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Abstract

In this dissertation a new basis that resembles Hermite functions but introduces
an anisotropy in the Gaussian part of Hermite functions is proposed together with
a comprehensive theoretical framework. This basis is then used in the derivation
of two new numerical methods: Firstly, a new stabilization method for the inter-
polation with Gaussian Radial Basis Functions that naturally extends to the case
of anisotropic Gaussians is developed. Secondly, a generalized version of the
Fourier—Hermite method for the Vlasov equation is introduced and analyzed.

Zusammenfassung

In dieser Dissertation wird eine neue Basis eingeflihrt, die ahnlich aufgebaut ist
wie Hermite-Funktionen, im Gauf3chen Teil jedoch eine Anisotropie hinzuflgt,
und es werden die dazugehérigen mathematischen Grundlagen entwickelt. Ba-
sierend auf dieser Basis werden zwei neue numerische Methoden erarbeitet:
Zum einen wird eine neue Stabilisierungsmethode fiir die Interpolation mit GauB3-
schen radialen Basisfunktionen hergeleitet, die sich auf den Fall anisotroper
GauBfunktionen Ubertragen lasst. Zum anderen wird eine verallgemeinerte Ver-
sion der Fourier-Hermite-Methode fir die Vlasov-Gleichung vorgestellt und ana-
lysiert.
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1. Introduction

“I believe that the numbers and functions of analysis are not the
arbitrary product of our minds; | believe that they exist outside of us
with the same character of necessity as the objects of objective
reality; and we find or discover them as do the physicists, chemists
and zoologists.”

Charles Hermite (1822 — 1901)

Correspondance d’Hermite et de Stieltjes, vol. 2, p. 398, Gauthier-Villars, 1905.
Cited by Morris Kline in Mathematical Thought From Ancient to Modern Times, vol. 3, p. 1035,
Oxford University Press, 1990.

It is hardly possible to give a more accurate description of the process of find-
ing new types of functions than the one above by Charles Hermite. What might
seem arbitrary at first sight is often a part of a bigger picture that is yet to be
uncovered. That is also how the work in this thesis came to be. The standard

Hermite functions are usually defined in 1D as
B T1/4 a2
Ye(x) = \/Whg(x)e , £>0, zeR,
where h, are physicists’ Hermite polynomials. In this thesis, we discovered a new
type of functions that is a generalization of Hermite functions. Instead of always
having the ratio of 1/1/2 between the arguments of the Hermite polynomial and
the Gaussian, we decouple them completely. Moreover, in multiple dimensions
we allow for anisotropic Gaussians exp(—x? ET Ex) with an arbitrary invertible
shape matrix E. This opens the door to more flexibility of adapting the basis for a
specific problem. In case there is underlying anisotropy in the problem itself or in
the domain on which it is defined, this can be incorporated in this spectral basis.
This construction was inspired by the work of Hagedorn who introduced a similar
structure in the context of quantum dynamics.

Of course, one must pay a certain price for this flexibility. One of the strengths
of the standard Hermite functions is that they are defined on the whole real line
and are orthonormal and dense in the Hilbert space of square-integrable func-
tions L*(R). This makes it attractive for spectral numerical methods in a num-
ber of physical applications, including, but not limited to, quantum dynamics and
computational plasma physics. Our generalization, while providing more free-
dom leads to the loss of the orthogonality in L?(R?). However, once we discover
the corresponding functional space, everything falls back into its place and the
orthogonality is preserved at last. We go on to investigate algebraic and approxi-
mation properties of the new basis within that space and then use the new basis
for two applications.
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First, we make use of the generalized anisotropic Hermite functions in the
context of the interpolation problem. One of the common choices of basis func-
tions for multivariate interpolation is Gaussian radial basis functions (or Gaussian
RBFs) which are a set of Gaussians of the same width centered at a set of points,
or centers of RBFs, in the interpolation domain. The interpolation with Gaussian
RBFs generalizes to higher dimensions in a simple way while yielding specitral
accuracy and for this reason, is of great interest in the interpolation community.
Even though Gaussian RBFs are widely used for multivariate interpolation, it
is well known that when Gaussians become increasingly flat, the interpolation
matrix becomes ill-conditioned. A family of methods, so-called RBF-QR meth-
ods, have been developed to tackle this issue. However, the existing methods of
this type are mostly handling the interpolation with isotropic Gaussians or very
simple anisotropic setups with a diagonal matrix £. However, for a number of
applications, such as continental-size ice sheet simulations or statistical data fit-
ting, where there exists underlying anisotropy, it could be advantageous to use
the interpolation with anisotropic Gaussians. With the help of the new general-
ized anisotropic Hermite basis, we derive a new RBF-QR method that allows to
include the anisotropic Gaussians in the stabilization framework.

We also deploy the generalized anisotropic Hermite functions for the spectral
discretization of the Vlasov equation, which is an advective equation that is used
in plasma physics for the description of the time evolution of the distribution func-
tion of the plasma. The full Vlasov model is six-dimensional (or often denoted as
3d3v in the literature) with three dimensions in space and three dimensions in ve-
locity. In this work, we consider the simplified 1d1v model, however, we expect,
that a similar approach should be possible for the 3d3v case. Standard Her-
mite functions have been used before for the velocity discretization of the Vlasov
equation. Moreover, a modification of Hermite functions with the exponential part
e~ instead of e~**/2 has been also considered before and proved to bring cer-
tain advantages. With the help of generalized (anisotropic) Hermite functions, we
derive a generalization of these methods, which allows to consider the general
form basis functions with an arbitrary width of the Gaussian. We also develop a
theoretical framework where we obtain analytic formulas for the observables and
their evolution over time. In the 1d1v case, we do not make use of the anisotropy
of the basis, since in 1d the shape matrix £ is just a number. However, in cer-
tain physical scenarios which are modeled by the full model, there is an intrinsic
anisotropy due to the strong magnetic field. Therefore, in the future, when going
to higher dimensions, the anisotropy feature of the new basis could be potentially
beneficial.
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1.1. Main results

The main contribution of this thesis is threefold. First of all, a new generalized
version of Hermite functions that introduces anisotropy in the Gaussian part is
proposed together with the corresponding theoretical framework. In particular,
the ladder operators are introduced for the new basis and a three-term recur-
rence for the efficient evaluation of the basis is derived. The new theory yields
an estimate of the approximation error in Theorem3.5.1

Second, a novel numerical method for the stable interpolation with isotropic
Gaussians has been derived based on the exponential generating function of
the classic Hermite polynomials. Moreover, with the help of the anisotropic gen-
erating function, the method was extended to the case of the interpolation with
anisotropic Gaussians. This is the first algorithm within the family of stabilization
methods that allows for anisotropic Gaussians with an arbitrary invertible shape
matrix. The theoretical description of the algorithm is generic for an arbitrary
number of dimensions d which provides a convenient framework for working with
problems of different dimensionality. Another notable feature of the new method
is the truncation estimate derived in Theorem [10.2.1] that—contrary to the exist-
ing ones—does not only account for the diagonal contributions of the stabilization
but measures the impact of the full stabilization basis.

Finally, the third major contribution is the novel generalized Fourier—Hermite
method for the Vlasov equation, which includes the existing Fourier—
Hermite methods considered in the literature as special cases. This generaliza-
tion allows to find an intermediate setup, which proved to be a good compromise
between the existing methods for some cases. Moreover, the method description
includes analytic formulas (15.5), (15.7), (15.9) for the evolution of the observ-
ables that are frequently used for the code verification, i.e. mass, momentum, and

energy. This allows to identify the cases where the corresponding conservation
properties are fulfilled or otherwise to monitor the magnitude of the error.

1.2. Outline of the thesis

This thesis is organized in three parts and contains in total 18 chapters. The
first part introduces the generalized anisotropic Hermite functions and provides
a theoretical framework for the new basis. Parts two and three are dedicated to
the applications of the new basis and have their own introductory remarks which
connect the new developments to the relevant results in the application-related
literature. Below we provide a more detailed structure of the parts.

Part 1 contains two chapters. Chapter [2 summarizes the background theory
on Hermite functions. This chapter is largely based on the introduction to Her-
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mite polynomials by Folland [FolQ9, § 6.4]. The generalized anisotropic Hermite
functions are introduced in chapter [3] along with the corresponding functional
space. The development of the theoretical framework for the new basis follows
the style of the monograph by Lubich [Lub08, § Ill.1.1] where a similar framework
for Hermite functions is presented in the context of quantum dynamics.

Part 2 of this thesis is an extended version of the paper "Stable interpola-
tion with isotropic and anisotropic Gaussians using Hermite generating function”
by Kormann, Lasser, & Yurova that has been accepted to the SIAM Journal
on Scientific Computing on 18.09.2019 [KLY19] (preprint available at https:
//arxiv.org/abs/1905.09542). In this part of the thesis, a new numeri-
cal method for the stabilization of the interpolation with isotropic and anisotropic
Gaussians is introduced. It consists of 9 chapters and starts with the introduc-
tion of the interpolation problem and provides a review of the relevant literature
in chapter 4] The existing stabilization methods are briefly summarized in chap-
ter[5l In chapter 6] an expansion of the anisotropic Gaussians via generalized
anisotropic Hermite functions is derived, which is the foundation for the new sta-
bilization method to be introduced in the next chapters. For that reason, in the
framework of this application, the generalized anisotropic Hermite basis is called
HermiteGF basis and the corresponding expansion is called HermiteGF expan-
sion. The convergence properties of the HermiteGF basis in the corresponding
space is discussed in chapter [7l The stabilization method itself is derived in
chapter[8 and the analysis of its different parts is provided in chapter [9] A novel
cut-off criterion for the HermiteGF expansion that allows to determine the number
of basis functions needed is derived in chapter [T0] Finally, chapter [11] provides
some details on the implementation and chapter [12]illustrates the new stabiliza-
tion method with numerical results.

In part 3 we use the generalized (anisotropic) Hermite functions for the dis-
cretization of the 1d1v Vlasov equation. This part consists of 5 chapters. We
start by introducing the continuous Vlasov—Poisson model and its properties in
chapter The new spectral method for the Vlasov equation, based on our
basis, is derived in chapter [T4] Analytic formulas for the computation of the ob-
servables for the Vlasov equation and their evolution are derived in chapter [15]
We come back to the world of standard Hermite functions in chapter [T6], where
we derive the error estimate of the Hermite functions solution of a simple 1d ad-
vection equation. This estimate allows us to illustrate the structural difference
between the methods based on standard Hermite functions and the ones based
on the generalized version. We briefly review the existing methods based on the
Hermite discretization as special cases of our general method in chapter[17] We
conclude by presenting the relevant numerical results in chapter[18]
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2. Hermite functions framework

In this chapter, we introduce Hermite polynomials and Hermite functions and
review their properties that we will need later on for constructing the generalized
anisotropic Hermite basis. To introduce Hermite functions, we first reproduce the
standard definition of Hermite polynomials through the Rodrigues formula and
their main properties, largely recapturing [Fol09, § 6.4]. We then discuss the
definition of Hermite functions based on the Hermite polynomials as well as an
alternative approach via ladder operators that is common in quantum dynamics.
This approach provides additional machinery for further analysis of the basis.
It turns out that the same technique could be propagated to the case of the
generalized anisotropic Hermite functions that are the main focus of this thesis.
This framework allows to derive the approximation error for the new basis which
is an essential theoretical result for evaluating the quality of the new basis.

2.1. Functional spaces

Before defining Hermite functions, let us introduce the functional spaces we
will be working with. In the context of Hermite functions, the Hilbert space L?(R%)
of square-integrable functions with the scalar product

)= [ F5GIx V f.g € IR

is usually considered. The norm, corresponding to the above-defined scalar
product is defined by | f]|> = (f, f). Even though some properties of the Her-
mite functions can be easily derived in this space, for others it is often convenient
to consider a subset of the L?(R?) space of rapidly decaying smooth functions,
or the Schwartz space.

Definition 2.1.1: Schwartz space

The Schwartz space of rapidly decaying smooth functions is defined as

S(RY) = {f c C=(RY) | sup ’x"‘Dﬁf(x)‘ <o Va,B € Zi}.

x€R4

Let us review a few basic properties of the Schwartz space which will be useful
later on.

Lemma 2.1.1: Properties of the Schwartz space

The following properties hold for the space S(R?).
1. VfeSRY

rif(x) € S(RY, 0, f(x) € SRY) Vi=1...d. (2.1)
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2. Vfi, f2 € S(RY
fi+ fo € S(Rd) (22)

3. S(RY)isdensein L*(RY).
Proof. 1. see [Rud91, Theorem 7.4, (b)].
2. see [Rud91, Theorem 7.4, (b)].
3. see[Won99, p. 14-16]. O

The Schwartz space includes the set of smooth functions with compact supports
Ce°(R%) as well as functions of the type P(x)e X, where P(x) is a polynomial.

A useful generalization of the Hilbert space L?(R¢) can be obtained by replac-
ing the element dx of the linear measure by a weighted alternative w(x)dx, with
the assumption that w is continuous and w(x) > 0 for all x € R? (see, for example,
[Fol09, § 3.4]).

Definition 2.1.2: Weighted L* space L2 (RR¢)

Consider a continuous function w : R — R, for all x € R%. The weighted
L? space on R4, or L2 (RY), is a set of all functions on R¢ such that

[ 17G0Putx)dx < o

The corresponding inner product and the norm are then defined by

o= [ 1IN, 17l = VL

Now, when the required spaces are set up, we can move on to the definition
of Hermite polynomials.

2.2. Hermite polynomials (1D)

We follow the classical way to define Hermite polynomials, through the Ro-
drigues formula. We first consider one-dimensional physicists’ Hermite polyno-
mials. Multivariate Hermite polynomials can be obtained as tensor-products of
one-dimensional Hermite polynomials.

Definition 2.2.1: Hermite polynomials

For ¢ € Ny, x € R the ¢-th Hermite polynomial can be defined as
22 8 _12
he(z) = (—1)%e” P (2.3)
This relation is also referred to as the Rodrigues formula.

8 Generalized anisotropic Hermite functions and their applications



The most attractive property of Hermite polynomials, which makes them widely
used in a variety of applications, is their orthogonality on the whole real line.
However, they are not orthogonal in the standard space L*(R). Instead, the or-
thogonality relations hold on the weighted L? space L2 (R) with the weight func-
tion

w(z) =e ™

In this section, the symbol w is reserved for this particular weight. However, in
the following parts of the thesis, for example in chapter (3] we will be using a more
general version of the weight function.

Theorem 2.2.1: Orthogonality of Hermite polynomials

Hermite polynomials {h,} ., are orthogonal in L2 (R) with the weight w(z) =
e~*". In particular, for all ¢, ¢, € N,
(hey, huy)w = 0 if 01 # 0.
Otherwise
(he, he)w = ||he|> = /720! forall ¢ e N,. (2.4)

Proof. We briefly recap the proof from [Fol09, Theorem 6.11]. Using the Ro-

drigues formula (2.3) and integrating by parts ¢, times, we get
12

(he ) s = [ (@)oo = (1) [ o (2) e o

:/—8€2hll(x)ew2dm,
R

Oxt
where we used the fact that any polynomial multiplied by a Gaussian e~** van-
ishes at +o0.

If ¢, < £, then 220u @

oxt2

= 0, therefore, in this case

<h417 h€2>w =0.

Due to the symmetricity of the scalar product in (-, -),,, we can extend this result
to all 1 # 4s.

We are left to consider the norm of the Hermite polynomials. One can see
from the Rodrigues formula that with every derivation of ¢=** we have a
factor 2z. Therefore, the leading factor of the polynomial A, is (2z)¢. Hence,

(he, he)y = / 2l0le™ " dx = /720! O
R

Even though we have proven that Hermite polynomials are orthogonal, we cannot
yet state that they form an orthogonal basis in L2 (R). For that, we first have to
make sure that the set {h,},cn is complete in L2 (R).

Generalized anisotropic Hermite functions and their applications 9



Theorem 2.2.2: Completeness of Hermite polynomials in L2 (R)

The set {h}sen, is complete in L2 (R). Therefore, Hermite polynomials form
an orthogonal basis in L2 (R).

Proof. There are multiple proofs available in the literature for this statement. See,
for example, [Fol09, § 6.4, Theorem 6.12]. O

Now, when we made sure that Hermite polynomials indeed form a basis, we shall
look at its other interesting properties that we will use later on.

2.2.1. Hermite generating function and other properties

Based on the Rodrigues formula, we can immediately derive a key property of
Hermite polynomials which we will also heavily use in part [l of this thesis. This
is a fundamental relation and is sometimes used for the definition of Hermite
polynomials (see, for example, [Rai71, §11]).

Theorem 2.2.3: Hermite generating function (1D)

The following relation holds for all « € R, b € C:

14
—a? a
o2be =ZEMM (2.5)

KEN()

Proof. We summarize the standard proof that can be found, for example, in
[Fol09, § 6.4, Theorem 6.13]. Using the Rodrigues formula and the Taylor ex-
pansion of an exponential function around 0, we get
2 2 2 2 ((Ve’(b’“)Q at 2 856*“2
2ba—a* __ _b* (a—b)* __ b o b 1\
e =ee =e Z— e Z( 1) Sl

a=0"" 2eNy
a
=) o e(0). -

The expression above allows us to easily derive two algebraic properties of Her-
mite polynomials which we will need later on.

0

Theorem 2.2.4: Properties of Hermite polynomials

For all z € R, ¢ € Nj the following properties hold for Hermite polynomials:

1. 20 —opp, ((x) VLEN, (2.6)

2. hep(x) = 2zhy(z) — 20hy_q (). (2.7)

10 Generalized anisotropic Hermite functions and their applications



Proof. The relation (2.6) follows from differentiating the generating function
expression (2.5) with respect to b on both sides and equating the coefficients
of a’.

The second relation (2.7) follows from the Rodrigues formula, in combination
with (2.6). Indeed,

8hg(x) 0 22 8" 22 0 22 8”1 g2
G = 2]}(—1) € @e + (—].) € We = 21’]1((37) — hg+1($).
Recalling that 24 — 2¢p, , (x), we get the expression (2.7). O

The recursion formula is usually referred to as the three-term recurrence.
It is often the method of choice for the computation of Hermite polynomials in
numerical applications, since it does not involve expensive computations, such
as computing derivatives, and allows to reuse already computed values of the
polynomials with a lower degree.

2.2.2. Mehler’s formula

Along with the exponential generating function that we considered in Theo-
rem[2.2.3] another generating function identity, that includes the products of Her-
mite polynomials, is also an important tool in the framework of work with Hermite
polynomials. Together with the resulting sum, it is referred to as the Mehler’s
formula.

Theorem 2.2.5: Mehler’s formula. 1D.

For every z,y € R and |t| < 1 the following relation holds:

Z hg(f)hg(y)te — (1— ) exp (2xyt — (2* + y2)t2) | 28)

260! 1—1¢2
£eNg

where h, are physicists’ Hermite polynomials.

Proof. See, for example, [Wat33, p. 5]. Il

The expression above can be used for a variety of purposes. For example, one
can use it for an alternative proof for the value of the norm of Hermite
polynomials (see [Tha93, § 1.1, Lemma 1.1.2]). With = = y, it can also be used
for computing the sum of the squares of scaled Hermite polynomials which might
be useful for numerical purposes. Once the analytic value is computed for the
infinite sum, one can see numerically how many scaled Hermite polynomials
bring a significant input.

Generalized anisotropic Hermite functions and their applications 11



2.3. Hermite functions in terms of ladder operators
(1D)

As we can see from the previous section, it is advantageous to consider Her-
mite polynomials in the framework of a weighted L? space L2 (RR) with the Gaus-
sian weight. However, it turns out that we can still enjoy the corresponding prop-
erties in the non-weighted L?(R) space by considering Hermite functions instead
of Hermite polynomials.

Definition 2.3.1: Hermite functions

For ¢ € Ny, the following functions are called the ¢-th Hermite functions
T1/4

Ye(x) = \/Whg(m)e_“” 2 (2.9)

where hy(x) is ¢-th physicists’ Hermite polynomial.

It follows immediately from the properties of Hermite polynomials, that Hermite
functions form an orthonormal basis in L*(R) where the normalization was in-
troduced into the basis based on the value of the norm of Hermite polynomials
in the weighted space and the weight was incorporated into the functions. It is
clear from the definition that Hermite functions also belong to the Schwartz space
S(R).

As for algebraic properties and the recurrence relation, multiplying the three-
term recurrence of Hermite polynomials by e=*/2 and scaling accordingly,
we get the three-term recurrence for Hermite functions

Yen@) =\ g wbela) = | gt 210)

This provides us with the tool of efficient evaluation of Hermite functions based
on the values with smaller indices.
Due to the fact that Hermite functions are complete and orthonormal in L?(R),
every function f in L?(R) can be represented as
F=> (v
£eNg
in the sense of the convergence in norm

—0 when M — co.

F=> {f )

>M
Even though we know that the difference above tends to zero when M — oo, in
practice, we would prefer to have an explicit estimate of the corresponding norm.
We consider a subspace

Upnr = span{yy|¢ < M — 1}.

12 Generalized anisotropic Hermite functions and their applications



and take a look at the orthogonal projector
Paf = {f.de)the.
<M

Our goal is to estimate the approximation error ||f — Py, f||. For that, we look
at the Hermite functions from a different perspective that is widely used in the
quantum dynamics community (see [Lub08, § Ill.1.1]). In particular, one can
also equivalently define Hermite functions based on Dirac’s ladder operators.
This representation provides a simple way of estimating the approximation error
|f — Pufll. Let us briefly recap the definition of the ladder operators and their
relevance for the error estimation properties. We follow the line of narration of
[Lub08,, § 111.1.1].

Definition 2.3.2: Dirac’s ladder operators

Dirac’s ladder operators for Hermite functions are defined by

1 B
Af:%(w%) f, (2.11)
Affzi(x_ﬁ>f (2.12)
V2 or )"’ )

where A and A' are, the lowering and raising operators, respectively.

Let us check that the operators A, Af indeed act as lowering and raising operators
on Hermite functions, i.e. they lower or raise the order of the Hermite functions
respectively. Using the expression for the derivative of Hermite polynomials (2.6),
we get

™

Al = e
Similarly, making use of the same formula and the three-term recurrence (2.7),
we obtain

—1/4

(xhg(:c)e’ﬁ/2 + 2hy_y (x)e ™% — xhg(a:)e’xz/Q) = V.

i m —a2/2 —2/2 —a2/2
i) = T (xhg(:c)e — 2Uhy_1 ()2 + zhy(x)e )
7T_1/4 2
_ _ —x%/2 _
= JaEg (2xhg(x) — 20he_1(x)) e =Vl + 1Y (x). (2.13)
Therefore, Hermite functions could be also defined recursively as
1
— Af
¢Z+1 \/m 1/}£

with the base of recursion
o(z) = Mg/,

Before deriving the approximation error estimate, let us take a look at a few
useful properties of the ladder operators.

Generalized anisotropic Hermite functions and their applications 13



Lemma 2.3.1: Properties of ladder operators

Hermite ladder operators have the following properties
1. Hermite ladder operators map Schwartz functions to Schwartz func-
tions.

2. Hermite ladder operators are formally adjoint in the Schwartz space
S(R). i.e.forall f,g € S(R)

(ATf,g) = ([, Ag).

Proof. According to the properties (2.1), of the Schwartz space, for every
f € S(R), its derivative and zf(z), as well as their sum, also belongs to the
Schwartz space. Therefore, ATf, Af € S(R) which is the first statement.

Let us now prove the second statement. Considering the explicit form of the
scalar product and using the integration by parts, we get

(hig) =75 [ aftelata) - H gt = o= [ aptelgta +

= ([, Ag),
where we used that for f, g € S(R) the product f(z)g(x) also rapidly decays. [

dg(r)

x
ox

f(x)dz

With these properties at hand, we are ready to proceed to the approximation
error estimation. This is a result from the Theorem 1.2 from the book [Lub08, §
[.1.1].

Theorem 2.3.1: Approximation error

The following estimate holds for every f € S(R), s < M,

1 S
1f = Pufll < \/M(M—l)...(M—erl)HA flI- (2.14)

Proof. We reproduce the proof from [LubQ8, § Ill.1.1], since this approach will be
relevant for the analogous estimate in the next chapter.

Using the fact that the raising operator acts on Hermite functions as and
the adjointness of the raising and lowering operators, we get

f=Puf =Y (fibe)te

>M

_ 1 o
_e>M\/5(5—1)...(£—s+1)<f’(14)W_s)%be
1

B SoVIiE=1) . (f—s+1) (A f, bes)tbe
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Therefore, due to the orthonormality, we get

1 s 2
If = Pufll < Srr =Ty ar —s ) & (AT )]

J€Ng

1 S
=y =AM 0

We now have everything we need set up in the one-dimensional case and can
move on to the multivariate case.

2.4. Multivariate Hermite polynomials and Hermite
functions
The most straightforward way to extend Hermite polynomials and Hermite

functions to multiple dimensions is to use a tensor product structure (see, for
example [Gra49]). The d-dimensional Hermite polynomial can be defined as

he = he(z)-... - hg,(2z) forall £ Ng,

where £ = (¢,...,¢y4) is a multi-index. Most of the properties can be directly
translated to multiple dimensions right away. Denote as (i) the i-th d-dimensional
unit vector. Then, the algebraic properties in multiple dimension read as

Vhe(z) = 2£(he—i))iz,y (2.15)
(P gsy (%)) = (2ihe(x)iy = 2(Cihegs) (%)) (2.16)

It is also clear that multivariate Hermite polynomials form an orthogonal basis in
the space L2 (R?) with the weight

w(x) = e X2,
Indeed,
(e, he o = / e (<), (<)
R
Integrating component-wise d times, we get that for £, # £,
<h€17 h£2>w =0
and for all £ € N4
(he, he)w = ||hello = T~ Y4V2ll01,
where [£| = 6, +...+{gand £l = ¢, -.. .- £4. The completeness of the set {f,} e
also follows from the completeness of the corresponding 1D bases.
Similarly to the Hermite polynomials, Hermite functions can be also easily
extended to multiple dimensions in the tensor-product way:
wg(X) = 2/)31 (1’1) L Qﬂgd(Id) forall £e¢ Ng

The notion of the ladder operators is also easily extensible to higher dimensions.
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Indeed, we get

Af:%(erVx)f and Affz%(x—vx)f

with

Ajbe = \/Gbegy and - Al = /15 + 100, y).
As in the one-dimensional case, the ladder operators map Schwartz functions to
Schwartz functions are formally adjoint on the Schwartz space S(R?)

(ATf,g) = (f,Ag) forall f ge SR?.

An alternative path to multivariate Hermite polynomials and functions is to go
away from the tensor form and create a fully multivariate structure. This is the
approach of Hagedorn wave packets (see [LubQ8, § V]). In this case, a more
general setup is considered, where an anisotropic Gaussian of a certain form,
together with the corresponding ladder operators are introduced. The polynomial
prefactors arising from this construction can then be viewed as a generalization
of Hermite polynomials. There exists a generating function expression for these
polynomials. Under certain conditions, the polynomial prefactors of Hagedorn
wave packets simplify to tensor-product Hermite polynomials. This is what we
will use to get the multidimensional Hermite generating function.

Lemma 2.4.1: Multidimensional Hermite generating function

For all a, b € R?, the following relation holds
£
3 %he(b) = exp(2ba — a’a), (2.17)
LeNd
where h, are tensor product of 1D physicists’ Hermite polynomials,

he(X) = hgl (131) ot hgd(l’d).

Proof. See [DKT17, Lemma 5] or [Hag15, Theorem 3.1] with A = 1d,. O

The bilinear generating function can also be extended to multiple dimensions.
One can find a derivation in [Fol89, Chapter 1, (1.87)]. However, we provide an
alternative proof here.

Theorem 2.4.1: Mehler’s formula (nD)

The following relation holds for ¢t € R, |t| < 1 and x,y € R?

3t () he(y) 1 (x"y +y"x)t — 2(Ix[l5 + [lyll5)
D i (1 — 2)i eXp( (1-12) ) ‘

|k|=0

(2.18)
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Proof. We extend the 1D proof proposed by Watson in [Wat33, p. 5] to multiple
dimensions. Applying the inverse Fourier transform to the Fourier transform of a
normal distribution with o = 1/1/21d,, we get
XX = 7rd/2/ e R T 7T_d/2/ 26 ¢"Eqe.
R4 R4
Hence,

_ xTx £, —xTx _ (_QI)MI xT'x 4 2ixT£f£T£d
he(x) = e* *(=V)%e =z ¢ Rdf e £,
where we used the Rodrigues formula for multivariate tensor-product Hermite

polynomials (see [DKT17, Expr. 11] with M/ = Id). Then,
i t¥lhe(x)he(y)
2101 N
€|=0
X xtyly 2 (—2t)ll

B £pt 2i(xTe +yTe) —eTe, —€Te
- Z 2! /Rd Rd §x&y¢ e vrdedey
1£]=0

exTx+yTy T (T T T T
— —d/ / o 2tEx &y o21(x7 Exty £y)e—£x£x—€y£yd£xd€y7 (2.19)
T R4 JRA
where we used the Taylor series of the exponential function. Recall the following
formula for a bivariate Gaussian Fourier integral (see [Wat33, p. 5]):

0 00 —(x24y?)/2 2 _ .2 _ 2
_me ?—y*  (z—yt)
/_OO /_Oo G(wy) (u, v)dvdu = e exp( 5 T g ) : (2.20)

with
Gy (U, v) = exp(—u® — 2tuv — v* + 2izu + 2iyv).
Using (2.20) d times for the integral (2.19) together with the algebraic identity
(x—yt)?  2txy—a®—y?
11— 1— 2
yields (2.18). 0

A different proof can be found in [Wu15, § 6] which is given in 2D, but is easily
extendable to the multidimensional case.

—5(@" +y°) + 5" — ) -

In the next chapter, we introduce a new basis in the Hermite family. The ba-
sis is of the type tensor-product Hermite polynomial of a scaled variable times
an anisotropic Gaussian. The difference of this basis to the existing Hermite
functions or Hagedorn wave packets is that the scaling of the argument of the
Hermite polynomial is completely decoupled from the scaling of the exponential
part. Also, the new basis functions are no longer orthogonal in L*(R?), and we
will introduce a special weighted space where the orthogonality is preserved.
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3. Generalized anisotropic Hermite
functions

Even though Hermite functions are very useful for a variety of applications, there
are some cases when a more general version of the basis is a better fit. In
particular, we would like to be able to represent a truly anisotropic Gaussian by
the means of the basis. As we will show in part[ll} it turns out to be particularly
useful for the stabilization of the interpolation with anisotropic Gaussians. In this
chapter, we introduce a generalization of multivariate Hermite functions to the
case of the anisotropic Gaussian. The new basis is of the form of scaled tensor
product Hermite polynomials times an anisotropic Gaussian, augmented with
some additional parameters that allow to adapt the basis for a specific problem.

We introduce two invertible parameter matrices £, G € R%*? and a technical
parameter t. The matrix £ is a shape matrix corresponding to the width of the
multivariate Gaussian, the scaling matrix G is responsible for varying the evalu-
ation domain of the Hermite polynomials and the technical parameter ¢ will allow
us to use the Hermite polynomial’s bilinear generating function to calculate
the norm of our basis when needed. Consider

Jlel/2
Tx) exp(—x' ET Ex),

——he(G
Vg
where E, G € R%*? are arbitrary invertible matrices, ¢t > 0 and h,(x) are tensor
product of 1D physicists’ Hermite polynomials,

hg(X) = hgl(l'l) ot hgd(ZL‘d).

We later refer to {H, f’E’t}eeNg as generalized anisotropic Hermite functions. We
recover the standard Hermite functions up to the constant 7=%* by setting ¢ = 1,
G = 1d; and E = 1/v/2Id. Note, that in order to make use of Mehler’s formula
directly on the basis, we would need to limit the values of the parameter ¢ to
the interval (0,1). However, the theory derived in this chapter holds for arbitrary
t > 0. We, therefore, do not constrain the parameter ¢ unless we need to use
Mehler’s formula.

HeG’E’t(X =

The new basis functions can be expressed through multivariate tensor-product
Hermite functions as follows:

1
H{ P (x) = 7418/, (GTx) exp (XT (EGGT — ETE> x> : (3.1)
where v, are tensor-product Hermite functions:

Ye(x) = Yo, (1) - .. g, (Ta).

In this chapter, we translate the main properties of Hermite functions to the new
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basis with the final goal to estimate the approximation error of the new basis.
We will define the appropriate function spaces in section[3.1] prove that the new
set forms an orthogonal basis in the corresponding space in section derive
the necessary algebraic properties in section [3.3] Based on these properties,
we will introduce the ladder operators in section (3.4} until finally arriving to the
approximation results in section [3.5

3.1. Weighted spaces

First and foremost, we look for a corresponding space for the generalized
anisotropic Hermite functions, where they form an orthogonal basis. Similarly
to Hermite polynomials, generalized anisotropic Hermite functions are not or-
thogonal in the standard L?(R¢) space. In order to still be able to take advantage
of the orthogonality, we introduce a Hilbert space associated with the new basis
where we can later prove the orthogonality and some other useful properties. We
consider the space

Li(Rd):{f:RdaR

/ 0 Pwlx)de < oo}
Rd
with the weight w : R? — R,
w(x) = 7Y% det(@)| exp(2xT ET Ex — xTGGTx) (3.2)

and the inner product

(f,9) 2 ®ey = f(x)g(x)w(x)dz.

R4
We later refer to (-, -) 2 ray @s (-, -).. In the context of this chapter, the symbol w

always corresponds to the weight function (3.2).
We limit ourselves to real-valued functions since we only focus on those in the
applications considered later in this thesis.

Remark 3.1.1. Since we only consider real-valued functions, the dot product
(-,)w IS Symmetric.

In the following sections, we look into the structure of the L2 (R?) space and prove
key properties that allow us to estimate the approximation error. It turns out that
some properties of the new basis can be tracked from the corresponding prop-
erties of the standard Hermite functions basis. To simplify the proofs below, let
us first recall the connection of the generalized Hermite functions to the standard

ones (3.1):
Hy P (x) = w42 (GTx) exp (xT (%GGT - ETE) x)

_ lel/2 |det(G)|¢e(GTx), (3.3)

w(x)
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Analogously, one can express Hermite functions through the HermiteGF basis:

_ w(G~x) G,E,t
V] der(@)feer
As in the case of Hermite functions, it is advantageous for the derivation of certain
properties to consider a subspace of L2(R?). However, the regular Schwartz
space is not suitable for this purpose. For this reason, we introduce a weighted
alternative of the Schwartz space that accommodates the generalized basis.

Ve(x) (G™"x). (3.4)

3.1.1. Weighted Schwartz space

Let us now introduce the analog of the Schwartz space S(R) for the space
L2 (RY).
Definition 3.1.1

Consider a weight function w:R? — R. The following space we call the
weighted Schwartz space:

S.(RY) := {f ‘R = R|fvw € S(Rd)}.

Even though some statements below also hold for an arbitrary weight w, for the
sake of simplicity, we assume that we work with the generalized anisotropic Her-
mite functions weight (3.2).

w(x) = 1Y% det(@)| exp(2x” ET Ex — xTGG"x).
Let us prove that, analogously to the Schwartz space, the generalized Schwartz

space is dense in L2 (R?).

Lemma 3.1.1

S.(R?) c L2(RY) and is dense in L2 (RY).

Proof. We first prove that S, (RY) c L2(R%). Indeed, if ¢ € S,(R?), then, by
definition, ¢/w € S(RY) C L*(R?). Therefore,

» P(x)*w(x)dx < oo.

which proves that ¢ € L2 (RR?).

We now proceed to prove that S,(R%) is dense in L2(R9). Let us consider
¢ € L2 (R?). Then, ¢\/w € L2 (R?). Therefore, there exists a sequence {¢,}>>, C
S(R?) such that

nlglgo [pn — ¢\/¢_U||%2(Rd) = 0.
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Then

[ (660 =660 Va0 ax = [ (% - ¢<x>)2w<x>dx - | £ -

Denote

w

e (%) = n(x)w(x) 72,
Then, by definition of S,,(R), ¢ € S,.(R). Therefore, we have found a sequence
{¢=}22, such that

lim |[¢; — ¢l = 0. [
n—00

Note that since the generalized Hermite basis can be described in terms of Her-

mite functions as

t/2 /| det(G)|
w(x)

and due to the fact that Hermite functions are included in the Schwartz space

S(R?), the generalized Hermite functions Hy """ € S,,(R?) for all £ € N.

Hy P (x) = e(GTx),

3.2. Orthogonality and completeness

We now proceed to investigate the properties of the generalized anisotropic
Hermite functions in the L2 (R¢) space. First of all, we have to prove that they
indeed form an orthogonal basis in L?(R9). For that, we need to prove that
generalized anisotropic Hermite functions are orthogonal in L2 (R%) and that the
set {Hy "} ;e is complete in L2(RY).

Lemma 3.2.1: Generalized anisotropic Hermite basis

Generalized anisotropic Hermite functions are orthogonal in L2 (R%):
<H2,E,t’ HZ7E,t>w — t(‘el|+‘£2|)/25217£2

and the set of functions {H;"""},cya is complete in L2 (R%):

(f, Hy"P" G.Et
f= Z HGEt HGEwt> Hy»"' forall f € L2(RY) (3.5)
eeNd w

with (H P HEPh, = ¢4,

Proof. We start by proving orthogonality. We first recall that the generalized
anisotropic Hermite functions can be expressed through the standard ones as

a3 t14/2, /] det
HE,E,t(X) | € (G)|1/1£<GTX)

w(x)
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Using this relation, we get
(Hg P HPY, = / H P (%) Hy P (x)w(x) dx
R4
| det(G)]

w(x)

€3, (sl +1e21)/2 e, (G, (GTx) w(x)dx
R

x=GTx S < e
SN [y, (%), ()5 = t0ATHED 25,
R

We now proceed to the proof of completeness. Consider f € L2 (R¢). Then

/f x)dx < 0.

This implies
5 %=GTx roow(GTTX)
/Rd f(x)wx)dx = » f(GTx) mdx < 00.
Therefore,
roy [w(GTTX) 2
f(G TX) m € L (Rd)

Using the fact that the Hermite functions form a complete set in L?(R?) [Yse10,
63.4, Theorem 3.5], we get

G Tx
F(GT'x) |d (e %) Z arhe(X

where 1, are tensor-product Hermite functions. The coefficients a, can be com-
puted as

w= | f(GTx) w(GTTx)

. (@) O

TR e

e [ FHEE o) = o7, ),
R

Using the fact that the Hermite functions basis is complete in L?(R?) and the
expression (3.4), we get

6T [ = 3 ()

| det(G e

2

L2(RY)

= /R ) (f(GTx)Zagt“’f/zHeG’E’t(GTx)) Taet (@) éft ( )|)dx

LeNd

=||f— Z<f7 HZG,E,t>wt7|IZ|HeG,E,t

LeNd

2
r 2 : <f7 ]iﬁ ’t>w F[G Et
b b

w
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Therefore, generalized anisotropic Hermite functions {HG’E’t}EGNg form an or-

thogonal basis in L2 (R%). O

Now, when we are sure that the new functions indeed form a basis, we can
proceed to develop the rest of the generalized framework.

3.3. Algebraic properties and three-term
recurrence

As for the case of the Hermite functions (see section [2.3), we would not want
to evaluate our basis based on the definition. The more efficient way to do that is
to use the three-term recurrence.

First, we prove several properties of the generalized anisotropic Hermite basis
that are not only useful for the derivation of the three-term recurrence, but also
for the ladder operator theory that we will develop in the next section. For the
simplicity of the notation, we denote two auxiliary vectors

VEHEE ) VA THe ()
HEP(x) = . and H&E’t(x) = ’
VI HSE W—HG @
p £7<d> (X) d + ( )

where (i) = (0,...,1,...,0) denotes the i-th d-dimensional unit vector. We in-
vestigate the relation between H;""" and Hﬁ;E’t in order to derive the three-term
recurrence explicitly. First, let us recall the multivariate version of the three-term
recurrence of tensor-product Hermite polynomials.

(Pey iy (%))izr = (2xihe(x)iy — 2(Ghe—iy (%),
We now proceed to the proof of the algebraic properties of the basis.

Theorem 3.3.1: Properties of generalized anisotropic Hermite functions

For all x € RY, invertible E, G € R4, £ ¢ N4, the following relations hold:
1. VHPP'(x) = \/Z_t(G—ETEG—T)HKG_’E’t(x)—\/gETEG—THeCiE’t(x). (3.6)

2. xHIPNx)=GT (\/gﬂf_ﬂf(x) + S HE (). (3.7)

Proof. Denote £ = ETE. Using the property of Hermite polynomials and
the fact that £ is symmetric, we get
1el/2
Valee!
/112

= Y] (2G<€ih£—<i)<GTx))§l:1 — QEXhe(GTX>) e_XTETEx

VHE,E,t(X) _ <Vhe(GTX)e_XTETEx + hg(GTX)ve_XTETEx>

3
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Now, with the help of (2.7), we obtain

g, . B2 . ) :
VH ™ (x) = \/W(QG(E ihe—iy (GTx))y — 2EG™T (Cihe— i (GTx))i,
+ 2BG T (Lihe—)(GTx)iLy — 2Bxhe(GTx))e >
2 EG— T \d —xTETEx
- W(Q(G - EG )(E hz ) — EG™ (h@.@(G X)i:l)e

2
= V2t(G - ETEG™)H, GEt(x)—\/;ETEG_TH&E’t(x).

Similarly, using the three-term recurrence (2.7) for Hermite polynomials, we
get

H1El/2 —
HG,E,t _ 7 (th(GTX))ex E*Ex
1€1/2 (1 . T
= TG (5o (G + (e GTL )

_ o7 (_HGEt \/7HG’Et ) 0

One can reformulate the property (3.7) to obtain the analog of the Hermite
functions three-term recurrence for the new generalized anisotropic Hermite ba-
sis.

Three-term recurrence

The following relation holds for all x € R¢, £ € N¢:

(\/é +IHE (x )d :@GTXHEG’E’t(x)—t(ﬂHﬁif(x))d . (3.8)

=1

For the case ETE = 1Id,, G = Idy, and ¢ = 1, the three-term recurrence
matches the one for the tensor-product Hermite functions with the difference of
the factor 7—%/* for the 0-th basis function.

With everything set up, we can move on to the next step of the framework
construction. In particular, to the definition of the analog of Dirac ladder operators
for the { Hy"""}pea in L2 (RY).

3.4. Ladder operators

Analogously to Hermite functions, it is possible to define the appropriate ladder
operators for the new basis in terms of the space L2 (R?). Consider the differential
operator

G 1

\/_(Vf( x) +2ETExf(x)), Vx€R™% (3.9)

Ay f(x) =
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The operator A, acts as a lowering operator for the generalized anisotropic Her-
mite functions. Indeed, using the properties (3.6), (3.7), we get

G 1
Va2t

-1
- % (\@(G — ETEGT M (x) - \/gETEG—TH&Evt(X)

2
+VRUETEGTHS P (x) + \@ETEG‘THﬁE’t(X))

= Hy P (x).

ALHPP (%) = —=(VHS P! (x) + 2ET ExH{ P (x))

Analogously one can define a raising operator for {HZG’E’t}KGNg:

Al f(x) = \/ga—l (-Vf(x)+2(GG" — ETE)xf(x)) . (3.10)

Explicit calculation yields

ALH P (x) = \/gel (—VHZG’E’t(x) +2(GG" — ETE)XHZG’E’t(X)>
= %G‘l ( - <\/2_t(G — E"EGT")H P (x) — \/gETEG‘TH,ﬁE’t(x)>

+2GGT — ETE)G ([ HE P (x %Hﬁﬁt(x)> )

G7 ’
= HHEt(X).

Therefore, we have defined the raising and the lowering operator for the gener-
alized anisotropic Hermite functions.

— Ladder operators

The operators Al, and A, act as the raising and lowering operator for gener-
alized anisotropic Hermite functions:

ALH; P (x) = H P (x) (3.11)
A H P (x) = HE P (x) (3.12)

We now proceed to the investigation of the properties of the ladder operators.

3.4.1. Properties of ladder operators in weighted Schwartz
space

As the next step, we would like to prove that A! is adjoint to A4, in the weighted
Schwartz space. However, it turns out that the relation does not hold exactly. We
will prove a similar relation, with the difference of an additional factor ¢. We will
refer to that relation as t-adjointness.
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Definition 3.4.1: t-adjointness

Consider t > 0 and two differential operators Af, A, : S,(RY) — S, (R?).
Then, these operators are called t-adjoint if for all f, g € S,,(R%)
((AL)if, 9)w = t{f, (AL)ig) forall i=1...d.

where (A,); and (A!); denote the i-th components of the differential opera-
tors.

In order to prove that Al is t-adjoint to A,, in S,,(R¢), we first prove that for both
operators the image of S, (R?) is also in S,,(R%).

Lemma 3.4.1

Ladder operators (3.9), (3.10) map weighted Schwartz functions to weighted
Schwartz functions. For all f € S,(R%),i=1...d,

(AW)Zf € Sw(Rd)v (Aju)zf € Sw(Rd)'

Proof. Consider f € Sw(Rd). Denote £ = ETE, G = GGT. Let us first compute

V(f(x)Vw(x)) = Vf(x)V/wx) + f(x)VVw(x)
—Vf \/ )+ (28 — G)xf(x)/w(x). (3.13)

Then

-1

G
(Awf)\/c_‘-’ = E ((
G—l

= 757 (VUVEt) + Gxf(0v/l).

Using the fact that f/w € S(R?) and the properties of the Schwartz space, we
see that (A4,);fv/w € S(R?). Therefore, (A,):f € S.(R?).
We now prove the same for the raising operator Al . Indeed, using the relation

(3.13), we get

V + 2Ex) f(x)) v/w(x)

x))v/w(x) = \f ~V +2(G ~ E)x) f(x)] Vw(x)
= @G—l (—v<f<x>m> + Gxf(x) V(X))

Using the same reasoning as before, we observe that ((Al);f)v/w € S(R?) and
therefore ((Al).f) € S.(R?). O

Finally, we can proceed to the proof of the ¢-adjointness.
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Lemma 3.4.2

Forall f,g € S,(RY),i=1...d,

2. (f, (Al>ig>w =t((Aw)if; 9)w- (3.15)

Proof. Denote £ = ETE, G = GG™. We first observe that

w(x) 4 9 (exp(2x" Ex — x"'Gx))
R 72| det(Q)| oz,
d

j=1
Let us now compute the following integral
0f(x) _ d(g(x)w(x))
| astxiax == [ oo 20T ax
where we used integration by parts and the fact that for f, g € S,,(R?) the product
f(x)g(x)w(x) vanishes in the limit x; — +oo. With the help of the expressions
above, we proceed to the proof of the first equality.

(GADY. f \/>/Rd < axz (Z(Qéij - QEz‘j)%) f(X)) g(x)w(x)dx

J=1

where we used the relatlon (3.16) for the partial derivative of w(x). Due to the
bilinearity of the scalar product, the expression holds also for the operators A,
Af, themselves. Indeed, denote Al, | = GAl, Ac. = GA, and G™ = G~1. Then,

d d

(AL); =) GI(AL,); and (A.)i=) GI(Agw);
j:l j:l

Therefore, the first equality (3.74) follows from

Zamv (A )if g = 30 G, (Aa)ioha = HF, (A

J=1
Since the product (-, )w is commutative, the second equality can be obtained as
<f7 (AIJ)Zg>w = <(AZJ)Z.Q7 f)w = t<ga (Aw)zf>w = t<(Aw)ifa g>w O
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With this tool, we can now proceed to the estimation of the approximation error.

3.5. Approximation properties

In this section, we derive the estimations for the approximation error in L2 (R¢)
when using generalized anisotropic Hermite functions. We first consider the es-
timate that is analogous to Theorem 2.3.1]for Hermite functions. We then extend
it to a more general case.

Let us first consider the 1D case. Since in this case G and FE are just numbers,
we introduce a simplified notation { H,"*"},cy, for this case. We denote

Uy = span{HZ’E’tM <M -1}

and consider the orthogonal projector PM onto Uy, given by

H’)/Et
Pyf = }: o ppet

yet v,€,t
£<M H H >

Our goal is to estimate the error || f — Py, f||... We now prove the estimate that is
analogous to the result [Lub08, § Ill.1.1, Theorem 1.2].

Theorem 3.5.1

For every integer s < M and every function f in the weighted Schwartz
space S, (R),
tS/Q t52\/(M — s)!
Pyuflle < AS flle = AP fllw-
I =Pl < s —ar—sy ! VL

Proof. We follow the flow of the proof [LubQ8| § I1l.1.1, Theorem 1.2]. Using the
result of Lemma together with the properties (3.11), (3.15) of the raising
operator, we get

H’YStw .
I

£>M HV” JH)EY,
! U (AL HE e
S Vi=1). ({—s+1) (H)= H=h),
@19 ts (A5 f, HZ—’ESJN »
i VAU ST Ly,

Recall that
(H)=' H)®, =t VI eN,.

Using the orthogonality, we get

> (AL S of?
17 = Puflle = Ze .. ((—s+1) t |

{>M
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Therefore, we can now estimate

£ [(ALf, H )P
1f=Pufl < MO —1). (M —s+1) t(j+]5)

. ;zM
t28 s H’y&‘t

< T fm S
' 320

- . lALfI2

MM —1)... (M —s41)" e

where we used Parseval’s identity for the case of an orthogonal basis. O

Now, when we have the 1D estimate, we can easily extend it to higher dimen-
sions using the tensor-product approach. Let us consider the set of indexes

Ky ={€eNi|t; < M; Vi=1...d}
and the complementary set
Knv = {€ € NgJt; > M; Vi=1...d},
where the integer vector M = (M; ... M,). The corresponding orthogonal

projector Py is given by

G-t
Puf= Y (s Hy ™ e HE#+,

G,E, G,E,
LEKMm <He ta He t>w

We are now ready to estimate the approximation error ||f — Puf]|. for a multi-
variate function f € S, (R?).

Theorem 3.5.2

For every integer vector s such that s; < M; for all i and every function f in

the weighted Schwartz space S,,(R?),

a2 /N[ — s)]
VM!

If = Paflle < A% fles-

Proof. We follow the flow of the proof [LubQ8) § Ill.1.1, Theorem 1.2]. Using the
result of Lemma with the properties (3.11), (3.15) of the raising operator,
we get

= (HOET [OED

(AN Z 1 (f, (AL>SHZlEét>w F7GEt
o VO = s ) el = s+ 1) (HEP HPPY, ¢

BI5) tll (A2 f HY ) G.Et

¥4
S VO G = s 1) g (fa = sa + 1) (H P HE,
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Using the orthogonality, we get

21! (ASf Hy g ol
Hf - PMf”w Z 5 (gd — Sq+ 1) t|g|

EEKM

_ . 3 (A3 H )l
MMy —1)...(My—s14+1)...My...(Mg—sq+1) 50 t(dl+lsl)
tlsl
TM (M, —1)... (M — s +1)... My...(My—sq +1)” A2 11
where we used Parseval’s identity for the case of an orthogonal basis. O

We now move a bit further and generalize the obtained result to a more general
space that is defined based on the raising operator Al. In order to be able to
define the corresponding norm, we first have to prove that the operator has a
trivial kernel.

Lemma 3.5.1

The raising operator Al has a trivial kernel in L2 (R¢).

Proof. Consider f € L?(R?). Indeed,

Al f(x _0@\[ —V +2(GG" — ETE)x) f(x) =0
& Vfx) =2(GG" — ETE)xf(x).
Hence, the functions f for which ALf = 0 have the form
Fix) = plo)e” (@£,
Let us now check if f is in L2 (R%):

|f(x)|2w(x)dx _ / 7Td/2f(0)e2xT(GGT—ETE)XGQXTETEx—xTGG’Tx| det(G)|dx
Rd

Rd
= /R d 72 £(0)e* C¢T| det(G) |dx = 0o

Hence, f ¢ L2 (RY). O

We now prove a more general convergence result.

3.5.1. Generalized estimate

Let us first consider the 1D case. We denote
W R) = {f|(AL)Ff e LZ(R),0< k< m}.
The norm of W' (R) is given by:

1 Fllwer ey = <Z \I(Al)kf!ﬁ)
k=0
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Since the operator A] is linear and we have proved in Lemma that the

operator A, has a trivial kernel, it is a valid norm. We refer to || f|jwm )
| f|lm- We now estimate the approximation error in this norm.

Theorem 3.5.3

Vf € S,(R) with an integer 0 < m < r the following estimate holds
1f = Pasfllme < Clm, )t max{t™? 133M" 0P| ALF|l, VM >2r =1
with

C(m,r) =+vVm+1-2"72

as

Proof. Consider an integer 0 < k < m and f € S,(R). Since all basis functions

H)*' € S,(R?Y), the tail f — Py f € S.(R). Then, according to Lemmal3.4.1]
(AL*(f = Purf) € Su(R).

Therefore, using the Parseval’s identity, Lemma [3.4.1] and with the properties

(3.12), (3.74) of the ladder operators, we get

)k _ v,E,t 2
A — Pz = 30 WAL = P ) Bl

>0
-Zt%l f- PMf,AkH””> 2

>0

29[ f — Parf, HPD o

Ze(e—l)---(ﬁ—“l) tt

1>k

Due to orthogonality,

2k H'y,e,t " 2
A= PupIE= 3 e =1y (¢ — k4 I

CHLS, 1)

- Z(j . G4k t(j+Jl<:)

i>M
10 Z GH+1)...(G+k) NS, (AL)fH}f,ithlz
j>M JU=1..G=r+1) v
(cBE] Z G+D.(G+k)  HALSHILP
iU -1. G-+l ti
Recall that we required M > 2r — 1. In this case, forall j > M
j—r—|—1>j—7“—|—%= Qj_errl 2j+2r_;_2r+1 :%.

Moreover, since k <m <r

j—k+1>7—r+1>r>k VO<k<m,VYn>N.
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Let us combine the terms from the numerator with the first k£ terms of the denom-

inator:
G+1)...(j+k) G+1)...(j+k) . 1
iG=1...(G—-r+1) §GG-1)-...-(G—k+1) Gk -...-(j—r+1)
_Jtk o j¥k-1  j4+1 1
_j j—1 7 j—k+1 (G—k)-...-(G—r+1)

:(H%) <1+%) ""(Hy‘—zﬂ)'(j—k>--~1'<i—7"“)

< (14— ) L Z
Uik Gy

Therefore for all 0 < k < m,

or tk+2r|<Arf H'Wf,t>w|2
T\k _ 2 wd T g—r
ICAL(f = Puhl < 35 > =
j>M
2rtk+r .
< ALfIE,

Hence,
m m 1
I = Puf)llo = D IADE(f = Puf)I2 < 27" max{t™, 1} = IALFIIZ
k=0 k=0

2"" "
< (m+1) ”A?X_{m ’

1
Var g, =

Note, that for the case m = 0, this estimate matches the one derived in The-
orem [3.5.1 Indeed, for M > r we have the following estimate from Theo-

rem

2/ (M =)
I = Pufllo S == AL
If we now restrict the values of r to the ones satisfying M > 2r — 1, then
(M —n)! _ 1 - 1 2
M! MM—1)...(M—r+1) = (M —r+1)r = M"’
Therefore, in this case the estimate takes the form
tr/22r /2
I = Pufllo < 57 14Lf

which matches the estimate from Theorem [3.5.3|for m = 0.

In a similar fashion as before, namely, using the tensor-product approach,
we can extend the estimate for the multidimensional case. We first extend the
notions of the space and the corresponding norm. Denote

WRY) = {f|(AL)*f € LZ(R),0 <k <m}.
The norm of W™ (RR) is given by:

11w ey = (Z Z I(AL) kflb)

kq=0
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We later refer to || f||wmm) as || f||m.w- Let us now prove the final approximation
error estimate in this space.

Theorem 3.5.4: Approximation error

Consider f € S,,(R%) and integer vectors 0 < m < r such that 2r; — 1 < M,
foralli =1...d. Then, the following estimate holds

1f = Parf e < C(m, r)t2 max{t™/2, 13ME0/2|| AL £,

with

C(m,r) = +/(my +1)...(mg+1)-2/2,

Proof. As in the 1D case, due to the fact that all basis functions HS"""' € S,,(R%),
the tail f — Puf € S.(R?). Then, according to the Lemma [3.4.1]

(AL(f — Puf) € Su(RY).
Therefore, using the Parseval’s identity, Lemma and with the properties

(3.12), (3.14) of the ladder operators, we get

2 |<(AL)k<f — P f>’ HG’E7t>w|2
AL = Bl = 30 == e oy

LeNd

2 (f — Paf, ASHE )|

- Z el

LeNd

252\k| _ P 7[_]G,E,t " 2
S b (=R 1)l (G R+ 1) f ?j )l
e—keNg

o 2XIf — Paf, He ol

= 2 ] £l

£—keNd
Due to orthogonality,

o EM|(f HE
e e Al D e T

£—k € K
+k L (f, HE P, 2

a Z (1K)

jekm
T G+K)!G— o) M (AT HE P 2
-~ j! £l
jekm
3 G+K)! (G — o) 2 (A HE P )2
-~ j! £l
jekm
Recall that in 1D
G+ Gtk _GHERG-) 2
J—=1...(j —r+1) J! gl T gk
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under the conditions of the theorem. Therefore for all 0 < k < m,

olr| thkl42irl) (Ax p OB )2
\k 9 wd S j—r
1AL = Pmh)ls < g 2. il
JeERMm
olrlghe+el
< WHAWJCHZ,
Hence,
mi mq
10 = Pl = 3+ D2 ICALSCS = P
k1=0 kq=0
mi mq 1
k1=0 kq=0
2|I“t|l‘| max t|m|, 1 I‘
U harpe. o

<((my+1)...(mg+1)) Nr—m

Now, with the appropriate function spaces at hand and a good understanding of
the interpolation properties of the generalized anisotropic Hermite basis, we can
move on to deriving numerical methods based on it.
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Part Il

Stable interpolation with isotropic and
anisotropic Gaussians
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4. Interpolation problem

In this part of the thesis, we use the basis developed in part|[l| for the interpolation
problem. The content of this part of the thesis is an extended version of the pa-
per “Stable interpolation with isotropic and anisotropic Gaussians using Hermite
generating function” by Kormann, Lasser, & Yurova that has been accepted to
the SIAM Journal on Scientific Computing on 18.09.2019 [KLY19] (preprint avail-
able at https://arxiv.org/abs/1905.09542). In particular, the present
chapter, chapters [6}, [8} [10] and [12] reproduce the results of the paper with some
additional details, whereas the other chapters provide additional information on
the method.

Multivariate interpolation is a topic that is relevant for a vast number of applica-
tions. Gaussian radial basis functions (Gaussian RBFs) are a class of functions
for which interpolation generalizes to higher dimensions in a simple way while
yielding spectral accuracy [FHW12]. However, it is known that rather small val-
ues of the shape parameter ¢ > 0 (the width of the Gaussians) are often required.
In this case, the Gaussians become increasingly flat, and the interpolation ma-
trix becomes ill-conditioned. This problem has been extensively studied in the
literature (see the review [FE15] by Fornberg & Flyer and [Tar85] for Tarwater’s
description of this phenomenon in 1985). It has been quantified by Fornberg &
Zuev [EZ07], that the eigenvalues of the interpolation matrix are proportional to
powers of the shape parameter, causing the notorious ill-conditioning in the flat
limit regime ¢ — 0.

A direct collocation solution of the interpolation problem, which is referred to
as RBF-Direct in the literature, computes the expansion coefficients of the Gaus-
sian interpolant by inverting the collocation matrix and then evaluating the ex-
pansion. Several algorithms have been proposed to stabilize this procedure in
the flat limit regime, see [FW04, [FPQO7, [FLF11, [FM12, LLHF13, DMS13, [FM15,
FLP13, REK16, WE17]. A common idea of many of the stabilization algorithms—
including the one proposed in this part of the thesis—is to evaluate the interpolant
in a sequence of well-conditioned steps by a transformation to a different basis
so that the ill-conditioning is isolated in a diagonal matrix that can be inverted
analytically.

4.1. The new HermiteGF stabilization approach

In this part of the thesis, we propose a stabilizing expansion of isotropic Gaus-
sian functions, later referred to as HermiteGF expansion, built on the exponential
generating function of the classic Hermite polynomials. For certain classes of
functions, anisotropic Gaussians yield improved accuracy as shown in [BDL10].
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To include these cases in our description, we use an anisotropic generating func-
tion recently obtained by Dietert, Keller, & Troppmann [DKT17] as well as by
Hagedorn [Hag15] and generalize our HermiteGF expansion to the anisotropic
case. We also propose and analyze a novel cut-off criterion, that contrary to the
existing ones does not only account for the diagonal contributions of the stabi-
lization but measures the impact of the full stabilization basis.

4.2. Previous stabilization approaches

The first stabilization method was the Contour—Padé approximation proposed
by Fornberg & Wright for multiuadrics [FWQ4]. The authors later enhanced
it to the RBF-RA stabilization algorithm [WFE17], which has a wide applicability
but is limited to a small number of nodes. Later Fornberg & Piret [FP07] pro-
posed the so-called RBF-QR method for stable interpolation with Gaussians on
the sphere by expanding the Gaussians in spherical harmonics. The method has
been extended to more general domains in one to three dimensions by Fornberg,
Larsson, & Flyer [FLE11]. This expansion is based on a combination of Cheby-
shev polynomials and spherical harmonics. This method will be referred to as
Chebyshev-QR in this thesis. The technique has also been used for the stable
computation of RBF-generated finite differences by Larsson, Lehto, Heryudono,
& Fornberg [LLHF13]. Fornberg, Lehto, & Powell [FLP13] developed an alterna-
tive stabilization technique for the same problem. To treat complex domains, the
Chebyshev-QR method has been combined with a partition-of-unity approach
by Larsson, Shcherbakov, & Heryudono [LSH17]. Fasshauer & McCourt [FM12]
have developed another RBF-QR method, called Gauss-QR, that relies on a
Mercer expansion of the Gaussian kernel. The basis transformation involves
scaled Hermite polynomials. De Marchi and Santin [DMS13] considered a dif-
ferent construction of a stable basis based on a factorization of the kernel matrix
for general radial kernels. Our new basis is similar to the one in [FM12] with
the difference that it can be extended to the interpolation with anisotropic Gaus-
sians. Moreover, the generating function framework enables us to derive a new
cut-off criterion that accounts for the full Hermite basis effect. We note that a
multiscale analysis as provided by Griebel, Rieger, & Zwicknagl [GRZ15] might
allow to estimate the tail of the Mercer expansion of a Gaussian kernel and sub-
sequently to derive an alternative Mercer series based truncation criterion (see
[EM15, Remark 13.12]).

4.3. The interpolation problem

Before we dive into the discussion of the family of RBF-QR methods, let us
formalize the interpolation problem. Given a set {¢,(-)}."_, of basis functions and
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the values {f;} of the function f at points {x*'}, we seek to find an interpolant
of the following form,

S(X) = Z @k¢k<X>, (41)

such that it satisfies the N collocation conditions,

s(x) = f; for i=1,...,N.

7

The straightforward approach is to find the coefficients {«;} as a solution of the
linear system,

o = f, with ' = ¢;(x). (4.2)
The matrix ®! is called collocation matrix. Then, the interpolant (4.1) can be
evaluated at any point of the domain.

In this thesis, we consider Gaussian radial basis functions (isotropic Gaus-

sians)
on(x) = exp(—e*[x — x|]?)
with the shape parameter ¢ > 0 and anisotropic Gaussians
or(x) = exp(—(x — x3)  ETE(x — x3))

with the invertible shape matrix E. As for the other types of RBFs the collocation
matrix gets severely ill-conditioned for small values of the shape parameter ¢ or
the elements of the shape matrix £. We will first revise the existing stabilization
methods that allow to tackle the ill-conditioning in the isotropic case. We then
move on to derive a new algorithm that can not only be used for isotropic Gaus-
sians, but also is easily extended to the case of the anisotropic Gaussians.
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5. RBF-QR methods

Before deriving the new HermiteGF stabilization method, we introduce the gen-
eral framework of RBF-QR methods and review the existing versions. The main
idea of the RBF-QR methods is to expand each RBF in a more stable basis, that
is different for every specific RBF-QR method. After the expansion, the terms
yielding ill-conditioning should be confined in the expansion coefficients. After
that, a preconditioner of a certain form is used in order to tackle those terms
analytically. In this chapter, we first summarize the general workflow of RBF-QR
methods in section We then take a look at two specific expansions of RBFs
that yield the two existing RBF-QR methods that we will use as a reference: the
Chebyshev-QR method is described in section 5.2/ and the Gauss-QR method in
section5.3

5.1. General algorithm

In this section, we consider the general flow of RBF-QR methods. We focus
on the one-dimensional case, since all steps are identical for any number of
dimensions. The main idea of the methods from the RBF-QR family is to do
a basis transformation to a more stable basis that still spans the same space.
After this representation in the stable basis is found, the RBF interpolant can be
evaluated in a sequence of well-conditioned steps. RBF-QR algorithms start off
with an expansion of RBFs {¢#;}"_, centered at points {z;}X_, in a certain basis
{¢;};en, that has the following form for all z € R

2) =Y dico(zy) () (5.1)
£eNg
where d;, > 0, d, —> 0, {xx}_, are the centers of the RBFs, ¢/(z;) € R. We
will further refer to - as RBF-expansion and to {(,} as expansion functions.
At this point, the small ill-conditioned terms should be isolated in the coefficients
{d,}. Then, the expansion for all RBFs can be written as follows:

alzr)  eafxr) - emlzr) - d 0 - - Gi(z)
1 () oo enlme) e 1 x
I B | | et
0 - dy -
ontey) 0 e e o
(5.2)

We denote the row vector of Gaussians with center points X" evaluated at
reR

(I)(fl',Xcen) - (¢1($)7 ) ng(JZ))
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to keep it consistent with the definition of the collocation matrix ®°°! from the
interpolation problem (4.2). And, in the same fashion, we denote as

Z(z) = (Cl(x), G(x), .. )
the vector containing the values of the expansion functions at a point z € R. Then
the expression takes the form
d(z)"' =0DZ(x)",
with an NV x oo matrix C and an infinite-dimensional diagonal matrix D.

Recall that the goal is to find a basis {v’;} spanning the same space as {¢}
but yielding a better conditioned collocation matrix. In particular, we need an
invertible matrix X such that X~'®(z)? is better conditioned. The idea is to
perform a QR-decomposition on C' = QR, hence the name of the method, and
split away the upper left N x N blocks of resulting matrices

(z)" =CDZ(z)" =Q (R1 R») (l())l DOQ) Z(z)7,
where R; and D, are the N x N upper left blocks of matrices R and D and R;
and D, contain the remaining entries. Consider X = QR;D;. The new basis can
be formed as:

U(z)" = X '®(z) = D{'Ry'Q"®(x)" = DI'R{'QYQ (RiDy ReDs) Z(z)"
= (Id Dl_lRl_leDg) Z(SE)T = Zl(sc)T + (DflRflRQDQ)ZQ(LU)T, (53)

where Z,(z) contains the values of the first N expansion functions at the point
z € R and Z,(z) contains the rest. The action of D;' and D, can be computed
as the Hadamard product with
D :% with ie{1,...,N}, j>1.
Hence, the effect of the diagonal matrices D;* and D, on R;'R, is computed
analytically and therefore under/overflow can be avoided. That is why, despite
the harmful effects that are contained in D, the term D' R;* R, D, does not yield
ill-conditioning.
Now, when we have the stable basis, the interpolation problem (4.2) takes the
form:
U (2§)
col
\chol)\ _ \Ij<x2 ) = f
U(257)
Using the relation (5.3) we get:

(‘I[(I(ljog) (Z(IEOI)) ( 1d )
i) ~ s ) N o
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Z(25”)
Denote Rp = D 'R 'Ry D,, the left N x N block of the matrix | ... | as Z;
Z(25")
and the N x oo matrix containing the remaining entries as Z,. Then, we can
rewrite the system above as

(Zy+ ZyRp)A = .

Having computed the coefficients )\, the interpolant s at a point = can be evalu-
ated as follows:

s(x) = U(x)A.

Up to this point, this algorithm is still purely theoretical, since the matrices D, and
R> remain infinite-dimensional, which makes the numerical computation impos-
sible. Therefore, an algorithm for truncating the expansion is required. One
of the common ways of truncation is based on the values of the matrix D (see,
for example, [FLF11], § 5]). The idea is that once elements in D become less than
machine precision,

max D < €mach
i=1..N,
i>M

we can stop. Since we know explicitly the elements of D, it is usually possible
to identify analytically when the elements D drop below machine precision and
based on that deduce the number of basis functions M. Even though this ap-
proach provides a viable strategy to determine M, it only focuses on the matrix
D and ignores other parts of the expansion. For this reason, for the new RBF-
QR method that we will develop in following chapters we will derive an alternative
cut-off criterion. The flow of the stable interpolation procedure provided in Algo-
rithm [l

Let us take a look at the two main RBF-expansions used for the RBF-QR
algorithms.

5.2. Chebyshev-QR

We look at the RBF-QR algorithm that is based on the expansion of Gaus-
sian RBFs in a basis involving Chebyshev polynomials. In this case, the RBF-
expansion originated from the Taylor expansion translated to polar coordinates in
2D and spherical coordinates in 3D. Further improvement of the conditioning is
based on expanding the powers of the radius r in Chebyshev polynomials.

We provide the formulas of the resulting expansion functions and the coeffi-
cients in 1D. The expansion functions read as

T}(:c) = Ty(z) exp(—e®2?),

with {7T,} being Chebyshev polynomials. The expansion coefficients C and D
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Algorithm 1 General form of the RBF-QR methods

Given the values f of the function f(z) at a set of points {z{°'} a
stable way to compute the RBF-interpolant s(z) includes the following
steps:

1: Choose an RBF-expansion of the form (5.1):

() = deca(w)Co(x),
=0

2: Fix the truncation value M > N.
3: Formulate (5.1) in a matrix-vector form for a vector of all RBFs:

®(z)" = ODY(z)".

Perform C = QR.

Compute Rp = D; 'Ry 'Ry D, without explicitly inverting D;.
Evaluate Z(x) at collocation points {z°'}4_,.

Assemble U! = 7, + Z,RE.

Solve ¥\ = f.

Compute s(z) = ¥(x)A

©oe N aR

from are given as:
2822
o
where ¢, are fixed scalars and (£ is the hypergeometric function. For the trun-
cation, the algorithm based on D is used:

max;sn Di;

dy = , o) = trexp(—e*a)wy oL (0 + 1, e"27), (5.4)

< Emach- (55)

ming<;<n Dy
The method can be extended to multiple dimensions, however the code is avail-
able in 1-3D. For higher dimensional cases, explicit formulas have to be derived.
However, it is also possible to use a simple tensor-product approach based on
the 1D version of the method. In this work, we use the available code as one of
the references.

5.3. Gauss-QR

The Gauss-QR algorithm was developed by Fasshauer & McCourt [EM12]
who noticed a connection between the RBF-QR algorithm and Mercer or Hilbert-
Schmidt expansions for positive definite kernels. It turns out that the Mercer
expansion [Ras03, §4.3,Theorem 4.2] for Gaussian kernels can be used as an
RBF-expansion and, consecutively, the Gauss-QR algorithm can be developed.
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In particular, the expansion functions are given by:
¢o(x) = yeexp(—=8*a?)Hy 1 (ofz), (€N

where a and ¢ are parameters specified by the user, H,_; are Hermite polynomi-
als and the parameters 3, § can be calculated from ¢, « as follows:

42\ /4 / 5 , o,
52(1'1“?) y e = 2= 1)’ 5:7(5—1)‘

The Mercer expansion, which in the context of RBF-QR is used as the RBF-
expansion, reads as:

exp (—&”(x — 2)°) = > Mede(x)u(2), (5.6)

2 -1 . .
where \, = ,/a2+§§+52 <a2+i:2+62> . Interpreting (5.6) as an RBF-expansion
(5.1) we arrive to the following formulas for the coefficients C and D from (5.1):

co(xr) = do(zr), de = A

The truncation value M can be derived from the magnitude of the values of \.
In particular, in the available version of the code (available at http://math.
iit.edu/~mccomic/gaussqgr/), it is determined as the smallest M satisfying
A < Emach AN Which corresponds to the condition

zgllaii/, Dij < €mach-
i>M
The method has been implemented for arbitrary dimension and we will use it as

one of the reference methods for all relevant test cases.
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6. HermiteGF expansion of Gaussians

In this chapter, we propose a new RBF expansion that works directly on general
anisotropic Gaussians. In particular, we use the generalized anisotropic Hermite
functions that we have introduced in chapter [3|as expansion functions. We then
build a new RBF-QR method based on that. For the sake of simplicity, we first
derive the expansion for Gaussians in 1D. After that, we extend our expansion to
the case of multivariate anisotropic Gaussians.

6.1. HermiteGF expansion in 1D

Recall that generalized anisotropic Hermite functions in 1D are defined as
té/?

200!
where {h,} are physicists’ Hermite polynomials. In the context of the interpo-
lation problem, the parameters can have a clear interpretation. The parameter
e corresponds to the shape parameter of the original Gaussian RBFs, the pa-
rameter ~ controls the evaluation domain of the Hermite polynomials, which will
allow to improve conditioning. The technical parameter ¢ will help us to control
the truncation error of the stabilization expansion (see chapter [10). The cut-off
algorithm will be based on the Mehler’s formula (2.18), that is why in this case
we limit ourselves to the values of ¢ within the interval

HZ%E’t(z) = hé(’yx)e_gxi e >0, V> 0,t> 0’

te(0,1).

Based on the generating function theory, we derive an infinite expansion of the
one-dimensional Gaussian RBFs in the basis { H,*"'}.

Theorem 6.1.1: HermiteGF expansion (1D)

For all parameters ¢ > 0, v > 0, 2y € R, ¢ € R, we have a pointwise
expansion

5 2
) =00 e (27 (51 ) 3

>0 T

£26/2t

E/ )

AgHg’E’t(ﬂc — xp),

(6.1)
where A, = g—x,. The RBF interpolant s(x) can then be pointwise computed
as,

N 2 20 4
o) = ey (27 (5 1)) 7 V2 N ), (62)

k=1 >0 YVt

where A, =z, — zg and {z;})_, are the centers of the RBFs.
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Proof. The Hermite polynomial’s generating function is given by (2.17),
2ba a? Z h@
>0

Choosing a = <22 and b = ~(z — ), we obtain

5 Agh . QA €4A§
Z W q o(y(x —x9)) = exp | 2¢ q(;p —x0) — = ‘

>0
Hence, we get

£2 2£\/_
exp( A2 (——1)> ALH) S (2 — @)
o QZO vt
2
= exXp ( 2A2 ( 1)) Z Z—ﬂAEhg( (.CL" — .To))e_a (@=20)
7’ >0

2 €4A2
= exp ( 2A2 (7— — 1) + 282 A, (z — m9) — 72‘1 —&*(x — m0)2>

=exp (—* (A, — (z — :L‘O))Z) = o= (@m0’

which proves expansion (6.1). Using expansion (6.1) in the interpolant (4.1), we
get the representation (6.2). O

In the context of the interpolation problem, we will further refer to the general-
ized anisotropic Hermite functions also as HermiteGF basis functions, since in
this framework the expansion basis is bound to the Hermite generating functions
expansion.

Remark 6.1.1. Basis centering.

Hermite polynomials have a symmetry with respect to the axis x = 0. Due
to its growth behavior, it is advantageous to have the basis centered around this
point of symmetry, that is, to use the translation x, = BT‘A, where [A, B] is the
interval of interest for evaluating the function f.

Remark 6.1.2. The parameter ~.

The parameter v > 0 in the basis { H)**"'} >, allows control over the evaluation
domain of the Hermite polynomials. When choosing it, one has to consider two
counteracting effects: For small values of v, ill-conditioning appears since the
values of the basis functions at the collocation points are too similar. On the
other hand, Hermite polynomials take very large values on large domains which
can lead to an overflow. An optimal balance depends on the particular function
and the number of basis functions. The parameter plays a similar role to that of

the “global scale parameter” o in [FM12).
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6.2. Multivariate HermiteGF expansion of
anisotropic Gaussians

The HermiteGF expansion can be easily extended to higher dimensions for
the case of isotropic Gaussians, using tensor products of 1D physicists’ Hermite
polynomials

he(x) = he,(z1) -+ - hey (1), £€NY xcRL
However, finding a stable interpolant for anisotropic Gaussian functions of the
type
¢q(x) = exp(—(x —q)" ETE(x —q)),  x,q€R’,

is a more challenging task. A similar question was raised in [FM12, § 8.5],
however, without further investigation. McCourt & Fasshauer [MF17] considered
anisotropic Gaussians with diagonal shape matrix E using Mercer expansion the-
ory, but this result has not been extended to the case of arbitrary E. Analogously
to the 1D case, we define the multivariate version of our HermiteGF functions
by

ez

V2l¢l¢!

where G, E € R™4 are arbitrary invertible matrices.

Hy P (x) = he(G"x) exp(—x" E" Ex),

Proposition 6.2.1: HermiteGF expansion of anisotropic Gaussians

Let q € R? and £, G € R**? be invertible matrices. Consider the anisotropic
Gaussian ¢4(-). Then, for any shift x, € R¢ the following relation holds point-
wise in x € RY:

~ G 'ETEA) V21
x) = exp(AT(G—-ETE)A -§ : ( q [7G Bt
¢q( ) p( q( ) Q) et t|£|£'

where Ay = q —xo, G = ETEG-"G'E"E.

(x—xg), (6.3)

Proof. Denote A, = q — %, b = GT(x — x¢), a = G 'ETEA,. Then, using the
multivariate Hermite generating function (2.17)), we get
3 (G'ETEAL)
2!

he(GT (x — %)) = exp(2(x — x0) ' ETEA, — AgéAq).
LeNd

We observe that

o 2xT'ETEq =2(x —x0)ETEA, + 2x"ETExq + 2x0ETEA,.

o x'ETEx=—(x—x0)TETE(x — x¢) — 2xT ET Exy + x} ET Exq.
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exp(—(x —q)'ETE(x — q)) = exp(—x"ETEx + 2x"ETEq — q" ETEq)
(—(x —x0)"ETE(x — x¢)) - exp(—2x" ET Exq + x} ET Exq)
(2(x — x0) ETEA,) - exp(2x" ET Exy + 2x0ET EA) - exp(—qET Eq)
= exp(—(x —x0)"ETE(x — x¢)) - exp(2(x — x0) ET EAy)

-exp(—qETEq + 2x0ET Eq — xoET Exo)
= exp(—ALJETEAG+ ALGA,)

5 (G'ETEA*

¢!

= exp

he(GT(x — x¢)) exp(—(x — x0) ET E(x — x¢))

(GETEA)NIE oy
\/t\elg Hy ™ (x = o).

This expansion provides a new powerful tool of dealing with anisotropic approxi-
mation. Note that the standard multidimensional isotropic Gaussian interpolation
corresponds to the following matrix E:

=exp(—ALETEAL + AgéAq) : Z
LeNgd

]

Eisotropic = 5Idd~

6.3. The absence of the scaling invariance

One can see from the derivations above that the free parameters ~/G and ¢
allow for multiple HermiteGF expansions for one Gaussian. We illustrate it further
by introducing a scaling of the parameters of the original Gaussian that does not
change the final values of the Gaussian, but affects the HermiteGF expansion.

Proposition 6.3.1: Nonscalability of the HermiteGF expansion (1D)

Consider a scaling parameter a € R, « > 0. Denote

- Zo __q _ _
.T:_, :UO:—’ q:—7 Aq:q—xO’ E = (&
« [0 a

with z, 79, € R,e > 0. Then the HermiteGF expansion of ¢-(z) with v €
R, € (0,1) corresponds to the HermiteGF expansion of ¢; (z) with ¥ = v/a
and the same t.

Proof. Recall that for a fixed v € R, ¢ € (0,1) HermiteGF-expansion (6.1) in 1D
writes as

2 20, /ot
o () = e = @=0" — oxp (52A2 (% - 1)) Z VY ALH) ™ (@ — ).

>0 ~E/ L)

At the same time,

QSZ_(j) _ eEZ(CE—q)Z _ ea252(é—a)2 _ gba(ﬂj)
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However, the HermiteGF expansions are different for ¢-(z) and ¢;(z). Indeed,

i s =2 22\/_ B
of (Z-0) :eXp( QAQ (7_—1))2 7] f;Hg (:L’—l’o)

>0 o
2.2 22
_ 2a2 [ € V2! ACH _
exp(SAq(f}ﬂ —1));7 = ALH]P™ (2 — Zo) .
We note that
g — tK/Q ’Y —& 12 /O‘ 4E,
H)*M (7) = \/Whg (a(x—xo)>e T H) M (2 — x0) .
Therefore,
o 2 20 2[ B
652(28—(1)2 — exp ( 2A2 (_ . 1)> Z 56 \/Z_glAf;HZ,e,t (l‘ N xO) :
2 >0 YV ite
which corresponds to the expansion of ¢: (x) with v — v /a. Il

In practice it means, that scaling the interpolation domain to a certain interval and
compensating it with the scaling parameter, alters the expansion. Even though it
is advantageous in some cases to scale the centers of RBFs, one should keep in
mind that the resulting expansion differs from the original one. In order to have a
one-to-one correspondence, one has to scale v as well.

Analogously to the 1D case, the multidimensional HermiteGF expansion is
also non invariant with respect to scaling.

Proposition 6.3.2: Nonscalability of the HermiteGF expansion (nD)

Consider an invertible matrix A € R%*¢. Denote
x=A"x, % =A%, q=A"'q, Aq=A'(q-x), E=EA

with x, q, %o € R%, E, G € R are invertible. Then the HermiteGF expansion
of ¢E( ) with G € R¥4, ¢ € (0,1) corresponds to the HermiteGF expansion
of ¢% (x) with G = A~"G and the same t.

Proof. Recall the HermiteGF expansion in multiple dimensions (6.3)
g (x) = exp(—(x —q)" ETE(x — q))

= exp(—ALETEAG + AGAq) - Y

LeNd

G'ETEA,) V2
( \/telgcll) H‘G’EJ(X ~Xo)

with G = ETEG-TG'ETE. Then
¢L (%) = exp(—(A7' (x — q))TATET EAA™ (x — q)) = ¢E(x).

q
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However, the HermiteGF expansion of ¢4(x) reads as
¢L (%) = exp (~ALATETEAAG + ATATETEAGTTGTIATETEAA,)
Z (GTTATETEAA,) V20 HOE
LeNY Vel
=exp (-ALETEAG+ ALETEAGTTGTTATETEA,)
(GTATE"EA,)*V2H

Bz — %)

(\

Et(A (x — xg))-

£eNgd tee!

We note that the following relation holds for the basis functions

_ le]/2 o _

HEP(50) = e GTA™ (x = x0) expl =T B ) ©1 € HEP (x = o).
Therefore,
¢E(x) = exp (—~AGETEAG + ATETEGTTGT'ETEA,)
G'ETEAL) V2 -
2 ( T q') Hy e = o),
el Vgl

which corresponds to the expansion of ¢ (x) with G — A~ G. O

6.4. Bilinear generating function and the norm of
the HermiteGF basis

Let us now investigate the behavior of the HermiteGF basis functions with a
large ¢ approaching infinity. It will become crucial later on, in chapter [10, when
we have to cut our basis in order to use it for numerical purposes. We would
like to get a first idea of how many basis functions bring a significant input. For
that, we take a look at the magnitude of the values of the HermiteGF basis. We
estimate the 2-norm of the infinite dimensional vector H%%(x)T, containing the
values of all basis functions at a certain point x € R?. It turns out that we can
compute this norm analytically, using a multivariate extension of Mehler’s formula
for Hermite polynomials

S WhelOhaly) | 1 (T oyt £y
gl T (1—p)ar P 1-2) '
£]=0

With the help of the multidimensional Mehler’s formula we can now compute

the square of the Euclidean norm

H' (%) =Y HyP'(x)? =) h2(GTx) exp(—2xT ET Ex)

lim 2|g|£'
|€|=0 |€]=0

of the infinite vector containing the values of all basis functions Hy"*"(x) with
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Figure 1 Frobenius norm of the matrix H,. of values the basis functions at 100 Halton nodes x; on a square domain
[=1,1] x [—1,1]. The solid line is the value of corresponding to only the basis functions with a degree up to jmax. The
corresponds to the analytically computed value.

¢ € N* at some point x € R<. Indeed,

exp <—2XTETEX + %)
(1— 252)01/2

One can also use the Mehler’s formula for computing the Frobenius norm of

the matrix H_,;”" containing the values of all basis functions {H;"*'} . at all

col

collocation points {xj }r—1. n:

HOP (x) = (6.4)

lim

N
IHGE N =Y He P ().
k=1

6.4.1. Analysis of |H%:""|

We first check if the analytically predicted value of ||[H%:""||2 corresponds to
numerical results. We look at the || H%;""||% in 2D on a unit square [—1,1] x [~1, 1]
with 100 Halton points in the isotropic case (F = ¢Id, G = ~Id). One can see
in the Figure [1| the limit value is matched for different values of ¢, v and ¢. For

smaller values of v the value of the norm is smaller. On the other hand, in case
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Figure 2 Frobenius norm of the matrix H of values the basis functions at 100 Halton nodes x; on a square domain
[—1,1] x [—1, 1]. The limit value is very large for larger .

the basis is used for interpolation, small v makes the evaluation points of Hermite
polynomials closer to each other, which might worsen the conditioning. One can
also see that the values of the norms are smaller for smaller ¢t. However, for the
interpolation problem, too small ¢ might also make the values of the basis close
to each other, since we are taking the power |£|/2 of ¢ in the basis. For further
experiments with interpolation with different values of ~, ¢ see chapter[12]

For the unit square case, the values of | HS;""| » were harmless for all values
of v, t. However, for a larger domain, in particular, a square [—4,4] x [—4,4],
one can see in the Figure [2 that the norm takes extremely large values which we
would like to avoid in our computations. With the help of the Mehler’s formula,
we can use the analytic estimation of the norm in order to prevent overflow.

Tail of the expansion

From the figures [1| and [2| one can see that the speed of convergence of the
norm is different for different setups. From the computational cost perspective,
we would be interested in a fast convergence, since it could allow for a smaller
number of basis functions. Let us take a closer look at the tail of this expansion.
In particular, we look at the values of the following expression:

o0

. el
tail(| HS)|%) = Z Z QQIhe (GTxy,) exp(—2x; ET Ex})
k=1 ‘£| =Jmax

One can see in the Figure [3a]that for smaller v the speed of convergence is way
faster than for larger values. On the other hand, in the Figure one can see
that after a certain value of v the first 25 basis functions do not bring us closer to
the limit value. Moreover, we can see that for all values of j..., the value of the
tail starts to grow exponentially with ~ after a certain point. Therefore, one has to
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(a) Dependence of the tail from jmax- (b) Dependence of the tail from ~.

Figure 3 One can see that smaller values of ~ provide smaller values of H., and faster decay. Due to the fact that &
only enters with the exponential factor, which is constant with respect to jmax for every x;, the pictures for other values

of € are the same, up to a scalar factor.

be very careful while increasing ~. In certain setups, even a small increase might

lead to a substantial quality loss.
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7. Convergence of the HermiteGF basis in
the space L2 (RY)

In chapter [3) we have proved general convergence results for the HermiteGF, or
generalized anisotropic Hermite basis within the corresponding weighted space

2l = { £ o R | [ 1760Rude < oo

with the weight w : R? — R,
w(x) = 7Y% det(@)| exp(2xT ET Ex — xTGGTx)

and the inner product

(fs 9) 12 may = /Rd f(x)g(x)w(x)dz.

However, now we want to look at it in more detail for the specific case of the
HermiteGF approximation. It turns out that the HermiteGF approximation is the
best approximation in that space. In particular, the HermiteGF approximation
matches exactly the projection of the anisotropic Gaussian interpolant onto the
space L2 (R%). We then derive two approximation error estimates. The first one
estimates the truncation error for the case when we cut the Hermite expansion
based on the polynomial degree j.... This estimate is based on the multivari-
ate Taylor expansion and on the multinomial theorem. The second estimate is
applicable to the case when we cut our expansion based on the dimension-wise
bounds on the polynomial degree. In this case, we employ the ladder operator
theory developed in section[3.5]

7.1. Anisotropic Gaussian interpolant and L2 (R?)

Consider an anisotropic Gaussian interpolant

s(x) = ou(x) =Y apexp(—(x —xx) " ETE(x — x)), (7.1)
h=1 k=1

where E is the shape matrix. So far, we have considered the infinite HermiteGF
expansion of the Gaussians. However, in a numerical algorithm, we will need
to truncate the anisotropic HermiteGF expansion at a certain degree j,.... Note
that the number of basis functions is then equal to

M = (Jméx i d) .
jmax

Let us first define the approximation of the anisotropic Gaussian interpolant via
the truncated HermiteGF expansion. Plugging in the corresponding expansion
(6.3), that was cut at a degree j.., instead of each Gaussian in the interpolant
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(7.1), we get

GEt _ T T A (G E EAk:) 2| G,Et
S, (X) = k; o exp(AL(—ETE + G)Ay) I;O = Hy P (x = xq)

Jmax N - , .
_ v e o (GTUETEAYNREAY g,
) %o (; AepBEEE OR ey Hy"" (x = x0),

where each Gaussian we approximated with the truncated HermiteGF expan-
sion. We later refer to sfi’t(x) as HermiteGF interpolant. We want to interpret
ﬁi’t(x) as a partial sum of the expansion of s in the HermiteGF basis in the

weighted L2 space L2 (R?). Recall that in chapter 3 we considered the weight
w(x) = 7% det(@)| exp(2xT ET Ex — xTGGTx).

S

In the L? space with this weight, the non-shifted HermiteGF functions are orthog-
onal and there is a ladder operator framework available. However, to accommo-
date the shift in the basis, we now have to also shift our weight w to preserve
orthogonality. We consider the weight

wo(X) = w(x — Xo)
and the corresponding weighted L* space L2 (R?) instead. We now prove that

the HermiteGF interpolant is the best approximation in this space. For the con-
venience of notation, we denote the shifted basis functions as

HOP (x) = HP P (x — %) forall €€ NZ,

e7x0

We now proceed to proving the best approximation result.

Proposition 7.1.1: Best approximation

Denote

Ujpae = sP0{ Hg ™ (x = x0) | [€] < jimax} € LZ, (R?).

max

Then s]CanXt is the best approximation of s in U;, _ :

G,Et

Jmax ”UJO = mln ”8 - U’HWO'

Jmax

|s —s

Proof. In order to show that sﬁfx’t is the best approximation in U;,__, it is enough
to prove that "' is the orthogonal projection of s € L2 (R¢) onto Uj,... In
particular, we need to prove that
<S, HG),(E,t)QJ
SjGr;it(X) = Z HOEl K}_IOG,E,;) Heifi(x)- (7.2)
‘£|§jmax< £xo T Lx0 >w0

Before proceeding to the evaluation of the coefficient (s, Hy"""),,,, we compute

Generalized anisotropic Hermite functions and their applications 55



the individual coefficients (¢, Hy"").,:

(D> Hng]f Yo = y o (x) Hy ™" (x — xo)w(x — %o )dx
/2

7rd/2\/ 21elp) Jra

1el/24 —ALETEA,
- TN he(GTx) exp(2A} ET Ex — xT GG"x)| det(G)|dx,

where we used that

he(G"x)r(x + xo) exp(x” E" Ex — x" GG"x)| det(G)|dx

Or(x +x9) = exp((x — xi, + XO)TETE(X — X + Xp))
=exp((x — AR)TETE(x — Ay)) = exp(—ALETEA, + 2A7 ET Ex — xT ETEx).

Changing the variable x = G*x, we get
t|£|/2€—AkETEAk

wd/2\/21e10)  JRa
To compute the remaining integral we recall a useful property of Hermite polyno-
mials [GR14, § 7.374, Expr. 6]:

/ ho(z)e™ @ dg = 2"/7a" Vz € R,n € N,. (7.3)
R

he(X) exp(2A] ETEG Tx — x'x)dx.

We observe that
2ATETEG T —x"x = —(x — G'ETEA)T (x — G'ETEA,) + ATGA,,
with G = ETEG-TG'ETE. Using (7.3) dimension-wise, we get

N t/2(GLET EA L)/ 21
(G, HEN = exp(—ALETEA, + AL, GAY) G~ o)’ .

£,x0 \/E
Adding up N elements of the original interpolant, we get
(s(x), Hyu Mo Zak (Drs Hy Do
N ~ le|/2 LET EAL /21
= apexp(—-AJETEA, + AZGAk)t (G )° :
= 'z
Using the fact that (HGEt Hy 20 = (H P H P, = 4 and summing over
£ < jmax, We arrive to (7.2) which proves the statement of the lemma. N

7.2. Convergence of the truncated anisotropic

HermiteGF expansion
Even though we have proved that the HermiteGF interpolant is the best ap-
proximation in the corresponding subspace of L (R%), to be able to quantify the

accuracy of the HermiteGF interpolant, we seek to derive an explicit estimate of
the truncation error. In order to do that, we need the following lemma.
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Lemma 7.2.1: Exponential tail

Considery € R?withy; > 0foralli =1,...,d and jn.x € N. Then,

£ ¢
> 5 > ewllyl (7.4

|e|2jmax ’ ‘elzjmax

where [ly|1 = |y + ... + |val-

Proof. Consider the function
f(y) = exp(y1) exp(ya) - - - exp(ya) = exp([ly[1), vy >0.
Then the Taylor series for the function f expanded at a point a € R? reads as

fay) =Y a”;,(a) (y—a)f= ) a”;!(a) (y —a)" + Rj,..(y),

£eNd ’ €] <jmax

where R;(y) is the remainder of the Taylor series.

We note that for a = 0 the remainder of the Taylor series coincides with the
estimated sum. Then, according to the multivariate Taylor’s theorem, there exists
£ € [0,y] such that

> 5 YR = Y exp(llg)%

\£|>J+1 ' |e|=j-+1
Noting that exp(||€]|1) < exp(]ly|1) for non-negative y we arrive to the estimate
(7.4). O

We can now proceed to the estimation of the truncation error. We continue work-
ing in L2 (R?) since in this case we can represent the norm of the difference

s — 577" through the known coefficients (s, H, "").,,.

Theorem 7.2.1: Truncation error estimate

Let s € L2(RY), E,G € R*? invertible and define G = ETEG-TG'E"E. If
ETE — G is positive definite, then

(2/t) ]max+l
Is = s5ucllée < HQHZ(.—

rnaxl
) Zexp @/0)lyel) lyelzom=, (7.5)

where y, = G 'ETEA, and the vector o contains the coefficients of the
interpolant in the original basis.

Proof. Using the Parseval’s identity for the orthogonal basis, we get

G,Et
G 2 _ E < HZ X0 >w0
||S_Sjtnax||w0 - <HGEt HGEt>
|£|2jmax+l £xo9 £xo /wo
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Now, with the help of Proposition and the Cauchy-Schwartz inequality, we

obtain
2

(GTETEA,) Y20

Is = 5 llée = Z Zak exp(AL (—ETE + G)Ay)
01 a1 \ =1 o Vet
N —1 T 25|
) (G'ETEA,)*2
< D el > T
‘E‘ijax‘f‘l k=1
Denote y, = G'ETEA, and 3, = (2(yx)? ... %(y)3). Then, using (7.4) we
get
N S’ N S/z
G,E,
ls = sE22 <Ny, D0 Yo =leled. > F
€12 maxt1 k=1 F=1 [0 >jmax+1

N ol
~ y
<llad, Y Y epllsal)

k=1 |e‘:]max+1

(jrrlax+1) N 20

2 2 y

= |la 2 E 2 k
H HEQ (Z) £ exXp (ZHkaf2> YAl

|e|:jmax+1
Applying the multinomial theorem to the second sum we arrive to the estimate

(7.5). O

In case the nodes {yi}r—1.. v are lying within a sphere, one can simplify the
estimate above.

Corollary 7.2.1. If |G'ETEA|le, < p forallk =1,..., N then

oo < lleell \/Nexp p (2p2/t) ]max+1)/2. 76)
wo 2 + (]max T 1)

Hs—s

Jmax

Proof. From the estimate (7.5) we get

o ) 9 (Jmax+1) N ”y Hl (Jmax+1)
2
o sl <l (7)o@l B
247 (2470
< N —_ [
ol N exp (- ) P

One can see that in order for the method to be accurate, the value of the
components of the vectors G"'ET EA,, should be rather small. In particular, it is
advantageous for the convergence speed to have

ﬂl
P\ 7 <L

Since we are mostly focusing on the case of flat Gaussians, a lot of times it is
automatically achieved by the factor E7 E with G of order one. In other cases, a
large magnitude of G improves the decay of the expansion. On the other hand, for
large magnitude of G, the argument of the Hermite polynomial Gx gets large,
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which can, in turn, lead to ill-conditioning. We investigate this phenomena for
isotropic Gaussians numerically in the Section

As for the combinatorial constant, one can see that in 1D the factor (jax +1)!
easily balances N. However, with the increase of the dimensionality the rate of
decay of the factor ﬁ deteriorates dramatically. This is related to the curse
of the dimensionality. Therefore in higher dimensions, one has to be particu-
larly careful to choose a small enough p and a large enough j.... to get a good
approximation quality.

For the isotropic case, one can simplify the error estimate even further.

Corollary 7.2.2. If E = cld, G = ~1d and the nodes ||x;||. < L forallk =1,...,N
then

—2 4712 10247 2\(max+1)/2
GE vy 2L (2t y et L)
s = 552 < el W e (T ) B2 0 7.7

Moreover, in the isotropic case we have more information about the coeffi-
cients oy, which allows for a more precise analysis.

7.2.1. The influence of the coefficients «; in the isotropic case

In the isotropic case, the RBF coefficients o, tend to infinity as ¢ — 0. In
particular, according to [LF05, § 4, Corollary 4.1] a ~ 2" for k = 1,..., N,
where P € N, defined as follows:

K+d
ve (M)

Therefore, in case ju.. > P, the behavior of the coefficients «; is neutralized.
However, one has to make sure by choosing appropriate v and j,.. that the
remaining decay is good enough for reaching the desired approximation quality.
In particular, it could be advantageous to choose ~ such that

Viy > V22 L.

However, as before, one has to keep in mind that a very large magnitude of ~
might lead to ill-conditioning in practical applications. For practical experiments
see Section[12.1.2

7.2.2. Refined convergence proof in 1D

P:min{KENo

In this section, we try to improve our estimate from the previous section by
handling the term exp(—ATETEA, + ATGA,) more carefully. For the sake of
simplicity, we consider the 1D case with the zero shift x, = 0 in order to see
if it provides any significant improvement. Note that in 1D the number of the
expansion functions is equal to the maximum polynomial degree j.x.-
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Theorem 7.2.2: Refined estimate in 1D

If s c Li(R), e <", N < jmax then
] 2 2 2 t (Jmax+1)/2
s — 575l < HaHeQ\/Nmax{e*<3max+1)/2’efﬁL2}ef’T( p /-)
| (Jmax + 1)!

Where L= man{|xk|}, B = 62 (1 — %)’ p = 527[’

, (7.8)

Proof. Using Proposition|7.1.1] Parseval’s identity and Cauchy-Schwartz inequal-
ity, we get

Tet2 _ <SaHZ7E7t>Z
||S - Sjm.dXHw - Z H'y,s,t H'y,s,t
£<]mdx+1 < ’ >w
£2 \/_525 v
Z (Zakexp(s xk< 1)) )
02> jmax+1 ’y ’y tgg
gttt (X 52
0> jmax+1 " \k=1

Consider the function
g($) — ef2ﬁ12x2€’ /8 > 0 /¢ > jmax +1.

Note that for 3 = &2 (1 - —) and z = x4, the value g(x) coincides with the corre-
sponding element of the sum above. If we are able to determine the maximum of
g(x) in our interpolation domain, it can serve as an upper bound for all elements
of the sum over k.

The derivative of the function ¢(z) reads as

g'(x) = —4Bze 2P 2 4 2032 e 2 = 207287 21 (2847 4 ().
Since the function g is symmetric, the global maximum is reached at

o L
“=\2p°

Since all nodes z;, are within the interval [—L, L], we are only interested at the
maximum at that interval. Therefore, on the interval [—L, L] we have the following
estimate

lg(x)] < g(L) if x> L,

l9(2)| < g(z.) it . <L
The condition z, < L implies

¢ 2
’/ﬁ<[’ & <2617
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Denote (, = |28L?| and p = =%. Then

N
st B<lal, S 22 (S g
jmax w — EQ t@ny@gl g k

k=1

szmax+1
fo —Lpl ol 4L 0,40
9 e 0" 2% 9812720 2°€
< Ha”egN < Z (2B)¢ tiy2E0) + Z € L tly2t0)
0=jmax+1 T =6+ ’

< N macfe- Gt o217y 37 LD
02 jmax+1
where we used that ¢/23 < L? for ¢ < £,. Applying the estimate of the tail of the
Taylor expansion of an exponential function from the Lemma [7.2.] we arrive to
the estimate (7.8). O

One can see that the estimate above is identical to the multivariate one with
the only difference being the factor max{e Um=xt1) 281"} " However, since we
are interested mostly in small values of ¢, the value of 5 = £2(¢?/4? — 1) in most
common scenarios requiring stabilization is rather small. That, in turn, implies
that the value of constant will be very close to 1 which was our estimate in the
multivariate version. Therefore, we conclude that treating the exponential factor
this way doesn’t provide any significant improvement for the estimate for real life
cases.

7.3. Convergence for the dimension-wise
truncation

Even though we are mostly focusing on the truncation by the cumulative poly-
nomial degree j..., Or the simplex index set, it is also possible to truncate the
expansion dimension-wise, based on the maximum number of elements M; in
every dimension i = 1...d. This truncation strategy is especially useful in case
the centers of RBFs are also on a tensor grid (see, for example, [REK16, [YK17]),
since in this case a Kronecker product representation of the matrices can be
employed which brings a significant performance gain. However, it limits one of
the main features of the RBF methods, namely, the ability to work with scattered
points.

In this thesis, we focus on the strategy considered in the previous sections.
However, in this section we derive a truncation error estimate for the dimension-
wise truncation strategy since it also brings some insights into the structure of
the basis.

We consider a vector

M = (M. .., M,)
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of the maximum number of basis functions in each dimension. Then, the Her-
miteGF interpolant takes the form

G,Et
LR Y B %H"‘“ o (x—x)
£1=0 £3=0 k=1 -ZXO ) EXO wo

with the result of the Proposition _that

(GLETEA,)4/21

Vel '
Analogously to the interpolant s also is an orthogonal projection to the
subspace of L2 (R?) correspondmg to the set of indexes

Ky ={€eNJt; < M; Vi=1...d}.

(b, Hy 2oy = exp(—AL ETEA, + AT GAy)

£,x9

GEt GEt

Then the truncation error takes the form

s = 555 = / (s(60) = 57 00) Pen () x

Md HeGEt> 2
X0 /w0 G,E t
= E g H,™ (x—x0)> w(x — xp)dx
GE G,E, £
/ < l1= He , X0 t’ HZ ,X0 t>

We note that
< HKGX{? t>wo = /d S(X)HEC:EJ(X — Xo)w(X — Xo)dx
R
= / S(X —+ XO)HZG’E’t(X)W(X)dX _ <3x07 HZG,E,t>w7
Rd

where sy, (x) = s(x + x¢) is the shifted original interpolant. Therefore, we can
interpret the sum above as

2
(50 Hy ™"
s =55 = | ( S Z HG“EtHcEt> HE’E’%x)) w(x)dx

£1=0 Lyg= £,x0

= [lsx0 = Paaso [l

where Py is the orthogonal projector in the non-shifted space L2 (R9)

HOP
PMf — Z <f7 £ > HZG7E7t.

G,E, G.E,
eKm <H£ t’He t>w

For this norm we have already proved in section[3.5 an estimate for all f from the
weighted Schwartz space S, that was defined as

So®?Y) = {f:R" = R|fvw € S(RY)}

In particular, according to Theorem [3.5.2] the error estimate writes as follows

N =

where r is an integer vector with r; < M, foralli =1...d and A, is the lowering
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operator
G~ 1
Auf(x) = \/—(
In order to use the estimate above, we should make sure that s € S,,(R?). In
particular, it is enough to show that Gaussians ¢, (x + x) € S,(R?), then, their
linear combination also belongs to S, (R?). Recall that f € S,(R?) if f\/w €
S(R%). In case of the anisotropic Gaussians {¢;}, we get

br(x +x0)vw = 7Y% /| det(G)| exp(—(x — AL)TETE(x — Ay))
- exp (XTETEX — %XTGGTX)
= 7= Y4 /| det(G)| exp(—ATETEA},) exp (2XTETEAk — %XTGGTX)

= 7~ Y4 /| det(G)| exp(AT (~ETE + G)Ay)

Vf(x)+2E"Exf(x)), VxecR%

1
- exp (—5 (x — 2G_TG_1ETEAk)T GGT (X — QG_TG_IETEAk)> € S(RY),

where, as before, G is an invertible matrix and G = ET EG-TG~'ET E. Therefore,
the shifted anisotropic Gaussians ¢ (x + x¢) € S, (R?).

Since we have made sure that s,, € S, (RY), we can now derive an explicit
form of the estimate of ||s — s5;”"||..,, based on Theorem m

Theorem 7.3.1

Let s be the anisotropic Gaussian interpolant (7.1), invertible £, G € R,
Consider a vector M = (M;, ..., My) of maximum number of functions in
each dimension and the corresponding HermiteGF interpolant sf/I’E’t. Then,
for all integer vectors r such that ; < M, foralli =1...d, we have

[s—sni " lwo < VM)l \/W Z|a 12G ' ETEA) | exp(AT(—ETE+2G)Ay).
(7.9)

Proof. As we have shown above, all functions ¢, (x +x,) € S, (R%), therefore, we
can directly use the result of Theorem 0N Sy, (X) = s(x + Xo).

VAL B

)!
HS —SMm Hwo = HSXO - PMSXOHUJ < \/W HA:SXOHW

for every r < M element-wise. We are now focusing on computing || A7, f||... First
of all, we use the Minkowski inequality

N
<3 AL G

w k=1
where ¢ x, = ¢r(x+x0). We are now left with computing || AL ¢x x, ||.- Let us first

[ AL 80 [l =
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apply the lowering operator A, 10 ¢r«,. Using the explicit formula (3.9) for A,
we get
G—l
Audrxy = —= (Vor(x + xo) + 2E" Exép(x + Xo))

V2t
Gfl

= NeT (=2E"E(x — Ay) + 2E"EX) ¢p(x + x0)
2G'ETEA

TS m b

where we used that
Vor(x +x9) = Vexp(—(x — A" ETE(x — Ay)) = —2ETE(x — Ay)ép(x + x0).

Therefore, the square of the norm || AL, ¢k x, || can be computed as follows

] 2GTETEAL)™
||Aw¢k:,xo||i = /Rd( (Qt)m k) Qbk(X—I—XO)QW(X)dX

_ ﬂ'id/2 (2G71ETE’A]€)2I‘
(Qt)\rl

/ exp(—2xTETEx + 4x"ETEA, — 2ALETEA,)
R4

exp(2xT BT Ex — x" GG x)| det(G)|dx.
Recalling the Gaussian integral, that reads as

/e_(x_“)de =1 Vz€R,
R

we get
—d)2 (2G—1ETEA,€)2r
(zt)lr\

- / exp(4xT ETEA;, — x" GG x)| det(G)|dx
Rd

1AL drxo [l = 7 exp(—2A(ETEAy)

R:ETX —d/2 (2G_1ETEAk)2r
- m
20

/ exp (—(x —2G'ETEA))T(x —2GT'ETEAy)) dx
Rd

exp(—2ATETEA,) exp(4ATGA))

_1ETEA 2r N
_ (26 o k) exp(2AL (—~ETE +2G)Ay)
Using the expression above for all £ = 1... N, we arrive to the expression (7.9).

]

It was noted in [Lub08, § I1l.1.1] that the convergence of Hermite functions cen-
tered at zero for a shifted Gaussian with a large shift is slow. We can now see
that it is also propagated to our case. Indeed, analogously to [LubQ8, § IIl.1.1],
we look for all k = 1... N at the term
(M —r1)!
V2irM!
of the estimate (7.9). Denote the vector of absolute values of 2G~'ETEA, as p,

(2G'ETEA,)"|
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with
(pr)i = [2(GT'ETEA});| forall i=1...d.

One can see that the approximation would have a slow convergence for large
shifts p,. That is why it is advisable to use the center of the domain as the shift
xo. Moreover, considering r = M and using the Stirling’s approximation of the
factorial, we get
V(M —r1)! 1 e M
W\@G—IETEA;CH ~ (2w M, - ... - My)/* <%) .
Therefore, we would prefer to have

e
M > — max .
= 9 R Pr

This condition is not sufficient to have a small error, since the coefficients {y }i-,
get large in magnitude. However, it could be helpful while choosing parameters
G, FE and the shift x,.
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8. Stabilization of the RBF interpolation

Now, when we have studied in detail the behavior of the HermiteGF expansion,
we derive an RBF-QR algorithm based on it. Recall that the main idea is to per-
form a basis transformation to a more stable basis (see section[5.1). We use the
HermiteGF functions, or generalized anisotropic Hermite functions, { H; "'} as
the expansion functions. For appropriately chosen parameter G and ¢t we expect
the basis {H;"""'} to be better conditioned. We now first derive the HermiteGF-
QR algorithm in 1D and then generalize it to a multidimensional form.

8.1. HermiteGF-QR. 1D
In 1D we denote by
(z, X") = (d1(z), ..., on(2))

the vector of Gaussians with center points X" evaluated at x € R and write the
stabilization expansion as an infinite matrix-vector product

®(z, X)) = HOPH(x — 20) B(e,v,t, X (8.1)
where the vector

HG’E’t(x —x9) = (H()G’E’t(x — 1), HlG’E’t($ — ), - - )

contains all the elements of the polynomial basis {H;"*"'},s, evaluated in the
translated point © — z, and

g2 £20y/2t
B(e,v,t, Xy = exp (szAz <¥ — 1)) mAf;
is an oo x N matrix. The major part of the ill-conditioning is now confined in
the matrix B. Since B is independent of the point x where the basis function is
evaluated, both the evaluation and interpolation matrix can be expressed in the
form with the same matrix B.

We follow the RBF-QR approach and further split
BT =CD
into a well-conditioned full N x co matrix C' and an infinite diagonal matrix D,

where all harmful effects are confined in D. In the case of expansion (6.1),
the following setup follows naturally from the Chebyshev-QR theory [FLE11] §

4.1.3],
2 L 20 14
B an2 (€ AL ezt o,
Ckg = exXp (8 Ak (—72 1)) _LZ s Dgg = ’ye ] L.

Here we also divide each coefficient by the radius of the domain L containing
the center points in order to avoid ill-conditioning in C' coming from taking high
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powers of ;. That might be dangerous when the domain is too large, however,
it still extends the range of domain diameters possible.

The goal is now to find a basis {v;} spanning the same space as {¢;.} but
yielding a better conditioned collocation matrix. In particular, we need an in-
vertible matrix X such that X ~'®(z)T is better conditioned. Let us perform a
QR-decomposition on C' = QR. Then we get,

O(z)" = CDH ! (z —20)" = Q (R Ry) (% g ) HEPM 2 — )"
2
where R, and D; are N x N matrices containing the upper (left) block of the
infinite matrices R and D, respectively, while R, and D, assemble the remaining
entries. Consider X = QR;D;,." The new basis ¥(x)” := X~'®(x)T can be
formed as,

U(2)" = Dy Ry QM (x)”
= Dy'RI'QYQ (RyDy RyDo) HOPH (1 — )"
= (Id Dy'Ry'ReDo) HEPHaw — x).

To avoid under/overflow in the computation of D;'R;'R,D,, we form the two
matrices R = Ry 'R, and D with elements

2 2\ il
Di;=|—1/= S E— 1<i<N, j>1,
0l t (N + 7)!

and compute their Hadamard product, R. = D. Despite the harmful effects con-
tained in D, the resulting term DRy 'R, D, = R. + D is then harmless.

8.2. Multivariate anisotropic HermiteGF-QR

In this section, we derive an analog of the HermiteGF-QR algorithm for the
multivariate case. Since we are now dealing with matrices, in the general case,
it is impossible to separate E from x; in (Ex;)¢ as we did before. Therefore, the
flow of the HermiteGF-QR does not apply directly. However, it is still possible to
tackle some part of the ill-conditioning analytically. Consider the following splitting
of the matrix G1ETE € R¥*4;

G'ETE = Diag + Rem,

where Diag is the d x d diagonal matrix containing the diagonal elements of
G~'ETE and Rem contains the remaining off-diagonal terms. Denote

vi = (Id + Diag 'Rem)A; and A = x; — Xo.

" We assume that the matrix X is invertible. If this is not the case, then column pivoting in the QR
decomposition has proved to be effective (see [ELE11} § 5]).
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Then, it holds that
(G'ETEA)* = ((Diag + Rem)Ay)* = (Diag ((Id + Diag ™ 'Rem)(x;, — xo)))‘

d
(Diag;;(vi):)" = H DlagZZ Vk (H Dlag”> vi,

where Diag_lRem can be computed analytically. Denote d,.. = diag(Diag).
Then, the generating function expansion (6.3) can be written as:

(GTIETEA) /2 G Bt

1

_ AT T T A ; B
or(x) = exp(—ALE EAk+AkGAk)£€%i — P (x — x)
24 Gpy
— exp(—ATETEA, + ATGAY) Z _ —vee kL2 &P (x — xq).
£LeNd tiele!

As before, we can write the expansion above as the infinite matrix-vector prod-
uct

d(x) = HP'(x — x0) B(E, G, t, X°™)
with

B(E,G,t,X“") g, = exp(—AFETEA +AT(;A) eV V2
by 4, Lk = €Xp k k k k \/W .

As before, we write the transpose of the infinite matrix B as a product C'D with

£

Cre = exp(—ATETEA, + ATGA)VE, Dy = dyw%e (8.2)
The d x d matrix product Diag~'Rem contained in the vectors v;, can be computed
analytically. The diagonal part of the matrix G- ET E, that is now in the matrix D
can be handled in the exact same fashion as it has been done in 1D. In particular,
we perform the QR-decomposition of the matrix C' = QR, block decompose

R=(R R)., D= (131 &),

such that the entries related to the first N stabilizing basis functions are contained
in the N x N matrices R, and Dy, and consider the preconditioner X = QR D;.
Hence, analogously to the HermiteGF-QR case, the new basis can be formed
as

U(x)" = X'0(x)" = (Id Dy'Ry"ReDo) HOP(x — xo)".
The action of D; ' and D, can again be computed as the Hadamard product with

_ Djinjan
.= NN
! Dm

S

with ie{1,...,N}, j>1. (8.3)

Remark 8.2.1. When the magnitude of v, gets too large, the matrix C' can also
become ill-conditioned. To avoid that, one can increase the magnitude of the
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elements of GG. Alternatively, one can add a scaling in C which should then be
compensated in the matrix D, similarly to the scaling with the domain size L in
the 1D version.

In the new basis, we can write the equivalent formulation of the interpolant

(4.1) as

s(x) = \IJ(X)(\I!C"l)*lf with \Iffjol = wj(xf"l). (8.4)
Now, when we have derived the general version of the HermiteGF-QR method,
let us take a look on which form it takes in the case of isotropic Gaussians.

8.2.1. Isotropic HermiteGF-QR

In the isotropic case, when £ = ¢Id,; and G = ~Idy, the expressions for ma-
trices C' and D can be written in a simpler way. In particular, in this case we
have

Diag = v '¢’Id;, Rem = 0,.
and, therefore,
Vk:Xk—XOZAk.

Hence, the diagonal vector simplifies to d.. = v '¢%(1,...,1) and the elements
of matrices C' and D take the form

) ~1_2\/¢]
B 2 (€7 2 £ — W—S)
Cre = exp <8 (; 1> ||Ak||£2) Ap Dy = Ve

8.3. Alternative splitting based on the Vandermonde
matrix

Instead of using a QR-decomposition of the matrix C' € R¥*> one could also
splititas C = EW, where E € RV*V is a diagonal matrix for the exponential part
and W € RY*> accounts for the polynomial contributions,

Eu. = exp(-ALETEA, + A[GA,) and Wy, = vi. (8.9)

We now decompose the original basis using this splitting,

D, 0
CD(X)T = ( 01 DQ) HG,E,t(X _ XO)T

- D; 0
=F (W1 Wg) ( 01 D2> HG’E’t(X — Xo)T

= E (WiDy WD) HPH(x —x0)",

where W, € RV*Y and W, € RY*><_ With the preconditioner Xy, = EW, D, the
new basis reads as

Uy(x)" = (Id Dy'W'WaDy) HEPH (x — xo)".
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One can see that
Xy = EWlDl =CDy=QR D, =X,

where (| is the first N x N block of C. Therefore, in exact arithmetic ¥ and Uy,
are the same, however, in floating-point arithmetic the values of the bases might
differ. However, we will use this alternative splitting for the derivation and analysis
of a suitable cut-off criterion for the HermiteGF basis in chapter|10]

Remark 8.3.1. Note that in the isotropic case the part of C' containing the values
of the shape parameter = explicitly cancels out. Therefore, we expect that ¢ does
not have a significant impact on the term R;' R, as well. In the anisotropic case,
the elements of E are included in the vectors v,,, and therefore, the situation
might differ.
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9. Analysis of the HermiteGF-QR
ingredients

In this chapter, we take a look at the different matrices that are involved in the as-
sembly of the stable basis V. In particular, we aim to gain a better understanding
of the influence of different parts on the final result. At the same time, we build
up the knowledge base that can assist us in the derivation of the cut-off criterion
in chapter[10] For the sake of simplicity, we focus on the case with the zero shift

XO:O.

9.1. The matrix B

From section [8.2] we know that the original anisotropic Gaussian basis can be
written though the HermiteGF basis in the matrix-vector form as follows:

d(x) = HP'(x — x)B(E, G, X 1),

where B(E, G, X< t) € Re*N with the elements

¥4 £
B(E,G,t, X"y, = exp(—ATETEA,, + AT éAk)%.
We further refer to the matrix B(E, G, t, X°") as B when the parameters are fixed
within the context.

In section[6.4|we proved that the norm of H%(x) converges with £ approach-
ing infinity and found the limit. We now consider the matrix B, containing the co-
efficients of the anisotropic Gaussian interpolant in the HermiteGF basis, before
it has been decomposed into the product of C' and D. We investigate whether
there is also decay in the coefficients matrix B by taking a look at the tail of its

Frobenius norm. In particular, we split the oo x N matrix B into two parts

_ Bjmax
o= ()

x N part of the matrix B, where M;_ . cor-

max

Here B;, .. being the upper M;
responds to the number of basis functions with a cumulative polynomial degree
< Jmax- IN 1D, it also corresponds to the number of basis functions M, . . In
multiple dimensions, the number of basis functions M, . can be obtained as

) o jmax+d
M = |7

max

. The oo x N matrix B, contains the remaining entries of B.

Jmax

It turns out that we can compute the norm || B, || » exactly. The value of this norm
gives us an idea of the cumulative impact of all elements of B that will be cut off
if we choose to truncate at the degree j..... We now proceed to the derivation of
the value of || B|| -
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Lemma 9.1.1: The tail of || B||»

Let £, G € R¥be invertible, t € (0,1). Denote 6, = —ATETEA,+ATGA,,
yie =G 'ETEx, and y, = (3(yx)} ... 2(yx)3). Then, the tail of the Frobe-
nius norm of the corresponding matrix B(F,G,t, X°") can be evaluated as

Bl = Zexp 200 I 1, 30, 0.1)

ma.

where (-, ) is the mcomplete gamma function.

Proof. We follow the same flow as we did in the convergence proof in L2 (R?)
in the section [7.2] However, this time we compute the tail of the Taylor series
exactly.

Using the integral form of the tail of the Taylor expansion [H&r90, §1.1, Expr.
(1.1.7)’], we get

N <L
y
1Bl =20 > 2

k=1 [€]>Fmax+1

N

= D exp@ s +1) 3 / 1D exp(s]9 1 )ds

k=1 ‘Zl ]mdx+1

N 1 y
:Z p(20,)( jmax—l-l)/(l—s)Jma"eXp sl5ll)d Z Y,

We now compute the integral over s with the help of [GR14, Expr. 3.351]

1

1
/ (1= sym exp(s]§all)ds = exp([Fall) / s exp(— |4 ]15)ds
0 0

]m'xx_l

= exp|¥ e[l OFx7 "y Gmax + L [[75l1),

where v is the incomplete gamma function. Therefore, using the multinomial
theorem, we obtain

N ~ ~

. exp(||yxlli) . < yi

| Bl = ZGXP(QQk)(]maX + 1)W7(]max + 1, lyr)ll) Z lTlf
kil1 :

k=1 ‘e‘:jmax+1
N ~ +1
, exp([|[yell) . I 7%
= > exp(20k) (jmax + 1) == 77 (jmax + L, [[7[11) ———=
; [ i (Jmax + 1)!
= exp([lyxll1)
k . ~

£
Il

1

Once in possession of the explicit formula, we can now take a look at the numer-
ical values of the tail for different parameter values.
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Figure 4 Dependence of the values of the function g from the values of jmax and ||y||1. For all jmax the growth of the
tail stagnates at 1. This indicates that at the point of stagnation there is no decrease of the tail with jmax, which could
indicate suboptimal behavior of the method for larger ¢, since ||y ||1 grows with . For || ||1 > 10! the numerical
convergence is almost non-existent.

9.1.1. The behavior of the tail of the coefficients matrix B

Let us first investigate how the speed of convergence of the tail behaves with
the increasing j..x. The faster the decay, the fewer basis functions we would
need for getting an accurate representation of the anisotropic Gaussian inter-
polant in the HermiteGF basis. We study separately the part of the expression
(9.1), that depends on j.., as a function of j,.x and [|yx|:- In particular, we

introduce

: - Y(Jmax + 1, [|¥ell1)
g(]mam HYkHl) = : | .

max-

and examine the behavior of this function numerically.

One can see in the Figure[4athat the tail takes extremely small values for small
magnitude of ||y.||; and the values are exponentially growing with the increase
of the magnitude of ||yx||:. The growth rate increases with the increase of jax.
However, after a certain point, for all j,... the growth stagnates around 1. This
indicates that for large ||y||: the tail does not decrease anymore with the growth
of jmax- At the same time, one can see in the Figure [4b|that for larger ||y,|: there
is almost no decay of the g with the growth of j,.... Interpreting it in terms of the
HermiteGF-QR method and recalling that

So= (GGETER .. AGETEn)).

we observe that for the fixed values of parameters G and ¢ the value of ||y.|
is larger for larger values of elements of E. This implies that we would need
more basis functions for larger E, especially, after ||y:||. gets larger than 10'.
Increasing the magnitude of G would help to reduce ||y.||:, however, we know
from the section that in this case, the convergence within the HermiteGF
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Figure 5 Dependence of the values of g from the values of jmax and ||yx||1-

basis is worse. On the other hand, we can deduce that taking extremely small
values of ¢ should be avoided. The smallest ¢ that we consider in our experiments
in chapter is of order 10~'. Indeed, if we take the values of ¢ of order 1072, it
is very easy to reach the state when ||y.||; approaches 10%, where we have an
almost non-existent convergence.

Observation 1. When performing the interpolation using the HermiteGF-QR
method, one should avoid the setups when ||yi||. > 10*. In particular, one should
not use very small values of t. We recommend to limit the range of considered
values of t to (0.1,1).

Observation 2. When all parameters are fixed, for larger values of the shape
parameter ¢ (or the shape matrix E), we would need more basis functions. In
certain cases, when the stagnation point is reached for the function g, the method
might be suboptimal.

This behavior is consistent for all combinations of j.... and ||yx|/1 as one can
see on the Figure [5al If we now take a look at the relative behavior of the tall,
namely, the values of g(||¥kll1; jmax + 1)/9(|7x]l1; jmax), We See that the value
stagnates at some point ||y, |1 (see Figure[5b). This is another indicator, that at
this point we do not have convergence anymore. However, this point is different
for different jax.

Up to now, we only considered the part of the || B,.||% that depends on j,,..,. Let
us now take a look at the values of the full || B, ||% for a standard HermiteGF-QR
test case. In particular, we consider the isotropic HermiteGF-QR with

G=~Id and F =c¢ld

and N = 100 Halton points on a unit square [—1,1] x [—1,1] as the nodes
{xx}r=1.n. For different values of the shape parameter, smaller value ¢ = 0.01
and larger value ¢ = 1.2, we examine the behavior of || B, ||» with the change of
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Figure 6 Isotropic interpolation on a unit square with 100 Halton points. For smaller ¢ the decay with jmax is the
comparable for all v whereas for larger ¢ larger ~ provides significantly larger decay. Using the small value of t = 0.01
for the case of a relatively large e = 1 yields divergence of the || Boo 2.

Jmax @nd . Since we observed above that small values of ¢ might hinder the
convergence, for this test, we choose a large enough ¢ = 0.8. We can see in the
Figure[6]that the observations for the behavior of the function g can be transferred
to the case of the whole || B, ||%. Note that in this case, larger magnitude of |||/
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corresponds to smaller - or larger . One can see that the larger the ||y, the
worse the convergence with j..... Moreover, the convergence is more sensitive
to the value of ¢ than to the value of v. It is clear from the Figure |63 that for
a small value of ¢ the norm of B,, decays very fast with j,... for all 7, whereas
the Figure [6¢|illustrates that for larger ¢ it is crucial to choose larger v. However,
we have seen in Section [6.4] that the opposite is true for the part containing the
values of H%F(x). Therefore, it is important to keep both parts in mind while
choosing the ~.

As for the value of the parameter t, as predicted before, if we take a small
value of t = 0.01 for the case when the ¢ is of O(1), the norm of B does not
converge (see figures [6€| and [6f).

Note that even though the convergence of the Frobenius norm of the coeffi-
cients matrix B gets worse for larger magnitudes of y;, the full HermiteGF ex-
pansion might have a better convergence due to the properties of the decay in
the HermiteGF basis itself (see Section |6.4).

9.2. The matrices D and L.

In the previous section, we thoroughly analyzed the matrix B before it was
decomposed into C' and D. In this section, we take a step further. First, we take
a look at the elements of the matrix D. In order to be able to accurately compare
the values to the corresponding ones of the reference methods, we consider the
isotropic case. Recall that in this case, the matrix D has the following elements

(\/57—152)\&

0 = W
For the reference, we use Gauss-QR and Chebyshev-QR methods. Here, for
the Gauss-QR method we used acauss—qr = 7. One can see in the Figure
that for small values of ¢ the behavior is very similar for all three methods. How-
ever, for large ¢ the decay in D is particularly bad in our formulation. In case of
HermiteGF-QR, we also see that the magnitude of oscillations in D is larger for
larger ¢ (see Figure[7a). This is consistent with the observations from the previ-
ous sections, that when other parameters are fixed, the convergence is worse for

larger e.

Observation 3. For the small values of ¢ the behavior of the elements of the
matrix D is similar for all three methods. For a larger value of ¢, the decay of
the elements of the matrix D for the HermiteGF-QR method is worse than for the
reference methods.

We now move on to the matrix C, to investigate its impact on the HermiteGF-
QR method. Since we do not use the full matrix C' in the method, but perform a
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Figure 7 For ¢ = 0.01 the elements of D behave very similarly for all cases. For a larger value of ¢, the elements of D in
HermiteGF method show larger magnitude of oscillations.

factorization, we look at the values of R = Ry 'R, in case of the QR splitting, or of
R = W 'W, in case of the Vandermonde splitting. This is the matrix that is used
later on in the formation of ¥. Recall that in the HermiteGF-QR case, ¥ can be
formed as follows

U(x)" = (Id Rp) HP'(x —xo)",

where R, = Dy 'R;'R,D, is computed as the Hadamard product of D and R.
We want to investigate the impact of the term Rp on W. We first look at the
maximum value of R. Note that the values of R do not depend on ¢.

For all our tests we take a unit square domain with Halton points. We fix
~ = 3.5 and N = 215. Since the required condition for the RBF-QR method is
that the number of basis functions M > N, for this test we take

K+d
ve (M)
as the smallest cut-off degree j...x and then add additional degrees j.q4q € [1, 20]
to see the impact of the newly added basis functions.

One can see in the Figure [8a that for £ = 0.01 for all methods the maximum
value increases with j,,.. and then stagnates at a certain point. The values for
the HermiteGF-based methods are stagnating slower than the reference meth-
ods. On the other hand, we observe in the Figure [8b] that for a fixed number of
expansion functions with j.q4q = 10, for the HermiteGF-based methods the max-
imum value of R does not change with £ whereas for the Gauss-QR method, it
starts to decay with the increase of . Slight changes can be also observed in the
Chebyshev-QR method. This is due to the fact, that in the HermiteGF case the
part containing ¢ cancels out in the isotropic case (see remark[8.3.1) whereas for
other methods it might not be the case.

P—min{KENo
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Figure 8 For all methods the values of R grow with j.qq. At the same time, for HermiteGF methods R stays constant
with the change of . In Chebyshev-QR we can observe some minor changes and for Gauss-QR the maximum starts to
decay with the increase of .
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Figure 9 For all methods the values of R. « D stay constant with the change of j.qq. The impact of ¢ is negligible for the
HermiteGF-based methods.

Combining R with the corresponding D yields a constant result with the change
of j.aa for all methods (see figures [9al and [9b). This indicates that the growth in
R is compensated by the decay in D. Note that even though in HermiteGF-QR
methods the matrix D depends on ¢, it does not have a big impact on the magni-
tude of the correction term.

Observation 4. Even though the maximum value of the matrix R grows with j.qq
for all methods, it is compensated by the elements of D when forming the matrix
Rp. Indeed, for all methods, the maximum value of the matrix R, which is the
Hadamard product of R and D, was constant with the change of j.qq-

Finally, we take a look at the conditioning of the matrix R, that we invert. We
are particularly interested in its relation to the Vandermonde splitting counterpart
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Figure 10 For the HermiteGF-QR and Chebyshev-QR methods, the conditioning is comparable with the Vandermonde
HermiteGF alternative. For the GaussQR method, the conditioning is better.

Wi. One can see in the Figure that the conditioning of R, is comparable
to W, for the HermiteGF-QR method for both smaller and larger values of .
Moreover, it is the same order of magnitude as the R, of the Chebyshev-QR
method. Gauss-QR method, however, yields better conditioning.
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10. Cut-off of the expansion in
HermiteGF-QR method

To make the RBF-QR methods usable for numerical computations, one has to
cut the expansion at a certain polynomial degree j...x € N which in 1D also
corresponds to the number of stabilizing basis functions M. In the multivariate
setting, the number of basis functions M, . equals

jmax —"_ d
Mjmax - ( d ) :

However, choosing an efficient cut-off degree j..x is not a trivial task. As we have
mentioned in section describing the general flow of RBF-QR algorithms, one
of the common ways to determine the cut-off degree j.... is based on deducing it
from the values of the matrix D. Once the values of D become less than machine
precision, we can stop.

For the HermiteGF-QR case, we first derive the specific formula for this cri-
terion. However, for our case, it turns out to be inefficient, i.e. it overestimates
the number j,.... We then derive a new cut-off criterion based on the theoretical
framework presented in the previous sections. This new criterion allows us to
directly control the approximation error of the stable basis which is more efficient
while still being effective.

10.1. State of the art criterion

Let us now derive the specific formulation of the standard cut-off criterion
based on D for the HermiteGF-QR case. Recall that the matrix D that contains
the effects of D;! and D, can be written as

P - Diengen _ i V2N VT
S RN A IRV
with i € {1,..., N}, j > 1. Adding one more polynomial degree, i.e. increasing

Jmax DY ONe, means adding (Jm"“‘ tidJr 1) — (jm”;;r d) columns to D. As in

the general case, we stop once all elements of the new block of D are below
machine precision. Namely, when

max Dz’j < Emach- (101)
i=1...N,
13> jmax+1
Let us now derive an explicit formula for the expression above. However, we first

prove some important properties of the matrix D.
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Lemma 10.1.1: Properties of the matrix D

If Diag,; < \/4 forall i=1...d. Then, forall j >0

in {Dge} = min{D and ax{Dge} = max {Dge}.
oty 1Pt =Dk and gastDek = o {Dee)

Proof.
1. Denote d, = min;—;_4{Diag;}. Then,

. 9J
in{Dy} = dl ([ Vj>0.
i Deek = diwin [ 3777 V9 2

Indeed, all other elements of the corresponding level of the matrix Diag
would involve a bigger numerator and a smaller denominator, since

dj

min

d
< [[Diagii and j!>e forall £ with |¢]=j.
=1
We look if the minimum on the level j + 1 is less than the one at the level ;.

Indeed,
| Qi+l DY i+ 1
dﬁnti —_— << dﬁnin —_ -~ dmjn < M,
(7 +1)! ! 2

which holds for all j > 0 in case dy, < ﬁ

2.  We want to prove that maximum on the level j + 1 is less than the one at
the level j. It is enough to prove

Ve:|6|=j+1 3 :|€|=; suchthat Dy < Dy,.

Consider £ = (¢, ... £, —1 ... £). Then, using the fact that Diag,; <
£, we get
j d ; d .0
2 .4 2i€, [[;—, Diag;; L.t Dy
D /gl = - D = - ? = U _t > D . D
o g L1106 ti8]  Diag, 2 Diagyy "

With the help of the lemma, we note that

max Djj max Djj max Djj
- Lﬂz]max‘i’l |j‘:jmax+1 |j|:jmax+1
max Dz‘j = : = : :
31> jmax+1, min D;; min D;; min D;;
i=1...N i=1...N i=1...N lil=P

where P = min{K e Ny

N < (K:{ d) } We can now formulate our cut-off

criterion for the case when Diag;; < \/g foralli=1...d.
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— State-of-the-art criterion

max D
1= ama+1 {Dee

in{D
GRS

< Emach- (10.2)

The criterion guarantees that all additional columns that could be added
to D (or, in particular, D,) would yield elements in D that are below machine
precision.

Let us now recall our observations regarding the behavior of the elements of
the matrix D. One can see in Figure [7]that for small values of ¢ the behavior is
very similar for all three methods. If we consider a larger ¢ = 1.2, even though
the condition on the Diag is broken, numerically we can see that in this case the
decay of maximums and minimums is still fulfiled. However, the rate of decay
in D is particularly bad in our formulation. This criterion also neglects the matrix R
and the effect of the polynomial vector H%%*(z — z). In particular, we know from
section [6.4] that the tail of the polynomial vector also has some decay.

10.2. HermiteGF cut-off criterion

In this section, we derive a more holistic criterion for the cut-off in the Her-
miteGF expansion. We use the Vandermonde formulation of the method since it
provides an explicit expression for the elements of all matrices which simplifies
the analytic study of the method. We cut the polynomial vector as

HG,E,t(X —Xg) = ([:IG,E,t(X — Xo) HO%’E’t(X _ Xo))

with HG-Et ¢ R>*M where the number of basis functions used is larger than the
number of collocation points, that is, M > N. Analogously we cut the N x oo
Vandermonde matrix W, and the infinite diagonal matrix D,,

Wy = (WQ Woo) and Dy = (Z(D)Q DO )

with W, € RNXM=N) gand D, € RM-Nx(M=N) We note that the infinite ma-
trix W, contains the columns of the full Vandermonde matrix W from column
M + 1 onward, while the infinite matrix D, contains the diagonal entries of the
full diagonal matrix D starting from the entry M + 1. We then rewrite the formu-
lation of the method (see section after the cut-off,

U(x)" = (Idyxny Dy'Wi'WaDs,) HP(x — xo)".
We want to make sure that

ST (x) = U(x) — U(x)
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is small for all collocation points by choosing a sufficiently large but not too
large truncation parameter j.... For estimating 6¥(x), we will need the result of
Lemma|7.2.1|stating that for y € R withy; > 0foralli =1,...,d and jy.x € N
S Yo S eallylny
L~ L’
|€]>jmax |€|=dmax
where [ly[|; = |yi| + ... + [val.
Before proceeding to the estimation of the truncation error ||0¥(x)||2, we recall
the definition of the vectors

d,c. = diag(Diag) and vj = (Id + Diag 'Rem)A,,
fork =1,..., N. They will contribute to the upper bound of the following estimate.
In the isotropic case, they have the particularly simple form

dyee =7 '*(1,...,1) and v, =Ajforallk=1,...,N.
Theorem 10.2.1: Truncation estimate

Fork=1,..., N we set
N
Wi = Z(Wfl)ii >0 and y; = Diagv, € R,
=1
where W is the upper left N x N block of the infinite Vandermonde matrix
W = (v¥). For ju.x € N we denote

N : N
' W k' (t/2)‘k|_ ]max+1) 2 9 2(jrr]ax+1)
const,, (Z B (e (Bl o).

k=1 vec i=1

Then, the truncation error 6 satisfies for all x € R?,

|6¥(x)||3 < const, HOE (x — %) Z HOPHx —x0)? |, (10.3)

]mdx ' lim
|e| <Jmax

where H"(x — x) can be evaluated via (6.4).

Proof. We start by observing that
DIW ' WoDy = DWWt (WaDy WaDy) -
Hence, it holds that
oV (x)" = DWW Do HE P (x — %),
and due to compatibility of the Frobenius norm and the 2-norm
160 ()3 < | Dy "W Wae Dacl[, - [ HE P (x = x0) | -

We further consider the two norms on the right-hand side separately. We first
take a look at the Frobenius norm. Recall that in the RBF-QR method we evaluate
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the effect of the impact of D; ' ... D, analytically. We can do the same here:
DUYW WaoDoo = Do . % (W W),

where .x denotes the Hadamard product and D, is constructed analogously to
(8.3). We write the Frobenius norm as

N N 2
WD~ 3 S (2 (Z(W{%%)

k=1 4¢>M =1
and estimate with the help of the Cauchy-Schwarz inequality,
) N 2 w N
D}, (Z(Wfl)kiww> < D_gk Dy Yy it
=1 =1
where £ € N is the ¢-th multi-index corresponding to our basis enumeration. We
used the explicit expression of Dy, as defined in (8.2) and write

wp Ktk gl X

2Z : 24
D;%k DMZ: = —ko 51K —E!tW A (Dlag Vi)
We denote y; = (2(yi)? ... 2(y ) ). Then, by Lemma_we get
N
—1yp—1 2 wi, k! yi
||D1 WI WOODOOHF ko A2k ok| Z F
vee =1 [€]> jmax

N

vec =1 |e| ,]ll)ax+1
Using the multinomial theorem and the fact that
G.E G,E, t G,E t 2
[HEP (x = xo)l3 = Hin ' (x — x0) — Y Hy"P'(x — xo)”.
€| <jmax

we arrive to estimate (10.3). O

The denominator d2¢ in expression (10.3) can take extremely small values that
can lead to underflow. To avoid this, it can be combined with [|y; |29, For
this, we define the d-dimensional index j, = (3, ..., 2) and use the following

d’ ' d
transformation

yills = diellyi. /(o) ll2 == diclly? 2,
where ./ denotes component-wise division. Pulling out di4
estimate (10.3) can be rewritten as

N 2 k+(]max+1)Jd N
. Wkk (thQC) 2 2 jmax+1)
const; = (Z G 7 1) ZGXP ;Hy1||2 ”yz ||2 .

k=1 i=1

the constant of the

vec)

Note, that in the isotropic case, one can simplify dye<20meia — (24 /42 )imaxct1-[k]
We are now ready to formulate our cut-off criterion.
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— HermiteGF cut-off criterion

We choose j..x for the HermiteGF-QR method such that
6% el
k=LoN |0 (x.) 2

where {x;}_, are the collocation points.

TOL, (10.4)

Since we are looking at the relative error, the tolerance TOL need not be machine
precision. The crucial difference to the state-of-the-art criterion eq. is that
now the TOL directly controls the accuracy of the stable basis W. Depending on
the desired accuracy, the tolerance can be adjusted for the specific problem.

Remark 10.2.1. The state-of-the-art criterion that truncates diagonal elements
below machine precision does not provide an error bound on the interpolant. On
the one hand, the new criterion requires more computations for determining the
cut-off degree. On the other hand, it allows to reduce the polynomial degree
Jmax While still guaranteeing a given truncation error. This in turn reduces the
computational cost of the interpolation step.

10.2.1. Automatic detection of ¢

One can use the criterion above also for determining the value of the param-
eter t. We scan the whole spectrum of the values of ¢ and detect the one that
yields the minimum amount of basis functions

arg tg(lé,r%) jmax (t) = tauto-

Note that very small values of ¢ can cause cancellations and should be excluded
(see subsection [12.1.1). Even though this introduces additional computational
cost in the determination of the suitable expansion, it could be profitable for the
cases where the basis is used multiple times after having fixed the number j,.
as e.g. in a time loop.
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11. Implementation

We have implemented the HermiteGF interpolation in MATLAB. The code is avail-
able at https://gitlab.mpcdf.mpg.de/clapp/hermiteGF. Even though
the described approach allows to reduce the ill-conditioning of the collocation and
evaluation matrices, the algorithm involves formulas with factorials and polyno-
mials of increasing power, so care has to be taken when implementing to avoid
overflow and cancellation. Therefore, it is crucial to have a stability-aware im-
plementation. Below we discuss the implementation of the parts of the code
that proved to be crucial for stability and performance. This chapter originates
from the section 5.1 of the preprint “Stable evaluation of Gaussian radial basis
functions using Hermite polynomial” [YK17] by Yurova & Kormann. However,
compared to the corresponding section, in this chapter, a lot of additional details
are provided.

11.1. Evaluation of the basis

The HermiteGF-based matrices become increasingly ill-conditioned for grow-
ing number of basis functions. On the other hand, the product of the evalua-
tion matrix ¥(X°!) and the inverse of the collocation matrix ¥ (X<) is still well-
conditioned. For this reason, it is crucial to take special care when building these
matrices and inverting the collocation matrix. First of all, we evaluate the basis
in a stable way by using the formulation through d-dimensional Hermite functions

@)
HEP* (o) = n/ 119/ (GTx) exp (XT (—ETE * %GGT) X) |

Since Hermite functions can be evaluated through the three-term recurrence, we
completely avoid computing the polynomials. Moreover, it is enough to operate
with only 1D Hermite functions and assemble the multidimensional structure only
at the end. Alternatively, one can use directly the three-term recurrence
for the HermiteGF basis functions. In the current version of the code, the first
approach is used and proved sufficient.

Another improvement that can be made, is computing ¥ (X¢")¥ (X! to-
gether which allows to cancel out some ill-conditioning. Using the built-in opera-
tor / for the inversion yields good results in MATLAB.

We now proceed to the implementation of the computation of other crucial
parts of the HermiteGF-QR method.

11.2. The computation of the effect of D;'... D,

The effect of D' ... D, can be computed analytically, however, it still has to
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ALGORITHM 2 Compute D

Require: factorial_partl — N x 1 array of precomputed factorials.
1: Initialize factorial_part2 of size 1 x M — N with ones.
22.forj=N+1...M do

3: fordim=1...ddo

4 factorial_part2(j — N + 1) /=jgin!

5. end for

6: end for
7
8
9
0
1

- D= Vfactorial_partlsfactorial_part?2
: fordim=1...ddo

Deg < ((El)dim - (£2)dim)él:1...N7£2:N+1.‘.M

D=D .« (v/2/tdyec)ain -~ Deg.

: end for

be implemented with care. Let ¢ be the index of the HermiteGF basis functions
and £ be corresponding multivariate indices. Recall that

Lr—8
D = Die, — dfgc\/m@l . \/t|‘31\£1! — 2d o Q
01,65—N Dy, /t\12|£2! dé./2M] vec A

t
- N
factorial part

power part
where ¢, are indices corresponding to D; and /¢, are indices corresponding to Ds.
Since the elements of d,.. are usually small and ¢ < 1, it is advantageous for the
stability to first combine \/2_/15 with d,.. before the exponentiation. This way, we
make the base larger which allows us to prevent underflow. Let us now consider
some optimizations that are required for a fast code.

11.2.1. Optimizations

Even though a straight-forward element-wise computation of the matrix D via
a double for-loop provides a numerically accurate result, the runtime of the D
computation becomes very large with the growth of j..,. or N. With the corre-
sponding function taking more time than all other computations, it turned out to
be one of the major performance bottlenecks. To optimize the code we do the
following:
1. Minimize the amount of factorial computations.

2. Vectorize the power computations.
As for the factorial part, it proved to be one of the most computationally extensive

computations. For that reason, we employ the following representation
factorial part = \/(61!)12161__]\, ® (1/€2") e nir..na-

We also note that the factorials of the indices corresponding to the first IV basis
functions are always required, independently from j.... That is why we pre-

Generalized anisotropic Hermite functions and their applications 87



compute them at the very beginning of the computation and store them in an
N x 1 array factorial_partl. By the time we arrive to the function, where
D is evaluated, we already have the first V factorials. Keeping in mind the Kro-
necker product representation, we just have to compute the remaining M — N
factorials. In particular, we need to compute the inverse of the factorials corre-
sponding to the D,. We store the newly computed values in the 1 x M — N array
factorial_part2. Then, the factorial part of D can be computed as a tensor
product

factorial part = factorial_part2 » factorial_partl.

TV TV
Nx1 IXM—-N

This way the information required for assembling the factorial part of D is stored
in two vectors with cumulative size M until we need to form the full matrix. More-
over, the first N factorials can be saved at the very beginning and used later on
in the computation of j,..x (see section[11.3).

As for the power part, to achieve a good performance in MATLAB, we recall that
MATLAB linear algebra routines are highly optimized. Therefore, it is beneficial
for the performance to vectorize the code as much as possible (i.e. reduce the
number of for-loops and replace them with matrix operations). In the isotropic
case, such implementation would be rather straightforward. Indeed,

t ty ty
-2 |€2]—|€1]
(\/gdvec> 2 1 _ <\/§i> 2 1
t ty

After forming the matrix Deg of the degrees corresponding to £, — £;, we can
compute the desired powers in one line of MATLAB code:

£o—£y
2 262\
—dyec = —— | . "Degq,
t t

where .~ denotes element-wise power operator. In the anisotropic case, it is a
bit more tricky since the elements of d... might differ. In this case, we compute
the required matrix iteratively, looping through dimensions (see Algorithm [2).

Therefore

11.3. The computation of j,...
In this section, we take a look at the implementation of the cut-off criterion
(10.4):

o
max Mﬂ < TOL o,
B=LN (|0 (xp) 2

jmax = min {jmax > P
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where P is the largest polynomial degree in the first NV basis functions. Recall
the expression for the estimate of ||0W||,:

N 2 12 —k+(jmax+1)jd N 2
Wkk’ _dvec 2”YzH 2 'max 1
||6\1/<x>u§s<2 (t(j )+1>| )(Zexp (—tQ [y P30
max N

k=1 i=1

dyec part y part

HP'(x) = Y H P (x = %)’

|e‘§jmax

Hermite part
Let us first mention two implementation details which make the computations
more stable:
1. Theinverse W, ' can be stably computed using Moore—Penrose pseudoin-
verse [Pen55] (pinv function in MATLAB, see https://de.mathworks.
com/help/matlab/ref/pinv.html/for a reference).

2. The evaluation of the sum ", H,""*(x — xo)? is more stable if we

combine the summands by degree. In particular, we evaluate the sum as

Jmax

Z HE’E7t(x—X0)2: Z Z HEG’E’t(X—XO)z.

€] <jmax deg=0 [€|=deg
This formulation is also advantageous for the performance. If the j,.. is
increased by one, we just need to add the sum of the basis functions with
the indices of the cumulative degree j.... + 1 to the existing sum.
Apart from the points mentioned above, similarly to the computation of the effect
of D;'... Dy, itis crucial to compute only cumulative powers of 2d?

t “vec*

Remark 11.3.1. There are special algorithms for computing the inverse of Van-
dermonde matrix (see, for example, [BP/70, Ira66]). However, these algorithms
have not been employed in the current version of the code.

The function finding the suitable value of j... is one of the most computation-
ally intensive functions of the method. Below we discuss the optimizations that
can be done in order to have an efficient implementation.

11.3.1. Optimization details

We compute the jy.x in @ while-loop

while max,_, y LYl ~7071, do
, , 19 (i) 12
Jmax = Jmax 16w (i)
- Xk )2
Updat_e MAX=1..N |G els
end while
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Since the search of the final j,.., takes several iterations, it is advantageous to
precompute all terms that are not related to j,..,x and can be used within the
while-loop. In particular, we precompute the following values
2
o exp (A2L2) 2

Additionally, as already mentioned in the section [11.2] by the time we arrive to
the function computing j...x, the factorials k! are already computed and stored in
the array factorial_part1. As mentioned above, even though (2d2..)~* does
not change over time, we do not compute it separately from the power (jax+1)ja
in order to avoid cancellations and overflow.

Recall that in the cut-off criterion we are looking at the error relative to || ¥ (x)||2

with
@(X)T = (IdeN D;IWI_IWQ_DQ) I:.,G’E’t(X — Xo)T.

From the estimate of ||§¥||2 we already have ;' and the values of the basis
functions HSFt(x — x,). We are left with computing the effect of D;'... D,
and the remaining part of the Vandermonde matrix W,. However, we would not
want to compute the whole W, and D, for every j..... Due to the Vandermonde
formulation, not only 1, does not change with increase of j...., but also already
computed columns of W,. The same holds for D,. Therefore, in this case, we
can update U (x;) iteratively, adding the influence of only the new block at each
loop iteration. In particular,

\ijjmax+1 (X)T — (\i]]’max>T _|_ DflWflWé]max+1D%max+lH|§|7:E]yfnax+l (X _ XO)T

where H\(j{f};ml(x — Xo) denotes a vector containing the values of the Her-

miteGF basis functions with cumulative polynomial degree jua + 1, Wim=*" ¢
RNX(]\/Ijmax-Fl_Mjmax)’ D%max‘i‘l c R(thl)ax+l_Mjnlax)X(Afjmax+1_Mjmax) W|th ]\4:7 +1_]\4'.

Jmax

Y

being the number of basis functions on the level j,,.. + 1.
The same approach applies to the sum Z\as]‘max Hf’E’t(x — x¢)?. Indeed, in
every iteration, we then need to add only the sum of the basis functions from the

new block.
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12. Numerical results

We compare the isotropic HermiteGF-based algorithm with the existing stabi-
lization methods, the Chebyshev-QR method' and the Gauss-QR method?. We
evaluate the influence of different parameters, such as ¢, v, number of colloca-
tion points N on the quality of the interpolation. For the Gauss-QR method, we
take the free parameter « to be equal to our value of v, i.e., agauss—qr = 7- Since
there are no stabilization methods available for fully anisotropic interpolation, we
test the anisotropic HermiteGF-QR only against the direct algorithm to verify the
correctness. To determine the cut-off degree in the HermiteGF method, we use
the HermiteGF cut-off criterion with Tor, = 107%, unless stated otherwise. For
this tolerance, the HermiteGF-QR method provides results that match the results
from Chebyshev-QR and Gauss-QR. The parameter ¢ is detected automatically.
In all tests we evaluate the interpolant at a set of evaluation points {z;}~* and

look at the average error of the form [EM12, § 5.1, Expr. (5.2)]:

S

k=1
12.1. 2D isotropic interpolation
In this section, we take a look at the two-dimensional isotropic interpolation

with the HermiteGF-QR method. We take multiples of the identity for both £ and
G. We look at a hyperbolic domain (see Figure defined by the inequality

004 < (z+1.2)7° -4y <1 (12.1)
with a boundary condition 2% + y? < 1. The hyperbola of type can then be
parameterized as

(z,y) = r(t) = (ccosh(t) — 1.2,0.5¢sinh(t)), t € R, c € [0.2,1].
We run the tests for the following function (f, from [FLE11} § 6]):
fu(z,y) = sin(z® + 2y?) — sin(22* + (y — 0.5)?).

We investigate the behavior of the performance of the interpolation with respect
to the parameters ~, ¢, and number of functions N. We use v = 3.5, ¢ = 0.05
and optimize ¢ from the set tvec = 1inspace (0.1, 0.99, 10), unless stated
otherwise.

"Code downloaded from http://www.it.uu.se/research/scientific_computing/
software/rbf_gr on September 10, 2018.

2Code downloaded from http://math.iit.edu/~mccomic/gaussqr/ on September 5,
2018.
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Figure 11 Hyperbolic domain. Evaluation grid (green) and N = 210 clustered Halton node points (red).

ALGORITHM 3 Generation of collocation nodes on hyperbolic domain

1: fork=1... N do

2:
3:

6:
7:

o]

Sample a 2D Halton point (¢, t) on a square [0.2, 1] x [—1, 1].
Push the point to the boundary [FLE11], §6.1.1]:
. [TC . Tt
(e, tr) = <sm <7k) ,sin (%))
Compute the t,,.x for which the positive branch of the hyperbola intersects
with the boundary circle on the right:
tmax @ (Ckcosh(tmax) — 1.2)% + 0.25¢7 sinh(tpax)? — 1 = 0.
Most of the non-linear solvers require an initial guess. Since we know that
our circle intersects the hyperbola at a point with = < 1, i.e. ¢, cosh(tax) <
2.2, we can use the inverse of cosh in order to compute ¢ corresponding to
that value:
. o (224 (222
max_guess Og Ck Cz *
Scale t; with respect to t,ax:
t = trtmax.
Assign (zx, yx) = (ccosh(t),0.5¢sinh(t)).
end for
. {(zr, — 1.2,y;)} are the generated points on the hyperbolic domain.

We sample the collocation points from Halton points that are clustered near

the boundary to improve the conditioning of the polynomial interpolation and are
then mapped to the hyperbolic domain (see Algorithm [3). For all tests, we use
N, = 53? evaluation points that are sampled similarly to the collocation points,

92
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(a) Average error. (b) Condition number.

Figure 12 For the two-dimensional isotropic test case, the interpolation quality is the same for all three stabilization
methods. The conditioning is slightly worse for small values of ¢. There is small noise for all methods when the number
of radial basis functions N does not correspond to a number of all polynomials of a degree < P for a certain P.

but based on a uniform grid and without clustering. The nodes distribution is
depicted in Figure [T1] This domain and sampling strategy choice was inspired
by [FLF11], § 6.1.2].

12.1.1. The number of nodes NV

Let us first look at the behavior of the method for different numbers of nodes,

N. We take the values of N € [100,410] of the form sz

P, such that there are no same powers of ¢ present in both D; and D,. In
Figure [12] we see that the error consistently decays for all the tested methods.
Choosing the truncation parameter ¢ in the interval ¢t € (0.1, 1), the conditioning
of the HermiteGF-QR method is slightly worse than for the other methods, since
big powers of smaller values of ¢ yield cancellations. Indeed, limiting the range
of t to ¢t € (0.3, 1) brings the conditioning to the level of the other methods. Using
all integers in the interval [100, 410] also provided consistent results for all three
methods, however, the picture gets noisy. A snippet of that behavior can be seen
in the zoomed regions in Figure [12] This can be related to the fact that for the
values of N of the form above the limit of the RBF interpolant in the flat limit
e — 0 is a unique polynomial of degree P [LFQ3 §4 Theorem 4.1] whereas for
other values the uniqueness is not guaranteed.

for some integer

12.1.2. Sensitivity to

Let us take a look at the influence of the parameter v on the interpolation qual-
ity. We see in Figure[13]that for small IV the interpolation quality is not sensitive to
the value of . However, for larger N the parameter v has to be chosen with care.
One can see in the Figure that the conditioning is worse for small v. How-
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ever, one should be careful while increasing ~ since it also increases the evalu-
ation domain of the Hermite polynomials, which take very large values on large
domains which can lead to overflow. This effect becomes more pronounced as
the degree of the Hermite polynomials increases. The optimal balance depends
on the particular function and the number of basis functions.

e =0.05,t € (0.1,1 error e =0.05,t € (0.1,1) cond

8 1025
107
108
: 1020
10°°
10710
-11
10 105
10712
10713
10
1014 10
0 1

)
1
100 200 300 400 100 200 300 400
N

(a) Error. (b) Conditioning.

Figure 13 Average error and condition number for the isotropic two-dimensional test case. For small and moderate N
the interpolation quality is not sensitive to the value of , whereas for the larger N one should carefully choose the value
of .

12.1.3. Cut-off degree j,,.x

Next, we look at the influence of the value of TOL on the quality of the interpo-
lation. We compare the error only to the Gauss-QR method since the difference
between the Chebyshev-QR and Gauss-QR results is down to machine preci-
sion. One can see in Figure[14]that for ToL = 107 the difference HermiteGF-QR
and Gauss-QR is also down to machine precision. If we relax the tolerance to
1072, the error is still small compared to the magnitude of the interpolation er-
ror, while having smaller j,,..., which yields an improved computational efficiency.
Also, the figure shows a general trend that the expansion decays rather fast for
small £ while an increasing number of basis functions is needed for ¢ close to
1.

12.2. 2D anisotropic interpolation

To test the performance of the HermiteGF expansion for anisotropic basis
functions, we consider the function:

fal@,y) = PR
As collocation points, we use Halton points clustered toward the boundaries. For
the evaluation grid we use 53 x 53 uniformly distributed points. As for the shape

+2, z,yel[-1,1].
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Figure 14 Optimized truncation value and error differences for the two-dimensional isotropic test case. For the coarser
ToL= 102 we get fewer basis functions, with truncation error still much below the interpolation error.

v=3.5,e=0.03,t € (0.3,1) error error
0.8 0.8
1072
0.7 105 0.7
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05 10° 05 104
204 107 0.4 1075
0.3 0.3 108
1078
0.2 0.2 107
9 0.1
0.1 10 108
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100 200 300 1078 1072 107" 100
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(a) Dependence on N. (b) Dependence on e.

Figure 15 Two-dimensional anisotropic interpolation. For a fixed value of p, the error generally decreases with the
growth of N as expected. Choosing an anisotropic shape matrix E (p # 0) often improves the interpolation quality.

matrix £, we check whether the off-diagonal elements influence the quality of the
results. We choose a non-diagonal matrix GG of arbitrary pattern to demonstrate
the robustness of the method. We fix £ and G to be of the following form:
E=c¢ (119 ]1)> with p € [0,0.8], G =1~ (0%1 ?2) with v = 3.5.

We restrict ¢ to the interval tvec = 1inspace (0.3, 1, 10) inorderto improve
the stability of the computations. Let us take a look on how much the off-diagonal
elements of the matrix E influence the error. For our scan, we take 30 logarith-
mically distributed values of ¢ € [1073,10%!]. One can see from Figure [15| that
certain choices of off-diagonal elements can improve the quality of the interpo-
lation compared to purely diagonal shape matrices. However, for larger p slight
instabilities occur which might be explained since £ becomes singular for p — 1.
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(a) Hyperbolic domain turned by 6 = 3{. (b) Average error.

Figure 16 HermiteGF-QR provides a considerable improvement for small e compared to the direct anisotropic solver.
For larger e the average error of the anisotropic HermiteGF-QR method corresponds to the one of the direct method.
That validates the accuracy of the HermiteGF-QR method. Compared to the reference QR methods, a slight
improvement is observed.

12.3. Arbitrary domain

The method can also be successfully applied to arbitrary domains. We con-
sider the hyperbolic domain from theturned by 6 = ?jf (see Figure and
the same function f,. We use the same sampling strategy as in the section|(12.1}
and turn the domain afterward. We set v = 3.5, and the matrix G of the form

0.3
¢= (017 1.31)

We use N = 60 interpolation points and p = 0.25 for the off-diagonal scaling of
E. For the evaluation grid we use 53 x 53 points. We compare the accuracy
of the interpolation to the isotropic HermiteGF-QR and Gauss-QR methods as
well as to the direct anisotropic solver. One can see in the Figure that the
error is slightly better for the anisotropic HermiteGF-QR for most values of ¢
in comparison to the reference methods with the same value of . Moreover,
for larger values of ¢ the HermiteGF-QR solution converges to the one of the
direct anisotropic interpolation. For smaller values of ¢ HermiteGF-QR provides
a significant improvement in accuracy in comparison to the direct solver.

12.4. Multivariate interpolation

In this section, we consider an example of the usage of HermiteGF-QR in
higher dimension. For all tests, we use the function

f(x) = cos(]x|), xe€[-1,1]%

where |x| = Zle z;. We use Halton collocation points and 1000 Halton points,
excluding the ones used for collocation, for the evaluation grid. We fix G =
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(a) Anisotropic interpolation in 3D. (b) Isotropic interpolation in 3-5D.

Figure 17 Interpolation in dimensions 3-5D: Both the anisotropic and the isotropic HermiteGF-QR method match the
average error of the Gauss-QR method.

5ldy, ¢ = logspace (-3, 0.1, 30), and we again optimize the parameter
t over the set tvec = linspace (0.3, 1, 10). As before, we choose the
tolerance ToL. = 107, We first look whether the anisotropic HermiteGF-QR
method converges to the results of the direct interpolation as ¢ increases. We
choose an arbitrary pattern for E in order to verify that the stabilization works for
a truly anisotropic interpolation,

1 02 03
E,=¢102 1 0.15
0.1 03 1

In Figure [17a, we can see that HermiteGF-QR interpolation works stably even
for very small values of ¢ for different N. On the other hand, for larger values of
e the result matches the direct anisotropic interpolation.

In order to validate the HermiteGF-QR method in higher dimensions against
the existing methods, we compare the isotropic HermiteGF-QR method with the
Gauss-QR method in 3-5D. For that, we fix the shape matrix £ and the number
of interpolation points N as

E=1d;, and N =49

where d is the dimensionality. We choose the tolerance ToL = 1072 since it is
enough to meet the overall accuracy of the method. One can see in Figure
that the HermiteGF-QR method matches the reference Gauss-QR method in 3-
5D.

12.5. Leave-one-out cross-validation

Cross-validation is a technique for model selection based on a given data set
[WRO06, § 5.3]. It is widely used in statistics, in particular for statistical data fit-
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ting of big amounts of data in order to avoid overfitting. In the context of the
isotropic RBF interpolation, we consider the shape parameter ¢ of the basis func-
tions as the model parameter we try to find. Fasshauer & McCourt discussed in
[EM15, § 14.2] how the RBF-QR methods can be also employed for stabilizing
the cross-validation procedure in the range of small . Let us briefly recap the
cross-validation algorithm for the RBF interpolation based on [FM15, § 14.2].

A general idea of the cross-validation is to split the existing data into a training
set 7 and a validation set V. The first set 7 is then used to build an interpolant.
The validation set V is used to check how well the interpolant fits the points
outside of the training set. We then accumulate the error in the validation set
and use it as an indicator of the optimality of the shape parameter <. If the split
is performed only once and the validation set is small, the result might have a
large variance. That is why one of the common choices is to use k-fold cross-
validation. In this case, the data is split into % disjoint parts

X=X U..UX, XNX;=o for ij=1..k

Then, one subset is used as the validation set and the rest of the subsets are
used as the training set

VO —x, 7O =x\A&, for i=1...Fk

The procedure is repeated £ times, so that each subset appeared as the valida-
tion set and all data were used in training, and the average error is used as the
final result.

One of the common choices of the partitioning of the data is to use all points,
except from one, as the training set and the remaining point as the validation set.
The procedure is repeated N times, where N is the number of data points, so
that every point in the set acts as a validation point once. This corresponds to the
k-fold cross-validation with £ = 1 and is called leave-one-out cross-validation, or
LOO-CV. Let us now formalize the leave-one-out cross-validation procedure.

Recall the initial interpolation problem from section[4.3] Given a set {¢x(-)},
of basis functions and the values { f;} of the function f at points {x*'}¥, we seek
to find an interpolant of the following form,

s(x) = Zaj¢j(x)-

such that it satisfies the NV collocation conditions,

s(x) = f; for i=1,...,N,

(2

where we used center points of the Gaussians as collocation points. The straight-
forward approach is to find the coefficients {«;} as a solution of the linear sys-
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tem,
o= f, with ' = g;(x).
The matrix ®! is called collocation matrix. Denote
X = {Xcol N

These are the data sites in which we have the data, or the value of the unknown
function f. For the leave-one-out cross-validation, we set

VR —x., k=1...N
and the corresponding training sets
TH = 2\ {x;}.

Denote the N — 1 x N — 1 matrix containing the values of the basis functions
computed at 7*) as &, so that

(@4)i; = 65(T).
Then, the leave-one-out cross-validation value can be computed as a sum of
residuals at the validation set

Cov(e, V) = Zka P (xk) 3, From 2,

where ¢ (xx) = (61(Xk), - - - ¢k_1(xk), Gr1(Xk), - .. on(xx)) and the vector fru)
contains the values of f at the points from 7). Here we use a 2-norm, however
in case of LOO-CV, it is equivalent to taking an absolute value of the difference
since we only have one validation point. However, other norms can also be con-
sidered. ltis clear that for small values of ¢, the matrices @, will be ill-conditioned.
We recall from section that after the HermiteGF-QR stabilization, the inter-
polant s can be computed via the stable basis ¥ as

s(x) = U(x) (T F o with W5 = o (x5).

Therefore, if we employ the HermiteGF-QR stabilization, our formula for the
cross-validation transforms into

Cev(e, V) = Zka U () Uy from 2,

where the matrices V¥, have been formed from the corresponding matrices @
and V. (xx) is formed analogously to @) (xx). We seek to minimize the cu-
mulative error in order to find the optimal ¢.

We now check numerically how the HermiteGF-QR method performs in the
context of cross-validation of a small artificial example. We build a data set sam-
pling values from the function

fe(z,y) = cos(3m(z +y)).
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v =35, N =100, t € (0.3,1)

™+ |——crossval HQR
—o—crossval GQR
—%—crossval direct

1072 107" 10°

Figure 18 Leave-one-out cross-validation. HermiteGF-QR method performs equally well as the GaussQR method for
stabilizing the cross-validation computations.

The cross-validation has been implemented in the framework of the GaussQR
code from http://math.iit.edu/~mccomic/gaussqr/ for a general in-
terpolation procedure. We plug in our isotropic HermiteGF-QR method (with
E = ¢ldy) and look if the resulting cross-validation results agree with the ones
produced by the GaussQR method and the RBF-Direct. One can see in Figure[1§|
that indeed, the values of Cvy (e, V) agree for the HermiteGF-QR and Gauss-QR
methods. We can also see that for larger ¢, the values are also in tact with the
ones obtained from the RBF-Direct. Even though in this case, the optimal value
of ¢ lies within a range that is also reachable for the RBF-Direct, it does not have
to be the case. With the help of the stabilization methods, we can access also
small values of ¢ and extend the range of potential shape parameter values for
cross-validation.
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Part il

Generalized Fourier—-Hermite method for the
Vlasov equation
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13. Vlasov—-Poisson model

The Vlasov—Maxwell system describes the time evolution of charged particles
in an electromagnetic field. An accurate and efficient numerical solution of the
Vlasov—Maxwell system is one of the major problems in numerical plasma physics
(see [FSO3] for the overview of available methods). One of the topics of recent
interest in the plasma physics community are spectral methods where the distri-
bution function is expanded in series of basis functions of choice, and then, the
resulting differential equations for the expansion coefficients are solved. Com-
pared to the widely used Particle-In-Cell (or PIC) methods [BL04, [HE88], which
employ macroparticles that move throughout the computational mesh according
Newton’s equations, spectral methods are not prone to statistical noise. Spec-
tral methods naturally introduce increased computational costs in exchange for
improved accuracy. That is why, even though the first advancements in this area
were made as early as 1963 [EFMOG63]|, these methods became popular only re-
cently due to the rapid increase of the computational power available. For most
of the spectral methods, the Fourier basis is used in space due to its spectral
nature and periodicity. For the velocity discretization, one of the most common
choices are Hermite-type basis functions. Alternatively, Fourier [KF94], Cheby-
shev [SK74] or Legendre [MDVM16] bases could be used in velocity. However,
in this thesis we focus on the Hermite-based methods.

Many test cases are electrostatic in nature and can be described by the sim-
plified Vlasov—Poisson model. This model is frequently used for the derivation
of new methods since it is slightly simpler in structure than the Vlasov—Maxwell
one. In this part of the thesis, we derive a generalization of the existing Hermite-
based spectral methods for the 1d1v Vlasov—Poisson system. We expect, how-
ever, that a similar approach could be used for a derivation of the method for the
full Vlasov—Maxwell system, but it requires further investigation. Let us first set
up the theoretical basis for the Vlasov—Poisson system that is relevant for the
future discretization.

13.1. The model

The dimensionless 1d1v Vlasov—Poisson system for the distribution function
f :R? x Rt — R for electrons in neutralizing background reads as:
Of(x,v,t)
ot
—A¢(z,t) =1—p(x,t), E(x,t)=—-Vo(x,t),

rel0,L,], L, e RveRteR,,

+v-Vof(z,v,t)— E(z,t) - Vof(x,0,t) =0, (13.1)
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where the electric field E(z,t) is computed via the Poisson equation and the
density is given by

p(:v,t):/Rf(x,v,t)dv.

We consider the system on a periodic domain [0, L,.] in = and the whole space R
in velocity. The initial condition is given by:

Ly
f(z,0,0) = fo(x,v), /R ; fo(z,v)dzdv = L,.

L(z,v,t) = (_”E) .

Then the equation (13.1) reads as follows

of B
ot L Vel =0. (13.2)

In the next sections we summarize a few properties of the Vlasov—Poisson model.

Denote

13.2. Characteristics

We start with defining the characteristics which are an essential tool for the
proofs of the properties of the Vlasov equation.

Definition 13.2.1: Characteristics

Consider a differential system for a given s € R, z € R?
dZ
— = L(Z,t 13.3
o = Lz (13.3)
Z(s) = z.
Its solutions Z( -; s,z) are called characteristics of the advection equation
(13.2).

The following theorem formulates the main property of characteristics that we will
use later [Son13, § 3.1, Theorem 2].

Theorem 13.2.1: Properties of characteristics

Consider the advection equation (13.2) with an initial distribution function
f(z,0) = fo(z) € C*(R?). Assumethat L € C*}(R?x[0,T]), VL € C*}(R?x
[0,7]) for k > 1, and

L(z,t)| < k(1 +|2) Vte[0,T] Vae R
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Then there exists a unique solution f(z,t) of (13.1) and it is given by:
f(z,t) = fo(Z(0;t,2)), (13.4)

where Z corresponds to the characteristics associated to L.

Proof. See [Son13, § 3.1, Theorem 2]. O

The Theorem [13.2.1|implies that in order to find f(z,t), it is enough to solve
the characteristics system with an initial condition Z(t) = z backwards in
time and then evaluate f,(Z(0;¢,z)). We now look at another useful property of
the characteristics.

Lemma 13.2.1
Let J(t;s,1) = det(V.Z(t; s,2z)). Let L be an operator fulfilling the conditions

of the previous theorem. Then
o0J

i (V- L)(t;,Z(t;s,z))J and J > 0. (13.5)
Incase V- L =0, then
J(t;s,1) = J(s;8,1) = 1. (13.6)
Proof. See [BGPQOO, § 1.1, Proposition 1.1] O

13.3. Conservation properties

An important part of the simulation validation is monitoring the quantities that
should be conserved over time. Although there are many quantities that are con-
served for the Vlasov—Poisson system (see, for example, [Son13, § 3.2.2]), we
are going to focus on the ones that we will employ for the simulation validation.

Theorem 13.3.1: Conservation properties of the Vlasov—Poisson model

The following conservation properties, among others, hold for the Vlasov—
Poisson system:
1. Maximum principle:

0< fv.8) < max{fo(e, )}

2. Conservation of the L? norm for 1 < p < oc:

d b
&/JR/O (f(x,v,t))Pdzdv = 0.
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Conservation of volume:

Ly
|| redsto= [ gy
Vol J0O F~1(Vol)

Conservation of momentum:

d La
E/R/O vf(z,v,t)dedv = 0.

Conservation of energy:

d K E o
dt(W (t) + WE(t)) =0,

where W¥X(t) and WE(t) are the kinetic and potential energy

//LZ (2,0, t)dzdv, WE(t) = /IE(x,t)zda:

Proof. Here we adapt the proof from [Son13, § 3.2.2, Proposition 5].

1.

106

Maximum principle.

According to the Theorem [13.2.1] the solution of the Vlasov equation at
time ¢ can be written as follows:

f(z,v,t) = fo(X(0;2,0,1), V(0;2,v,1)),

where X (t;z,v, s), V(t; x, v, s) are characteristics associated with the Vlasov
equation. Since f, is non-negative:

0< f(xvvvt) < r(na:;({fO(xvv)}'

Conservation of L?-norm.

d Lo L. 9
E/R/O (f(x,v,t))z)dxdv:/R/o pfp_l(xavat)%dxdv

Ly
— / / pfp_l(x, v, t) (E(z,t) -V, f(x,v,t) —v -V, f(z,v,1)) dzdo.
R Jo

Integrating by parts in v we note that
/ PP w0, 1) (B, 1) - Vo f (2, v,8)) do
R
~E(at) [ 10,00 = DFe, 0,07 f (@, )de
R

Therefore,

/Rpfp_l(x, v, t) (E(z,t) - Vo f(z,v,t)) dv = 0.
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Analogously, integrating by parts in x gives

Ly
/ 7 (0, )0V f (2,0, £)da
0
Ly

= —v f(z,v,)(p—1)f(z,v,t)P 2V, f(z,v,t)dx,

0
where we used the periodicity in x. Hence,

/pfpl(:z:,v,t) (v-Vif(x,v,t))de=0

which proves (2) for 1 < p < oo. The result for p = oo follows from the
maximum principle.

3.  Conservation of volume.
Using the Theorem[13.2.1] we get:
f(x,v,t)dedv = fo(X(0;z,v,t),V(0; 2, v,t))dzdv.

Vol Vol
Let us make a change of variable:

(1) = ey = (S 0)).

(%
V(:p,v) : <—E) = Oa

according to the Lemma[13.2.1]
X(0;z,0,t)\\
det (V(“) (V(O;:v,v,t)D -

f(z,v,t)dedv = / foly, w)dydu.

F~1(Vol)

Since

Therefore,

Vol

4. The proofs of the conservation of momentum and energy are a bit more
lengthy, so we will not reproduce them here. One can find the full proofs in
[Son13, § 3.2.2, Proposition 5].

]
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14. Generally weighted Hermite method

Hermite-type basis functions that are used for the discretization of the Vlasov
equation are functions of the type Hermite polynomial times Gaussian. These
functions have been of interest already in early 1d1v Vlasov—Poisson simulations
[Arm67, /AM67,,|GF67, JKM71]. Due to the lack of computational resources at the
time, these ideas stayed on a rather theoretical level until the late 1990s.

The reignited interest in Hermite-based methods started in 1996, when Hol-
loway proposed in [Hol96] two possible velocity discretizations of the Vlasov
equation based on Hermite polynomials. The first approach, that seems natu-

ral, is to use Hermite functions
—1/4
be(v) = 325_;!@(@)@—112/2,
as the basis in velocity. Then, the standard Galerkin method was used with
Hermite functions as the test functions. This method is called symmetrically-
weighted (SW) Hermite method. However, it turned out that for this method, mass
and momentum cannot be conserved simultaneously. To overcome that pitfall, an
alternative basis was proposed. In particular, so-called asymmetrically-weighted

Hermite basis, or AW basis

T2 2
P (v) = \/Whg(v)e’” :

In this case, in order to preserve orthogonality, another set of functions was used
as test functions. In particular, scaled Hermite polynomials were utilized

1
¢€est (U) = \/Whﬁ (U) .

For this method, it turned out to be possible to conserve mass, momentum, and
energy exactly. For both methods scaling of the argument of the basis functions
was considered. Certain choices of the scaling parameter proved to provide sig-
nificant improvements in the quality of the results. It is consistent with the result
of Boyd [Boy84] that the scaling of the series of Hermite functions is beneficial for
the accuracy. From then on, in most of the practical applications the scaling was
included in the bases in order to gain additional accuracy. It is often implied that
the scaling is included, when AW or SW method is considered. In this thesis, we
also use this general notion and always include the scaling in the AW and SW
basis by default.

In the follow up work [SH98|, Schumer & Holloway carried out a thorough nu-
merical study of both methods which indicated even though the AW method pre-
serves mass, momentum and energy, the SW method is more robust and better
suited for long-term simulations. Despite that, most of the further developments
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were focusing on the AW method. In [LBDVJO6, LBO7] both spectral Galerkin
and spectral collocation methods for the AW Fourier—Hermite discretization have
been considered. Around the same time, the Hermite-based solution of the
linearized Vlasov—Maxwell model has been investigated in [CDLDO6]. A multi-
dimensional spectral Vlasov—Maxwell solver based on the AW discretization has
been proposed by Delzanno in 2015 in [Del15]. The work [CDBM16] by Cam-
poreale, Delzanno, Bergen, & Moulton demonstrated that for certain test cases
the AW Fourier—Hermite method can be significantly more accurate than the PIC
method. The spectral solver has been further enhanced by adding an adaptive
strategy for regulating the number of basis functions [VDJ™15] and yielded the
SpectralPlasmaSolver code [VDM™16]. At the same time, the AW Fourier—
Hermite method was also considered in the gyrokinetics framework [PD15].

Even though the SW method is considerably less popular, Gibelli & Shizgal
studied the convergence of the expansion of the distribution functions via Hermite
functions in [GS06]. In 2017, convergence theory for the SW Fourier—Hermite
method was provided in [MED17]. This study is, however, limited to the finite
velocity interval.

In this thesis, we derive a generalization of the above described two methods.
Consider the following basis functions

H}“(0) = = helyo)e =",

These are the generalized anisotropic Hermite functions, that we introduced in
part[l, with the truncation parameter tycr = 1. Here we use tygr instead of the
truncation parameter ¢ of the anisotropic Hermite basis to avoid the confusion
with the time variable ¢. For the rest of this thesis we will only consider

tyar = 1.

We note that both SW and AW bases are special cases of the basis { ;" }scn,
with

v =¢ev2 forthe SW method
y=¢ for the AW method

up to normalization constants 7—'/4, #=1/2. In this chapter, we derive the gen-
eral method for arbitrary v and . The first steps in this direction were already
made when considering the scaling of the argument of the SW and AW bases.
However, in our case, the scaling of the exponent and of the Hermite polynomial
are decoupled. This yields a family of Hermite-based spectral methods, or gen-
erally weighted (GW) methods, that includes AW and SW methods as special
cases. Moreover, we later consider mass, momentum, and energy for the gen-
eral method. We identify the cases when the observables are conserved. We

Generalized anisotropic Hermite functions and their applications 109



also derive explicit formulas for the deviation of observables in other cases.

14.1. Generalized Hermite basis revisited

In this section, we briefly review the properties of the generalized anisotropic
Hermite basis that are relevant for the 1d1v Vlasov—Poisson setup. We also look
into the properties of the averages of the basis functions which will be useful later
on, when we take a look at the observables. We start by recalling that the basis
functions read for all / € N, as

]_ 2,2
V€ _ —e“v
H)*"(v) = \/ﬁhg(yv)e .
In this case, the associated weight takes the form
w(v) — 77_—1/276(252—72)112

and the basis functions are orthonormal in the corresponding weighted L? space.
Indeed, writing down the result of the Lemma (3.2.1} we get

vetuar  ppvestaar\ 4 (li+e2) tngr=1 _ VE  ITVSE
<H€1 va )w - tHGF 56112 - 561,62 - (Hel vHKQ >w-

Recall the algebraic properties of the generalized anisotropic Hermite basis. In
particular, properties (3.6)), (3.7) in 1D take the form

— Recursion relations of 1D generalized Hermite functions
1 2O (32— 2)VIHY (v) - VITTH (0). (14.1)
2. oH}*(v) = & (VIR (o) + VIFTH (v)) (14.2)

Let us now derive a couple of other properties that involve integrals of the basis
function over R. These formulas will be useful for the computation of the observ-
ables. Analogous formulas for the SW and AW cases were considered in [Hol96],
[SH98]. We now derive them for the generalized setup.

Lemma 14.1.1

Denote
[g:/Hz’a(’U)dU, Jg:/vHZ’E(v)dv, [_g:/UQHZ’a(U)dU.
R R R

Then,
1. The following relation holds for even integer ¢ > 2:

Loio O+ 1 ([
— =/ — | = -1 14.
[g €—|—2 g2 ( 3)

with 7, = *=. Moreover, I, = 0 for odd ¢ € N,

110 Generalized anisotropic Hermite functions and their applications



2.  The following relation holds for odd ¢ > 3:

v [l+1 [0+1 [~?
Je+1=§ 5 I, = T(g—Q—l Jo—1 (14.4)

and J;, = al\/g = 512\/;[0- Moreover, J, = 0 for even /.

3. The following relation holds for even ¢ > 2:

-1 [+ 4+ 1) —¢€)
=7 ( N ) Joa. (14.5)

VI, Moreover, I, = 0 for odd ¢.

and [_0:%

Proof. We first prove the relation (14.3). To start, let us compute I, and 1.

Iy = / Hq*(v)dv :/es%de = ﬁ
R R €

I = / \/§7Ue_€2”2dv =0.
R

The same reasoning can be applied to all odd ¢ € R since odd degree Hermite
polynomials are formed from odd degree monomials. We now move on to com-
pute I, for even ¢ € N,. The following relation holds for the product of an even
Hermite polynomial and a Gaussian [AS64, Expr. 22.13.17]:

> 2m)!
/e_“ Hyp(ax)da = \/7_1'( m') (22 —1)" forall z€R, meN,.
R m!

As for the I;, we get

Then,
1

_e22 | b=ev 1 YN\ 52 g~
I, — v —¢ A v
20 \/W/Rh%(’yv)e dv 8\/W/Rh% (811)6 do
R
£/22(20)! ¢! '

52
Analogously, we compute 5 -

Ioeys = VT (26+2) (f — 1)”1 .
£/2002) (20 + 2)1 (0 +1)! \ &
Therefore,
Iy s _ \/m (7_2 B 1)
Iy 20+2\e?
which proves (14.3).

We start proving the relation (14.4) by observing that .J, = 0 since

Jo = /UHg’a’t(v)dv = /"ae_a%2 =0.
R R
Let us now compute J;. Using [GR14), 3.381, Expr. 11], we get

v 22,2 2.2 y ™ y
J = _H%E,t v)e Y dU:\/i/ ’026 g%v dU:—\/j:—I
1 /R\/ﬁ 1 () Rry 53 2 52\/50
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To prove the first equality in the expression (14.4), it is enough to use the property
(14.2) of generalized Hermite functions and the expression (14.3). Indeed,

1 4 ¥4
J£+1=/UH7€ d - ( 1 I, + - [12+2>
@3 1 (41 C+2 [0+1 [+? v [+ 1
e s e (L ) ) = 2 L.
7< 7 TV 2 Ve \ =2 f) eV o2

Using this formula, we observe that, for ¢ > 2

vy -1 @3~y -1 & | ¢ v \/Z
==\ — s = = I, = —1y.
Tt g2 2 le—s g2 2 2 —¢g2 (—1" ~v2 — g2 2t
Therefore,
[+ Y
Jg+1: T(Q_l) Jé—la

which completes the proof of the second equality in (14.4). This expression,
together with the property (14.2) of generalized Hermite functions yields the final

relation (14.5) for ¢ # 0
T 2717756 - v,€ ¥,€ v
I - /H )0 2 2 [ o (VA 0) + VITTHE ) d

(\fJ“+\/FJM) ! <fjgl+“1(z 1>J£_1)

'y\/_ W2 Vi
_ 1 (ﬁe +(l+1)(*—¢ )>J
7\/5 52\/2 £—1-
For ¢ = 0 we use [GR14, 3.381, Expr. 11] and get
Iy /02552“2dv = 1\/—E ]
R 2 &3

14.2. Discretization in velocity

We now proceed to the discretization of the Vlasov equation in velocity. We
look for an approximation fy, of the distribution function f in an approximation
space

Vi, =span{H/,*, H)* ..., H)" }

Ny —1

of generalized Hermite functions
Ny—1

I, (z,0,1) ZcextHw (14.6)
In order to treat the coefficients with the mdexes outside of therange 0, ..., N,—1,
we need a closure scheme. The most obvious choice is to assign them to zero
co(z,t) =0, foral, (¢0,....N,—1, xR, teR,.

This is the most common closure scheme but the alternatives can e.g. be found
in [EEMOB63|.
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We use the Galerkin method in the weighted space L?(R). In particular, we
demand that at each time ¢ and fixed point x in space, the approximate distribu-
tion function fy, (x,v,t) € Vy, must satisfy:

agf fN”+ Vo fn, — Bla ,t)~vaNv,¢>w:o Yo € Vi,
(14.7)
Since {H)°}); " is a basis of Vy,, it is enough to demand that (14.7) is fulfilled
for basis functlons {H 3,
We first insert the expression into the Vlasov equation (13.1):

€ Vy, and <

Ny—1 N1 J
v an(J?, t) v acz<x’ t) v 8H775<U)
E ) e 0Ce(T, 1) 1o e B ; o
s ot () +o ; pe H)"(v) — E(x,1) ;:0 CZ(w,t)—av 0

Using the relations (14.1) and (14.2) we get:
e oc (x,t) e oc Ocy(z,t) 1
S e+ Y <\/_HZ€1( )+ VI LH) (v )) (14.8)

e ot ¢ e a’t \/_Py
B0 Y ) (67 - VI ) - VTTTHE () = 0
=0

With the use of the expression (14.8), the Galerkin condition (14.7) transforms
into:

— Generalized Hermite velocity discretization

Using the orthonormality of the generalized anisotropic Hermite functions
basis with tygr = 1, we get the following discretization in velocity

Ocy(z,t) 1 Jcpyr(x,t) JOco—q(x,t)
o +7\/§< (+1— +Ve o ) (14.9)
— @ ((72 — DV + Lepy(z,t) — 62\/Zc@,1(x,t)) =0,

where /( =0,..., N, — 1.

14.3. Discretization in space

We now discretize our system in space via the Fourier basis, which is a stan-
dard choice for Vlasov spectral methods. In particular, forall ¢ =0... N, — 1, we
take the following ansatz:

N 2rkix
colz,t) = Z_;V () exp ( B ) . (14.10)
For the convenience of notation, we consider only the odd number of Fourier
modes. For the even number of modes, when &k = —N,,..., N, + 1, the coeffi-

cients corresponding to the indexes 0 and N, + 1 have to be tackled separately
to preserve the symmetricity.
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The electric field E can be represented in the Fourier basis as

Bz, t) = ﬁé zaxoexp(QiZ””>.

T
m=—N,

We assume for now that the coefficients £, are already known. Before we pro-
ceed to the discretization of the Vlasov equation in space, let us compute the
product E(z,t)c,(z,t) in terms of the corresponding Fourier coefficients. We
get

: N, :
2 - 2rk
E(x,t)ci(x,t) E E,(t)exp ( Wzlmx) g b (t) exp ( Wle)

T

k=—Ng
_ Z Z o ) exp (27T(m+ k:)m)
L,
—Ng k=—N,
e 2mpix
p=—2Ngy ( )
N 2mpix
= Z exp ( 7 ) [E(t) * co(t)][p], (14.11)
p=—2N, z
where E(t) is the vector of the coefficients {£,,(t)})= ~,» Ce(t) is the vector of

coefficients {cf(t)},_. and the vector E(t) is additionally padded with zeros for
all other indexes. Here « denotes the convolution

[E(t) * c(t) }:

We are now ready to proceed to the dlscretlzatlon of the Vlasov equation in
space. We plug in the ansatz 0) in the velocity discretization (14.9) and use
the Galerkin method. Multlplylng both sides by exp ( 2mk! “’*‘) and integrating from
0 to L., we get the Galerkin condition in space

— Generalized Fourier—Hermite (GW) discretization

ok (t) 1 2mki

o ova L
- “75 (w — OWITTEW) * cont (] — 2VIE() + cu<t>nk1) 0
forall v,e >0, k=—-N,...N,,{=0...N,— 1, t € R,.

Qw+¢$ﬂay+¢%@gw) (14.12)

We will later refer to the discretization (14.12) as the generalized Fourier—Hermite
discretization or the generally weighted (GW) Hermite method.
For the shortness of notation, denote

B (1) = [E(t)  co(t)][K]. (14.13)
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14.4. Computation of the electric field

To complete the formulation of the method, it is now left to compute the coeffi-
cients {E,,(t)}): of the electric field E in the Fourier basis. We now proceed

m=—DN
to the computation of the electric field £ = —V¢ from the Poisson equation for
the potential
—A¢(z,t) =1—p(x,t) with p(x,t) = / f(z,v,t)dv (14.14)
R

withz € [0, L,], v € R, t € R,.
Let us first compute the density p. Plugging in the discretization (14.6) of f in

velocity, we get
Ny—1 Ny—1

pz,t) = / f(z, v, t)dv %/ Z co(z, t)H ) (v)dv = Z co(z, )1y,
R R p—o £=0
where I, is computed by the recursion (14.3). We now consider the Fourier

ansatz in space for both coefficients {c,(x, )}, " and ¢(x,t):

colz,t) = i k(1) exp (27;’“”) é(x,t) = i (1) exp (27Tle>

k=—Ng k=—Ng
Inserting the ansatz into the Poisson equation (14.14) and imposing Galerkin
conditions by multiplying both sides by exp (%ﬂ’j“) and integrating from 0 to L,
we get for all £’ # 0

4772]{7/2 Rl ’
—ou(t) == > o (1.
z =0
Therefore, for k&’ # 0 the coefficients can be computed as
Ny—1

L2 y
o (t) = — pRAGIA

For £/ = 0, we get
Ny—1

0=1L,—L, » &)
=0

This corresponds to the mass conservation, however, it leaves ¢, undefined.
Therefore, let us impose

Po(t) = 0.

We can now compute the coefficients of E(z,1).

Electric field computation
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For the complete setup of the method, we need to discuss the representation of
the initial distribution function in the generalized Fourier—Hermite basis.

14.5. Initial distribution representation in the
Fourier—Hermite basis

A large number of initial distributions typically considered for the Vlasov model

has the following form
Ng

fo(z,v) = (1+ acos(mkox)) Z —p

where N¢ is the number of the Gaussians, a,, € R are constants, o,, € R control
the width of the Gaussians, {v,}" are centers of the Gaussians. Since the
variables x and v are decoupled for this type of functions, we can compute the
representation of the trigonometric functions in Fourier basis separately from the
representation of the sum of Gaussians in the generalized Hermite basis. Once
we have the corresponding coefficients, we can get the coefficients of the full
initial distribution representation as a tensor product of the two sets.

(g 2
o xE[O,k—W},ko,aeR,mEN,
0

Representation of trigonometric functions in Fourier basis is a trivial task and
can be usually done exactly. Indeed, we need to find {¢*} such that

Ny Nz
(14 avcos(mhkox)) = Z " exp (kokiz) = Z c* (cos(kokx) + isin(kokr))
k=—N k=—N.
If we take
0 m —-m a
= 1 = = —
c , "=c 5

and set all other indexes to zero, we will get the exact initial representation of the
function (14« cos(mkox)) in the Fourier basis. For the case when the trigonomet-
ric function consists from a sum of multiple sin and cos functions, one can also
proceed in similar fashion.

Representation of the sum of Gaussians in the generalized Hermite basis can
be straightforward as well, in case Ng = 1 and v; = 0. In this case, there is only
one Gaussian in the sum, that is centered at zero. Therefore, it is possible to
represent it exactly by adjusting the width « of the Gaussian in the generalized

Hermite basis accordingly. Indeed, if we take
1

- 01\/§

in the generalized Fourier—Hermite basis, then

3

’U2

HY*(v) =e 271

116 Generalized anisotropic Hermite functions and their applications



and we just need to take
Co = ar,

and set all other coefficients to 0 to get an exact representation of the initial
distribution in velocity. This is, for example, the case for the Landau damping test
case (see Section[18.1).

In other cases, one needs to do a Galerkin projection of the initial distribution
onto the corresponding L2(RR) space. In particular, we need to find the coeffi-
cients {c,},";" such that

Ny—1
<f§ - Z CZHZ’e’H}6> =0, foral ¢=0...N,—1,

£=0
where
Ne o, (v=vp)?
U(p) = e 207
f(]( ) ;O’n\/ﬂ

Therefore, we have to compute
ce=(fy,H ), forall ¢=0...N,—1
It turns out that in case
01 =09 =...=0Ng = O,

which is true, for example, for the two stream instability test case (see Section
[18.1), it is possible to utilize the theory from part [l if we decide to fix the shape
parameter for our basis to the width of the Gaussians in the initial condition.
Indeed, for this setup, the sum of the Gaussians in f, takes the form of the
Gaussian RBF interpolant (4.1). If we take

then the coefficients {c,}\*;' correspond to the coefficients of the HermiteGF
expansion ( - 6.2) of the interpolant and

N 2 RINGT
—g2 (v—op) 2.2 € {177,
E ane = E anexp(s vn(——l)) E v, H, " (v).
n=1 72 fyé\/_

>0

Indeed, we know from Proposition that after the truncation of the basis, the
coefficients of the HermiteGF expansion correspond to the generalized Fourier
coefficients (f. , H,%)... In particular,

N 2 RINGY
v € g
s 17 = Y avo (222 (5 -1) ) S V20t =

n=1

For other cases, we derive an analytic formula for the scalar products (fo, H,"%).,
in the next section.
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14.5.1. Galerkin projection of the sum of multiple Gaussians

Consider a generic initial distribution
Ng

fo(z,v) = (1 + acos(mkox)) Z o

The linear perturbation (1 + «a cos(mkox)) in x can be exactly represented via the
Fourier basis. Therefore, let us focus on the representation of the part corre-
sponding to the velocity

a _w—vn)? 2m
"_e @i [ xc|0,—|,k,a€R, meN.
ko

Ng 2
i) =3 e 5
0 = onV2T

in the GW basis. For that, we need to find the projection of fJ onto the GW basis.
In particular, we need to find
co=(fy,H/ )y, for £=0...N,—1.

Then, the approximation of fy in the GW basis reads as
Ny—1

fo(w) = Y el (v).
=0

It turns out that for f; it is possible to compute those coefficients analytically.

Proposition 14.5.1: Initial distribution approximation

The initial distribution f3 in velocity can be approximated in the GW basis as
Ny—1

fo) = > (fe HP ) H]E (v),

=0
where the generalized Fourier coefficients of fj can be evaluated as

Ng 2,2 2.2\ ¢/2 _
v o, ’yan\/@ e“v; 1—20¢ L7
s =Y o (22 ( et

—opV2T En n 2
(14.16)
where
~ - Y
En =V 1+29%0% — 2202 and 7, = .
v ! ! Eny/1 — 2022
Proof. Let us first compute an integral of a single Gaussian
1 2,2 _ (wvn)? 2_.2

he(yv)e =" e i ¥ TV dv

(U*UH)Q
o = [ e 20 HY(v)w(v)do = 72 / V/
/ ()l v [ =

1 2_ .2 v27(v—vn)2
= 7r_1/27/ hg(vv)e(g ") 207 do.
R

V240!

Denote

&, = /14 27202 — 2e202.
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We observe that

(v —v,)? 1 By
(e* =y — 2992 92 (—&20% + 2vv, — v?)
__( En0 Un )2+U2 (—72+52)
o2 o2 " &2
Denote

_ EnU

V= .
an\/§

Then,

—1/2 2 2 —~2+e? 2 2
[omtn = we "( = > / hy 0”7\/_17 exp | — (v2 S ) do.
£,V 200! R En Enan V2

We recall the analytic formula [GR14, §7.374, Expr. 8] for this type of integral

/hf(aw)e(x_y)de _ 7r1/2(1 o OzZ)Z/th ( 1a_y QQ)

for all real o # 1. Then, we take

n 2 n
d Y\/_, and y— —
€n Enon\2

Finally, we arrive to the final expression

[ — JTnV2 e”’%<_i%+52> <%)% hz( = )
En

£V 240! €2 V1 — 20262
To simplify the expression above, we denote
_ g

Eny/1 — 2022

V2 2,2 1 — 252¢2 2/2 R
fowen 220V ( )( Une) HE™ (0n).

Then,

~2 =2
n (S €n

Taking a linear combination of the coefficients 772~ corresponding to single
Gaussians, we arrive at (14.16). ]

It turns out that one can get a simplified expression for Gaussians that are cen-
tered at zero.

Corollary 14.5.1. The coefficients of the Galerkin projection of a Gaussian cen-
tered at zero can be computed as

02

22 B oy €
(e 228 H), = 1/27]&5—” with &, = —-

Un\/§ ’
where, as before, &, = \/1+ 27202 — 2202 and the values of I, -, can be com-
puted from (14.3)) via recurrence for even (

%_‘/H_l 12_1
L, Vi+2\22
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with Iz, = ¥*. And I, = 0 for odd ¢ € N.

Proof. Using the result (14.16) with v, = 0, we get
2 2 (1—2022\"?
(e™37  H)F), = 10,V2 ( “In° ) he(0).
£,V 240 4
Recall that according to [GR14), §8.956], for odd indexes Hermite polynomials turn
to zero when the argument is zero

hgg_H(O) - 0 \V/g c No.

For the even ones, the following relation holds

hae(0) = (=1)25(2¢ — 1)1 = (_1)6%

For ¢ = 0, we recover

2
(727, HY").,

yoN2 oy
—= = g_ = T 1/2710"5”

En
For an arbitrary even index, we get
DLynye, 1 - 20352> (20 +1)(20 +2)

1
Iy, _2\/(% +1)(20+ 2) ( 2 (C+1)
2 .2 2
_ 2041 2’y~0n_1 _ 20+ 1 0 -
Varr2\ 2 Var+2\22

Note that the recurrence for I,-, is of the same form as the one considered
Lemma(14.1.1]in for

I, - / HY (v)do.
R

2
This is not a coincidence, since the integral (¢" 2.2, H,)"),, can also be expressed
through the integral of a GW basis function with certain parameters ¢, v that differ
from the original ones.
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15. Computation of the observables and
conservation properties

Let us take a look whether the generalized Fourier—Hermite discretization pre-
serves the physical conservation properties of the Vlasov equation that we have
discussed in Theorem[13.3.1] We focus on mass, momentum, and energy. First,
we consider a few relevant telescopic sums that will be useful for the computa-
tion of the observables. After that, we compute the explicit expressions of the
time derivatives of the observables. We then investigate in which cases these
derivatives are equal to zero, which implies the conservation of the observables
over time. It turns out, that mass and energy can be conserved exactly for an
odd number of basis functions N, in velocity, whereas the momentum can only
be conserved for an even number of basis functions. For the L? norm, we pro-
vide an analytic formula for its computation and postpone the discussion of its
conservation to the next chapter.

15.1. Telescopic sums

Let us prove some technical results which will serve as the basis of the later
proofs of the conservation properties. We compute the sums involving the inte-
grals with the GW Hermite basis functions computed in Lemma [14.1.1]in com-
bination with the terms resembling parts of the discretization (14.12). Note, that
even though the structure of the sums is based on the discretization (14.12), the
results are independent of the specific coefficients {cf(t)}.

The idea of employing telescopic sums involving the integrals of the basis
functions for the investigation of the conservation properties was mentioned in
[Hol96] for SW and AW cases. We now prove these relations for the generalized
setup.

Lemma 15.1.1: Telescopic sums

Consider a sequence {a,},", of real numbers. Denote

Ny—1
S = Z I, <(72 — DOV + lagy — gzx/Zag,l) )
=0

We seta_; = 0. Let S; and S; be the same sums as above but with the terms
J, or I, instead of I, correspondingly. Then, following expressions hold for
these sums

Generalized anisotropic Hermite functions and their applications 121



52\/5(72—52) JIn,an, for N, odd.

Sp=VAT 7E) (15.1)
v Jn,1an,-1 for N, even.
2.
g % Nv]Nu_lan_l — ZéV:vo—l CL[][ for N, Odd, (15 2)
J= = )
V2 | NyIn,an, — St aly for N, even.
3.
s ijam — /2 Zévz”o_l Jea, for N, odd,
I_ p—
%Jm_mm_l — w23 Ja, for N, even.
(15.3)

Proof. Let us first prove the expression for S;. Using the expression (14.4) of I,
through J,.; and J,_;, we get

Ny—1
Sr = —70(72 - 52)a1 + Z I ((72 - 52) VIE+ lag — 52\/20%—1)
0=2

Ny—1 2 2 2 2 2 2
i) € \/§ — € € \/§ — €
= [0(72 - 52)@1 + E <#Jf+laé+l - %Wl&h)

£2v/2(7% — e2) =
% Z (Jz+1aé+1 - J671a271>~
(=2
Then, telescoping the sum above and noting that
2 2 2 2 2 _ 22
sV e \/—(77 2 )Jlal = \/E—(7 - 2 )Cll = ]0(’72 - 52)@1
we arrive to the formula (15.1).
The formula for S; can be proved in similar fashion, but this time we express

J, through I,_, with the help of (14.4).
N,—1

S, = Z Jy ((72 — DOV + lagy — 52\/za5,1>
=0

Ny—1
RN 14
'l g %\/;Ig_l ((’}/2 — 52) VI~ 1@[_;,_1 — 52\/Zag_1>
=1

Np—1
e Z ((C+ D) Ipprape1 — Lp—yas—q)
V2 =1
y Np—1 5 Ny—2
= = ((6 + 1)[z+1ae+1 - (5 - 1)1—@71&#1) - = Z agly.
V2 =1 V2 £=0
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We note that the first term is a telescopic sum and can be computed as

Ny—1

” (Nv — 1)INU—1aN1,—1 for N, odd.
E (L +Dlpap — (0= 1)1a01) =

/=1 Nv[Nvan for Nv even,

We observe that Iy, ; = 0 for even N,, therefore S0 % a,l, = S0 " agl, in
this case. On the other hand, for the odd N,, we can borrow the missing term
—In,_1ay,_1 from the result of the telescopic sum. Putting it all together we arrive
at the expression (15.2).

For the last sum S; let us first use the representation of I, through J,_;.
We get

-1

S :j(’}/ —8 a1+ZIg(’y —6)\/€+1@g+1—82\/5ag_1>
T2 1 e+ (L+1)(y* — &%) 2 N /71
_]0(’)/ — & )a1 +7 ;; 52\/2 (’7 — & ) £+1J5_1ag+1
1 Ny—1
7\/_2 (e + (L+ 1) (v —&H)Jp1a 1.
We now apply (14.4) to the first sum to obtain

Ny—1

- 1
S;=I(7? —%)ay + ——= 7 Z 0 + (0 +1)(7v? = €2)) Jppras1

Nop—1
1 v
- — (552 + (0 + 1)(’y2 - 52))J5_1ag_1
V2 EZ_;

Ny—1

= 1
= Ip(y* —€%)ar + \/—Z (0 + 7% = ) (Jepraee1 — Ji1a01).

Splitting the terms of the sum containing ¢ from the other, we get

Ny—1
Sj = j()(’72 — & )a1 + 7 Z g(J[_HCLg_H — Jg_lag_l)
(=2
72 g2 Mol
(Jegrap41 — Jo—1ap-1)
’Y\/_ Z + +
Ny—1
= Io (’Y —€ )a1—|— \/— Z ((0+1)Joyr1a041 — (€ — 1) Jpq1as—1 —TZJN@
5 Ny—2 2 g2 Ny—1
- —= Joag + ———= (Jorrap41 — Jo—1ap-1).
\/5 ZZI 7\/5 ZZQ + +

Next, we use that

2 2 2 2
7€ _ﬁ(7 — &) T (A2 2
7\/5 Jlal——283 al—IO(’y —€)a1
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and J, = 0 and telescope the sums to find

Sj = ]_0(’72 — 52)6L1 + l (NUJNvaNU + (Nv — 1)JNU—1aNU—1 — 2J2a2 — Jlal)

V2
Ny—2
Joag — Joag+ = (JNUGNU + N, 1081 = Jaay — Jia)
\FZ vpD 7
No—1 y ~

— —/2 Joag + —(N, — 1) Jy,an, + —=N,Jn, 10N, _

~ ;Zg \/5( )N, an, NG Ny—14N, 1

2 2

vt —€
+ (‘]Nva’Nv + JNv_laNu_l)'
W2

Using that Jy, 1 = 0 for odd N, and Jy, = 0 for even N,, together with the fact
that .J, = 0, we arrive to (15.3). O

Now, when everything is set up, we move on to the investigation of conservation
properties of the generalized Fourier—Hermite discretization.

15.2. Mass

We first take a look at the evolution of mass with time when the generalized
Fourier—Hermite discretization is used. The mass is defined as follows:

Lz
= / f(z, v, t)dzdw.
R J0

According to the properties of the Vlasov equation (see Theorem [13.3.1), the
mass should be preserved over time:
dM(t)
dt
We now check if this condition is fulfilled for the generalized Fourier—Hermite dis-

cretization. Numerically, the mass of the approximated solution can be computed
as:

=0.

Nv—l Ny—1

Ly Nz 9
My, v, (t) = fe/ Z cp(t eXP( 72]{3:) dz = L, Z Licy(t).  (15.4)

T

Theorem 15.2.1: Fourier—Hermite mass evolution

The mass is preserved for an odd number of basis functions N,. Moreover,

dMNv,Nm@): 0 for N, odd.

) (15.5)
dt Lm%(ﬁ—az)(}m_lﬁ?\h_l(t} for N, even,

where

B, -1(t) = [E(t) * en,-1(t)][0].

124 Generalized anisotropic Hermite functions and their applications



Proof. Using the representation (15.4) together with expression (14.12), we get:

My, v, (1) _ ﬂfx S 1 (02— EWVIF TR, (1) — VB, (1))
=0

dt

Using expression (15.1) for the sum above with {3?(¢)} in place of the sequence
{af}s we get

dMy, n,(t)  2°L, () In, BY, (t) for N, odd.
p— ’Y —
dt 7 In,-18%, _4(t) for N, even.

Keeping in mind that the closure scheme implies ¢}, (t) = 0 for all t € R,, and
hence %, (t) = 0, for all ¢, we arrive to the expression (15.5). O

Remark 15.2.1. Note that a similar expression also holds on the semi-discrete
level in phase space, i.e. after the velocity discretization while the spacial variable
is left continuous.

15.3. Momentum

The second observable that we will take a look at is the momentum. The
momentum is defined as follows:

P(t) = /R/OL v f(z,v, £)dado.

According to the properties of the Vlasov equation (see Theorem [13.3.1), the
momentum should be preserved over time:
dP(t)

—2 0.
dt

We now check if this condition is fulfilled for the generalized Fourier—Hermite
discretization. Numerically, the momentum of the approximated solution can be

computed as
Ny—1

Lo X 2rikx R
Prov =20 [ % dew (=L 3 g, (159
=0 k=—Ng £=0

xT

Theorem 15.3.1: Fourier—Hermite momentum evolution

The momentum is preserved for the even number of basis functions. More-
over,

dPy, ., () _ LyNyIn, 163, _1(t) for N, odd,

(15.7)
dt 0 for N, even,

where

B, -1(t) = [E(t) * en, 1 (1)][0].
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Proof. Using the representation (15.6)) together with the expression (14.12), we
get:

Ny—1

dPNS?(U B Z Je (0 = VT (0) — VI (1)

Using (15.2) for the sum above with {37(¢)} in place of the sequence {a,}, we
get

dPNv,Nz(t) - I N“INv—lﬁ?V —1( ) ZNv_l ( ) for N, Odd’

d NIy, 8% (t) — SN 8o(4)1, for N, even.
Since the closure scheme implies ¢}, (t) = 0, and hence 3}, (t) = 0, for all ¢, for
even N,, the term % (t) is zero. Let us now consider the sum EN“_I B(t) 1.
Recall that, by definition (14.13),

Bi(t) = [E(t) * ce(t)][0].
Then, using the explicit formula (14.15)) for the Fourier coefficients Ej(t) of the
electric field through the coefficients {c(¢)}, we get

Ny—1 Ny—1 Ny—1
> o= zfezEk it zEk >ttt
=0 k=—
Ny il Ny—1 Ny—1
= > %Z (Z c?(t)lg) (Z cék(t)lg> —0,
k=—Ng = /=0
k+#0
since we have fixed E, = 0. O

15.4. Energy

As we know from the chapter [13] the energy of the system consists of the two
components: kinetic energy and potential energy

W(t) = WE@E) + WE(@).

For the Vlasov—Maxwell model the potential energy consists from the electric
and magnetic parts. However, for the Vlasov—Poisson model, only the electric
energy is present since the magnetic field is zero and therefore, we use W¥ for
its notation. According to the properties of the Vlasov equation (see Theorem
[13.3.1), the full energy should be preserved over time:

dW (t)

Sar
Recall that in the continuous case, the kinetic energy is computed as

Ly
:// V2 f(z,v,t)dado.
R J0
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Similarly to the other observables, the kinetic energy of the approximated solution

can be computed as
N1 1 NU 1

Lo O k 2rikx
—N, *

The electric energy in the continuous case writes as

1 [t
WE(t):5 /O E(z,t)%dx.

After the Fourier discretization of £ in space, we get

2
1 (L (X orkix L, &
WY (t) = 5/0 < Z Ex(t) exp ( 7 )) dr = 5 Z | B (t)]?
k=—N, r k=—N,

Theorem 15.4.1: Fourier—Hermite energy evolution

For odd N,, the energy is conserved, i.e.

dWy, v, (t) d K _
—au dt(WNI( )+ Wy, (1) =0.

For the even N,, the time derivative of the energy can be computed as

AWy, n, (1) L2 o AME (1)

dt T or k
k=—Ng.

E_(t) (15.9)

IN, + % — A2
272
with AMY, (t) = Lx%(72—€2)JNU—15§U_1(t) and gy, _,(t) = [E(t)*cn,—1(t)][k].

+ Lx’y JNU—IB?VU—l(t)

Proof. We first compute the derivative of the electric energy.

AWE L, & d|Ex(b))? Yo dE(t)

Let us now compute the time derivative of the Fourier coefficients Ej, of the elec-
tric field E. Using the expression (14.15) for the coefficients { £} and the equa-
tion (14.12) for the coefficients cf(t), we get, for k # 0

504 (1 o)

dt dt \ 27k ¢

Z VI 1, () + Vi (1)

ﬁ;;f 3 ”(” - WV TB () - VIR0
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Using (15.1) for the second sum, we get, for k& # 0

\2/7—7115 ife<7 — V18, (t) — 82\/2551@))

0 for N, odd.

éferf (v —e?)Jn,18% _,(t) for N, even,

where we used the fact that according to the closure scheme ¢, () = 0 for all
t>0,k=—N,,...,N,. As for the first sum, using the expression (14.4) of I,
through J,_; and J,,,, we get

Ny—1

Z& VO 1dk, (1) + Vi (t)

Ny—1

5
—2 Z (Jeracia () = Jeacp_ (1)) + Z Je-1ci_y (1)
= -

ng(;l Jock(t) for N, odd,
SNk, 1 (0) + 000 Y Jucf(t) for N, even,
where we used that

k k 2
1021\(/2 - \gcl\/? - %ch’f(t)
and we added the term Jyck(t) to the sum for both odd and even N, since J, = 0.
The term Jy,_ick, _,(t) we added for the odd N, only, since Jy,_1 # 0 for the
even N,. Denote

AMy, (1) = Lz%f(vz — %), 18N, -1 (8):
Then
dBu(t) ) Doy Jeck(t) for N, odd,
e ;LT;;AMNU()Jr S Iy 1 (6) + 002 Juck(t) for N, even.

Therefore, the derivative of the electric energy is given by

Nz
dwg Ly dE;(t)
dt dt

E—k(t)a
k=—Ng,
dEk(t)

where is computed as described above.
Let us now consider the kinetic energy. Using the representation (15.8), ex-
pression (14.12), we get
dWE o (t) !
ﬁ?—— th—ﬂﬂ?%mzwwwu

Using the expression (15.3) for the sum above with {5}(¢)} in place of the se-
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quence {a,}, we get

dWx, . () ;- ot JBR(t) for N, odd,
dt W:}quﬂ%ﬁl(t)— N“_ngﬁg() for N, even.

where we used again that 3%, (¢) = 0 for all ¢ to eliminate the first term of the tele-
scopic sum for odd N,. We can now combine the expressions for the derivatives
of the kinetic and electric energy to obtain the full energy evolution.

We recall that, by definition (14.13),

Nz

BE(t) = [E) * c()][0] = ) GOE-4(1).

k=—Ng
Let us first compute the derivative of the full energy for the case of the odd N,.
Using the results above together with the explicit expression for 37 (t), we get

Ny—1 Ny—1 Ny
dIi;;N dWNU Ny _ L Z E Z JZCZ L Z Jg Z E— ( ) 0.
=0 —Ng

As for the case of the even NU, we get the following fuII expression for the electric
energy derivative

AW (1) = (L, e
T:sz 5 (t) + WJNv 1y, (t ZJM k(1)

k=—Ng,

L (L AM* St k E
= Ly kZN ok N, (t) + TJNU—lcNUq(t) k(1)
Ny Ny—1

+ L, Z ZJM
—N, =0

At the same time, the kinetic energy is given by

AW, v, (1) ’N, +~* — ¢? Rl
NN W) g T Z Iny-18%,_1(t) — L Z JoB0(t)
dt 2*}/
2 2 2 Ny N,—1 N,
s YN+ e K .
=L, 27 In,—1 kZN.CNvl(t)E_k(t) — L, ; Jy ZN F()E_i(t)

Therefore, the derivative of the full energy is given by
dWy, v, (t) dWR n, (1) dWE (1)

dt B dt dt

L2 o AME (1)

T on k
k=—N.

2
N Y
+8 JN

gl
E_ (1) + L,

_18%, 1 (8). O

15.5. L2 norm

The only observable left to compute is the L? norm. Contrary to other observ-
ables, we cannot write an analytic expression for the L? norm right away. Let us
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first derive the formulas for the computation of the L2 norm through the expansion
coefficients.

Proposition 15.5.1: L2 norm computation

Consider a function

Ny—1
‘t v 2 k:
Iy, (,0,1) Z Z ch(t) exp( i x) H)"(v),
—N, (=

withz € [0,L,], vER, t € R+.
Then, if v = /2, corresponding to the SW basis, the L? norm of the
function fy, n, can be computed as

Nz N,—1
2
w172 = Z REAG
k=—N, (=0
For all other cases, the expression for the L? norm writes as

Ny—1

| fno e llEe = La Z ST ek, (O H] HL) g2 (15.10)

k=—N_, £1,02=0
£1+242 is even

where

L1—ty

N R R AW AL TR G
5\/_ El% 2 g\/§ 282

1 1 42 4et
- oFy (—5527 5(1 —Lla); 5(1 — by — by); Pl ?) ;
with I" and , F; being the gamma and hypergeometric functions respectively.

(H)" H) )2 =

Proof. Consider

2mikx .
Iy, (T, 0,t) = Z ch exp(L )HZ (v).

—N, (=0 z

Denote the k-the Fourier baS|s function as

¢k(x> = exp (272kx) .

Then, the L? norm at time ¢ can be computed as

Ny Ny—1 N, Ny,—1
2
quv,NruLz—< ST Y T ¢k2ff2;>
L2

ki=—N, ¢£1=0 ko=—N, £2=0
Nx Nu—l Nv_l
_ Y€ Y€
= E Ory E Cel( )Hzl Pk, E CeQ( )HeQ
k1,ko=—Ng £1=0 l2=0 L2

We note that for the Fourier basis

<¢k1 ) ¢k2>L2 = 5k1+k2,0Lx-
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Therefore,

:E N'u_l Nv—l
ol =10 <z Hzf,Zc;f<t>HZf>
L2

4y £2=0
— § E Y€ v,€
— L Cgl C€2 Hgl H£2 >L .
—Ng 01,02=

We are left to compute the products (HZ;S, H)*) 2. For the SW case, i.e. when
v = ev/2, we get

(H)" H)*) hgl (eV/20) hy, (£v/20)e 2" do

_/ 1 1
/¢Z1 QWZ - \/\/——641 025

where 1), denote Hermite functlons. Then, for the SW setup, the L? norm takes

the form
Ny N,—1

1N 172 = Z Z EAG)
—N, (=

For the other cases, we get

<H31’67H22’€>L \/W / hh yv h€2 (7”) 2t dv

ez 1 ! ( ) h (lv) e dv
V2VITERG M \ev2 ) T vz |
The integral of the type above has been considered in [Bai48], where multiple
analytic formulas for the these integrals were derived. For the case of odd ¢; + ¢,
the function Ay, (yv)he, (yv)e 2" is 0dd, and, therefore, its integral over R is zero.
This means that

<H2f, HZf}LQ =0 if ¢, +/5iso0dd.
For the case when ¢, + (5 is even, we use the expression (1.3) from [Bai48]

witha =b = E\L@ to compute the remaining integral

L1—to

1 V2htle (0 40+ 1 22 2
(HYS HS) e = r( Lt )( g ) (7__1)

5\/§ \/61!62! 2 5\/§ 282
1 1 1 4e? 4t
-2 <—§€2, 5(1 —{y); 5(1 — b — by); ? - ?) )
where the notation I and , F; denote the gamma and hypergeometric functions,
respectively. O

Even though the formula above looks massive for the non-SW case, it can be ex-
plicitly computed using built-in MATLAB functions gamma and hypergeom. Note
that scalar products have to be computed only once at the beginning since they
are not time-dependent. Moreover, even though the formula above for scalar
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products (H,*, H,'") is not written in a symmetric way, it still exhibits a symmetric
behavior with respect to indexes ¢, /5 since
(H)S H) )2 = (HS H)®) e

Therefore, we only need to compute a half of the matrix. It appears to be more
robust to compute the lower triangular part of the matrix, when ¢; > /5. This
becomes crucial when ~ approaches ¢v/2 (which also corresponds to the SW
setup). In this case, the term (%/2¢% — 1) approaches zero and taking negative
powers of it would yield numerical issues.

As for the conservation of the L? norm, it has been mentioned in [Hol96] that
one can guarantee the conservation only for the SW case, where the projection
operator is self-adjoint. One could derive the L norm evolution based on (15.10).
However, we take another approach to emphasize the structural difference be-
tween the SW method and all other GW setups. Along with other considerations,
we will reproduce the proof of the conservation of the L? norm for the SW case
and point out the crucial differences to the general case in chapter[16]
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16. Error estimate of the SW solution and
pitfalls of the basis asymmetry

In this chapter, we discuss the issues that arise from the fact that while the Vlasov
equation is considered in the L?(R) space, the Galerkin projection is happening
in the weighted space L2(R). For the conservation of mass, momentum, and
energy we were still able to consider the observables in the L?(R) space anyway.
However, some of the other results do not translate as seamlessly. For exam-
ple, another important observable is the L? norm of the solution. If the norm is
conserved, that guarantees that the numerical solution will not “explode” and pro-
duce extremely large values. It was already mentioned in [Hol96, § 3.1] that we
can only guarantee the L? norm conservation for the SW method. One potential
alternative could be to consider the weighted L? norm. However, due to the prop-
erties of the differential operator L of the Vlasov equation, the weighted L? norm
need not be conserved and, therefore, should not be used as an observable. We
reproduce the proof of the L? norm conservation for the SW case and discuss
the discrepancies caused by the asymmetry in the basis in section[16.1]

Another illustration of the impact of the weight on the projection and the final
result is presented in section [16.2] There, we derive an error estimate for the
Hermite functions (or SW) solution of the advection equation based on the lad-
der operator theory. Even though we have derived the analogous theory for the
case of the weighted basis in sections [3.4{ and it turns out to not be possible
to derive the analogous error estimate. The reason for that is that certain prop-
erties of the original differential operator do not hold in the weighted space, while
holding in the L*(R) space.

16.1. L2 norm conservation

The conservation of the L? norm is crucial for the numerical stability of the
method. Note that in theory, the Vlasov—Poisson system preserves all L? norms.
The SW basis functions correspond to the GW basis functions with v = /2 and
are orthogonal in L?(R) where the Vlasov equation is considered. The corre-
sponding weight then takes the form

wsw(v) = 1 2eV/2.

We note that the scalar product with this weighting corresponds to the scaled
scalar product in the L*(R) space. Indeed, for all f,g € LZ_ (R), we get

{f: Pusw = /Rf(v)g(v)ﬂl/%\@dv =7 evV2(f, g)re.
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Itis also clear that if f € L2_ (R), then f € L*(R). Let us now prove that the L*
norm is conserved for the SW case.

Proposition 16.1.1: L? norm conservation for SW discretization

Let fn,(x,v,t) be a Galerkin approximation of the distribution function f in

the SW basis. In particular,
Ny—1

(v, t) = 3 cola, ) HY? (v),

=0
and the coefficients {c,(z,t)} satisfy equations (14.9). Then,

Lz
/ fn, (2, v,t)*dzdv = 0.

This implies that the Galerkin discretization (14.9) preserves the L? norm.

Proof. The Vlasov equation can be written in the following form:
Of (z,v,t)
ot
where L is a differential operator:

= L(z,v,t)f(z,1),

0 0
L= —Uo- + E(:C,t)%.

Let us prove via integration by parts that the operator L has the following prop-
erty:
<fa Lf>L2 = Oa

for all f periodic in = and square-integrable in v. We first write the explicit expres-
sion for (f, Lf),. We get

(f,Lf)re :/]R OLl‘ fz,v,t) (—UM +E(m,t)W) dzdv.

ox v
We first consider the second term of the sum. Due to the square integrability in

v, we get
/fa:v xvt)dv:—/Mf(x,v,t)dv.
R 5’1}

of(x,v,t) .
/Rf(x,v,t)Tdv = 0.

In the same fashion one can prove that the first term also integrates to zero in x
using the fact that f is periodic in z.

Hence

The Galerkin approximation of the equation of such form can be written as
[GO77, § 2, Eq. (2.5)]:

Ofn,
ot

= LNUfNU With LNU = PNULPNU7
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where Py, is the Galerkin projection. Using the fact that the Galerkin projection
operator is self-adjoint in the corresponding space [GO77, § 2], we write:

L 12 q
/ S, (@, 0,t)dedo = \/—dt<meva>wsw
1/2 1/2
g\/—<vaa PNULPNvav>wsw = E<PNvaU’ LPNquv>WSW
= (Pn, fn,, LPn, fN,) 2 = 0. O

The proof above relies on the two major properties:

<f7 Lf>L2 =0 and <PNvf7 g)wsw - <f7 PNvg>wsw'

If we take the weighted Galerkin projection with a non-constant weight instead,
which is the case for all setups except from the SW one, we cannot transfer from
the L? norm of fy, to the weighted one by means of multiplication with a constant.
On the other hand, if we stay in the L?(R) space, the adjointness of the Galerkin
operator will be lost.

If we consider the weighted L? norm of fy, instead, the relevant property of
the operator L is lost. In particular,

(f,Lf) / er (z,v,t) ( Gf(g v,1) —|—E(x,t)w> w(v)dzdv # 0.
Indeed, even though the first term of the sum will not be affected by the addition
of the weight and will still integrate to zero due to the periodicity considerations,
the second part loses its symmetry property even for f € L2 (R)

/fjjcf)fxvt () /fxvt xvt)())dv

ov

= /R(f(x v t)w (v) —l—f(:v,v,t)Qacggjv))dv,

where the boundary term vanishes for f € L?(R). Therefore, we cannot guaran-
tee neither the conservation of the standard Z? norm, nor the weighted one.

16.2. Error estimate for the SW solution of the
advection equation

In this section, we derive a Galerkin error estimate for the pure velocity ap-
proximation. We simplify our model and consider a simple 1D advection equation
instead

0f(v.t) _ 9f(v.1)
ot ov
to investigate the error introduced by the velocity discretization only. We first

prove an error estimate of the Galerkin solution of the advection equation for the
Hermite functions discretization. For that, we employ the theory of ladder opera-

—0, a€cR. (16.1)
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tors of Hermite functions (see section [2.3). We use the pure Hermite functions,
corresponding to the SW basis without scaling, to be consistent with the result
[Lub08, § Ill.1.1, Theorem 1.3] we base our derivation on. However, it can be
easily included in the proof by adding appropriate scaling factors. After deriving
the error estimate for the Hermite functions case, we discuss the reasons why
the analogous theory for the weighted space (see section does not yield the
desired outcome.

Let us first note that the equation can be written in terms of differentia-
tion operators as

af
S =Lf,

where L = a-2. We recall from section|16.1] that the following property holds for

this operator
(f,Lf)r2=0 (16.2)

for square-integrable functions f. As in the proof of the L2-error conservation,
this property will play a major role in the derivation of the Galerkin error.

Lemma 16.2.1: SW solution error estimate for the advection equation

Consider the advection equation and the numerical solution fy, ob-
tained via Galerkin method with Hermite functions basis {y,...,¥n,-1}-
Then, if fx,(0) = Py, f(0) and the exact solution f € D(A**!) for some
s < N, — 1, the error can be estimated as

(1 + at\/Nv/2> N

— 2 < ma. A® 2, 16.3
I = Frlles < e =y A7), (163
where | - ||2 denotes the L?*(R) norm and A is the lowering operator (2.17)
for Hermite functions.

Proof. We follow the general structure of the proof [Lub08, § IIl.1.1, Theorem
1.3] of a similar estimate for the Schrédinger equation. As before, the Galerkin
approximation of the advection equation can be written as

Ofn
* = Py, LP,
at Nu N’UfN’U7
where L = a%. Applying Py, to the advection equation (16.1), we get

0
PNva_{ = Py, LPy,(Pn,f + Py, f) = Px,LPy,Px, f + Px,LPy f,

where Py = I — Py, with I being the identity operator. Hence,

0
E(-va - PNvf) = PNULPNU<fNU - PNuf) - PNULP]#Uf‘
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and

(5= P f. = Pt ) (16.4)

12
= (Pn,LPy,(fn, — Pn,f) — Pn,LPx. f. fn, — Pn,f)
= (LPy,(fN, — PN, f), Pn, S, = Pro f) 2 — (Pn,LPx, [+ fn, — Prof) 1
<l fn, = Pn, fllzz - | Pn, LPx;, f| 2, (16.5)
where we used the property for the operator L.
On the other hand,

<%(fzvv - Pn,f), fn, — PNvf>

_1o
L2 2at

0
= [|fn, — PNJHL?@HJCNU — Py, fllz2-

|, = Pr. flZ2

Therefore,

0
a“fzvv — Py, fllrz < ||Pn,LPY, fll12

and

t
1o — Py fllze < / | Py, P flluedt + || f, (0) — Py, £(0) 22
0

Let us now estimate || Py, LPy;, f||. Denote the coefficients of the function f in the
Hermite basis before the cut-off as {c¢,}72,. Then,
Py f=> c.
(=N,
Then, using the property (3.6) of Hermite functions, we get

0 . ( (+1
LP]ﬂf_vf = CL% Z ngg =a Z Cy (\/;"Lpgl — 9 WH) .

f:Nv ZZNv

| Ny
PN’L)LP]J\;Uf = acn, TwNvfl.

To estimate the coefficient cy,, we employ the same strategy as in Theorem[2.3.1]
_ _ <f7 (AT)S+1¢Z—S—1>L2 . <AS+1f7 77/}E—s—1>L2
CNU - <f7 I/JNU>L2 - -
VNN, —=1)...(Ny—s)  /No(N,—1)...(N, —s)

! s+1
< A

where Af, A are Hermite ladder operators (see section [2.3). At the same time,
Theorem provides an estimate for || f — Py, f|| 2

1
If = Pn, fllzz < \/Nv(Nu_l)"'(Nv_s)

Therefore,

AL 2
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Therefore,
If = favollee < | f = P, fllze + [Py, f = fnullee

<1+at\/W) B
: VNN, —1).. . (N, —s) max [ A (7). 0

As in the case of the L? norm conservation, analogous proof is impossible for the
case of a weighted basis. Indeed, if we consider the scalar products in L? space,
then the Galerkin projection becomes non-adjoint, making the second equality of
invalid. If we consider the L2 (R) norm instead, then the third inequality of
does not hold, since

{(f, Lf)w # 0.

This proof illustrates once again that asymmetry in the basis introduces additional
factors to the structural properties of the method and should be treated carefully.
One of the possible ways to deal with this discrepancy could be to use variation
of constants method, also referred to as the Duhamel’s principle. However, this
is more complicated and requires further investigation.

Manzini, Funaro, & Delzanno provide in [MED17] an analysis of the L? norm
conservation for the SW method for the Vlasov—Poisson system for the case of
the bounded velocity domain. The authors of [MED17] mention that some of the
convergence results could be transferred to the AW case, however, to our best
knowledge, that has not yet been developed.
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17. Symmetrically and asymmetrically
weighted Fourier-Hermite methods

Now, when we have derived and analyzed the GW Hermite method, or the gen-
eralized Fourier—Hermite method, let us come back to the original two meth-
ods: symmetrically weighted (SW) Hermite method and asymmetrically weighted
(AW) Hermite method. We write again the general formula for the generalized
anisotropic Hermite basis used for the GW Hermite method

1 22
H"(v) = \/Whg(yv)e :

The SW Hermite method then corresponds to
v = V2.

for the GW method. It is a discretization with standard Hermite functions and the
weight is constant in this case

w(v) =y~ Y2 = 7712/2.

The only difference of the GW method with these parameters to the standard SW
Hermite method is the constant 7—'/* in the basis. However, it does not play a
major role in the Galerkin setup. Note that the scaling of the argument of Hermite
functions, which form the SW basis, is already included in this representation
since we only consider the ratio of the v and ¢ and not the precise values.

Similarly, the AW Hermite method in its general form, with the scaling of the
argument included, can be obtained by setting

v =E¢.
In this case, the weight takes the form
w(v) = ,yﬂ_—l/Qea%Q _ ’777'_1/26721)2.

A special property of this particular case of the generalized anisotropic Hermite

1 1

05 0.5
0 0
-0.5 - -0.5
-1 L L L -1 L L L
-4 -2 0 2 4 -4 -2 0 2 4
(a) Hermite functions (SW basis). (b) AW basis.

Figure 19 One can see that the AW basis implies way more decay than regular Hermite functions.
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basis is that, according to our formulas (14.3), (14.5)
[g:jgzo for (> 1.

and, due to (14.4)
J,=0 for ¢>2.

This means that in this case mass, momentum, and energy are always exactly
conserved. However, one can see on Figure [19 that the AW basis implies way
more decay than the standard Hermite functions. Some adjustments could be
done via scaling. However, the width of the Gaussian ¢ is usually determined
by minimizing the error in the initial distribution representation. Therefore, in
practice, the scaling is usually fixed for a specific problem. Then, the question
remains what the optimal decay of the functions is. As mentioned in [Hol96], the
SW basis is more stable, since it always preserves the L? norm. However, maybe
there exists another combination of parameters  and ~ that allows to have better
conservation than the SW basis, but more stability than the AW basis. With
that in mind, we now move to numerical experiments to investigate intermediate
setups.
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18. Numerical results

The generally weighted (GW) Hermite method has been implemented in MATLAB.
The parameter ¢ of the generalized Hermite basis, corresponding to the width of
the Gaussians, is chosen based on the initial conditions of the corresponding
test cases. The parameter ~, however, is left free and its influence is studied.
From chapter [17]we know that in this case the special cases of the AW and SW
methods correspond to

Yaw =€, Ysw = V2.

For the time integration we have used the explicit Runge-Kutta method of order
4 with the time step

Atgg = 0.001,

which proved to be sufficient to investigate the conservation properties of our
new spatial discretization.

A general observation for all test cases is that the method gets less stable the
further we go away from the SW case. However, the conservation properties are
better closer to the AW case. It turns out, that an intermediate value of v might
be a good solution, providing an improved conservation, compared to the SW
method, and better stability as opposed to the AW case.

18.1. Test cases

Let us first review the three testing setups that we will use for our experiments.
In particular, we consider Landau damping, two stream instability, and bump-on-
tail initial distributions. In the following sections we discuss how we initialize the
simulation for these scenarios.

18.1.1. Landau damping
The initial distribution for this case takes the following form

1 2 2
fo(z,v) = F(l + acos(kox))e ™2,z € [0, k—ﬂ} , veR.
m 0

For our numerical experiments, we take o = 0.05 and k& = 0.5, as this setup has
also been used in [CDBM16, § 4.2]. As for the other parameters, we set

e N,=330rN, =32,

e N, = 32 (total number of 65 modes).

For the verification of the results, we compare the damping rate in the electric
energy to the one provided by linear theory [Son17, § 4.4.2]. In particular, for
k = 0.5, the damping rate of the electric field is —0.1533 and, therefore, the
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electric energy is damped by the factor of —0.3066.
We know from section that in this case, the initial distribution can be

reproduced exactly in the Fourier—Hermite basis. For that, we set

1
€= —
V2

for the Hermite basis in order to match the width of the Gaussian. Then, the initial
values of the coefficients are given by

00— L a0y ety 0025
CO<O)_\/%7 0(0) 0 (0) \/%

18.1.2. Two stream instability

We now consider another standard test case, the two stream instability, corre-
sponding to the following initial distribution

1 (v—vg)? (v+vg)? 2
T,v) = 1+ acos(kor)) e 2  4e 2 , z€|0,—]|, veR,
foli) = =01+ avcostin) ). eelon ]
with a = 0.001, £ = 0.2 and vy = 3. As for the other parameters, we set
e N,=0650rN, =64,

* N, = 32 (total number of 65 modes).
In this case, the linear theory predicts the growth rate of 0.569 (see [Son17, §
4.4.2]). In order to set up the simulation, we need to find the representation of f

in the Fourier—Hermite basis. We set
1
RV
that matches the width of the Gaussians. As in section|14.5] we observed that f,
is of the form of the Gaussian RBF interpolant (4.1) that we considered in part[ll}

Therefore, we have the initial approximation

(v=vg)? wro? N

_\Ww—vg)” _\wrvg)

e 2 +e 2z 0= E coeH " (v)
=0

with

2exp (522)(2) (i—z - 1)) fﬁ\\/ﬁfvf) for even /

0 for odd /.
In the x direction, the perturbation (1 + acos(kz)) can be represented in the
Fourier basis as before, with coefficients

Cp =

In the code, we take the tensor product of the coefficients {c,} and {c*} scaled
with the factor of 2v/27 as the initial representation of f, in our basis.
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Figure 20 Landau damping. The GW method recovers the damping rate predicted by linear theory both with even and
odd number of basis functions in velocity. Mass and energy are preserved for the odd N,,, whereas the momentum for
the even N,. The deviation in the non-preserving cases matches the analytic prediction.

18.1.3. Bump-on-tail instability

Finally, we look at the, so-called, “bump-on-tail” test case corresponding to the

following initial distribution function

1 § -2 11— Lot
fo(z,v) = ——=(1 + acos(kz)) | —e > + e 27

\ 2T 01 02

with
9

k=03, a=003, 0= o1=1 o=

As for the other parameters, we set
* N,=650rN, =64,

3 Vp = 4.5.

G-

* N, = 32 (total number of 65 modes).
For the initialization we use the result of Proposition [14.5.1] with the correspond-
ing parameters.

As before, in the x direction, the perturbation (1 + «cos(kz)) can be repre-
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Figure 21 Two stream instability. The GW method recovers the growth rate predicted by linear theory both with even and
odd number of basis functions in velocity. Mass and energy are preserved for the odd N,,, whereas the momentum for
the even N,,. The deviation in the non-preserving cases matches the analytic prediction.

sented in the Fourier basis, with coefficients

Once the coefficients in velocity are computed, we can get the initial representa-
tion of f, by taking a tensor product with the coefficients in .
We set the width of the Gaussian to

e = 0.83,

which proved to give good results in this case.
18.2. Validation of the method for an intermediate
gl

For our first test we consider an intermediate between the SW and AW setups
value of
v =2e—-0.1
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Figure 22 Bump-on-tail instability. Mass and energy are preserved for the odd N, whereas the momentum for the even
N,. The deviation in the non-preserving cases matches the analytic prediction.

in order to check whether the generalized method works as expected. We ver-
ify that the electric energy matches growth (or decay) rates obtained from the
linear theory. Moreover, we check if the error in the conservation of observ-
ables matches the analytic formulas derived in chapter [15] To obtain the pre-
dicted values, we evolved in time the corresponding explicit expressions (15.5),
and with the 4th order Runge-Kutta method with the same time step
At = 0.001.

For the Landau damping and two stream instability test cases, one can see in
Figure 204 that both odd an even number of basis functions in velocity allow to
reproduce the damping rate provided by the linear theory. However, the conser-
vation properties vary significantly between the two. As predicted by the theory,
mass and energy are preserved for the case of odd number of basis functions
(see Figure[20b] Figure[20d). As for the momentum, it is preserved slightly better
for the even number of basis functions (see Figure [20c). However, in these par-
ticular test cases the magnitude of the momentum deviation are extremely small
even for the case of odd number of basis functions. For the bump-on-tail test
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Figure 23 Two stream instability. One can see that the setups close to the SW case demonstrate better stability. Also,
there is no direct correlation between the instability an the error in the initial representation.
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Figure 24 Bump-on-tail instability. One can see that the setups close to the SW case demonstrate better stability. Also,
there is no direct correlation between the instability an the error in the initial representation.

case, the phase of the linear growth is quite short, so we compare the electric
energy obtained in our code to the electric energy obtained from a linear disper-
sion analysis (see [Mur18]). One can see in Figure [22a] that our electric energy
matches the one provided by the linear theory. Another difference of the bump-
on-tail test case is that the error in the momentum conservation goes away from
zero for the odd N,. The error in the conservation of the observables obtained
from the numerical simulation matches the analytic results.

18.3. L’ stability and quality of the solution

We now investigate how the parameter ~ influences the method. We first take
a look at the Landau damping test case. The recurrence appearing in the electric
field is a purely numerical effect and affects most of the grid-based numerical
methods. However, in Figure it appears rather early in time. This effect has
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Figure 25 Landau damping. The choice of v corresponding to the SW method yields exact L2 norm conservation and
delays the recurrence in the electric field the most. For the AW setup and the intermediate case, the L2 norm is not
conserved. Moreover, the further the setup is from the SW one, the earlier the recurrence appears.

been also mentioned in [CDBM16, § 4.2] where it was proposed to introduce
an artificial collision term to overcome this problem. However, since the GW
method allows for the variation of v, we now investigate whether the recurrence
can be delayed by changing v. In Figure 25/ we see that the choice of the SW
basis delays the recurrence the most, however a slight deviation of the electric
field from the linear prediction appears earlier. The choice of the AW basis,
even though in this case the conservation of mass, momentum, and energy are
guaranteed, yields the earliest recurrence. The intermediate case of v = £v/2 —
0.15 preserves the exact damping rate the longest with the recurrence appearing
in between of the SW and AW cases. This indicates that in certain situations
the choice of the intermediate v might be advantageous. As for the L? norm
conservation, it is significantly worse for the cases other than SW, where it is
always fulfilled.

We now consider the two stream and bump-on-tail instabilities and look how
long a simulation can run without serious stability issues depending on the value
of v. As we have proved in section the L2 norm is preserved for the SW
case, i.e. when

v =eV2.
We vary the deviation from the SW case and take a look at
v € [evV2—0.4,ev2 4 0.25].
Recall that the AW method implies
v =¢.
For the two stream instability, when ¢ = 1/1/2, the AW case corresponds to the
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Figure 26 Two stream instability. One can see that the maximum error in mass and energy grows with the deviation. L2
error, in turn, decays with the increase of the deviation and then takes an abrupt sink when deviation approaches 0
which corresponds to the SW setup.
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Figure 27 Two stream instability. One can see that in this case, the SW setup is the most advantageous since it allows
to preserve all observables. Moreover, we see that the SW setup is special when it comes to the L2 norm conservation.
The convergence of the L? is very slow near the zero deviation.

deviation of approximately —0.29. For the bump-on-tail instability, with ¢ = 0.83,
the AW method corresponds to the deviation of —0.35.

In our simulation we iterate over the deviation range [—0.4, 0.25] with the step
of 0.02. For each value of the deviation we observe the maximum time ¢,,,., that
the simulation can reach without “blowing up”. In our code, we consider that to
be the case once the error in the L? norm exceeds 10'. If the simulation has
reached the time ¢t = 100, it is considered stable and we do not proceed further.
One can see in figures that the closer we get to the SW case (with
zero deviation), the further we can run the simulation without stability issues for
both even and odd number of basis functions. For the two stream instability, the
range of the values of the deviation where the simulation has reached the time

148 Generalized anisotropic Hermite functions and their applications



100 is slightly wider for N, = 65. However, in Figure we see that for the
bump-on-tail test case, this range is the same for N, = 64 and N, = 65.

Of course, the initial interpolation quality also varies with the parameter ~.
However, from figures and it is clear that there is no direct correlation
with ¢,.... For both test cases, after the deviation surpasses the zero value the
interpolation error stays around machine precision, whereas the maximum time
drops significantly.

18.4. Conservation of the observables

In order to gain more insight in the conservation properties of the method, we
set up another experiment. We limit the deviation range to [—0.3,0.05] in the two
stream instability test case and to [—0.15,0.05] in the bump-on-tail test case. We
set the step in deviation values to 0.01. We run the code only until the time ¢ = 30.
Note that for the bump-on-tail test case the deviation of —0.35, corresponding to
the AW setup, did not pass our threshold of having an L? norm error less than 10*
by the time 30. From figures [23a] 243 we know, that the simulation should not
“blow up” until this point within this parameter range. We then observe the maxi-
mum error over the time [0, 30] in mass, momentum, energy and the Z? norm. We
first take the even number of basis functions N, = 64. As expected we observe
in figures [26a] the error in momentum stays around machine precision for
all values of the deviation. However, mass and energy error are growing with the
growth of the deviation. We know that for the AW case, all observables should
be conserved all the time. We observe that indeed, for the initial deviation of
—0.29, corresponding to the AW method for the two stream instability test case,
the error in mass and momentum is very small. However, we can also see that it
corresponds to the largest L? error. This indicates that an intermediate value of
the deviation can be advantageous. One can also observe an interesting effect
that an L? norm error slowly decays as the deviation increases but then abruptly
sinks all the way to machine precision for the SW setup.

The behavior of the instabilities has two clear phases: the linear phase, when
the electric energy grows and the non-linear one, where the electric energy flat-
tens out. The non-linear phase of the simulation is generally harder to capture
than the linear one. At ¢t = 30 in the two-stream instability test case, the simula-
tion has already reached the non-linear phase. Let us see if the rapid sink of the
L? norm is specific for this phase. If we take a look at the same experiment, but
with the final time ¢t = 21, which is in the middle of the linear phase, we see in
Figure [26b| a similar picture. Even though in this case the L? norm error decays
more steeply, we can still see an abrupt fall all the way to machine precision for
the SW case. In Figure we plot on a logarithmic scale the behavior of the
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Figure 28 Bump-on-tail instability. One can see that the maximum error in mass and energy grows with the deviation.
L2 error, in turn, decays with the increase of the deviation and then takes an abrupt sink when deviation approaches 0
which corresponds to the SW setup.

L? norm near the zero deviation. In order to check whether it is an artifact of the
analytic formula for the L? norm computation derived in Proposition [15.5.1] we
use trapezoidal rule with 1000 grid points as a reference. We break the “x” axis
near zero to emphasize that the zero value itself is undefined on the log scale.
However, we can still compute the corresponding value of the L? norm. One
can see in Figure the the L? error decays logarithmically as the deviation
approaches zero. Moreover, that the result of the trapezoidal rule matches the
analytic formula. This means that the SW case is indeed a special case when it
comes to the L? norm conservation.

Finally, we set N, = 65 and look at the behavior of the observables in this
case. It turns out, that for the two stream instability test case the momentum
keeps being conserved also for the case of the odd number of basis functions
(see Figure [274). Meanwhile, the L? norm exhibits the same behavior as in the
case of the even N,. Therefore, for this case the clear choice would be to use
the SW method with odd number of basis functions.

For the bump-on-tail test case, however, the situation is not as clear. One can
see in Figure [28| that for the odd number of basis functions, the error in momen-
tum grows, while mass and energy keep being conserved. Also, the abrupt sink
of the L? error for the SW setup is present as before for both odd and even N,,.
We know from the theory that for the deviation of —0.35, we would be able to gain
all conservation properties. However, as discussed before, in this case the simu-
lation is not stable. Therefore, it could be advantageous to use a v corresponding
to an intermediate setup between AW and SW.
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18.5. Discussion

From the experiments above we can see the convenience of having two pa-
rameters in the basis. The parameter ¢, corresponding to the width of the Gaus-
sian in the basis, is usually fixed at the beginning to get the optimal representation
of the initial distribution. The parameter ~, however, allows to vary the scaling of
the argument of the Hermite polynomials in the basis, which in practice means
that it controls the ratio between the scaling of the exponent and the Hermite
polynomial in the basis. The AW and SW methods are just cases of specific val-
ues of v. Overall, the tests have shown that the method works correctly also for
intermediate values of 7, not corresponding to the SW and AW setups.

18.5.1. Conservation properties

As for the conservation properties, it has been numerically confirmed that,
in the general case, we cannot guarantee simultaneous conservation of mass,
momentum, and energy. However, for some specific test cases it might be the
case for a wide range of ~, as in Figure 27al For other cases, as predicted by
the theory in chapter [15, mass and energy are preserved for the odd number
of basis functions, whereas the momentum is preserved for the even number of
basis functions. In general, however, if the conservation of mass, momentum,
and energy is needed simultaneously, one needs to go closer to the AW setup.
It is worth noticing that one need not hit the AW setup exactly to get the error
in the mass, momentum, and energy conservation be below a certain threshold.
From Figure we see that it is true for a certain interval of the values of ~.
Unfortunately, we can also see in Figure 262 that for this range of ~ the error in
the L? norm is larger. In order to guarantee the L? stability we would need the L2
norm conservation, which, in theory, is only provided for the SW setup. We see
a general trend in all test cases, that the simulations are more stable the closer
we get to the SW setup. When it comes to the precise L? norm conservation,
however, it is necessary to hit the exact SW setup (see Figure [27D).

18.5.2. Summary

All in all, enforcing the simultaneous conservation of mass, momentum, and
energy yields instabilities, whereas enforcing the precise L? norm conservation
confines us to the SW basis. However, the precise L? norm conservation is
not necessary to run the simulation long enough. With the help of v we could
sacrifice some conservation in momentum (or mass/energy) to get more stability.
In particular, taking an intermediate v between the AW and SW setups provides
a more stable simulation than the AW one, and smaller errors in momentum (or
mass/energy) than the SW one.
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