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1 Introduction

In this thesis, we consider the eigenvalue problem of the negative Laplace operator on a 2-
or 3-dimensional domain with Neumann boundary conditions. We compute the eigenpairs
(w?,u) using a Krylov eigenvalue solver based on time domain solutions, following the
approach introduced in [NW24]. This problem is significant in the theory of wave equations
and physics, e.g., for the computation of acoustic resonances.

We begin with the standard finite element method: discretizing the domain, fixing the
finite-dimensional discrete solution space, and reformulating the problem to its weak form.
This leads to a matrix eigenvalue problem to find eigenpairs (w?,v), such that Sv = w?Mwv,
where the matrices S and M are sparse, symmetric, and (semi-)positive definite.

Elementary numerical solvers for eigenvalue problems struggle when the dimension of
the matrix becomes large. Therefore, instead of using a direct solver, we perform a Krylov
iteration, project the large-scale problem onto a lower-dimensional Krylov space, and solve
this reduced problem using a direct solver with lower computational costs. We seek eigen-
values in a specific region of interest, so we want the Krylov space to primarily cover the
eigenspaces corresponding to the sought eigenvalues.

As an operator for the iteration, we could use the shift-and-inverse matrix, but this
would require computing the inverse of a large matrix at each step, which is out of reach.
A remedy is to introduce an operator II, — a weighted time-integral of the solution to the
semi-discrete wave equation, and its discrete equivalent C, which uses a quadrature rule
instead of the integral and the finite difference method instead of the analytical solution.

The construction of this operator requires a suitable weight function « or a weight vector
@. Crucial to the method is a filter function B, and its discrete counterpart S, which,
depending on the weight function «, quantifies the correspondence between eigenvalues of
the original problem and those of the operator C.

In this thesis, we discuss several approaches to obtaining weights that yield an appropriate
filter function. We start with a method using the inverse Fourier transform. As it turns
out, the discrete filter function is a polynomial in w?. Thus, it is natural to reduce the
problem to a polynomial collocation or a least squares minimization. In the third approach,
we minimize the L? norm of the residuum between the obtained filter function 85 and the
desired goal function.

The structure of this paper is as follows. First, we state the problem, discretize it in
space, and review elementary numerical methods for matrix eigenvalue problems. Following
[NW24], we present the Krylov eigenvalue solver. As a result of Chapter [2, we formulate
an implementable algorithm for solving the eigenvalue problem of the negative Laplace
operator. In the subsequent part, we discuss the choice of the weight function and consider
different approaches to obtain it. Then, in Chapter [4, we solve the original problem on
a simple 2-dimensional rectangular domain to demonstrate the impact of the filter function
on the convergence of the eigenvalues and the reliability of the algorithm.



2 A Krylov eigenvalue solver based on
filtered time domain solutions

In this chapter, we introduce the concept of a Krylov eigenvalue solver for computing
the eigenvalues of the negative Laplace operator. By reformulating the problem to its
weak form and selecting a finite solution space, we find that our problem is equivalent
to a matrix eigenvalue problem for some high-dimensional matrix. The core idea of the
Krylov eigenvalue solver is to construct a matrix C' that has the same eigenspaces as the
original problem but different eigenvalues. Projection onto a lower-dimensional Krylov
space generated by this matrix significantly reduces computational costs. We construct the
operator C' by integrating in time a solution to the wave equation, multiplied by a weight
function. Proper selection of the weight function allows us to find the eigenvalues of the
original problem in the desired region. This chapter is based on [NW24].

Definition 2.1 (Eigenvalue problem of the negative Laplace operator). Let @ C RY for
d = 2,3 be a bounded domain with a Lipschitz boundary. We seek eigenvalues w? € Ry and
eigenfunctions u € H'(Q)\{0} of the negative Laplace operator with Neumann boundary
conditions:
—Au=uw’u inQ,

b (2.1)
L0 on o

ov
Here 8% denotes the normal derivative, and H' is the Sobolev space.

Now we discretize the problem in space, fixing a partition 7 of 2. We introduce a discrete
solution space as a finite-dimensional space of piecewise polynomials on §2.

Definition 2.2 (Discrete solution space). Let P, denote the space of polynomials up to
degree p € N. We define the discrete solution space as

Vi ={veHY(Q): VT €T, v|reP,}
with finite dimension N = dim(V},).

Using Gauss’s theorem, we can formulate both the weak and discrete forms of problem
(2.1).

Definition 2.3 (Weak formulation of the eigenvalue problem). Let Q2 be a bounded Lips-
chitz domain, as defined in Definition[2.1], and V}, be the discrete solution space. We seek
etgenvalues w% € Ry corresponding to discrete eigenfunctions u € V3 \{0}, such that for all
test functions ¢ € Vy,, the following holds:

/ Vu-Vedr = w,%/ updz. (2.2)
Q Q
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To simplify notation in subsequent sections, we omit the index h for discrete eigenfunc-
tions and eigenvalues. We now demonstrate that the discrete eigenvalue problem ([2.2))
reduces to a matrix eigenvalue problem, since the solution space is finite-dimensional.

Definition 2.4. Let V}, be an N-dimensional solution space with basis (¢1,...,pn). We

define matrices S := (sij)%zl and M := (mij)fyjzl as follows:

Sij 1—/QV<P¢-V<de$ and  my; 1—/Q<Pz‘%‘d$-

Lemma 2.5. Equivalent to the problem stated in Definition is the eigenvalue problem
to find non-trivial v € RN and w? € R, such that:

Sv = w?*Mv (2.3)
where S, M € RN*N are defined in Definition 2.4

Proof. Since (¢1,...,pn) forms a basis of V},, it suffices, if (2.2]) holds for all basis functions.
By representing u with its coordinate vector v € R, we can substitute u = (¢1,. .., oN)v.
Thus, we obtain:

Vji=1,...,N: /(Vgpl,...,VLpN)v-Vgojd:c:w2/(cpl,...,gaN)vgpjdaz =
Q Q

Vj=1,...,N: /Q(thj‘chl,...,Vgoj‘chN)vda::wQ/Q(ijgpl,...,gojgoN)vdx =
Vi=1,...,N: (sjl,...,st)v:wQ(mjl,...,ij)v,
which is equivalent to ([2.3]). O

Remark 2.6. Matrices S and M from Definition are self-adjoint. Furthermore, matrix
S is positive semi-definite and M is positive-definite.

2.1 Elementary eigenvalue solvers for matrices

Since we have approximated the eigenvalue problem of the negative Laplacian operator (see
Definition by a matrix eigenvalue problem, we recall elementary numerical algorithms
to solve such problems. For proofs of the convergence of these algorithms, we refer to
[Nan23].

The first algorithm, under assumptions of Theorem provides an approximation of
an eigenvector corresponding to the eigenvalue with the largest absolute value among the
eigenvalues of the matrix.
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Algorithm 1 Power iteration

Input: A € RV*N start vector v(9) € RN\ {0}
fori=1,2,... do
v Apli—D
o v
vll2
end for

Output: v(9 — approximation of an eigenvector to the eigenvalue with the largest abso-
lute value (under assumptions of Theorem [2.7)).

Theorem 2.7. Let A € RN*N be a diagonalizable matriz with eigenvalues iy, . .., pun, such
that |pu1| > |p2| = |ps| for allj =3,...,N. Let (v1,...,vN) denote a basis of RN, such that
forall j =1,...N, v; is a normed eigenvector to eigenvalue p;. Let v = Zjvzl cjvj € RN
be a start vector, such that ¢y # 0. Then for all i € N, holds the error estimation for the

ergenspace:
—o| |
2 241

Furthermore, holds the error estimation for the convergence of the eigenvalue. Let pd) =
(Aac(i))k/x,(;) for some k=1,...,N. It holds:

= u =0 (‘m
M1

Proof. We refer to [Nan23| p. 116]. O

) 7
H“@ el
Hic1

i
) for i — oo.

i
) for i — oo.

The second algorithm, under assumptions of Theorem [2.8] enables us to compute the
entire spectrum of a matrix.

Algorithm 2 QR Algorithm
Input: A € RVXN
AO) A
fori=1,2,... do
compute QR decomposition: QW R® = A(-1)
AW« ROQ)
end for

Output: A® — approximation of an upper triangular matrix with eigenvalues of A on
the diagonal (under assumptions of Theorem [2.8)).

Theorem 2.8. Let A € RV*N be q diagonalizable matriz with pairwise different absolute
values of eigenvalues: p1 > pg > --- > py. Let AW = <A(111),...,A§\Zf) > Then A

converges linearly towards (1, ..., uN) as i — 0.

Proof. We refer to [Nan23|, p. 120]. O
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Since our goal is to find the eigenvalues of the negative Laplace operator, we could use
the QR algorithm to obtain all eigenvalues of the discrete problem. However, this is not
feasible due to the high computational costs of the QR algorithm. We focus on situations
where the problem at the discrete level is high-dimensional. The QR algorithm requires the
computation of a QR decomposition of an N X N matrix in each iteration, which has cubic
computational complexity. Therefore, this method is out of reach for our problem. Instead,
we must deploy a method that significantly reduces the problem’s size before employing
a direct solver.

2.2 A Krylov eigenvalue solver

Now, we need to make an assumption that there exists a matrix C € R¥*N such that its
eigenvectors are linear combinations of eigenvectors of the discrete problem ([2.3)).

Definition 2.9. Let C € RN*N be a matriz such that there exists an eigenvalue p € R
corresponding to the eigenvector w € RN, i.e., Cw = pw, if and only if w is an eigenvector
or a linear combination of eigenvectors to some eigenvalue w? in the discrete problem .

We obtain properties of the matrix C' that will be needed. The exact choice and con-
struction of this matrix will be discussed later. We recall the definition of a Krylov space.

Definition 2.10 (Krylov space). Let C € RV*N be a matriz and r € RN be a normalized
start vector, i.e., |r|l2 = 1. For m € N, we define the Krylov space as a subspace of RV :

Km(C;r) := span {T, Cr,..., Cm_lr} .

In this thesis, we focus on situations where NN is large. Our goal is to project the
N-dimensional eigenvalue problem onto an m-dimensional Krylov space, using an
orthonormal basis of this space. Typically, we choose m much smaller than IV, so that this
problem is solvable with low computational costs using a direct solver.

Let K,,(C;7) be an m-dimensional Krylov space generated by matrix C' € RV*Y and
normalized start vector » € RY. We obtain an orthonormal basis (bo,...,bn,_1) of the
Krylov space using Gram-Schmidt orthonormalization:

-1 :

- b

bo:=r and bj:=Cbi_y— Y (b]Cbj_1)b;, b;:= ﬁ forall j=1,...,m— 1.
i=0 j—11|2

Now we can project the original problem (2.3]) onto the m-dimensional Krylov space.

Proposition 2.11 (Eigenvalue problem on a Krylov space). Let By, = (bo,...,bm—1) €
RN*™ be an orthonormal basis of an m-dimensional Krylov space IC,,,(C; 7). The eigenvalue
problem on the Krylov space is to find eigenvalues w?, € R, and eigenvectors v, € R™,
such that:

Bl SB,vm = w2, BI M B, v, (2.4)
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Since matrices S and M are symmetric, Krylov iteration leads to convergence of eigen-

spaces of (2.4) towards the eigenspace of C' corresponding to the eigenvalue fimax with the

largest absolute value. Obviously, projected eigenvalues w2, converge towards the eigenvalue

w? of the original problem (2.3)) corresponding to fimax-
To sum up the core idea of this section, we can explicitly formulate an (not yet imple-

mentable) algorithm based on Krylov spaces to compute eigenvalues w?.

Algorithm 3 Krylov eigenvalue solver

Input: matrix C, start vector », M1, S, m dimension of the Krylov space

b() —r

fork=1,...,m—1do
bp + Cbp_1 > Krylov step
b < b, — S5 (0T by)bs > Gram-Schmidt orthogonalization
bi, < br/||bk|2 > Normalization

end for

By, < (boy .-y bm—1) > Projection matrix

A« BIM-1SB,,

solve Av = w2,v with a direct solver

Our goal is to compute eigenvalues w? of 1' in a given region of interest [wanin’ w?nax].
Therefore, we need matrix C' to fulfill the following four conditions.

e (' satisfies the conditions in Definition

e Eigenvalues p corresponding to eigenspaces of eigenvalues w? in the region of interest
have large absolute value.

e Eigenvalues u corresponding to eigenspaces of eigenvalues w?, which are not sought,
are close to 0.

e Each Krylov step r — Cr can be computed with low cost.

In other words, the use of matrix C' filters sought eigenvalues from among all eigenvalues
of the original problem ([2.3)) via common eigenspaces.

Remark 2.12. Shift-and-inverse matriz:

C,:=(S—pM)'M

2 -1

for some p € R has eigenvalue p = (w* — p)~" corresponding to the eigenspace of the
eigenvalue w? of the original problem . Therefore, C, with p = (w2, +w?2.,)/2 would
be a possible choice of matriz C'. Nevertheless, it requires the inverse of an N x N matriz
(S — pM), which for large N is not efficiently computable.

Proof. Let (u,w) € R x RY be an eigenpair of C,. We note that ;. # 0, since matrices
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(S — pM)~! and M have full rank. We have:
Cow = pw

(S — pM) "' Mw = pw

;Mw: (S — pM)w

Sw = <p+1) Muw.
p

—w?

[N

Therefore w? is an eigenvalue of M~1S to the eigenvector w. Conversely, if w? is an

eigenvalue of M 1S, then u = (w? — p)~! is an eigenvalue of C, to the same eigenvector.
Obviously, |u| takes on the largest values if w? ~ p. O

2.3 Filtered time domain solutions

To construct an appropriate finite-dimensional operator to replace the role of the matrix
C from the previous section, we proceed as follows. We consider the homogeneous wave
equation with some initial condition ug = (1, ..., pn)r projected onto our discrete solution
space V}, (see Definition . We discretize the problem in space and formulate its weak
form. The evaluation of our operator C at the point r is a time-integral of the solution to
this semi-discrete problem.

We consider the homogeneous 2- or 3-dimensional wave equation in £ x (0, c0):

0
i=Au inQx(0,00), 2L =0 indQx (0,00),
v (2.5)
u(-,0) =up, u(-,0)=0 1in Q,
where u is a function € x [0,00) — R and i denotes the second time-derivative.
Proposition 2.13. Let V}, be a discrete solution space with basis (¢1,...,¢nN), and let r
denote the coordinate vector of the projection of uy onto Vy, i.e., ug = (¢1,...,0on)r. Let

S and M denote the matrices from Definition [2.4 Discretization in space of the problem

leads to the following linear system of ordinary differential equations:
Mi(t;r) = =Sy(t;r)  for allt € (0,00) (2.6)
y(0;r) =r, §(0;7) =0 '

Proof. The theory of partial differential equations leads us to the ansatz u(t,z) = > .o, ki(t)&(z),
where ; are the eigenfunctions of the negative Laplace operator [Ju23, p. 122]. Since
we want to solve the problem in our solution space V}, we can assume that u(-,t) =

(¢1,--.,0n)y(t) for some vector-valued function y : [0, 00) — RY.
We reformulate i = Au to its weak form:
Yo eV : /iﬂpdmz/Augpdm =
Q Q

Vo eV : /ilgpda::—/Vu-Vgod:U.
Q Q
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V;, is a finite-dimensional space, and integration and differentiation are linear operators.
Therefore, the condition “for all test functions” is equivalent to the condition “for all basis
test functions”:

Vj=1,...,N: /(gpl,...,@N)y(pjdx:—/(chl,...,thN)y-chjdx =
Q Q

It remains to show the equivalence of the initial conditions. For ug, we have:

(p1,-- s on)r =uo = u(:,0) = (¢1,..., on)y(0),
so y(0) = r in Q, and similarly y(0) =0 in Q. O
Now, we can solve the semi-discrete wave equation ([2.6]) to construct an integral operator.

Lemma 2.14. The unique solution to (@) 18:

N

y(t;r) = cos(w;t)(v] r)vj, (2.7)

=1

where (vj)évzl is an orthonormal basis of RN of eigenvectors of matriz M~'S with corre-

sponding eigenvalues w]z.

Proof. Because of the symmetry of matrices S and M, there exists an orthonormal basis
(Uj);\[:l of R consisting of eigenvectors of M~1S. We denote corresponding eigenvalues
with wjz, j=1,...,N. Obviously, for all j =1,...,N and for all ¢1;,c2; € R, the function
t = (c15 cos(wjt) + co5 sin(w;t)) v; solves the differential equation (2.6)). Due to the linearity
of the problem,

N
y(t) = Z (c15 cos(wjt) + cgj sin(w;t)) v

j=1
solves the differential equation. Initial values lead to the form ([2.7). The uniqueness of the
solution follows from the Picard-Lindel6f theorem. O

Now we can define an integral operator that maps the initial value of the semi-discrete
wave equation to a weighted time-integral of its unique solution. The discrete form
of this operator will take over the role of matrix C'. Depending on the choice of the weight
function, eigenvalues of this discrete operator may fulfill the requirements that we have set
for matrix C in the previous section. This will be discussed later in Chapter [3]

Definition 2.15. Let « : [0;00) — R be a piecewise continuous function with a compact
support. We define I, : RN — RN as a linear operator:

II,r ::/0 a(t)y(t;r) dt,

where y(t;r) is the unique solution to (@ from Lemma |2.14)]
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The following lemma determines the correspondence between eigenvalues of 11, and eigen-
values of the original problem ({2.3]).

Lemma 2.16. Let B, : [0,00) — R be a filter function defined by:

Ba(w) == / a(t) cos(wt) dt. (2.8)
0
Then the following two statements hold.

1. If w? is an eigenvalue of corresponding to eigenvector v, then v is also an
eigenvector of I, corresponding to eigenvalue fq(w).

2. If X\ is an eigenvalue of I, to eigenvector v, then there exists an eigenvalue w? of

([2.6) such that Bo(w) = A, and

v E @{U : Jw: U is eigenspace to eigenvalue to w and Bo(w) = A}

Proof. 1. Since (vj)j»v: , is an orthonormal basis consisting of eigenvectors of matrix

M~1S, for every eigenvector v of 1’ exists some j = 1,..., N, such that v = v;
with v; from (2.7)). Therefore, y(t,v) = cos(w;t)v and

My = / a(t) cos(w;t)vdt = fo(w)v.
0
So the first claim holds.

2. If X is an eigenvalue of I, with eigenvector v, then for all k =1,..., N holds:

N

0= (Ilov — M)y, = / a(t) Z cos(wkt)(vav) (vak) dt — Ml vy,
0 = ——

- ( /0 ~ alt) cos(wit) — A) oT'v = (Ba(wy) — A);,{Ju.

If Bo(wk) # A, then v,{v = 0. Therefore v belongs to the sum of eigenspaces to
eigenvalues such that S, (wr) = A\. Moreover, v is an eigenvector, so v # 0. Therefore,
there exists at least one k such that vafu # 0, which implies B, (wg) = A.

O

2.4 Time discretization

In the previous section, we introduced the operator II, that could meet our eigenvalue
requirements and replace the matrix C in Krylov iteration. However, exact computation
of the value II,r is impossible for two reasons: it demands an analytical solution y(-;7) to
the semi-discrete wave equation as well as the computation of an integral.

In numerical method, we replace the integral in the definition of II, by the rectangular
rule. Since we only need the values of the function y(-;7) at quadrature nodes, we can
discretize the problem in time and compute an approximation of the exact solution
at those points using the finite difference method.
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Lemma 2.17 (Finite difference method). For a given function y € C*([a,b]) and a uniform
mesh (t; == a + 1)L, with L +1 € N nodes and mesh-size 7 = (a — b)/L, for all | =
1,...,L —1, we have:

y(tiv1) — 2y(t) + y(ti-1)
7—2

i(t) = +0(7).

Proof. This follows from a straight-forward calculation using Taylor expansion of the func-
tion y. For the details, see [[INPR23| p. 93]. O

Proposition 2.18 (Finite difference method for the semi-discrete wave equation). Let
T > 0 be the step size of a uniform mesh on [0,00). By replacing the second time derivatives
in @ with the finite differences from Lemma we obtain the following approximation
yi(r) of y(rl;r) for all l € N:

Ya1(r) = fTQM_lSyl(r) +2y(r) —y—1(r)  forl €N,
2 (2.9)
yo(r) =r, wy(r):=r— ?M‘ISr

Proof. For initial values, we have y(0;7) = r = yo(r). By Taylor expansion:

,7.2
y(75r) = y(0;r) + 79(0;7) + (0 7) + O().

y(-;7) is a solution to (2.6)), thus y(0;7) = r, y(0;r) = 0 and §j(0;r) = —M ~LSy(0;r) =
—M~1Sr. We get:

2
y(rir) = = SM7Sr +0(7) = () +O(7)
Replacing the second time derivative in (2.6) by finite difference leads to:

y(r(+1);7) = 2y(rlr) + y(r(l = 1);7) = =M~ ' Sy(rl;r) + O(7),
y(r(l+1);7) = =2 M 1Sy(rl;r) + 2y(rl;r) — y(r(1 — 1);7) + O(r4).

Hence, y;(r) defined in ([2.9) approximates y(7l;r) for all [ € N. O

Proposition 2.19 (Discrete operator for Krylov iteration). Let L € N be the number of
quadrature nodes and T > 0 be the upper bound of integration. Discretizing the operator
I1, (see Deﬁm’tion by the rectangular rule with step size 7 = T /L and approximation
y(I7;7) = yi(r) leads to the discrete operator C : RN — RV :

L-1
r— Cr:= Z Ta(Tl)y(r). (2.10)
1=0

The discrete operator C' defined in Proposition [2.19]allows us to avoid high computational
costs in each Krylov step r — Cr. However, we have to verify the coincidence between
eigenpairs of C' and eigenpairs of the original problem . For this reason, we construct
a discrete filter function as a discrete counterpart of 3.

10
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If r is an eigenvector of the matrix M 'S with eigenvalue w?, then the time-stepping
(2.9) takes the following form for all n € N:

y(r) = q(w)r (2.11)
with ¢;(w) being the solution to the following recursion:

Gi1(w) = (2= 7w q(w) —qa1(w)  forleN,
20,2 (2.12)

2

Ow) =1, qw):=1-

This linear difference problem has unique solution, which will be needed later in Lemma
Therefore, we analyze the behavior of the solution as [ tends to infinity.

Lemma 2.20 (Courant—Friedrichs-Lewy condition for ¢;). For a given 7 > 0 and w > 0,

the unique solution to 18:

’) , (2.13)

where

Therefore, if T < 2/w, then the CFL condition is satisfied and |c(w)| = 1, implying the
boundedness of |qi(w)| as I — oco. Otherwise, |q(w)| is unbounded.

Proof. The characteristic equation of the difference equation ([2.12)) is:
c(w)? + (T%w? = 2)c(w) + 1 = 0.

If 7 < 2/w, then the solutions are:

2, 2 2,2\ 2 2, 2 2, 2\ 2
1T - (1-7F) @ e (-7

Obviously, |c(w)| = 1. Linearity of the recursion implies that the unique solution is given

by qi(w) = Cre(w)! + Cg@l. From the initial values, we obtain a system of two equations
for Cy and Co with the solution C; = Cy = 1/2.

Therefore, representation holds. If 7 < 2/w, then Re(c(w)) < 0, and remains
bounded as [ — oco.

Otherwise, if 7 > 2/w, then the roots of the characteristic equation are real:

2 2 2,2\ 2
c(w)zl—Tw:i: 1 - TY -1
2 2

One of the roots is smaller than —1, so the solution to the linear difference equation cannot
be bounded as [ — oc. O

11
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We recall the recursive definition of Chebyshev polynomials on the interval [—1, 1] [Nan23],
p. 23] and observe connection between Chebyshev polynomials mapped to the interval
[0,4/7%] and q(w).

Definition 2.21 (Chebyshev polynomials). For all | € N, the Chebyshev polynomials
T;: [-1,1] = R are defined as:
To(z):=1, Ti(z):=z, Ti(z):=22Ti(x)—Ti—1(x) forl>2

Lemma 2.22. Let 7 > 0. Forl € N, let T} : [0,4/7%] — R denote the I-th Chebyshev
polynomial on [0,4/72], i.e., T) := Ty o U with affine mapping

U - {[0’ %] - [_1’1]

TQCE
r =g T

and T; Chebyshev polynomials from Definition |2.21] Then for all l € N and q; defined in

holds:
. 2
qw) = (=)' (w?) for allw e [0, ] .
T

Proof. From the definition of T; follows recursion:
2 2

To(z) =1, Tu@:égx—L ﬁ@g:z(Zx—1)ﬁ@y—ﬁ4@)mw>z.(ZM)

We prove the claim by induction. The case [ = 0 is trivial. For [ = 1, we have:

7'2(4)2

T1(w?) = 5 —l=—n)
In the induction step from ([2.14]) follows:
Tin1(@?) = (T°0? = 2) Ti(w?) = T-1 (w®)
= (r’w? - 2) ( Vauw) = (1) g1 ()
= (—1)l+1 ((2-7%w )CH(W) —q1@) = (“D)F g (w).
This concludes the proof. O

For the following lemma note, that the matrix M 'S has a spectral decomposition
M~1S = Vdiag(w?,...,w3)VT, so there exists its square root VM 1S = Vdiag(wy, ...,wn)VT.

Lemma 2.23. Let L € N be the number of quadrature nodes, T be the upper bound of the

integral, and T = T/L, as in Proposition . Let qi(w) be defined for alll € N and w € R
by . We define the discrete filter function B : [0,00) — R as follows:

L—1
= Z Ta(7l)q(w). (2.15)
1=0

12



2 A Krylov eigenvalue solver based on filtered time domain solutions

1. Buis a polynomial of degree L — 1 in w?.

2. For C defined in Proposition|2.19, C' = Ba (\/ M*18>.

3. If (w?,v) is an eigenpair of the original problem (2.3), then (Ba(w),v) is an eigenpair
of C.

4. 1If ()\ v) is an ezgenpazr of C, then there erists w € R such that w? is an eigenvalue

of (2.9), Ba(w) =\, and

v E @{U 13w U is eigenspace to eigenvalue w and Bo(w) = \}.

Proof. The first claim follows directly from the construction of ¢;(w - Let V.
(v1,...,vN) be an orthonormal basis of eigenvectors corresponding to elgenvalues wi . w? N
of M~ 15. The spectral decomposition of M 1S is M~1S = Vdiag(w?, ... ,wN)VT. Slnce
is a linear difference equation, for arbitrary » € RY and for all I € N we obtain:

N N

N
u(r) = | ST | = 30 oue) =30 o)) a(w ;.

Jj=1 J=1 J=1

L—1 N L-1

Cr = Z ra(lT)y(r) = Z Ta(lT)q(w;) (r" vj)v;
=0 J=11=0
N

So the second statement holds. The third and fourth claims follow from the second one. Let

Ba (w) = lL:_Ol cw? for some cq, ...,cr—1 € R. If v is an eigenvector of 1) to eigenvalue
w?, then:
. L-1 L-1 )
Cv = B4 ( M‘lS) v=> (M 18w = chwZZv = Ba(w)v,
1=0 1=0

50 B (w) is an eigenvalue of C' to v. If (A, v) is an eigenpair of C, then for all k = 0,..., N
holds:

0= (Cv— M)y = ((Ba ( MflS) vk)TU - )\vTvk>

= Bo(wi)viv — AT, = (Ba(wk) - )\) vy,

Since vy, # 0 for some k = 1,..., N, it follows that A\ = Ba (wr) and v belongs to the sum
of all eigenspaces corresponding to eigenvalues w?, such that B, (w) = \. ]

13



2 A Krylov eigenvalue solver based on filtered time domain solutions

2.5 Algorithm

Now that we have constructed the operator C' meeting our requirements, we can reformulate
Algorithm [3|into an implementable form.

Algorithm 4 Krylov eigenvalue solver with filtered time-domain

Input: weight function a, start vector r with [|r|s = 1, M~!, S, dimension m of the
Krylov space, time-step 7, number of time-steps L

bo —r
fork=1,....m—1do > Krylov loop
Yo < br—1, y1 < b1 — %QM_lsbk—1
b < 17a(0)yo + Ta(T)11 > First two summands in
for{=2,...L—1do > Time-stepping in each Krylov step
Y — =T M1 Sy 4+ 21 — Y12 > y; represents y;(r) from
by, < b + Ta(Tl)y > Computation of by_1 — by := Cbg_1
end for
b < b, — S5 (0T by)bs > Gram-Schmidt orthogonalization
if ||ka2 75 0 then
by, < bi/||bk]|2 > Normalization
else
m <k > by € span{by,...,br_1}. Exact eigenspace is a subspace of Ky (C;r).
break
end if
end for
By, < (boy .-y bm—1) > Projection matrix

A« BIM-1SB,,
solve Av,, = w?nvm with a direct solver

The chosen time-step 7 should fulfill the CFL condition (see Lemma for the largest
absolute value among the eigenvalues w? of . The computational complexity of this
method depends on the number of time-steps L (and thus by the end time of integration
T = 7L) and the dimension of the Krylov space m. Notice that in the presented algorithm,
we can easily increase the dimension of the Krylov space without incurring significantly
higher computational costs, since increasing m by m requires only m additional iterations
of the Krylov loop and solving the eigenvalue problem with power iteration. For more
details about the stopping criterion, we refer to [NW24, p. 8-9]. In the next chapter, we
will discuss the choice of the weight function a.

14



3 Choice of the weight function

To fully enable the functionality of the Krylov eigenvalue solver based on the filtered time
domain, we need an appropriate weight function «. The first section of this chapter follows
the choice in [NW24]. In subsequent sections, we discuss other numerical methods for
selecting the weight function.

The entire spectrum of eigenvalues w? of the discrete approximation of the negative
Laplacian eigenvalue problem is included within some interval [0,w2 ] We search for

end
eigenvalues within a specified region of interest [wfmn,wfnax] C [O,wgnd]. By employing
the Krylov eigenvalue solver (Algorithm , we can compute eigenvalues w? such that the
absolute value of the discrete filter function |f,(w)| is maximized.

Consequently, our goal is to construct a weight function « such that the filter function

|Ba] 1} or its discrete equivalent ) Ba‘ 2.15) takes on larger values if w € |[Win, Wmax)

and is close to 0 otherwise. Of course, we can require this only in the controlled interval
[0, Wend], since, according to Lemma Ba is a polynomial. Moreover, in Definition

we required that the function « is piecewise continuous and compactly supported.

3.1 Inverse Fourier transform method

In this section, we follow the choice in [NW24]. The first presented method of selecting a
weight function is based on the observation that the mapping a — [, is somehow similar
to the Fourier transform.

Lemma 3.1. Let a be a piecewise continuous weight function with compact support and
a € L' ([0,00)). Let & : R — R denote its symmetric extension, i.e., &(—t) := a(t) for all

t € Ry. Then, for all s € R:
Bals) =[5 18] ()

where F denotes the Fourier transform and B, denotes the filter function defined in (2.8).
Proof. Obviously, if a € L ([0,00)), then & € L' (R). From (2.8), it follows:

ﬁﬁﬁz%mMﬂwﬁﬂﬁ:1/wﬂwmwwﬁ+;/mdwﬂmﬂﬂﬁ

2/ —00

:;[:d@amﬁ=¢szwl

The sine-integral is 0, since & is an even function and t — sin(—st) is an odd function.
This proves the desired identity. O

=0
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3 Choice of the weight function

This motivates the choice of the function « as the truncated inverse Fourier transform.
As the goal function to be the filter function 3., we choose the symmetrical indicator
function of the region of interest: X|_wpux,—wmin]Ulwmin.wmax]- L Ranks to the symmetry of
this function, its inverse Fourier transform is real-valued.

Theorem 3.2. Truncation of the scaled inverse Fourier transform of the symmetric in-
dicator function X|—wma,—wmin]U| wmax] 10 @ compact interval [0,T], T > 0, leads to the
following weight function:

Wmin

2(wmax_wmin) t — 0
Oé(t) = % sin (5 (Wmax - wmin)) COS (% (Wmax + wmin)) ) te (07 T]: (31)
0, else.

Proof. Following Lemma we compute:

2 -1 1 > ist
;‘F [X[_Wma)h_wmin]u[wmin7wmax]] <t) = ; memywmdx]e ds
—0o0
1 Wmin Wmax
=— (/ cos(st) ds +/ cos(st) ds)
Q Wmax Wmin
1 Wmin Wmax
+ — (/ sin(st) ds +/ sin(st) ds)
7T Wmax Wmin
~o

2 Wmax
= / cos(st)ds
T Jo

min

2 . .

= (sin (twmax) — sin (twmin))
4 t t

= —Ssin| = (Wmax - wmin) Cos | = (Wmax + wmin) .
mt 2 2

The obtained function is real-valued, but does not have compact support. Therefore, we
truncate it to the finite interval (0,7 and set a7,y := 0. Since the limit from the right as
t — 07 is finite, we can right-continuously in 0 extend the function to the interval [0, co).
This leads to representation . O

Since the discretization of the filter function f, truncates the time-interval, we
truncate the weight function « to the same time T > 0 as assumed in B,. Of course,
replacing the exact improper integral in the definition of S, . 2.8)) by a quadrature rule on
a finite time-interval impacts the function, and therefore, the discrete filter function Sq
cannot be exactly the target indicator function xp, . . ..j. However, for our purposes, it
is sufficient if Ba takes on larger values in the region of interest [win, wmax] and is close to
0 otherwise.

The computational costs of the Krylov eigenvalue solver depend on the number of time-
steps L = T'/r. The CFL condition (see Lemma allows us to choose time-step at

most as 7 = 2/Wend-
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3 Choice of the weight function

We choose the setup in [NW24, section 3.1.2]: 7 = 0.0056, weng = 2/7 =~ 357.14, and
varying end-times 7" and target intervals [Wmin, Wmax). Results are presented in Figures|3.1
and In each figure, the first plot presents the whole controlled interval [0, wenq], and
the second plot shows the behavior of the discrete filter function in the region of interest
compared to the target indicator function.

— L=50,T=0.279

— L= 1OO7T: 0.559
L=500,T=2.8

,,,,,, L=1000,T=5.6
X[win, @inax)

1Be(w)]

150 200 250 300 350

Figure 3.1: Plots of the function ‘Ba (w)| with the weight function a obtained by truncated
L

inverse Fourier transform ( . The target interval is [Win, Wmax] = [3, 6], the
time-step is 7 = 0.0056, and weng = 2/7 ~ 357.14. We vary the number of
time-steps L.

We can observe that for small values of L, the discrete filter function 3, at the end of
the controlled interval (for w & wepq) may exceed its values in the target interval, which is
unacceptable. Numerical experiments showed that increasing the number of time steps L
(and thus increasing the degree of the polynomial Ba) causes better behavior in both the
target interval and the neighborhood of wenq and solves this issue. However, increasing L
is undesirable since it increases the computational costs of the algorithm.

It’s worth noticing that the presented method can be extended for target functions
other than the indicator. An arbitrary target function 7 on the interval [0,00) can be
symmetrically extended to the whole real domain. This always yields a real-valued inverse
Fourier transform. Truncation of this function to the interval [0, T fulfills the requirements
set on the weight function.

17



3 Choice of the weight function

1.2
AN — L=50,T7=0.279
R == L =100,T7=0.559
1.0
12 ---- L=500,T=2.8
i """ L=1000,7=5.6
| 1.0 e
0.8 A X[ein ]
" 0.8 P
_ i
206 | S o6
< i <
| 0.4 ]
04 Il
B 0.2 g
i e
Il S Nl
it 9% 5 10
0.2 in w
) 7
il ,
‘/I || i 1\ s
L HATANAN
0.0 - - -
50 100 150 200 250 300 350

Figure 3.2: Plots of the function ‘Ba (w)| with the weight function « obtained by truncated
L

inverse Fourier transform (| . The target interval is [wWmin, Wmax] = [12, 14],

the time-step is 7 = 0.0056, and wenq = 2/7 &~ 357.14. We vary the number of
time-steps L.

3.2 Collocation method

The definitions of the discrete operator C' for Krylov iteration (2.10) and of the discrete
filter function S, |i for a fixed time-step 7 and number of time-steps L do not require
the values of the weight function in the whole domain, but only at 7/ for [ =0,...,L — 1.

Thus, we can reduce the problem to finding a vector & € R%, such that &, represents the
value a(7l) for alll =0,...,L — 1.

Definition 3.3. Let 7 > 0 be the time-step, L € N be the number of time-steps and let

qi(w) be defined for alll € N and w € R by . Let & € RE be a weight vector. Then,
the discrete filter function Bz : [0,00) — R is defined as:

Ba(w) == 7 (qo(w), ..., qr_1(w)) @ (3.2)

Note that for a given weight function « : [0,wenq] — R and evaluation vector & :=
(a(Tl))lL:_ol, the definition of 3, in Lemma is equivalent to Deﬁnition ie., Ba = B5.
We fix an arbitrary target function « that fulfills our requirements for the discrete filter
function in the controlled interval. We select L nodes in the controlled interval, in the sim-
plest setting equidistant, and formulate our problem as a polynomial collocation problem
with {g; : 1 =0,...,L — 1} basis of the space of polynomials up to degree L — 1 in w?

18



3 Choice of the weight function

Definition 3.4. For a given number of time-steps L € N and K € N collocation nodes
0<wy < - <wrg_1 < Wenqg we define the evaluation matriz Q € REXL as Qp := q; (wy)
forallk=0,..., K—1andl=0,...,L—1.

Selecting L equidistant collocation nodes w; := lweng/(L — 1), 1 = 0,...,L — 1, in the
controlled interval [0, wenq] leads to a collocation problem to find & € R%, such that:

VkZO,...,L—lZ B&(wk):’y(wk).

This problem is equivalent to the linear system of equations:

Qa = = ()i (33)

with matrix ) from Definition

As an example, we choose the same parameters as in the previous section, especially the
target function as an indicator of the target interval v = X[, wmai]- Plots of the obtained
discrete filter functions for two values of L = 10 and L = 25 are shown in Figure [3.3
We solve the system of linear equations with the numpy.linalg.solve() function in
Python.

1.2

I |
—  L[=10,7=0.056
-~ [ =25,T=0.139

Xwmin, Winax]

1.0

0.8

2 0.6
oy

0.4

0.2

300 350

0.0

200 250
w

Figure 3.3: Plots of the function ‘ B&‘ with @ obtained by collocation 1} The target

interval is [Wpin, Wmax] = [39,45], the time-step is 7 = 0.0056, and weng =
2/7 ~ 357.14. We vary the number of time-steps and collocation nodes L.
Crosses represent the values of the target function at the knots.
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3 Choice of the weight function

1019

1017

1015

1013

107

10°

103

10!

20 40 60 80 100

Figure 3.4: The condition number of the evaluation matrix @ (matrix norm induced by the
Euclidean norm) depending on the number of collocation nodes L.

By a small number of collocation knots, intervals between nodes are large, and we can
observe strong oscillation of the polynomial, especially for larger values of w. Increasing the
number of nodes does not improve the behavior for two reasons. Firstly, this increases the
degree of the polynomial, which compounds the problem despite shorter intervals between
nodes. Secondly, higher values of L rapidly worsen the conditioning of the matrix Q). Figure
m presents cond(Q) := ||Q|2]|Q |2 (where || -||2 denotes the induced matrix norm by the
Euclidean norm) depending on the problem’s size L.

Because equidistant nodes in the collocation method do not produce desired results, we
attempt to replace them. From Lemma we know that functions ¢;(w) are polynomials
in w?. The next proposition shows that the natural choice is the Chebyshev collocation.

Proposition 3.5 (Chebyshev nodes). For L € N, Chebyshev nodes on the interval (—1,1)

are given by:
20+ 1
tl::cos< 2—2 7r> forl=0,...,L—1.

1. The Chebyshev polynomial Ty, (see Definition has L roots in the interval (—1,1),
which are exactly the Chebyshev nodes.

2. For f € C*([a,b]), arbitrary collocation nodes xq,...,x;_1 € [a,b] and Lagrange
collocation polynomial p € Pr_1 such that p(x;) = f(x;) for alll =0,...,L—1, there
holds the error estimation:

L—1
1F = ploo < W0 o TT o — . (3.4)
(L+ 1) z€ab) =0
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3 Choice of the weight function

3. The affine transformation ¥ : [—-1,1] — [a b, ¥(z) := (a+b+z(b—a))/2 maps
Chebyshev nodes to, ..., tr,—1 onto ¥(tg),...,V(tL_1) € [a,b]. These nodes minimize
the product in the error estimation, i.e.,

h— L
min maXH|xf:cl|—ma H\xf < 2a> 21-L,

(x0,...;zr—1)€Ela,b]F J:E[ab]

Proof. We refer to [Nan23| p. 23-24]. O
For a fixed time-step 7 > 0, we choose collocation nodes wy,...,wr—1 € [0,2/7], such
that w%, e ,w%_l are Chebyshev nodes in the interval [O, 4/ 7'2] , and solve the linear system

of equations 1) Figures [3.5| and [3.6] show the obtained discrete filter functions ’ Bx
for different numbers of time-steps L and target intervals [wiin,wmax]. We compare the

behavior of the obtained discrete filter function with the target function and the inverse
Fourier transformation (3.1)) method.

1.2
A
N —  L=100,T=0.559
N
. - [=950,T=1.4
1.0
- L=500,T=2.8
1.2
"""" X[wmin: Wmax]
0.8 Lo m IFT, T=2.8
i
0.8 o
[RER
206 206 -
= [ = ! \
0.4 P
: I
e
]
04r 0.2 o Al
; NAWAWAY i YR
i \fon et 23 */\r *’\,'u' K \\’;,’ NS »
| 0.0 Lt el b ot Lot PRIARN VAT NS
0.2 wl 5 10 15 20 25
. 1S § w
.r"u:‘i ! e
!'\"’m;!! T
£,
0.0 it il : ‘ ‘ ; ; ;
0 50 100 150 200 250 300 350

with & obtained by collocation with Chebyshev nodes

Figure 3.5: Plots of the function ‘B&
in w?. The target interval is [Wmin,Wmax] = [12,14], with the time-step 7 =
0.0056 and weng = 2/7 ~ 357.14. We vary the number of time-steps and
collocation nodes L. Crosses represent values of the target function at the
knots. The yellow curve represents the discrete filter function obtained by the
inverse Fourier transform of the indicator truncated to end-time 7" = 2.8.
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3 Choice of the weight function

14 \ —  L=100,T=0.559
\
| — L[=250,T=14
12 Y - L=500,T=28
|
H ' \\ T X|wmin, Wmas]
e \
10 i - IFT, T=2.8
T" \
v \
50.8
3
= 1.4
0.6
1.2
0.4
0.2
0.0
0 50
‘00 115 120 125 130 135 140 145 150
w

Figure 3.6: Plots of the function |3z| with & obtained by collocation with Chebyshev nodes

in w?. The target interval is [Wmin, Wmax] = [122, 130], with the time-step 7 =
0.0056 and weng = 2/7 ~ 357.14. We vary the number of time-steps and
collocation nodes L. Crosses represent values of the target function at the
knots. The yellow curve represents the discrete filter function obtained by the
inverse Fourier transform of the indicator truncated to end-time 7" = 2.8.

Error estimation for Lagrange interpolation , which was our motivation to replace
equidistant nodes with Chebyshev ones, demands a function « that is L times continuously
differentiable, which is not the case for the indicator function. Therefore, in the third
example, we change our target function to a C* function, the Gaussian peak g(w) =
exp (—(w — wmid)Q) with wpiq in the middle of the region of interest. Results are presented
in Figure Again, we compare the obtained discrete filter function to one produced with
the truncated inverse Fourier transform in a similar way to the derivation of .

A remarkable advantage of collocation in Chebyshev nodes is the good conditioning of
the collocation matrix ). The condition number for Chebyshev nodes is, in contrast to
equidistant nodes, independent of the size of the problem L. Furthermore, the obtained
discrete filter function does not oscillate strongly between collocation knots, even for an
uncontinuous target function like the indicator.

Following [NW24], we assume that the sought eigenvalues of the negative Laplace op-
erator are closer to 0 than to the end of the controlled interval weng. Chebyshev nodes
in w? have the highest density in the upper area of the interval [0,wenq]. Thus, espe-
cially for lower numbers of collocation knots and a small target interval, the entire inter-
val [Wiin, Wmax] Mmay be contained between two adjacent nodes. This sets the right-hand
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3 Choice of the weight function

side of the collocation problem to 0, and as a result, we get @ = 0 and 3& = 0.
We can observe this problem in Figure 3.5 for L = 100. In this particular example,
8.4142 =~ w1 < Wpin = 12 < 14 = wmax < wo ~ 14.0213. Furthermore, a small shift of the
target interval does not impact the discrete filter function at all if the change in wy,;, and
wmax does not exceed the distance to the nearest nodes. A similar problem can be observed
for the C™ target function for L = 100 in Figure

Obviously, with increasing L, the distances between nodes decrease, which solves this
issue. However, this is undesired, since we want to choose L as small as possible due to
the complexity of the algorithm. Another possibility would be to increase the number of
collocation nodes K by the same number of basis functions L. This would lead to a K x L
evaluation matrix with K > L and a least squares problem instead of a linear system of
equations.

1.2
. — L =100,7=0.559
e [=250,T=1.4
1.0
L=500,T=2.8
1.2
_________ o]
0.8 Lo i IFT, T=2.8
0.8 i
o6
=
0.4
|
i
|l 15 20
0.2} w
i b
1 7
0.0 4 ; ; ; : : ;
0 50 100 150 200 250 300 350

Figure 3.7: Plots of the function ’B&’ with & obtained by collocation in Chebyshev nodes

in w?. The target function is g(w) = exp (—(w —4)?), with a time-step of

7 = 0.0056 and wenq = 2/7 ~ 357.14. We vary the number of time-steps
and collocation nodes L. Crosses represent values of the target function at the
knots. The yellow curve represents the discrete filter function obtained by the
inverse Fourier transform of the indicator truncated to end-time T' = 2.8.

3.3 Least squares method and minimization of L? norm

We start this section with the idea of fixing the number L of time-steps (and thus the
polynomial degree) to avoid increasing the computational costs of the algorithm, while
simultaneously increasing the number of collocation knots. Obviously, the obtained system
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3 Choice of the weight function

of equations is (in general) not solvable, so we use linear least squares fitting. Then,
we switch to another approach — we try to find @ that minimizes the L? norm of the
difference between the corresponding discrete filter function and the target function ~.
Finally, Theorem [3.13| will show the connection between these two methods.

Definition 3.6 (Least squares method). Let 7 > 0 denote the time-step and L € N
denote the number of time-steps. For given nodes wy, . ..,wx—1 € [0,wend] with K > L, let
Q € REXL denote the evaluation matriz from Definition . For a piecewise continuous
target function v : [0, wend] — R, we search for @ € RY, such that:

1Qé — clls = min Qz — cll, (35)
zCcRL

where ¢ :=1/7 (v(wo), - .., Y(wi_1))" .

Note that the problem stated in Definition [3.6] is just a modification of the collocation
problem (3.3)) for the case K > L.

Proposition 3.7 (Normal equation). The problem stated in Deﬁnition is well-defined,
i.e., it has at least one solution. A vector & € R solves if and only if it solves the
normal equation:

QTQa = Qe (3.6)

If the rank of the matriz Q) is full, this solution is unique.
Proof. We refer to [Pra22, p. 103]. O

Another approach would be to define, for a fixed number of time-steps L and a time-step
7 > 0, an operator ® : R — R as an L? norm on the controlled interval of the difference
between the goal function « and the corresponding discrete filter function associated with
a € RE. In our method, we will attempt to determine the global minimum of this continuous
operator.

Definition 3.8 (L? scalar product and norm). For a given controlled interval [0, wend], the
L? scalar product is defined as: {-,-) : L* ([0, wend]) X L? ([0, wena]) — R,

(fig) = /Owcnd f(z)g(z) dx.

The induced L?* norm is || - |2 : L? ([0, wend]) = Rso, || fllz2 := /{f, f)-

Definition 3.9 (Operator ®). Let [0,wend] be the given controlled interval, T > 0 be the
time-step and L be the number of time-steps. For a given piecewise continuous (and thus
L?) goal function v : [0,wend] — R, we define the operator ® : R — R as:

o= (0 —) @

with B, the discrete filter function defined in .

¢ (v) := ’

ﬁ}—v)
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3 Choice of the weight function

Since the defined operator ® mimics the squared L? distance between the target function
and the obtained filter function, our goal is to minimize its value. The following theorem
proves that it is possible without incurring high computational costs.

Theorem 3.10. The operator ® from Definition [3.9 is continuously differentiable. It has
exactly one global minimum & € RY | which is the solution to the linear system of equations:

Xa =d, (3.7)

where the matriz X € RV is defined as Xij == (a,qj) foralli,j=0,...,L —1 and the
vector d € RE is defined as dj == (g;,7)/7 for all j =0,...,L — 1.

Proof. The regularity of the function ® follows from its definition. From (3.2)), we obtain
the representation:

~ L—-1
5v(x) =T Z QZ(:C)UL
=0

We compute the partial derivatives of ®:
2

a@ a Wend L-1
S=n [ <Tqu<x>w—v<x>) i
4 4 =0

wena [ L1
= 2/0 (T lz:; qi(x)v — 7(1‘)) 7¢i(x) dx

1

L Wend Wend
=27 ((Z Tvz/o a()qi(z) dw) —/0 gi(x)y (@) dﬂ?)

=

o
=27 <<T 'Ul<qlaQ’L'>> - <QZa7>> :
=0

Therefore, the gradient V® vanishes in & if and only if:
L-1
VZZO,,L—l TZ<QI7%‘>&Z:<QZ‘7’Y>7
=0

which is equivalent to (3.7]).
In the next step, we compute the second partial derivatives:

2 L—-1
6(31,;:% (v) = 278?)]- <<T Z UZ<QZ7%’>> - <qz',’7>> = 27%(gi, q;)-

=0

Thus, the Hessian matrix is:
V20(v) = 272X
Let us consider B := (qol[owpa]s - - - » 4L—1l[0,wpq]) a0 U := span(B) C L? ([0, wend])- U is
an L-dimensional Hilbert space with the restricted L? scalar product (-, )y = (-, -)|;2. The
representation matrix of this scalar product with respect to the basis B is X. Therefore X
is positive definite and especially V2®(a) is also positive definite. This concludes, that &
is the unique minimum of ®. ]
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3 Choice of the weight function

We still lack a practical evaluation of the matrix X and the vector d from (3.7) to make
the L? minimization method fully functional. Analytical computation of the integrals is
out of reach here, so we replace them with the midpoint rule using K subintervals:

K-1

Wend
(o) = [ f@g@)do Y flarlglan),
0 k=0
where h := wenq/K is the quadrature step-size and wy, := (k+ 1/2)h for k=10,..., K — 1
are quadrature nodes. With X} and d;, we denote the approximations of the matrix X and
the vector d.

Definition 3.11. Let K be a given number of quadrature nodes on the interval [0, wend|,
h = Wena/K and wy := (k 4+ 1/2)h for all k = 0,...,K — 1. For a given number of
time-steps L and goal function =y, we define:

S>>

K—1 L—1 K—1 L—1
X, = <h Z qi(wk)qj(wk)> e RMXL and dy, = ( Z qi (wr )y (wi > e RE.
k=0 j,i=0 k=0 i=0

Lemma 3.12. For a given h and K, let Q € REXL be the evaluation matriz on quadrature
nodes wy, = (k+1/2)h fork =0,..., K—1 (see Deﬁnition Letc = 1/7 (y(wo), . .., y(wr—1))"
as in Definition[3.6, Then, for Xh and dj, from Deﬁmtzon it holds:

RQTQ =X, and  hQTc = d,.

Proof. To show the first identity, let us consider arbitrary i,5 = 0,...,L — 1. From the
definitions of @ and X}, follows:

K-1 K-1
(hQ'Q), ;= h Z QriQrj = Y qiwr)gj(wr) = (Xn)i ;-
k=0
Similarly, we show the second claim. For ¢ =0,...,L — 1 holds:

(hQTc), =h Z Qrick = h Z ai(wr) " = (dy),

which concludes the proof. O

We will implement the L? minimization using the introduced approximation of the inte-
grals by the midpoint quadrature rule. The claim of the last lemma simplifies the prepa-
ration of the matrix X} and the right-hand side of the equation dj in practice. Moreover,
a remarkable consequence of this lemma is the following link between obtaining @ by the
least squares method and the normal equation with equidistant knots, and by L?

minimization (3.7]).

26



3 Choice of the weight function

Theorem 3.13 (Least squares method with equidistant knots converges to L? minimiza-
tion). Let 7 > 0 be the time-step, L the number of time-steps, and [0, wend] the controlled
interval. Let v be a piecewise continuous target function. For all h > 0, let K := |wend/h |
denote the number of equidistant knots: Ap == wy := (k+1/2)h: k=0,...,K —1. With
ap, we denote the solution to the normal equation (see Proposztzonm) wzth knots Ay. Let
a denote the solution to the L? minimization . Then limy,_,q dp, = .

Proof. For every h > 0 and K > L, let Q}, be the evaluation matrix (see Definition [3.4)) in
knots Aj. According to Proposition aj, solves the normal equation:

QF, Qnan = Qi c,
with ¢ := 1/7 (y(wp), - . ., ¥(wi—1))", or, equivalently:
hQLQndy = hQtc.
Thus from Lemma follows, that @y, solves:
Xpay, = dp,. (3.8)

Since 7y is a piecewise continuous function on a compact interval and ¢; ({ =0,...,L—1)
are polynomials, midpoint quadratures converge to the exact integrals, as h tends to O.
Therefore, limy,_,qg X3, = X and limy,_,o dj, = d. From and the continuity of the matrix
inversion, we conclude limy,_.q @y = A. O

As a first example, we use the least squares method with Chebyshev nodes. We recall
Figure where L = 100 time-steps and the same number of collocation knots produced
a constant zero discrete filter function, because the whole target interval [wiin, Wmax] Was
contained between two collocation nodes. We use the same setting: L = 100, 7 = 0.0056,
Wend = 2/7 and [Wmin, Wmax] = [12,14], but the linear least squares method and varying
number of knots instead of collocation. Results are presented in Figure compared with
the goal function and the inverse Fourier method.

Introducing a larger number of nodes K with a fixed number of time-steps L yields better
accuracy of the obtained discrete filter function to the goal function and does not affect the
performance of the eigenvalue solver. Furthermore, thanks to the use of Chebyshev nodes,
the condition number of the matrix in the normal equation cond(Q”@Q) remains constant
despite increasing number of nodes or time-steps, see Figure [3.8|

In the next two examples, we use L? minimization with the midpoint quadrature rule,
equidistant nodes wy, = (k+1/2)hfork =0,...,K—1, K := |wena/h]. Figure[3.10| presents
results for the target interval [w?mn,w?nax] = [12,14], and Figure presents results for
the target interval [w2, w2 ] = [122,130].

In both cases, the behavior of the discrete filter function in the neighborhood of the target
interval is satisfying. However, with a larger size of the problem (number of time-steps),
we can observe undesired oscillation of the function 35 at the end of the controlled interval.
This is because of an increase in the condition number of the matrix X = hQT Q as L gets
larger. Note that cond(Xj) = cond(Q7Q). Figure shows that by equidistant nodes
(which are quadrature knots in the case of L? minimization and midpoint quadrature), the
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3 Choice of the weight function
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Equidistant nodes, h=0.2
Equidistant nodes, h=0.05
Equidistant nodes, h=0.001
Chebyshev nodes

500

Figure 3.8: Condition number of the matrix Q7@ (matrix norm induced by the Euclidean
norm) depending on the size of the matrix L and different numbers and distri-

butions of nodes.
equidistant nodes

The number of Chebyshev nodes is equal to the number of
for h =0.2.

problem becomes poorly conditioned if its size is too large. However, higher exactness of
the quadrature slows down this effect. In Figure [3.11] we can observe that the values of
the discrete filter function (red plot, with L = 200 and h = 0.05) explode as w S wend- The
use of quadrature with A = 0.001 (light blue plot) solves this issue despite the same value

of L.
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3 Choice of the weight function
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Figure 3.9: Plots of the function ‘ B&‘ with @ obtained by the least squares method with

Chebyshev nodes in w?

time T = L7 = 0.56.

29

. The target interval [Wmin, Wmax] = [12,14], time-step
7 = 0.0056, Wenq = 2/7 &~ 357.14 and fixed number of time-steps L = 100. We
vary the number of nodes K. Crosses represent values of the target function in
Chebyshev nodes for K = 200. The yellow curve is the discrete filter function
obtained by the inverse Fourier transform of the indicator truncated to end-



3 Choice of the weight function
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Figure 3.10: Plots of the function ‘B@

with the vector @ obtained by the L? minimiza-

tion method with midpoint quadrature, h = 0.05. The target interval is
[Wmin, Wmax] = [12, 14], the time-step is 7 = 0.0056, and weng = 2/7 ~ 357.14.
We vary the number of time-steps L. The yellow curve represents the discrete
filter function obtained by the inverse Fourier transform of the indicator with
end-time T = 0.279.
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Figure 3.11: Plots of the function |Bz| with the vector & obtained by the L? minimization

method with midpoint quadrature, h = 0.05 for the blue, red, and green curves,
and h = 0.001 for the light blue curve. The target interval is [Wpin, Wmax| =
[122,130], the time-step is 7 = 0.0056, and weng = 2/7 ~ 357.14. We vary
the number of time-steps L. The yellow curve represents the discrete filter
function obtained by the inverse Fourier transform of the indicator with end-

time T = 0.279.
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4 Numerical experiments

In this chapter we apply the deployed Krylov eigenvalue solver (Algorithm |4 to the prob-
lem stated in Definition on a two-dimensional rectangular domain. We compare the
convergence of the eigenvalues inside and outside of the target interval for different filter
functions. For space discretization, computation of matrices M and S, and visualization
of obtained eigenfunctions, we use the FEM library Netgen/NGSolve in Python.

We consider the domain © := [0, V2] x [0,1] C R? and fix a partition 7 with max-
imal size h = 0.05. As a discrete solution space, we choose first-order splines in R?:
Vi ={ve H'(Q): VT €T :v|lp € P1}. This leads to an N = 629-dimensional matrix
eigenvalue problem.

The exact spectrum of the negative Laplace operator on €2 with Neumann boundary
conditions is o(—A) = {w? , = (m?*/V4+n?)7*: m,n € N}. We expect some pertur-
bations of the spectrum due to discretization in space; however, these errors do not depend
on our method. Thus, we compare the convergence of eigenvalues obtained by the Krylov
iteration to the eigenvalues of the N-dimensional matrix eigenvalue problem after partition-
ing. In other words, the reference spectrum o (M ~1S) consists of eigenvalues of the matrix
M~1S, denoted as d)fnn We compute them numerically using the numpy.linalg.eig()
function in Python. This method is also used as a direct solver to solve the projected
m-~dimensional problem.

In the experiment, we select a time-step 7 = 0.0056, which corresponds to controlled
interval between 0 and wenq = 2/7 & 357.14, covering all resonances of the discrete problem
In each Krylov-step, we perform L = 200 time-steps. We construct the discrete filter
function Bz by the least squares fitting presented in Section with K = 1000 Chebyshev
nodes.

For each eigenvalue d)znn in the reference spectrum and each Krylov iteration, we denote
with errory (@fnn) the distance between w? and the closest obtained eigenvalue w(Qk) in the
k-th iteration, i.e.,

€rTor (@72%7”) = min { ‘w(Qk) —w

mon| w(Qk) is a result after the k-th iteration} .
Figure presents the obtained resonance frequencies between 5 and 15 in the first 50
Krylov iterations for two different target intervals: [wmin, Wmax] = [6, 8] and [Wiin, Wmax] =
[11,13]. Furthermore, we compare results for L = 100 and L = 200 time-steps per iteration,
which correspond to end-times T = 0.56 and T = 1.12, respectively. The left vertical
axis represents the step of the Krylov iteration. Vertical dotted lines indicate reference
resonances Wy, », such that (Z)f,m € o(M~1S). Plotted points are obtained resonances in
each iteration. The color and mark of the point depend on errory (@fnn)
with a small error are blue, and those with a larger error are yellow. Furthermore, points
satisfying errory (wfnn) < 1075 are depicted with circles, while others are depicted with

resonarnces
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4 Numerical experiments
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Figure 4.1: Convergence of the obtained resonances towards the reference ones in the first

= 200 time-steps per iteration. The filter

50 Krylov iterations for L = 100 and L

function is constructed using the least squares method with 1000 Chebyshev
knots, and the target function X[y, . wn..] With target intervals [6, 8] (right plots)

and [11,13] (left plots).
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4 Numerical experiments

crosses. The red curve (with values on the right vertical axis) represents the absolute value
of the discrete filter function ,5’5;.

We observe, that a smaller number of time-steps in each Krylov iteration slows down the
convergence both inside and outside the target interval. Nevertheless, with L = 100 time-
steps per iteration and in both target intervals, the method captured all sought eigenvalues
in the region of interest after fewer than 50 iterations with a tolerance smaller than 107°.
In other numerical experiments, we observed similar results.

For further error analysis, we focus on two particular resonances: wi 2 ~ 6.76 and w42 ~
11.78, each in the middle of one of two target intervals. Figure presents errory (@%,2)
and errory, (cbiz) depending on the step k and filter function. Note that the approximation
of the resonance obtained by the Krylov iteration cannot worsen, since in each iteration
the algorithm enlarges the Krylov space. If an eigenvector v lies in the subspace spanned
by By, then it also lies in the subspace spanned by Bjyi. Therefore, we truncate these
plots to 25 and 35 steps, respectively, where the approached tolerance is much smaller than
the tolerance resulting from the space-discretization, and further iteration does not impact
this particular resonance.

102
10!

10
% 1075

errory (.
=
1S}
&
errory (@37 5)

VAN

©OX[11,13)

Figure 4.2: Error between perturbed eigenvalues @f , (left plot) and @F , (right plot) for
target functions (s (blue line) and x(11,13) (green line). L = 200 time-steps
per iteration.

We observe much faster convergence of the method in regions, where ‘ B&’ is larger.
Especially, in the middle of the target interval the method with parameter L = 200 yields
accuracy in w? exceeding 10710 after fewer than 30 steps. On the other hand, resonances
outside the target interval, where the filter function is closer to 0, converge much slower or
seem not to be captured in the first 50 iterations at all. In other numerical experiments
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4 Numerical experiments

with different filter functions, we also observed a similarly strong correlation between the
absolute amplitude of the discrete filter function and the convergence rate of the eigenvalues.

In the carried out experiments, we reduced the size of the problem from N = 629 to
m = 20 or m = 50 (performing L = 200 or L = 100 time-steps per iteration, respectively)
and obtained all eigenvalues in the target intervals with precision exceeding 10~ relative
to the reference spectrum.

Z

%1 AN,

1 S
COONA

AETAYAY
] ,
=

Figure 4.3: Eigenfunctions corresponding to resonances wy o (left plot) and ws 2 (right plot)
obtained after 20 steps of Krylov iteration with appropriate target intervals.
The exact solutions are: . (z,y) = cos (mmz/V/2) cos(nmy).
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5 Conclusions

In this thesis, we presented a method to compute eigenvalues of the high-dimensional
operators. Similar to [NW24], we focused on the negative Laplace operator in R? and R?,
since it plays a significant role in the theory of wave equations. Nevertheless, the deployed
algorithm can be easily reformulated for different problems, as long as the discretization
matrices S and M are symmetric and positive (semi-)definite.

We introduced the operator C' as the discrete equivalent of the weighted time-integral of
the solution to the wave equation with the weight function . The method projects
the high-dimensional problem onto the Krylov space of this operator, significantly reducing
the dimension of the matrix eigenvalue problem to solve.

A crucial role in the construction of the operator C' is played by the weight function «
(or the weight vector @ due to replacing the integral by quadrature rule) and corresponding
discrete filter function (.. Lemma quantified the correspondence between eigenpairs
of the operator C' and the sought eigenpairs of the negative Laplace operator. Using an
appropriate filter function, the method can filter out resonances outside the desired region
of interest, so that the solution of the projected problem consists mostly of the sought
eigenvalues.

This thesis focuses on the suitable choice of the weights. We compared different ap-
proaches to constructing of the vector &. As the first method, we followed the choice in
[NW24], using the scaled inverse Fourier transform of the goal function truncated to a finite
time-interval (forced by the time-stepping in each Krylov step).

Since the discrete filter function S is a polynomial in w?, a natural approach was to select
collocation nodes in the controlled interval and solve the collocation problem. Due to the
conditioning of the obtained linear system of equations, we used the Chebyshev knots
in w?. However, because of the non-uniform distribution of the knots in the controlled
interval and higher density at the end of the interval, it is impossible to precisely control
the filter function, especially with a lower parameter L, which determines the degree of the
polynomial (and thus the number of collocation nodes), but also impacts the computation
costs of the algorithm. In special cases, if no collocation node lies in the target interval,
the method yields a constant zero function, which is not acceptable.

A remedy to this disadvantage of the method is to employ more sample points in the
controlled interval and use the least squares fitting instead of the collocation. The prob-
lem is well-conditioned independently of the degree of the polynomial by sampling in the
Chebyshev knots; with other distributions of nodes, the conditioning can be controlled
by increasing the number of nodes. Furthermore, we have proven, that the least squares
method with equidistant nodes is equivalent to the fitting with respect to the L? norm (with
the integral replaced by the rectangle rule). In the limit, by increasing number of nodes,
the solutions given by the least squares method converge towards the L? error minimum.

In most cases, we did not observe significant differences between the presented methods.
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5 Conclusions

When the target function is the indicator function of the interval that is closer to 0 than to
Wend (Which is mostly the case in applications), the simplest way to construct the weight
function remains the inverse Fourier transform method presented in Section In some
settings, this method displays undesirable behavior at the end of the controlled interval, or
the peak of the function seems to be shifted from the target interval. Thus, in such cases,
the best results were yielded by the least squares fitting in Chebyshev knots in w?. It is
simple to adjust the number of nodes to avoid having of the target interval between two
adjacent knots. Due to the good conditioning of the problem, this method results in an
accurate filter function, even at the end of the controlled interval. Higher computational
costs of this method are negligible, since the computation of the weights is a preprocessing
step and is not part of the algorithm.

In the experiments carried out in Chapter [4] we computed the eigenvalues of the negative
Laplace operator on the rectangular domain in R? in two target intervals. Thanks to the
projection onto the Krylov space obtained by an appropriate filter function, we significantly
reduced the size of the problem, and therefore also the computational costs, without loss
of accuracy in the obtained eigenpairs.
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