U-shaped apparent Pareto
front. In all such cases, however, FVU scores on the
same order as those of the corresponding neural network
models were still reached, at a lower complexity.
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NLSR Pareto analysis

FVU

FVU

FIG. 7: Scatterplot of FVU for the rational
monomial-basis (top) and Bernstein-basis (bottom)
beam-species A5 models found by NLSR at each
complexity in the ten cross-validation folds, for training
data (orange diamonds) and test data (blue squares).
The total dataset FVU for the optimal models at each
complexity, approximately tracing the Pareto front, is
additionally shown in dashed black. Furthermore, the
complexity and total FVU of the Pareto-optimal models
included in Tab. I, i.e. m = 73, FVU 15 % (monomial)
and m = 82, FVU 17% (Bernstein), are indicated by
the red dashed lines.

As discussed in Sec. IIA 3, however, these models
sometimes exhibit problematic behavior when applied
outside of the training dataset due to poles within the
parameter regime of interest. If one instead expresses
the denominator polynomials in the Bernstein basis and
restricts to nonnegative coefficients as outlined in the sec-
tion in question, this issue is eliminated at the cost of a
slight decrease in accuracy for the training dataset. The
FVU scores reached by NLSR—both with and without
these restrictions—are shown in Tab. II for selected mod-
els, together with the corresponding model complexities.
The models shown in the table were selected to have FVU
scores comparable to the minimum FVU reached, using
a minimal number of terms, to maximize ease of use and
limit overfitting.

As we can see in the table, the more restricted
Bernstein-basis models fulfilling these criteria tend to
have comparable but slightly higher FVU than the
monomial-basis ones. For the complexity, on the other
hand, behavior varies depending on coefficient: A; is
seemingly more easily expressible using the Bernstein ba-
sis, while A4 and As are sparser in the monomial basis.
Note that while the latter two are captured fully by the
rational NLSR models, the NLSR A; models have some-
what higher FVUs than the neural network models, sug-



TABLE II: FVU performance and model complexity m
(number of non-zero terms in ¢’) for selected monomial-
and Bernstein-basis rational models of A; 45 in terms of
the four box-averaged quantities fy/R, Viel/C, Dinp/cC
and Typ . /c found by NLSR.

Training FVU | Test FVU | Total FVU m
Mon. Ber. Mon. Ber.| Mon. Ber.

Arp| 0.27 0.28 0.27 0.29| 0.27 0.28| 60 56
Al 0.19 0.29 0.21 0.35] 0.20 0.30| 67 49
A | 0.27 0.31 0.30 0.38] 0.28 0.32| 42 31
Agp| 0.15 0.17 0.29 0.30| 0.16 0.18| 25 62
Asc| 0.06 0.07 0.11 0.14] 0.06 0.08| 25 52
Ayq | 0.08 0.08 0.09 0.10| 0.08 0.08| 25 48
Asp| 0.15 0.17 0.15 0.20| 0.15 0.17| 73 82
As.| 0.08 0.12 0.16 0.14| 0.09 0.12| 42 78
As | 0.06 0.05 0.07 0.05| 0.06 0.05| 25 76

gesting performance may be improved further by altering
the term library or functional form.

While modeling these coefficients with largely neural
network-equivalent accuracy is promising, fully assessing
the viability of the A; 4 5 models necessitates examining
how well a closure implementing them, via

Gy = Alﬁanav?}w (V,, - Va) + A4,a + A5‘ﬁnn‘vfh,nv (30)

predicts ¢, and 0,q,. As can be seen in Fig. 8, these
models of ¢, are generally quite accurate, as expected
based on the relatively low individual-coefficient FVU
scores. For the simulation depicted in the figure, the
FVU of this resulting model §, over all spacetime points
¢ in the simulation, meaning

~ zl ((10',1' - (}0772)2
FVUgim [(Ja] = ﬁ’
i QG,i - QU)

is 16 % for the beam species, 11 % for the core species and
14 % for the combined species. At early timesteps, we can
see that the plots of PIC ¢, and ¢, rational models differ
slightly in shade, signifying that the A4 is somewhat in-
accurate pre-instability. This is unsurprising, since this
region was excluded from the optimization dataset, and
the A4 term does not naturally scale with the perturba-
tions in other fluid quantities, unlike the terms associ-
ated with A; and As. Regardless, an incorrect value of
the A4 constant term has no influence on the viability
of the closure, since only 0,§, is actually inserted into
the pressure equation when the closure is used. Measur-
ing the accuracy with which this quantity is predicted is
somewhat less straightforward than for undifferentiated
¢o, however, since numerical differentiation amplifies par-
ticle noise.

Calculating FVUgim [02¢,] naively using an O(Az?) ac-
curate symmetric scheme with spatial step dx = 2Ax,
via the same method as for §,, we get an FVU of
23 % for the beam species, 27 % for the core species and

31)
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18 % for the combined species. Differentiating with a
longer spatial step—or, similarly, passing the differenti-
ated data through a moving average filter, these FVU
scores are reduced. For example, applying a moving av-
erage with a window size of 11 (equivalent to averag-
ing simple symmetric differentiation schemes with spa-
tial steps 02 = 10Az and dx = 12Az) yields FVU scores
of 20%, 23 % and 16 % respectively for the three cases.
With larger window sizes, FVU is decreased further—a
window size of 21 e.g. yields FVUs of 19%, 20% and
13%. However, increasing the window size in this way
also risks coarse-graining out physical small-scale per-
turbations, the importance of which is difficult to judge
solely from PIC simulation data. Thus, fully evaluating
the performance of our §, closures still requires imple-
mentation within a fluid code.

Even without actually performing such an implementa-
tion, however, there is a quantity which likely correlates
more directly with fluid code performance than even the
024, FVU: the FVU for our resulting model of 9;p. After
all, this is the quantity we are ultimately aiming to pre-
dict accurately by inserting our closure into the pressure
equation. Using this quantity, we take into account that
predicting 9,q, accurately is only important insofar as
the term in question is significant compared to the other
terms on the right-hand side of the pressure equation ex-
pressed as

atpo‘ = _Vn‘amprr - 3prraacvrr - am(Iﬂa (32)

ie. V,0.p, and 3p,0,V,. For the simulation depicted
in Fig. 8, the right-hand side of this equation is pre-
dicted with FVU scores of 9%, 14% and 7% for the
beam, core and combined electron populations—a sig-
nificant improvement from e.g. taking 9,¢, ~ 0, which
yields FVU scores of 39 %, 51 % and 38 % for the same
cases. In fact, our model predicts the right-hand side
of the pressure equation approximately as accurately as
O¢py itself does, calculated using a symmetric temporal
O(At?)-accurate finite-differences scheme applied to the
PIC p,. The FVU scores in the latter case for opti-
mally smoothed spatial derivatives (using a moving av-
erage window size of 7) are 16 %, 10 % and 7%, respec-
tively. Note, however, that the agreement between the
two sides of the pressure equation is significantly better
than this locally—i.e., when considering the state of the
simulation at neighboring simulation-internal timesteps;
as noted in Sec. IT C, these are a factor 100 smaller than
the dataset effective timestep At.

For most of the other simulations, the accuracy is sim-
ilar to that of the case shown in Fig. 8. Some simu-
lations are predicted even more accurately—for exam-
ple, the one with initial condition {ny, Viel, U¢n b, Vth,c} =
{0.0337,4.7 x 1072 ¢,5.5 x 10™°¢, 7.2 x 1073 c} reaches
FVU scores for the right-hand side of the pressure equa-
tion of 6%, 12% and 5% for the beam, core and com-
bined populations respectively. Notably, these values are
almost an order of magnitude lower than the 42 %, 85 %
and 48 % FVU scores reached with a naive §, = 0 model.
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FIG. 8: PIC g, (left) compared to three-term models §, implementing the Bernstein-basis rational models of A 45
(middle), with the ¢, — ¢, error shown on the right—for the beam (top), core (middle) and combined (bottom)
electron species. The depicted simulation uses an initial condition {ny, Viel, Vth,p; Ush,c } =
{0.137,3.4 x 1072¢,1.8 x 1073 ¢,4.5 x 1073 c}.

In certain cases, however, accuracy is somewhat lower.
For example, accuracy as measured by ¢. FVU is gen-
erally poor when the beam—and thus the perturbation
of the core—is very weak. This is not a major problem,
though, as the core heat flux itself is very weak in such
cases (and thus not as important to model). A further
example is that of localized heat flux spikes, which some-
times occur during saturation, the magnitude of which
is poorly modeled for ¢. in simulations with very cold
and/or dense core populations. However, even if inaccu-
rate prediction of the exact spike amplitude impacts FVU
significantly, it is unclear how large the effect would be
on a fluid code simulation implementing the closure.

Another relatively minor issue is that of small-scale
perturbations propagating at relativistic speeds (> 0.1¢),
which commonly arise during saturation in simulations
with very high initial Ve (~ 0.1c), which are not
captured accurately by the closure. This is unsurpris-
ing, since our training dataset is overwhelmingly non-

relativistic. Additionally, the moment equations we use
are only valid in the non-relativistic limit in the first
place—for relativistic systems, closure construction is
significantly more complicated!'3-116,

A somewhat more serious issue at such high-V;¢ ini-
tial conditions is that they can yield phase-space dynam-
ics violent enough to effectively swap the two electron
populations for some electron holes during the saturation
process—especially in conjunction with high beam densi-
ties. This causes Viel to be strongly negative (~ —0.05¢)
in some parts of the simulation box and strongly positive
(~ +0.05¢) in others, meaning Vel is a poor predictor of
local conditions. More accurate simulation of such cases
thus likely requires A 45 models sensitive to variations
in Vi on the scale of the electron holes created by the
instability, or a modified implementation where particles
can be exchanged between the two species. Regardless,
the total simulation FVU in such cases for the right-hand
side of the pressure equation remains below 50 % even



in the simulations most affected by these phenomena;
significantly lower than that of e.g. the ¢, = 0 model,
which is often approximately unity in such cases.

IV. DISCUSSION AND CONCLUSIONS

Achieving both high efficiency and high fidelity is a
central goal of numerical plasma physics. For fluid mod-
els, this requires closures able to capture kinetic effects
without fully kinetic simulation. Yet deriving such clo-
sures from first principles remains challenging for many
collisionless processes. To overcome this, we employ
data-driven approaches from machine learning, includ-
ing neural networks and sparse regression. In a recent
article®”, we used sparse regression to discover a heat flux
closure accurately capturing the physics of both Landau-
damped Langmuir waves and two-stream instability.

Two significant questions remained: Firstly, while the
closure had been demonstrated to capture the heat flux
of a single electron species well, it remained unproven for
multi-electron species modeling, which is more suitable
for fluid modeling of two-stream-unstable setups. Sec-
ondly, the coefficients in front of the discovered closure
terms were found to vary depending on plasma condi-
tions, meaning the closure needs to be supplemented with
a method for estimating the coefficients from, e.g., lower-
order fluid moments when implemented in a fluid code.

In this work, we propose and test possible strategies
to address both of these issues, through a combination of
theoretical and computational approaches:

e We derived a multi-species generalization of the previ-
ously found single-species six-term closure from linear
collisionless theory and demonstrated how this modi-
fied closure is indeed identified consistently by sparse
regression for relevant two-stream-unstable setups us-
ing a suitable term library.

Furthermore, we developed a new framework for non-
linear sparse regression, and showed how this can be
used to estimate the most important free parameters
in the original closure from box-averaged fluid quanti-
ties at largely neural network-equivalent accuracy.

Additionally, we showed how the resulting rational co-
efficient models can be protected from divergence over
a domain of interest, at the cost of only a limited de-
crease in accuracy, by expressing the denominator poly-
nomials in the Bernstein basis.

Using low-order rational functions protected against
poles may have an advantage compared to neural network
models, since the latter may reduce the convergence or-
der of the simulation due to their uncontrolled character,

even with smooth activation functions®’.

e To ensure that the resulting closure is able to accu-
rately capture the underlying kinetic physics over a
large parameter domain, we used first-principles kinetic
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simulations in the OSIRIS code with a range of initial
conditions to generate our dataset. The resulting mod-
els regularly capture 80-90% of the variation in the
heat fluxes g, for the various species, and predict O;p,
with a typical accuracy of 85-95% over the course of
a simulation, further demonstrating the utility of the
closure. For comparison, a naive zero heat flux closure
typically only yields a 50-60 % accuracy for 9;p,.

Notably, this high accuracy was achieved despite our
rational NLSR models having an FVU error rate of 30 %
for the A; coefficient, roughly twice that of optimal neu-
ral network models, which reach 10-20 % FVU. A clear
pathway towards further increasing the accuracy of the
closure is thus to investigate extended term libraries for
this coefficient. For the other coefficients of interest, Ay
and As, neural network-equivalent accuracy is reached.

This is not the only potential pathway towards a fur-
ther improved closure, however. Looking instead towards
specific circumstances where closure performance is de-
creased, we see that strong inhomogeneity over the simu-
lation box is one of the major culprits. For example, per-
formance suffers when electron hole growth is uneven or
the sign of V,, varies over the simulation box. A promising
avenue for future work is thus to use more local averages
(potentially with e.g. a Gaussian kernel) to predict Aq 45,
rather than the full simulation-box averages used in this
work. Notably, this approach is also better aligned with
ensuring parallelizability of the resulting model.

A further limitation is that the closures we discuss
in this work are all non-relativistic. ~As outlined in
Sec. III B, performance is decreased for setups where sig-
nificant numbers of particles travel at speeds 2 0.1 ¢ rela-
tive to one another. Since the framework we are working
within is based on the non-relativistic moment equations,
this is expected. Generalizing these closure models to
handle relativistic dynamics is thus another potential fu-
ture area of investigation.

Generalizing data-driven closures to three-dimensional
electromagnetic plasma phenomena remains a major
challenge. When extending sparse regression closures
to higher dimensions, the requirement that the result-
ing heat flux transforms as a symmetric third-rank tensor
must be enforced in order to keep the size of the resulting
term library manageable. Owing to the strong anisotropy
of magnetized plasma dynamics, extending beyond the
electrostatic phenomena considered here, the inclusion
of electromagnetic fields in the term library is likely un-
avoidable. This substantially enlarges an already large
term library and increases the likelihood of strongly cor-
related terms, which may render the regression problem
poorly conditioned. Ensuring rotational invariance (as
well as Lorentz or Galilean invariance, as appropriate) is
essential for physical consistency and is also practically
beneficial in reducing the search space. Both require-
ments can be satisfied through an appropriate construc-
tion of the closure, while rotational invariance may alter-
natively be enforced by augmenting the training data8®
with randomly rotated samples.



The definitive test of a closure’s accuracy is its perfor-
mance in a fluid code. While implementing and directly
evaluating such a closure lies beyond the scope of this ar-
ticle, we have shown that the key three coefficients can be
reliably estimated from bulk fluid quantities, suggesting
no fundamental barrier to implementation.

Our NLSR framework (Sec. IT A 2) offers both advan-
tages and drawbacks relative to neural networks. In its
current form, training equivalent neural networks is con-
siderably less computationally demanding, though the
cost of NLSR could likely be reduced with further op-
timization. The key strength of NLSR lies in its rela-
tive interpretability: it allows straightforward protection
against divergences across any domain of interest and en-
ables analytic computation of derivatives—features that
are difficult to achieve with the more opaque structure of
neural networks.

Apart from the type of closures discussed in this pa-
per, NLSR could also be applied to discover data-driven
sub-grid scale closures. More traditionally derived such
models have previously seen use in both neutral fluid dy-
namics and magnetohydrodynamics to account for spa-
tiotemporally under-resolved physics''” 1. There has
also been some work directed towards the development
of theory-based sub-grid fluid closures in collisionless
plasma physics, where the effects of small-scale, pressure
anisotropy or heat flux driven instabilities on momentum
and heat transport are captured*'?°. Work on data-
driven sub-grid scale modeling of collisionless plasmas,
however, has thus far been limited to the acceleration or
super-resolution of kinetic simulations!21:122,

Ultimately, significant further study is needed to de-
velop closures for the three-dimensional and multi-scale
collisionless processes which fundamentally motivate this
work, being infeasible to model kinetically. However, the
closures and techniques developed here serve as a useful
stepping stone in such efforts. With a proper tensorial
generalization it stands to reason that the six- and three-
term closures developed here can even find direct applica-
tion in large-scale two- or three-dimensional simulations
if used in conjunction with e.g. a neural network to iden-
tify regions where electrostatic processes dominate.
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Appendix A: Constraints from multi-species linear theory

Applying linear collisionless theory to fluid models
with multiple electron species yields results which are
broadly similar to those using a single electron species.
There are, however, some significant differences—mainly
due to the fact that the species can interact through the
electromagnetic field. Within 1D electrostatic linear the-
ory this coupling can be boiled down to each species feel-
ing its own distinct effective complex plasma frequency,
Wpe, which can be defined through

2 2

ToWpy = TWpes

(A1)

where r, = i, /i, and r = 1/7, following the notational
conventions of Ref. 89. We can also express r in terms of
individual species quantities:

1Ny + Tong
ny + N2

_ D2y Tolle

Zn’ No

Apart from this, there is also Doppler shifting of frequen-
cies, since even though we are in the combined-species
CoM frame, each species may still individually have a
nonzero average flow velocity.

The lowest three moments of the Vlasov equation
for each species’ distribution function f,, together with
Maxwell’s equations, are given by

r = {2 species} = (A2)

Mng + 0, (neVy) =0
no(at + Vn-ar)vc + axprr = _inaE
Me

(aL + Vaa:t)pa + Spaa:tva + 8:5(10 =0
e
.LE =—(n-
17 - (A —n)

(A3)

O E = ;nV.
€0

With S different electron species, this is a set of 35 + 2
equations relating 45 + 1 unknowns. Since the two re-
maining Maxwell’s equations imply the combined-species
continuity equation, the equations actually only amount
to 35 + 1 constraints, however. Thus, closures for S dif-
ferent quantities (in our case ¢,) are needed to have a
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solvable system of PDEs. Since we are only interested in the ions to be immobile with number density equal to the
processes occurring at electron timescales, we have taken  average electron density 7 to ensure quasi-neutrality.

Now, let us consider a small wave-like perturbation around equilibrium in the combined-species CoM frame, i.e.

Ng = g + NpetFe=wt)

V, = Uy + Vyeilho—a)

Po = nav‘?h’g‘, Vth,c = UVth,o + 'ﬁth,ae
9o = qo + QUei(k17WL)

E = Eeilka—wt)

i(kz—wt) (A4)

with ) figVy = 0. We assume the wavenumber k to be real, but the frequency w = w, + iy is allowed to be
complex, v being the growth rate. Inserting ansatz (A4) into Eq. (A3) and keeping only terms up to first order in the
perturbations, we obtain the relations making up multi-species 1D linear collisionless theory:

—iwiy + z‘k(ﬁan T ngvg) )

e ~

Tig (—iw + ikV, ) Vo + ik (603, 5 + 25Th,00th0) = —— T B
_ ’ e (A5)
(—iw + ikV, ) (fia Dy o + 206 VihoBih,o ) + 3ikRoTE, o Vo + ikis = 0
ikE=—Sh,
€o

where 1. =Y _ f,.
Reorganizing these equations to solve for the variations in electric field strength, density, thermal speed and heat
flux, we find

= . e
E=i—rn
kEo
7 /
Vo =ToVpho
2 2
wi, —w
- _ bo a _ Al
Uth,e = 75 1+ k2,2 ToVth,o ( 6)
Uth,o
2 2
Wi, — w
. po o 1 ’
o =— |3+ T TN Vih o Vph,o
vth,(f

Here, we have introduced the notation véh_a = Vph — V, and w!, = w — kV, for the (species-specific) Doppler-shifted
complex phase velocity and frequency, respectively. Note that just like with a single electron species, having negligible
ion dynamics implies that a heat flux closure needs to agree with the expression for ¢, to first order in r, in order to
be viable for modeling weak wave-like perturbations. If we make an ansatz
Jeven,oc = Al"o'vfhp (Vo' - ‘_/a) + A28I”L77)?h’0 + ABTLU,U?h.Q'aZ,Uth,U (A?)
Godd,o = Asg+ Asnav?h,a + AGnUU§h1081‘VU7

motivated by the single-species 6-term closure model, we get
Cjcvcu,a = Alﬁa'l_}?h,gf/a + ikA2ﬁU’D?h,a7 + ikA'ST_Lal_)tzh,aﬁthJ =
wgo — (w — kV,)? B

1+ —
K253, (A8)

- 1 .
e . - 3 A = 3
= A1,V » (vph — kVo) + ik Ao Ny Uy, 5 — ELkA;ﬂgngvth,(7

(1 Bno 1 Tine Who —Wo
|:A1+7,k‘<2A3A2> o “r*’Lk‘Asv, W

ph,o 2 ph,o th,o

) /
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and

~ ~ -3 ) . _ 2
Godd,c = A5 ("avth,g + 3nﬂvth,avth,0) + ZkAﬁnoUth,ovﬂ =

:A,,(lﬁ
2

2 2
Wi, — wg

1+ paii
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(A9)
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] )ranavthﬁ + zkAGrgngvthﬂvph_’m
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recovering expressions similar to those found in the single-species case, except with w — w/, (implying vpn — vph »)
and wpe =+ Wpo-

Note that the A; term needs to be set proportional to as well as
V5 — V, rather than proportional to V; to recover these
expressions—otherwise, additional terms ~ ﬁ(,ﬂﬁWVU

= £0W2e + "/2 - le
and ~ 7f,Uth,oUth,s Ve appear. This can be viewed as a, = Re®, = pkrz
using the same definition as before, if one interprets the Yth,o (A11)
combined-species quantity V present in the original clo- 2!y — Q,wge

sure as V — V, which is reasonable, as we are explicitly
working in the combined-species CoM frame.
If we for each species further define
where we have introduccd the additional notation w/. =

By (w0, k) = wgg*w? (A10) Rew!, =w, —kV, and ;- = p, = &5 + i, for real §,,,<m
7 k2o, , inserting Eqs. (A8) and (A9) into Eq. (A6) yields a sin-
gle complex-valued constraint on the closure coefficients
for each species:
1 1
(34 ®,)wl, = —(A1 +ikAg)w), + {ﬂkAg + 5ikAg(l +®,) + 5As(l + 3@0)] ko (A12)

Just like in the single-species case, we can split this equation into real and (negative) imaginary parts to get two
real-valued constraints

B+ ag)wl. + oy = —Arwl. + kAgy + = [kA560+A5(1+3a0)]kvtha

(A13)
—(3+ ap)y + Bow,. = A1y + kAsw!. + |:k)A2 - 5Ing,(l +a,) + iAsﬁﬁ} kTih,o-
Solving for A; and kAg gives
kv o
kA = By + [ kA + kAr;(l + B, )l — —A5(1 +3<1>0+)7] “““‘
P (A14)
Ay = -3—a,+ [ EAgy + kAd(l + Oy )y + A5(1 + 30, )w } ””‘|"
U
where we, similarly to what was done in the single-species analysis in Ref. 89, have introduced the shorthand
2 72 F1
Who+ + |w0 Y
Qop = lkT" qui = (& + niCa)wﬁe, N+ = ¥<J (A15)
th,o r
Taking v — 0, we have no issues with ®,_, since
Wby + Vo )w2, — whlwl|? w2, — wi?
AR S N ) A16)
th,o th,o
but for ®,4 we need to be careful. What we have in our expressions is
~E W w2+l 2 w2
e (A17)
th o th o
Thus, our constraints become
CO‘ ;2)c 1 50 [2)c 70"}1,“2 3 Co‘wpc k{)th,u
kAf;:*sz —kAs + -kAs 1+k272 Ak22 —
th o 2 th o th o Wy AlR
A 3 £uw§e - w? 1kA Cow, ge 1A 1 3‘gﬂ‘*)pe - w kUtn, o ( )
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which is significantly more complicated than for the sin-
gle species, due to the presence of (,. In particular,
Ay = A3 = Ag = 0 is no longer always a solution of
the first equation. Indeed, this can only be true if

/
2y (A19)

As = :
?’kvth,a

which is a priori unlikely to be fulfilled for an arbitrary
6-term model found by SR. In other words, one should
not necessarily expect As 3¢ to correlate clearly with the
growth rate when modeling several electron species sep-
arately, like they do in the single-species case. If we nev-
ertheless do demand this, inserting this expression for
As into the second constraint (together with Az = 0),
several cancellations occur, leaving us with

1 8
Ay =-34+>=—- A2
1= =343 3 (A20)

2"‘};7 B Cﬂwge _
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implying that

Al = ——
(A21)

are the linear theory predictions of the A; and As coef-
ficients for the 3-term A; 45 model in the v — 0 limit.

If we instead set Ay 36 = 0 from the start, to get ex-
pressions for A; 5 in the 3-term A; 4 5 model without tak-
ing v — 0, we get the significantly more complicated
relations

314 37k Um -t (véo — wTCU)wpe + 'Y‘wn|

k202 n

th,o ‘wg‘ kvth o

Eow3, + w2 3 LR+ (Wil + G )wde — Wilwl | (422)
o pe ’Y 3 th,o o T VSo )Whe r%o
A =-3- + -A4s s
k2 Uth o 2 ‘w ‘ kUth o
which can be rearranged into
2
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1= 9= -
k27jt2h,(7 k Uthﬂ Ewk Uth,ﬂ (’Y'EG' - w;cﬁ)wge + 7'“{’7‘2 (A23)
2 QUJ;’Y - Cﬂwge |w[,r|2k77th.a

A5 = —
3 K, 37k, th,o

Appendix B: Separate- and combined-species fluid
quantities

By definition, the k" order raw moment for a species
o is given by
Y, = /d3vv<’“)fa. (B1)

These add linearly when species are combined, since the
corresponding combined quantity is given by

Y= / Boov® f = /d3v ) Zf, = Z Y,, (B2)
by linearity of integrals. In other v{vrords, Wc”havc
n= Z Ny, (B3)
and ’
1
nV:ZU:nUVU:VZEZU:nUVU (B4)

+ (v€s — whCo)w2y + Ylwi [*

For central moments, relating sub-species quantities and
combined quantities is a bit more complicated. Taking
pressure as an example, the relation is

p=P-—nv® = Z <pg + nUVg(Q)) -n

—Z[pﬁna

When there are precisely two subspecies, we have

v —

(B5)
(Vo = V).

1 n,
Vi—V=_"ln-n)Vi - Vo] = TS(VH -V2)

ny

szV:m:ff(V1 V),
(B6)
implying
nin
m(Vi = V)= —ny(Va = V) = = =(Vi = Vo), (BT)
which means that our expression for p reduces to
(B8)

p=> Pt RV - V),



or in 1D

ning

(Vi — Vo). (B9)

p= Zpg

Analogously, for the heat flux we have

g=Q-3{PV}+2mV® =

22

In other words, p depends not only on p,, but also on
an extra term involving the harmonic mean of the two
species’ densities and their difference in flow velocity.

=3 (qa +3{pP, Vo } + nm}‘”) - 3{2 (pg + ngw,(”)v} +2rV® =

o

=3 33 (Vo = V) + Y 0o { VP (Ve = V)} =23 0o (Vo (Ve - V)V =

(B10)

- [qg + {<3p0 T, V@ - QnUVaV) (v, — V)}],

which for specifically two-species combination reduces according to

8 Pa(Va = V) =3(T - T) 2 (Vi - Vi),

S VAV, V) = (VO - V) M2y, v,

2V 0 Vo (Vs

so that

TL17L2

q= an
fZ

or in 1D

nin
4= a0+ =BT -

o

o

As we can see, the extra term contributing to the com-
bined heat flux is significantly more involved than the
corresponding term for the pressure.

Appendix C: The single-species 6-term model

In Ref. 89, the single-species analogue of the term li-
brary used in this work was utilized to discover the six-
term closure ¢ = Geven + Godd, With
Geven = Aln'UtQhV + AZ'U?hazn + A3nvt2haarvth (Cl)

Godd = Ay + Asnvd, + Agnvd 0,V

where V' is in the center-of-mass frame, i.e. equivalent to
V — V. This closure was consistently identified by SR for

V) =2V

{3(Th — o) + (Vi + Vo =2V )(V} —

nlnz { {3(7_1 ST - ny ;nz

nin ny
=g+ 1” 2 {:’,(T1 —Ty) -

(B11)

ning (V V)(z)

Va)l(Vi — Va)} =
(B12)

(Vi — Vzﬂ Vi — Vz)},

o) + (Vi + Vo = 2V)(Vi = WVo)|(Vi — Vo) =

. (B13)

(V1 — Vz)Q} (Vi = Va).

both Landau-damped Langmuir waves and two-stream
instability. Here, A; through Ag are free parameters,
which depend on plasma conditions and must be esti-
mated from other known quantities, as outlined above.
The coefficients in geyen are “k-even”, meaning they are
invariant under mirroring of the domain (equivalent to
exchanging k with —k in Fourier space), while those in
Goda are “k-odd”, and pick up a minus sign under this
operation.

Coefficients Ay, A3 and Ag were found to correlate
strongly with the instantaneous perturbation growth rate
v in the single-species case; this also carries over into
the multi-species case, with some caveats. On the other
hand, the A;, A4 and As terms are necessary for ac-
curate ¢ modeling also when the growth rate is zero,
such as in the saturated phase of the two-stream instabil-



ity. These latter three coefficients were also consistently
found to be more important in general—i.e., even when
7 is nonzero—as measured by their respective contribu-
tions to lowering the model error rate.

While A; and As are dimensionless and A, has units
of (mass-normalized) heat flux, the three growth-related
terms all contain a spatial derivative, meaning the A 36
coefficients have units of length. Consequently, they are
approximately proportional to the characteristic length
scale of variations in the density, temperature and flow
velocity, respectively, while A; and Ay remain order unity
regardless of these length scales.

That these specific six terms should be identified con-
sistently is not entirely unexpected, as they are the six
terms which are nonzero at zeroth or first order in pertur-
bation theory. Specifically, terms A4 and As are nonzero
at zeroth order, and every term except for A4 contributes
at first order. The A3 term corresponds to the local ap-
proximation of the Hammett-Perkins closure originally
derived in Ref. 36, corresponding to a heat flux driven by
temperature gradients. The As and Ag terms may sim-
ilarly be understood as heat fluxes driven by gradients
in density (or pressure) and flow velocity, respectively.
The three terms found to be most important for accu-
rately modeling ¢ are less transparent when it comes to
interpretation, however.

The A; term corresponds to an advective heat flux
contribution, chiefly carried by fluctuations in V. As
discussed in Ref. 89, it may be interpreted as partially
canceling the terms proportional to Vd,p and pd,V in
the 1D pressure equation. Notably, a linearised version of
this term also shows up in a heat flux closure which can be
derived by using a different three-pole approximation of
the plasma response function than the one used to derive
the Hammett-Perkins closure!?3124, In real space, this
closure, which concerns the first-order perturbation dq to
the heat flux, looks like

8q = A1t 0V — xavg, HOT, (C2)
as outlined in Ref. 124. Here, H denotes the nega-
tive Hilbert transform, which also occurs in the exact
Hammett-Perkins closure when formulated in real space.
In fact, the second term in this alternative closure is pre-
cisely the full, nonlocal Hammett-Perkins closure. The
only difference is that the value of the coefficient x which
satisfies the linearized moment equations differs depend-
ing on whether the first term is included or not. Inter-
estingly, the derivation given in Ref. 124, based in linear
theory, gives A1 = (3w —8)/(4 — ) ~ 1.66, which has
the opposite sign compared to the values we find (but is
similar in magnitude). This discrepancy can be ascribed
to the presence of the As term in our closure, since a
closure with only the A; 45 terms gives A; = —8/3 in
linear theory (see Appendix A).

The reason for the A5 term’s importance is less clear.
It is possible that it helps compensate for the omission of
the nonlocal aspects of the Hammett-Perkins heat flux
in the temperature gradient approximation. Since the
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term in question is also identified as important through-
out the nonlinear saturation process in two-stream in-
stability simulations, it may also be connected to non-
linear effects. Finally, the A4 term is unique in that it
does not actually affect closure performance, since the
heat flux only appears in the pressure equation through
its divergence. It is instead only needed to correct the
zeroth-order heat flux induced by the A5 term.

REFERENCES

1J. M. TenBarge, J. Ng, J. Juno, L. Wang, A. H. Hakim, and
A. Bhattacharjee, “An extended MHD study of the 16 October
2015 MMS diffusion region crossing,” Journal of Geophysical
Research: Space Physics 124, 8474-8487 (2019).

2C. Dong, L. Wang, A. Hakim, A. Bhattacharjee, J. A. Slavin,
G. A. DiBraccio, and K. Germaschewski, “Global ten-moment
multifluid simulations of the solar wind interaction with Mer-
cury: From the planetary conducting core to the dynamic
magnetosphere,” Geophysical Research Letters 46, 11584-11596
(2019).

3J. Ng, A. Hakim, L. Wang, and A. Bhattacharjee, “An improved
ten-moment closure for reconnection and instabilities,” Physics
of Plasmas 27, 082106 (2020).

4D. A. St-Onge, M. W. Kunz, J. Squire, and A. A. Schekochihin,
“Fluctuation dynamo in a weakly collisional plasma,” Journal
of Plasma Physics 86, 905860503 (2020).

5F. Shi, Y. Lin, X. Wang, B. Wang, and Y. Nishimura, “3-D
global hybrid simulations of magnetospheric response to fore-
shock processes,” Earth, Planets and Space 73, 138 (2021).

SL. Arzamasskiy, M. W. Kunz, J. Squire, E. Quataert, and A. A.
Schekochihin, “Kinetic turbulence in collisionless high-3 plas-
mas,” Phys. Rev. X 13, 021014 (2023).

7R. Achikanath Chirakkara, A. Seta, C. Federrath, and M. W.
Kunz, “Critical magnetic Reynolds number of the turbulent dy-
namo in collisionless plasmas,” Monthly Notices of the Royal
Astronomical Society 528, 937-953 (2023).

8S. Chapman, “The kinetic theory of simple and composite
monatomic gases; viscosity, thermal conduction, and diffusion,”
Proceedings of the Royal Society of London. Series A. Mathe-
matical and Physical Sciences 93, 1-20 (1916).

9D. Enskog, Kinetische Theorie der Vorginge in midssig
verdinnten Gasen., Ph.D. thesis, Uppsala universitet (1917).

10S. I. Braginskii, “Transport phenomena in a completely ionized
two-temperature plasma,” Sov. Phys. JETP 6, 358-369 (1958).

11S. 1. Braginskii, “Transport processes in a plasma,” Reviews of
Plasma Physics 1, 205-309 (1965).

128, Chapman and T. G. Cowling, The mathematical theory of
non-uniform gases: An account of the kinetic theory of vis-
cosity, thermal conduction and diffusion in gases (Cambridge
University Press, Cambridge, England, 1991).

13W. H. Matthaeus, “Turbulence in space plasmas: Who needs
it?” Physics of Plasmas 28, 032306 (2021).

141, Svenningsson, E. Yordanova, G. Cozzani, Y. V. Khotyaint-
sev, and M. André, “Kinetic generation of whistler waves in
the turbulent magnetosheath,” Geophysical Research Letters
49, €2022GL099065 (2022).

15y, V. Khotyaintsev, D. B. Graham, K. Steinvall, L. Alm,
A. Vaivads, A. Johlander, C. Norgren, W. Li, A. Divin, H. S.
Fu, K.-J. Hwang, J. L. Burch, N. Ahmadi, O. Le Contel, D. J.
Gershman, C. T. Russell, and R. B. Torbert, “Electron heating
by debye-scale turbulence in guide-field reconnection,” Physical
Review Letters 124, 045101 (2020).

161, Richard, L. Sorriso-Valvo, E. Yordanova, D. B. Graham, and
Y. V. Khotyaintsev, “Turbulence in magnetic reconnection jets



from injection to sub-ion scales,” Physical Review Letters 132,
105201 (2024).

17J. E. Stawarz, P. A. Mufioz, N. Bessho, R. Bandyopadhyay,
T. K. M. Nakamura, S. Eriksson, D. B. Graham, J. Biichner,
A. Chasapis, J. F. Drake, M. A. Shay, R. E. Ergun, H. Hasegawa,
Y. V. Khotyaintsev, M. Swisdak, and F. D. Wilder, “The in-
terplay between collisionless magnetic reconnection and turbu-
lence,” Space Science Reviews 220, 90 (2024).

18], C. Holmes, R. E. Ergun, D. L. Newman, N. Ahmadi, L. An-
dersson, O. Le Contel, R. B. Torbert, B. L. Giles, R. J. Strange-
way, and J. L. Burch, “Electron phase-space holes in three
dimensions: Multispacecraft observations by Magnetospheric
Multiscale,” Journal of Geophysical Research: Space Physics
123, 9963-9978 (2018).

19C. Norgren, M. André, A. Vaivads, and Y. V. Khotyaintsev,
“Slow electron phase space holes: Magnetotail observations,”
Geophysical Research Letters 42, 16541661 (2015).

20K. Steinvall, Y. V. Khotyaintsev, D. B. Graham, A. Vaivads, P.-
A. Lindqvist, C. T. Russell, and J. L. Burch, “Multispacecraft
analysis of electron holes,” Geophysical Research Letters 46,
55-63 (2018).

21K. Steinvall, Y. V. Khotyaintsev, D. B. Graham, A. Vaivads,
O. Le Contel, and C. T. Russell, “Observations of electromag-
netic electron holes and evidence of Cherenkov whistler emis-
sion,” Physical Review Letters 123, 255101 (2019).

22Y. Dong, Z. Yuan, S. Huang, Z. Xue, X. Yu, C. J. Pollock,
R. B. Torbert, and J. L. Burch, “Observational evidence of
accelerating electron holes and their effects on passing ions,”
Nature Communications 14, 7276 (2023).

231. Svenningsson, E. Yordanova, Y. V. Khotyaintsev, M. André,
G. Cozzani, and K. Steinvall, “Whistler waves in the quasi-
parallel and quasi-perpendicular magnetosheath,” Journal of
Geophysical Research: Space Physics 129, €2024JA032661
(2024).

24J-H. Li, X.-Z. Zhou, Z.-Y. Liu, S. Wang, Y. Omura, L. Li,
C. Yue, Q.-G. Zong, G. Le, C. T. Russell, and J. L. Burch,
“Direct observations of cross-scale wave-particle energy transfer
in space plasmas,” Science Advances 11, eadr8227 (2025).

25M. F. Ivarsen, Y. Miyashita, J.-P. St-Maurice, G. C. Hussey,
B. Pitzel, D. Galeschuk, S. Marei, R. B. Horne, Y. Kasahara,
S. Matsuda, S. Kasahara, K. Keika, Y. Miyoshi, K. Yamamoto,
A. Shinbori, D. R. Huyghebaert, A. Matsuoka, S. Yokota, and
F. Tsuchiya, “Characteristic e-region plasma signature of mag-
netospheric wave-particle interactions,” Physical Review Letters
134, 145201 (2025).

268, F. Tigik, D. B. Graham, and Y. V. Khotyaintsev, “Electron-
scale energy transfer due to lower hybrid waves during asym-
metric reconnection,” Journal of Geophysical Research: Space
Physics 130, ¢2024JA033503 (2025).

27J. L. Burch, R. B. Torbert, T. D. Phan, L.-J. Chen, T. E.
Moore, R. E. Ergun, J. P. Eastwood, D. J. Gershman, P. A.
Cassak, M. R. Argall, S. Wang, M. Hesse, C. J. Pollock, B. L.
Giles, R. Nakamura, B. H. Mauk, S. A. Fuselier, C. T. Russell,
R. J. Strangeway, J. F. Drake, M. A. Shay, Y. V. Khotyaint-
sev, P.-A. Lindqvist, G. Marklund, F. D. Wilder, D. T. Young,
K. Torkar, J. Goldstein, J. C. Dorelli, L. A. Avanov, M. Oka,
D. N. Baker, A. N. Jaynes, K. A. Goodrich, I. J. Cohen, D. L.
Turner, J. F. Fennell, J. B. Blake, J. Clemmons, M. Gold-
man, D. Newman, S. M. Petrinec, K. J. Trattner, B. Lavraud,
P. H. Reiff, W. Baumjohann, W. Magnes, M. Steller, W. Lewis,
Y. Saito, V. Coffey, and M. Chandler, “Electron-scale measure-
ments of magnetic reconnection in space,” Science 352, aaf2939
(2016).

28E. Yordanova, Z. Vorss, A. Varsani, D. B. Graham, C. Nor-
gren, Y. V. Khotyaintsev, A. Vaivads, E. Eriksson, R. Naka-
mura, P.-A. Lindqvist, G. Marklund, R. E. Ergun, W. Magnes,
W. Baumjohann, D. Fischer, F. Plaschke, Y. Narita, C. T. Rus-
sell, R. J. Strangeway, O. Le Contel, C. Pollock, R. B. Torbert,
B. J. Giles, J. L. Burch, L. A. Avanov, J. C. Dorelli, D. J. Gersh-
man, W. R. Paterson, B. Lavraud, and Y. Saito, “Electron scale

24

structures and magnetic reconnection signatures in the turbu-
lent magnetosheath,” Geophysical Research Letters 43, 5969—
5978 (2016).

29M. Oka, J. Birn, J. Egedal, F. Guo, R. E. Ergun, D. L. Turner,
Y. Khotyaintsev, K.-J. Hwang, I. J. Cohen, and J. F. Drake,
“Particle acceleration by magnetic reconnection in geospace,”
Space Science Reviews 219, 75 (2023).

30L,. Richard, Y. V. Khotyaintsev, C. Norgren, K. Steinvall, D. B.
Graham, J. Egedal, A. Vaivads, and R. Nakamura, “Electron
heating by parallel electric fields in magnetotail reconnection,”
Physical Review Letters 134, 215201 (2025).

31Q. M. Lu, B. Lembege, J. B. Tao, and S. Wang, “Perpendicular
electric field in two-dimensional electron phase-holes: A param-
eter study,” Journal of Geophysical Research: Space Physics
113 (2008), https://doi.org/10.1029/2008JA013693.

32Q. Lu, K. Huang, Y. Guan, S. Lu, and R. Wang, “Energy
dissipation in magnetic islands formed during magnetic recon-
nection,” The Astrophysical Journal 954, 146 (2023).

338, Wang, R. Wang, Q. Lu, H. Fu, and S. Wang, “Direct evidence
of secondary reconnection inside filamentary currents of mag-
netic flux ropes during magnetic reconnection,” Nature Com-
munications 11, 3964 (2020).

34Y. V. Khotyaintsev, D. B. Graham, C. Norgren, and A. Vaivads,
“Collisionless magnetic reconnection and waves: Progress re-
view,” Frontiers in Astronomy and Space Sciences 6 (2019),
10.3389 /fspas.2019.00070.

35D. B. Graham, G. Cozzani, Y. V. Khotyaintsev, V. D. Wilder,
J. C. Holmes, T. K. M. Nakamura, J. Biichner, K. Dokgo,
L. Richard, K. Steinvall, C. Norgren, L.-J. Chen, H. Ji, J. F.
Drake, J. E. Stawarz, and S. Eriksson, “The role of kinetic
instabilities and waves in collisionless magnetic reconnection,”
Space Science Reviews 221, 20 (2025).

36G. W. Hammett and F. W. Perkins, “Fluid moment models
for Landau damping with application to the ion-temperature-
gradient instability,” Physical Review Letters 64, 3019-3022
(1990).

37R. D. Hazeltine, “Transport theory in the collisionless limit,”
Physics of Plasmas 5, 3282-3286 (1998).

38G. F. Chew, M. L. Goldberger, and F. E. Low, “The Boltzmann
equation and the one-fluid hydromagnetic equations in the ab-
sence of particle collisions,” Proceedings of the Royal Society
of London. Series A. Mathematical and Physical Sciences 236,
112-118 (1956).

39A. Le, J. Egedal, W. Daughton, W. Fox, and N. Katz, “Equa-
tions of state for collisionless guide-field reconnection,” Physical
Review Letters 102, 085001 (2009).

400. Ohia, J. Egedal, V. S. Lukin, W. Daughton, and A. Le,
“Demonstration of anisotropic fluid closure capturing the kinetic
structure of magnetic reconnection,” Physical Review Letters
109, 115004 (2012).

41, Wang, A. H. Hakim, A. Bhattacharjee, and K. Ger-
maschewski, “Comparison of multi-fluid moment models with
particle-in-cell simulations of collisionless magnetic reconnec-
tion,” Physics of Plasmas 22, 012108 (2015).

42p Rosenblatt, “The perceptron: A probabilistic model for in-
formation storage and organization in the brain,” Psychological
Review 65, 386408 (1958).

43F. Rosenblatt, Principles of Neurodynamics: Perceptrons and
the Theory of Brain Mechanisms (Spartan Books, 1962).

44K, Fukushima, “Neocognitron: A Self-organizing Neural Net-
work Model for a Mechanism of Pattern Recognition Unaffected
by Shift in Position,” Biological Cybernetics 36, 193—202 (1980).

45]. R. Koza, Genetic Programming: On the programming of com-
puters by means of natural selection (MIT Press, 1992).

46J. Bongard and H. Lipson, “Automated reverse engineering
of nonlinear dynamical systems,” Proceedings of the National
Academy of Sciences 104, 9943-9948 (2007).

47M. Schmidt and H. Lipson, “Distilling free-form natural laws
from experimental data,” Science 324, 81-85 (2009).

48N, Makke and S. Chawla, “Interpretable scientific discovery with



symbolic regression: areview,” Artificial Intelligence Review 57,
2 (2024).

49R. Tibshirani, “Regression shrinkage and selection via the
lasso,” Journal of the Royal Statistical Society: Series B
(Methodological) 58, 267-288 (1996).

50T. Hastie, R. Tibshirani, and J. Friedman, The Elements of
Statistical Learning: Data Mining, Inference, and Prediction
(Springer, New York, NY, USA, 2009).

51G. James, D. Witten, T. Hastie, and R. Tibshirani, An Intro-
duction to Statistical Learning (Springer, New York, NY, USA,
2013).

523. L. Brunton, J. L. Proctor, and J. N. Kutz, “Discovering gov-
erning equations from data by sparse identification of nonlinear
dynamical systems,” Proceedings of the National Academy of
Sciences of the United States of America 113, 3932-3937 (2016).

538, H. Rudy, S. L. Brunton, J. L. Proctor, and J. N. Kutz,
“Data-driven discovery of partial differential equations,” Science
Advances 3 (2017), 10.1126/sciadv.1602614.

54T Mikolov, K. Chen, G. S. Corrado, and J. Dean, “Efficient
estimation of word representations in vector space,” in Interna-
tional Conference on Learning Representations (2013).

55V, Mnih, K. Kavukcuoglu, D. Silver, A. Graves, I. Antonoglou,
D. Wierstra, and M. A. Riedmiller, “Playing atari with deep
reinforcement learning,” ArXiv abs/1312.5602 (2013).

56V, Mnih, K. Kavukcuoglu, D. Silver, A. A. Rusu, J. Veness,
M. G. Bellemare, A. Graves, M. Riedmiller, A. K. Fidjeland,
G. Ostrovski, S. Petersen, C. Beattie, A. Sadik, I. Antonoglou,
H. King, D. Kumaran, D. Wierstra, S. Legg, and D. Hassabis,
“Human-level control through deep reinforcement learning,” Na-
ture 518, 529-533 (2015).

57]. Sohl-Dickstein, E. Weiss, N. Maheswaranathan, and S. Gan-
guli, “Deep unsupervised learning using nonequilibrium ther-
modynamics,” in Proceedings of the 32nd International Con-
ference on Machine Learning, Proceedings of Machine Learning
Research, Vol. 37, edited by F. Bach and D. Blei (PMLR, Lille,
France, 2015) pp. 2256-2265.

58 A Vaswani, N. Shazeer, N. Parmar, J. Uszkoreit, L. Jones, A. N.
Gomez, L. Kaiser, and I. Polosukhin, “Attention is all you
need,” in Advances in Neural Information Processing Systems,
Vol. 30, edited by I. Guyon, U. V. Luxburg, S. Bengio, H. Wal-
lach, R. Fergus, S. Vishwanathan, and R. Garnett (Curran
Associates, Inc., 2017).

59J. Hermann, J. Spencer, K. Choo, A. Mezzacapo, W. M. C.
Foulkes, D. Pfau, G. Carleo, and F. Noé, “Ab initio quantum
chemistry with neural-network wavefunctions,” Nature Reviews
Chemistry 7, 692-709 (2023).

603.-M. Udrescu and M. Tegmark, “Al Feynman: A physics-
inspired method for symbolic regression,” Science Advances 6,
eaay2631 (2020).

61R. Dubcdkovd, “Eureqa: software review,” Genetic Program-
ming and Evolvable Machines 12, 173-178 (2011).

62A. Hernandez, A. Balasubramanian, F. Yuan, S. A. M. Mason,
and T. Mueller, “Fast, accurate, and transferable many-body
interatomic potentials by symbolic regression,” npj Computa-
tional Materials 5, 112 (2019).

63B. Weng, Z. Song, R. Zhu, Q. Yan, Q. Sun, C. G. Grice, Y. Yan,
and W.-J. Yin, “Simple descriptor derived from symbolic re-
gression accelerating the discovery of new perovskite catalysts,”
Nature Communications 11, 3513 (2020).

64J, Martinez-Gil and J. M. Chaves-Gonzalez, “A novel method
based on symbolic regression for interpretable semantic simi-
larity measurement,” Expert Systems with Applications 160,
113663 (2020).

65M. Virgolin, Z. Wang, T. Alderliesten, and P. A. N. Bosman,
“Machine learning for the prediction of pseudorealistic pediatric
abdominal phantoms for radiation dose reconstruction,” Journal
of Medical Imaging 7, 046501 (2020).

661, A. Abdellaoui and S. Mehrkanoon, “Symbolic regression for
scientific discovery: an application to wind speed forecasting,”
in 2021 IEEE Symposium Series on Computational Intelligence

25

(SSCI) (2021) pp. 01-08.

67P. Lemos, N. Jeffrey, M. Cranmer, S. Ho, and P. Battaglia, “Re-
discovering orbital mechanics with machine learning,” Machine
Learning: Science and Technology 4, 045002 (2023).

68E. Candes, J. Romberg, and T. Tao, “Robust uncertainty prin-
ciples: exact signal reconstruction from highly incomplete fre-
quency information,” IEEE Transactions on Information Theory
52, 489-509 (2006).

697, Yang, K. Yu, Y. Gong, and T. Huang, “Linear spatial pyra-
mid matching using sparse coding for image classification,” in
2009 IEEE Conference on Computer Vision and Pattern Recog-
nition (2009) pp. 1794-1801.

7O0M. Sorokina, S. Sygletos, and S. Turitsyn, “Sparse identification
for nonlinear optical communication systems: Sino method,”
Optics Express 24, 30433-30443 (2016).

711. Boninsegna, F. Niiske, and C. Clementi, “Sparse learning
of stochastic dynamical equations,” The Journal of Chemical
Physics 148, 241723 (2018).

72].-C. Loiseau, B. R. Noack, and S. L. Brunton, “Sparse reduced-
order modelling: sensor-based dynamics to full-state estima-
tion,” Journal of Fluid Mechanics 844, 459-490 (2018).

73N. T. T. Nguyen, G. T. Kenyon, and B. Yoon, “A regression
algorithm for accelerated lattice gqcd that exploits sparse infer-
ence on the D-Wave quantum annealer,” Scientific Reports 10,
10915 (2020).

741,. Zanna and T. Bolton, “Data-driven equation discovery of
ocean mesoscale closures,” Geophysical Research Letters 47,
€2020GL088376 (2020).

758. Beetham and J. Capecelatro, “Formulating turbulence clo-
sures using sparse regression with embedded form invariance,”
Phys. Rev. Fluids 5, 084611 (2020).

76N. Barbour, W. Dorland, I. G. Abel, and M. Landre-
man, “Machine-learning closure for vlasov-poisson dynamics in
fourier-hermite space,” arXiv (2025), accepted for publication
in the Journal of Plasma Physics, 2504.13313 [physics.plasm-
ph].

777. Huang, C. Dong, and L. Wang, “Machine-learning heat flux
closure for multi-moment fluid modeling of nonlinear landau
damping,” Proceedings of the National Academy of Sciences
122, €2419073122 (2025).

78M. Luo, C. Heaton, Y. Wang, D. Plummer, M. Fitzgerald,
F. Miniati, S. M. Vinko, and G. Gregori, “Time-embedded con-
volutional neural networks for modeling plasma heat transport,”
(2025), arXiv:2509.06088 [physics.plasm-ph].

79C. Lamy, B. Dubroca, P. Nicolai, V. Tikhonchuk, and J.-L.
Feugeas, “Modeling of electron nonlocal transport in plasmas us-
ing artificial neural networks,” Phys. Rev. E 105, 055201 (2022).

80F. Miniati and G. Gregori, “Learning transport processes with
machine intelligence,” Scientific Reports 12, 11709 (2022).

8IM. Dam, M. Brgns, J. Juul Rasmussen, V. Naulin, and J. S.
Hesthaven, “Sparse identification of a predator-prey system
from simulation data of a convection model,” Physics of Plasmas
24, 022310 (2017).

82A. A. Kaptanoglu, K. D. Morgan, C. J. Hansen, and S. L. Brun-
ton, “Physics-constrained, low-dimensional models for magneto-
hydrodynamics: First-principles and data-driven approaches,”
Phys. Rev. E 104, 015206 (2021).

83E. P. Alves and F. Fiuza, “Data-driven discovery of reduced
plasma physics models from fully kinetic simulations,” Phys.
Rev. Res. 4, 033192 (2022).

84A. A. Kaptanoglu, C. Hansen, J. D. Lore, M. Landreman, and
S. L. Brunton, “Sparse regression for plasma physics,” Physics
of Plasmas 30, 033906 (2023).

85M. C. McGrae-Menge, J. R. Pierce, F. Fiuza, and E. P.
Alves, “Embedding physical symmetries into machine-learned
reduced plasma physics models via data augmentation,” (2025),
arXiv:2506.14048 [physics.plasm-ph].

86J. Donaghy and K. Germaschewski, “In search of a data-driven
symbolic multi-fluid ten-moment model closure,” Journal of
Plasma Physics 89, 895890105 (2023).



87W. Cheng, H. Fu, L. Wang, C. Dong, Y. Jin, M. Jiang, J. Ma,
Y. Qin, and K. Liu, “Data-driven, multi-moment fluid modeling
of Landau damping,” Computer Physics Communications 282,
108538 (2023).

88pP. Sharma, G. W. Hammett, E. Quataert, and J. M. Stone,
“Shearing box simulations of the MRI in a collisionless plasma,”
The Astrophysical Journal 637, 952 (2006).

89E. R. Ingelsten, M. C. McGrae-Menge, E. P. Alves, and I. Pusz-
tai, “Data-driven discovery of a heat flux closure for electrostatic
plasma phenomena,” Journal of Plasma Physics 91, E64 (2025).

90]. Ng, Fluid closures for the modelling of reconnection and in-
stabilities in magnetotail current sheets, Ph.D. thesis, Princeton
University (2019).

9170 construct a model that remains accurate across a parameter
space with large variations in stability and heat flux, we use the
fraction of variance unexplained (FVU), defined in Eq. 4, whose
scale invariance facilitates comparison across datasets. Other
metrics are also informative: the (root-)mean-square error di-
rectly measures the deviation magnitude but also correlates with
the variance (standard deviation) of the dataset, while the max-
imum error is useful for enforcing stability and constraints and
for identifying rare but potentially catastrophic errors, although
it is statistically unstable, as it is determined by a single sam-
ple. As the FVU is effectively the mean square error normalized
to the dataset variance, it is dominated by contributions from
high-amplitude regions of the dataset. In our case, this is a de-
sirable quality, since we expect our low-amplitude data to be
highly noisy, meaning even a good closure may appear to have
large relative errors in this regime.

92R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. Decyk, W. Lu,
C. Ren, W. B. Mori, S. Deng, S. Lee, T. Katsouleas, and J. C.
Adam, “OSIRIS: A three-dimensional, fully relativistic particle
in cell code for modeling plasma based accelerators,” in Compu-
tational Science — ICCS 2002, edited by P. M. A. Sloot, A. G.
Hoekstra, C. J. K. Tan, and J. J. Dongarra (Springer Berlin
Heidelberg, Berlin, Heidelberg, 2002) pp. 342-351.

93R. A. Fonseca, S. F. Martins, L. O. Silva, J. W. Tonge, F. S.
Tsung, and W. B. Mori, “One-to-one direct modeling of ex-
periments and astrophysical scenarios: pushing the envelope on
kinetic plasma simulations,” Plasma Physics and Controlled Fu-
sion 50, 124034 (2008).

94J. P. Boris and R. A. Shanny, Proceedings [of the] 4th Con-
ference on Numerical Simulation of Plasmas (Naval Research
Laboratory, 1972).

95R. W. Hockney and J. W. Eastwood, Computer Simulation Us-
ing Particles (CRC Press, 2021).

96H. Schaeffer, “Learning partial differential equations via data
discovery and sparse optimization,” Proceedings of the Royal
Society A: Mathematical, Physical and Engineering Sciences
473, 20160446 (2017).

97TH. Schaeffer and S. G. McCalla, “Sparse model selection via
integral terms,” Phys. Rev. E 96, 023302 (2017).

98D, A. Messenger and D. M. Bortz, “Weak sindy: Galerkin-based
data-driven model selection,” Multiscale Modeling & Simulation
19, 1474-1497 (2021).

99D. R. Gurevich, M. R. Golden, P. A. Reinbold, and R. O.
Grigoriev, “Learning fluid physics from highly turbulent data
using sparse physics-informed discovery of empirical relations
(spider),” Journal of Fluid Mechanics 996, A25 (2024).

100N, M. Mangan, S. L. Brunton, J. L. Proctor, and J. N. Kutz,
“Inferring biological networks by sparse identification of non-
linear dynamics,” IEEE Transactions on Molecular, Biological,
and Multi-Scale Communications 2, 52-63 (2016).

101K, Kaheman, J. N. Kutz, and S. L. Brunton, “SINDy-PI: a ro-
bust algorithm for parallel implicit sparse identification of non-
linear dynamics,” Proceedings of the Royal Society A: Math-
ematical, Physical and Engineering Sciences 476, 20200279
(2020).

102p, Virtanen, R. Gommers, T. E. Oliphant, M. Haber-
land, T. Reddy, D. Cournapeau, E. Burovski, P. Peterson,

26

W. Weckesser, J. Bright, S. J. van der Walt, M. Brett, J. Wilson,
K. J. Millman, N. Mayorov, A. R. J. Nelson, E. Jones, R. Kern,
E. Larson, C. J. Carey, 1. Polat, Y. Feng, E. W. Moore, J. Van-
derPlas, D. Laxalde, J. Perktold, R. Cimrman, I. Henriksen,
E. A. Quintero, C. R. Harris, A. M. Archibald, A. H. Ribeiro,
F. Pedregosa, P. van Mulbregt, and SciPy 1.0 Contributors,
“SciPy 1.0: Fundamental Algorithms for Scientific Computing
in Python,” Nature Methods 17, 261-272 (2020).

1035, K. Lam, A. Pitrou, and S. Seibert, “Numba: a LLVM-based
Python JIT compiler,” in Proceedings of the Second Workshop
on the LLVM Compiler Infrastructure in HPC, LLVM 15 (As-
sociation for Computing Machinery, New York, NY, USA, 2015).

1043, Chok and G. Vasil, “Rational function approximation with
normalized positive denominators,” SIAM Journal on Scientific
Computing 47, A2699-A2721 (2025).

1051, Goodfellow, Y. Bengio, and A. Courville, Deep Learning (The
MIT Press, 2016).

106K, Hornik, M. Stinchcombe, and H. White, “Multilayer feedfor-
ward networks are universal approximators,” Neural Networks
2, 359-366 (1989).

107The number of free parameters are 25 -4 +25 = 125 in the input
layer, 25 - 254 25 = 650 in each hidden layer and 1-25+1 = 26
in the output layer, for a total of 2101.

108A. Paszke, S. Gross, F. Massa, A. Lerer, J. Bradbury,
G. Chanan, T. Killeen, Z. Lin, N. Gimelshein, L. Antiga, A. Des-
maison, A. Kopf, E. Yang, Z. DeVito, M. Raison, A. Tejani,
S. Chilamkurthy, B. Steiner, L. Fang, J. Bai, and S. Chintala,
“Pytorch: an imperative style, high-performance deep learning
library,” in Proceedings of the 33rd International Conference
on Neural Information Processing Systems (Curran Associates
Inc., Red Hook, NY, USA, 2019).

1093, Ansel, E. Yang, H. He, N. Gimelshein, A. Jain, M. Vozne-
sensky, B. Bao, P. Bell, D. Berard, E. Burovski, G. Chauhan,
A. Chourdia, W. Constable, A. Desmaison, Z. DeVito, E. El-
lison, W. Feng, J. Gong, M. Gschwind, B. Hirsh, S. Huang,
K. Kalambarkar, L. Kirsch, M. Lazos, M. Lezcano, Y. Liang,
J. Liang, Y. Lu, C. K. Luk, B. Maher, Y. Pan, C. Puhrsch,
M. Reso, M. Saroufim, M. Y. Siraichi, H. Suk, S. Zhang, M. Suo,
P. Tillet, X. Zhao, E. Wang, K. Zhou, R. Zou, X. Wang,
A. Mathews, W. Wen, G. Chanan, P. Wu, and S. Chintala,
“Pytorch 2: Faster machine learning through dynamic Python
bytecode transformation and graph compilation,” in Proceed-
ings of the 29th ACM International Conference on Architectural
Support for Programming Languages and Operating Systems,
Volume 2, ASPLOS ’24 (Association for Computing Machin-
ery, New York, NY, USA, 2024) pp. 929—-947.

1108, . Gary, Theory of Space Plasma Microinstabilities (Cam-
bridge University Press, Cambridge, UK, 1993).

1A, Sauvé, “Scaleogram,” GitHub repository (2021).

112G, R. Lee, R. Gommers, F. Waselewski, K. Wohlfahrt, and
A. O’Leary, “PyWavelets: A Python package for wavelet anal-
ysis,” Journal of Open Source Software 4, 1237 (2019).

3R, D. Hazeltine and S. M. Mahajan, “Fluid description of rel-
ativistic, magnetized plasma,” The Astrophysical Journal 567,
1262 (2002).

114E, A. Johnson, “The relativistic Vlasov equation,” (2011).

1151, Tinti, G. Vujanovic, J. Noronha, and U. Heinz, “Resummed
hydrodynamic expansion for a plasma of particles interacting
with fields,” Phys. Rev. D 99, 016009 (2019).

H6E, R. Most, J. Noronha, and A. A. Philippov, “Modelling
general-relativistic plasmas with collisionless moments and dis-
sipative two-fluid magnetohydrodynamics,” Monthly Notices of
the Royal Astronomical Society 514, 4989-5003 (2022).

117p, Grete, D. G. Vlaykov, W. Schmidt, and D. R. G. Schleicher,
“A nonlinear structural subgrid-scale closure for compressible
MHD. II. a priori comparison on turbulence simulation data,”
Physics of Plasmas 23, 062317 (2016).

L8\, Nabavi and J. Kim, “Optimising subgrid-scale closures for
spectral energy transfer in turbulent flows,” Journal of Fluid
Mechanics 982, A18 (2024).



119K, Jakhar, Y. Guan, R. Mojgani, A. Chattopadhyay, and
P. Hassanzadeh, “Learning closed-form equations for subgrid-
scale closures from high-fidelity data: Promises and chal-
lenges,” Journal of Advances in Modeling Earth Systems 16,
€2023MS003874 (2024).

120J. F. Drake, C. Pfrommer, C. S. Reynolds, M. Ruszkowski,
M. Swisdak, A. Einarsson, T. Thomas, A. B. Hassam, , and
G. T. Roberg-Clark, “Whistler-regulated magnetohydrodynam-
ics: Transport equations for electron thermal conduction in the
high-$ intracluster medium of galaxy clusters,” The Astrophys-
ical Journal 923, 245 (2021).

121M. Reza, F. Faraji, and J. N. Kutz, “Data-driven inference
of high-dimensional spatiotemporal state of plasma systems,”
Journal of Applied Physics 136, 183301 (2024).

122F. Faraji and M. Reza, “Machine learning applications to com-

27

putational plasma physics and reduced-order plasma model-
ing: a perspective,” Journal of Physics D: Applied Physics 58,
102002 (2025).

123P, Hunana, G. P. Zank, M. Laurenza, A. Tenerani, G. M. Webb,
M. L. Goldstein, M. Velli, and L. Adhikari, “New closures for
more precise modeling of landau damping in the fluid frame-
work,” Phys. Rev. Lett. 121, 135101 (2018).

124p Hunana, A. Tenerani, G. P. Zank, M. L. Goldstein, G. M.
Webb, E. Khomenko, M. Collados, P. S. Cally, L. Adhikari,
and M. Velli, “An introductory guide to fluid models with
anisotropic temperatures. part 2. kinetic theory, padé approx-
imants and landau fluid closures,” Journal of Plasma Physics
85, 205850603 (2019).



	Abstract
	List of Publications
	Acknowledgements
	I Overview
	Introduction
	Why Study Plasma Physics?
	Plasma Modelling and the Closure Problem
	Data-Driven Closure Discovery
	An Outline of this Thesis

	Plasma Physics
	First Principles: Kinetic Modelling
	Fluid Models and the Moment Equations
	The Momentum Equation
	The Pressure Equation

	Plasma Phenomena: The Necessities
	Waves in Plasmas
	Landau Damping and Instabilities

	Closures from Theory
	Collisional Closures
	Collisionless Closures


	Machine Learning
	Artificial Neural Networks
	Interpretability and Sparse Regression
	STLS and the SINDy Framework
	Nonlinear Sparse Regression


	Summary and Outlook
	Summary of papers
	Outlook

	References

	II Included papers
	Paper A - Data-driven discovery of a heat flux closure for electrostatic plasma phenomena
	Paper B - Data-driven multi-species heat flux closures for two-stream-unstable plasmas with nonlinear sparse regression


