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Abstract

Tensors play an important role in many applications and are fundamental objects
of multilinear algebra and multivariate functions. When handling partial differential
equations, the solutions often lie in the closure of a tensor space. In several fields of
research, for example in psychometrics, chemometrics, recommendation systems, and
signal processing, data appears in the form of multidimensional arrays. Multilinear
maps and homogeneous polynomials are naturally identified as tensors and symmetric
tensors, respectively.

The thesis deals with several topics on multilinear optimization and optimization
using low-rank models. The contribution of this thesis starts by finding the maximum
relative distance that a real rank-two tensor can have to the set of rank-one tensors
in Chapter 1. Equivalently, one can ask for the smallest ratio of spectral and Frobenius
norm. This question is easy to answer for matrices as the distance of a matrix to
rank-one matrices is given by the singular value decomposition. A rank-r matrix of
Frobenius norm one has a spectral norm of at least 1/1/r. For tensors, the topic best
rank-one approrimation ratio is under current research. This deals with the same
question but typically for tensors restricted to a certain tensor space and no further
algebraic restrictions. The answer is only known for certain formats of tensor spaces
and underlying fields. Motivated by the simple answer for matrices, we are interested
in the maximum distance of a rank-r tensor to rank-one tensors, independent of the
underlying tensor space.

The ratio of spectral and Frobenius norm for special classes of tensors is of intrinsic
interest. It gives norm bounds for two natural norms in tensor spaces. The spectral
norm is natural when viewing a tensor as a multilinear form while the Frobenius norm
is a natural norm for a tensor product of Hilbert spaces. The distance from rank-one
tensors also appears in the context of quantum entanglement. Here, tensor rank is a
discrete measure of entanglement, while the distance to rank-one tensors is a continuous
measure of entanglement. This work can thus be seen as exploring the difference between
these two measures of entanglement.

While the answer for general r is out of scope, we provide the maximum distance in
the case r = 2 using techniques from non-smooth optimization and utilizing the small
number of parameters necessary to describe a rank-two tensor.

The second chapter is concerned with low-rank approximations of solutions to
parabolic partial differential equations. Oftentimes, the domain of a partial differential
equation is separable and solutions can be well approximated by functions of low rank.
It then makes sense to discretize on huge grits and impose low-rank constraints. The
analysis of such an approach becomes difficult, as we are looking for solutions lying on
a manifold and not on a linear space. The resulting equations are known in a broader
context as the Dirac-Frenkel variational principle. We start an analysis of the underlying

iii



infinite dimensional problem. For this, we capture properties of a model problem, an
anisotropic diffusion equation, and show existence and uniqueness of solutions in a more
abstract setting. Furthermore, we provide stability estimates and a convergence proof
of space-discrete solutions to the underlying space-continuous solution.

Finally, we treat multiparameter eigenvalue problems in the third chapter. They
appear most notably when separation of variables is applied to boundary eigenvalue
problems, but spectral parameters cannot be separated. Multiparameter eigenvalue
problems generalize both linear systems of equations and generalized eigenvalue problems.
We summarize classical notions of definiteness that guarantee that all solutions are real.
In the case of linear systems of equations, these imply that the equations are of full rank.
For the generalized eigenvalue problem (A + AB)u = 0, they imply that span{A, B}
consists of symmetric matrices and contains a positive definite matrix.

Multiparameter eigenvalue problems can be solved with the help of multilinear
algebra techniques by solving associated linear eigenvalue problems. These can however
be huge, even if the associated original problem is of moderate size. For the case of
definite multiparameter eigenvalue problems, we propose Newton-type methods to find
specific solutions with certain properties, which makes the resulting equations have
unique solutions. We provide local and global convergence properties and demonstrate
the performance of the resulting methods in numerical experiments.
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Introduction

Tensors play an important role in many applications and are fundamental objects
of multilinear algebra and multivariate functions. When handling partial differential
equations, the solutions often lie in the closure of a tensor space. In several fields of
research, for example in psychometrics, chemometrics, recommendation systems, and
signal processing, data appears in the form of multidimensional arrays. Multilinear
maps and homogeneous polynomials are naturally identified as tensors and symmetric
tensors, respectively.

In this thesis, we cover three different topics using low-rank tensor formats building
on [EU21, BEKU21, EN22] each with a different aspect of optimization in tensor spaces.
The first chapter builds on [EU21]. There, we find a more geometric result concerning
the relative distance of the sets of rank-one and rank-two tensors. In the second chapter,
we have a theoretical existence and uniqueness result for approximations of solutions
to parabolic problems using low-rank tensor formats. These results appeared mostly
already in [BEKU21|. The final chapter covers multiparameter eigenvalue problems,
where rank-one tensors appear naturally as solutions. We use the structure of the
problem to find efficient methods to compute solutions. This chapter is motivated
by [EN22] and extends its results to a more general setting.

We now give a more general introduction to the topic of tensors and multilinear
optimization. Before we formally define tensors and tensor products, let us review two
examples appearing throughout this thesis. Note that the tensor product of spaces is
only defined up to isomorphism. Therefore, the following examples only show one way
to identify objects as tensors.

Example. The space of real m x n matrices R"™*" is isomorphic to the tensor space
R™®R". Every matrix is a finite sum of rank-one matrices uwv'. A bilinear map
a: R™ xR™ — R is uniquely represented by a matrix A € R™*" via a(z,y) = z' Ay
and a quadratic map a: R™ — R is uniquely represented by a symmetric matrix
A € Symy R" via a(x) = 2" Ax.

Example. The space of square-integrable functions L?(2) over a product domain
Q = Oy x Qy is the closure of L?(Q1) ® L?*(22) with respect to the norm L?(Q)
norm ”fH%Z(Q) = [Jo|f(z,y)] dxdy. The algebraic tensor space L2(91) ® L*(Qy)
consists of finite sums of functions g(z,y) = g1(z)g2(y) where g; € L?*(€);). The
inner product (-, )2y on L?(Q) is naturally induced by (-, D120 and () r2(0,) as

(fifo, 192) 12(0) = (f1,91) 12(00)(f2, 92) 12(0,)- Oftentimes, L*(Q) ® L?(Qy) already
denotes the closure with respect to this norm [Hacl9, Chapter 4].

An elegant way to define the tensor product is via the universal property; see
e.g., [Gre67, Chapter 1§2] or [Vak17, Chapter 1.3.5].
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Definition (Tensor product via universal property). Let U,V and T be vector spaces
and ®: U XV — T, (u,v) — u®v be a bilinear map. The pair (7, ®) is called a tensor
product for U and V if for every bilinear map a : U x V — W to a linear space W there
is a unique linear map L: 7 — W such that a(u,v) = L(u ® v).

The definition is summarized in the commutative diagram

UXVL)T

|
X ETE
\\/

w

From this definition follows directly that any two tensor products for &/ and V are
uniquely isomorphic. In absence of a representative, we write & ® V for the tensor
product of ¢ and V. In the definition, we may replace the existence of a unique linear
map with just the existence of a linear map if in addition 7 = span{u®v: u € U, v € V}.
The tensor product for two linear spaces U and V always exists and there is an explicit
construction. This can be used as an alternative definition of the tensor product; see
e.g., [Hacl9, Chapter 3.2.1].

Example. Let a: R™ x R™ — V be a bilinear map. Define L: R™*" as the linear map
satisfying L(uv") = a(u,v). This map is determined uniquely since {uv': u € R™, v €
R™} is a generating system for R™*". Therefore, (u,v) + uv' defines a tensor product.

The tensor products Y ® (V ® W) and (U ® V) ® W are uniquely isomorphic such
that the diagram

UXVXW —UXVOIW) — URI(V W)

T |

USV)XW —— URV)@W

commutes. By successively applying the universal property there is a unique linear map
fromU @ (VW) to (U® V)@ W and vice versa. Note that the maps from U x V x W
toU ® (VW) and (U ® V) ® W are trilinear. First, we can lift the trilinear map
from U x ¥V x W to (U ® V) ® W uniquely to a bilinear map from U x (V ® W) to
(U ®V)®W and finally a unique linear map from U @ (V@ W) to U R V) @ W. Tt
is therefore reasonable to speak of the tensor product of d spaces for any d > 2. An
element of a tensor product of d spaces is called a tensor of order d. It is one important
aspect of the definition of tensors via the universal property that we get a direct way to
make multilinear maps linear by going to the tensor product of the respective spaces.

Example. The space of real multidimensional arrays or hypermatrices R™ **"d ig

isomorphic to the tensor space ®§l:1 R™. The coordinate vectors e;, . ;, are then
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Figure 1: Decomposition of matrices and tensors into a sum of outer products.

associated with e;; ® e;, ® ... ® e;,. Every multidimensional array a;, .. ;, is a sum of
products of one-dimensional arrays w1 ;, 42, - . - ud,,, for example as the weighted sum

of the coordinate vectors e;, . ;,.

The decomposition of a three-dimensional array into a sum of products of one-
dimensional arrays can be visualized similarly to matrices. For matrices, we have
a sum of outer products uv' and for three-dimensional arrays, we multiply a third
vector; see Figure 1. In data science, tensors and multidimensional arrays are taken as
synonyms, and we also often refer to multidimensional arrays as tensors.

The tensor product can be defined using the universal property or by an explicit
construction. A third way to define the tensor product is via multilinear maps; see
e.g., [Lanl2, Chapter2.3]. Let U and V be vector spaces over a field k and U* and
V* be their respective dual spaces. Then the set of linear maps U* — V and the
set of bilinear maps U* x V* — k is also denoted by U ® V. If the spaces U and V
are finite-dimensional, this defines the same object as in the definition via universal
property up to isomorphism. This definition directly identifies tensors as multilinear
maps. However, in infinite dimensions, this definition does not coincide with the one
via the universal property.

Example. Let U = 2 =2 I{* be the space of square-summable real sequences and let (-, -)
denote the inner product on ¢2. This defines a bilinear map from U x U = U* x U* — R,
but is itself no element of U @ U as it cannot be generated by finitely many bilinear maps
of the form (u,v) — (u,u;)(v,v;). Similarly, the identity map & — U is no element of
U ® U as U has no finite basis.

For infinite-dimensional spaces, the tensor product is usually not complete with
respect to natural norms defined on it. It often makes sense to directly define a
topological tensor product of vector spaces. Given a suitable norm, this is the closure
of the algebraic definition of tensor spaces. For further details, we refer to [Hacl9,
Chapter 4].
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Matrix and tensor rank and decompositions

Let us recall the rank of matrices and linear operators from linear algebra.

Definition (Rank of matrices and linear operators). Let A € R™*™ be a matrix. Then
the rank of A is

rank A = dimspan{a: a is a column of A} = dim{Az: x € R"}
= dimspan{a: a is a row of A} = dim{ATz: z € R™}

T
= min{r: there exist u; and v; such that A = Z wv) }.

=1

Similarly let L: U/ — V be a linear operator and L*: V* — U* be its dual operator.
Then

rank L. = dimrange L = dimrange L*
,
= min{r: there exist u; € U* and v; € V such that L(x) = Zuz(x)vz}
i=1

It is a basic fact from linear algebra that all these definitions of rank coincide. One
of the most important objects in this work will be the matrices of rank one uv' and
their pendant to tensors. A rank-one tensor is the tensor product u; ® us ® ... ® ug of
nonzero vectors uq, ..., uq. They constitute the nonzero image of the multilinear map
szl U, — ®§l:1 U; which is a cone. Its projective version is called the Segre variety.

A decomposition into a sum of rank-one matrices uiv;r for a matrix A can also be
expressed as a matriz factorization A = UV where the columns of U and V consist of
the vectors u; and v;, respectively. Finding such a factorization plays an important role in
data science. One famous example is the Netflix price [BLO7]. This is a recommendation
system problem, often solved using matrix factorization techniques [KBV09]. Here
incomplete user and product data is stored in a matrix, where the entries measure
how much a user likes a given item. A prediction for a user can be computed via
matrix completion under the assumption that the data has a low-rank structure, see
e.g., [CR0O9, Vanl3|.

However, the use of matrices is sometimes limited. To examine this, let us review
fluorescence spectroscopy, a method in chemical science, described in [SBG04, Chap-
ter 10.2]. We have a mixture of k fluorescent substances, each having an excitation
spectrum a; and emission spectrum b;. We assume linear behaviour, i.e., when exciting
substance i with the wavelengths z, the measured emission is b;(a] z). Each substance
has a concentration ¢;. For the mixture, we get the matrix M = Zle cibiaiT which
we can measure. We would like to find the different substances and their excitation
and emission spectrum, i.e., the factorization BCAT, where A and B contain a; and b;
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as its columns and C' is a diagonal matrix containing the concentrations ¢;. However,
the matrices cannot be recovered uniquely, even when neglecting the trivial scaling
ambiguities. Indeed, a matrix factorization is never unique. Let A = UV with
UeR™F*and Ve R"*. Then A = (US)(S~'VT) holds true for any invertible matrix
S € R¥. One solution to this problem is to repeat the experiment ¢ times with
different concentrations. We then measure the data in M € R*™*" with ¢ different
mixtures, m different measurements of the emission spectrum, and n different excitation
spectra. We now want to find matrices A and B such that for each different mixture j
we find a diagonal matrix C; containing the concentrations such that M; = BCjAT.
Finding this parallel factorization is equivalent to finding the decomposition into a sum
of rank-one tensors

k
M = Zcz‘@bi@aiy
i=1
where ¢; is now a vector storing the concentrations of substance ¢ in the mixture j. A
decomposition into a sum of rank-one tensors of order at least 3 is often unique when
disregarding the order. Therefore, the rank-one tensors in the decomposition can have
actual meaning and are of interest when analyzing data. This leads to the following
generalization of rank to tensors.

Definition (Rank of a tensor). Let A € ®?:1 U; be a tensor of order d. The rank of A
is the minimal number 7 such that

r
A:Zu1’i®...®ud’i
=1

denoted by rank A.

Note that tensors in the algebraic tensor product always have finite rank, but when
at least two spaces are infinite-dimensional there is no upper bound for the rank. For a
tensor A in the closure of the algebraic tensors product, it is possible that rank A = oco.
The decomposition of a tensor into a sum of rank-one tensors is known under different
names in different fields. The name canonical decomposition (CANDECOMP) was intro-
duced in [CC70], and the procedure as parallel factor analysis (PARAFAC) in [Har70].
In mathematics, it is now often known as the canonical polyadic decomposition (CPD).

The problem of uniqueness of a decomposition is handled in algebraic geometry under
identifiability of tensors. Many results on uniqueness rely on Kruskal’s criterion [Kru77].
There are also criteria from algebraic geometry, see e.g., [Lan12, Chapter 12.3], and the
problem of identifiability is still being researched.

The tensor rank defined above only generalizes the last equality in the definition of
the rank of matrices. The notion of column and row rank in the first two equalities is
better generalized as the multilinear rank of a tensor.
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Definition (Multilinear rank of a tensor). Let A € ®§l:1 U; and view it as the linear
maps Aj: U — ®i¢j U; for j = 1,...,d. Then its multilinear rank is the d-tuple
rankiilin A = (rank Ay, ..., rank Ay).

The multilinear rank is also called tensor subspace rank or Tucker rank. Matrices are
the special case, since for a matrix A the multilinear rank is just (rank A,rank A). For
general tensors we only have the inequalities r; < rank A < ]_[Z 25T where (11,...,74) =
rankitilin A and in general no r; has to be equal to rank A.

This is not the only way that tensor and matrix rank behave differently. For instance,
let A € R™™™ be a symmetric matrix. Then A has the symmetric decomposition
A=3"0 )\Zuzu;r for some u; € R™ and A; € R. Such a decomposition can be generated
by an eigenvalue decomposition of A = UAUT with an orthogonal matrix U. We can
define the symmetric rank of a matrix as the smallest number r such that a symmetric
decomposition exists. It is again a basic fact from linear algebra that the symmetric
rank coincides with the usual rank. For real symmetric matrices, this is simply because
the multiplicity of the eigenvalue zero coincides with the dimension of the kernel of the
symmetric matrix, which determines the dimension of its image and therefore its rank.
We can also define the symmetric rank of symmetric tensors.

Definition (Symmetric tensors and symmetric rank). Let &4 be the set of permutations
of d elements. We associate every permutation o € &4 with a linear map ®?:1 U —

®?:1 U generated by
u1®...®udHuﬂ(1)®...®uw(d)

and denote it again by o. A tensor A in ®?:1L{ is symmetric if 0(A) = A for all
o € 64. We denote the set of symmetric tensors in ®§l:1 U as Sym, U and the symmetric
rank-one tensor u ® u ® ... ® u as u®. The symmetric rank of a symmetric tensor A is
the smallest number r such that A =37, )\iug denoted by ranks A = r.

In many special cases, it can be shown that ranks A = rank A for symmetric
tensors and therefore it was conjectured that symmetric rank and rank coincide in
general [CGLMO8|. However, Shitov provided a counterexample in [Shil8] and therefore
both notions of rank for symmetric tensors differ in general.

Also unlike matrix rank, the rank of a tensor depends on the field. For example,
tensors in R2*2*2 can also be considered as tensors in C2*2*2 but the ranks may differ.
Consider the tensor A = eq11 — e112 — €121 — €211 Where ¢;j; = ¢; ® e; ® e. Using
Cayley’s hyperdeterminant one can show that rank A = 3 as a real tensor [dSLOS,
Proposition 5.10] but we can be decompose A = 3 ((e1 +ie2)® + (e1 — ie2)?) using
complex rank-one tensors.



LOW-RANK APPROXIMATION

Low-rank approximation

In many applications, data is not given directly as matrices or tensors of low rank. It
can however make sense to find a good low-rank approximation for further analysis.
Let for example N data points be given in a d-dimensional space. These can be stored
in a matrix A € RN Here, a principal component analysis can be helpful. For this,
let 11 € R? be the mean of the data and 1y € RY be the vector containing only ones.
Assuming d < N, we can then express A in the form

d
A=l + Z ouv; = ply +USVT
=1

with orthonormal sets of vectors u; € Rd, v; € RY and descending positive real values o;.
The vectors wu; are the eigenvectors of the covariance matrix (A — 1} )(A — p1])7.
It can be helpful to project the data onto the subspace spanned by only the first few
eigenvectors u;, for example, to lower the dimensions or to find clusters.

The principal component analysis is an instance of the singular value decomposition
(SVD). Any m x n matrix can be decomposed as A = UXVT = Z?;uil{m’n} UiuiviT
where the matrices U and V have orthonormal columns. The respective columns are
the left and right singular vectors u; and v;, and the nonnegative descending entries
o1 > 09 > ... > 0 of the diagonal matrix ¥ € R"*™ are the singular values. The singular
values o; contain important information of the matrix. For instance, its Frobenius norm
is

m n
DX 1A=

i=1 j=1

[A[lF =

and its spectral norm is

|Allo = max u' Av=oy.
[ullz=1=(l]2

The singular value decomposition is also the tool to find the best rank k approximation
of a matrix in Frobenius or spectral norm.

Theorem (Schmidt, Eckhart-Young-Mirsky). Let A = UXVT be a singular value
decomposition for a matriz A € R™*". Then

min{n,m}
min ||A— Bl = Z o? and min ||A— Bll, =0
rank B<k H HF . v rank B<k || HU k1
i=k+1
. : : k T _ T xk
and the minimum is attained for Y ., ouv, = UX. V., where U, € R™" and

Vi € R™* consist of the first k left and respectively right singular vectors and Xy, € RF**

is the diagonal matrix with the first k singular values as its entries.
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This approximation was first discovered by Schmidt in 1907 for the case of functions
in two variables and the L? norm in [Sch07, § 18]. Later Eckhart and Young formulated
this theorem for matrices and the Frobenius norm in [EY36], and Mirsky found a
generalization for unitarily invariant norms in [Mir60].

It is not obvious why data should be close to low rank. However, an approach to
explain that this still works in many cases is evaluated in [UT19]. The authors show
that matrices generated by certain latent variable models can be well approximated by
low-rank matrices. It is also worth mentioning that even if N points of data are not
close to a low-dimensional subspace, there is a linear map L onto a space of dimension

ko~ loegQN , which depends only on the number of points N and not their dimension, such
that

(1=l —yllz < Lz = y)ll2 < (1 + €)[z —ylf2

for any two of the data points x and y, i.e., distances are preserved approximately.
This was first proven by Johnson and Lindenstrauss in [JL84] and is known as the
Johnson-Lindenstrauss lemma. It is therefore possible to recover many properties using
a low-rank model approximately even when the data is not inherently close to low rank.

One other application is to approximate functions on a product domain 21 x 9,
where ; C R™. We can discretize such a function f on an N x Ny grid. Here, Ny
and N> can already be quite huge since they itself have to cover a multidimensional
domain. Storing such an approximation directly can get infeasible quickly. However,
if f(z,y) = Zle gi(x)hi(y) with a small k, we can also store an approximation as a
product of N7 x k and No x k matrices and make storing feasible. The naturally arising
question is when functions in two variables can be approximated well by a small number
of products of functions in one variable. If functions are sufficiently smooth, then a
decay of singular values in the analog of the singular value decomposition for functions
in L2(Q1 x Qo) = L2() ®L2(92)”.HL2(Q) can be observed. Here, the key is mized
regularity, i.e., the function is also bounded in the norm induced by the inner product
(-, '>H,S,;fx(91xﬂ2) = () msn) (s ) Hs(Q0) [SUL4, GH14], where H® is the Sobolev space
containing functions with square integrable weak derivatives up to order s. However,
it is suggested in [GH14] that low-rank approximation is not optimal in dimension
reduction and instead the use of sparse grids is proposed.

In general, it makes sense to reduce the complexity to store solutions of high-
dimensional problems. For the Sylvester equation

AX - XB=C,

it was shown in [Gra04b| that, if the matrix C' is of low rank, the solution X can be
approximated with error e with matrices of rank O(—log(e)), i.e., the error decays
exponentially with respect to rank. This is generalized to finite-dimensional tensor
equations of a similar form in [Gra04a]. For the infinite-dimensional Lyapunov equation
with unbounded operators, it was shown that the error decays almost exponentially
in [GK14] and a similar result for certain elliptic partial differential equations was shown
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— and =

Figure 2: Subspace representation of tensors with order 2 and 3.

in [DDGS16]. In Chapter 2, motivated by the fact that solutions to partial differential
equations are often well approximated by functions in a low-rank model, we provide
existence and uniqueness results for a certain way to obtain low-rank approximations to
solutions of parabolic problems.

We have collected arguments why data and functions are often close to low-rank
matrices and tensors, and the best approximation of matrices in Frobenius norm can be
found via the singular value decomposition. For tensors of higher order, we do not have
an analogous tool. One problem is that tensors of bounded rank do not necessarily form
a closed set. A prime example is the tensor

1
u®u®v—|—u®v®u—|—v®u®u:limf((u+tv)3—u3),
t—0 ¢

a rank-three tensor which is a limit of rank-two tensors. Only tensors of rank at most
one form a closed set in every tensor space. Therefore, some tensors do not have a
best rank-k approximation. In [dSLO8] it is shown that over the real numbers there
are instances where these tensors do not form isolated sets but have positive volume.
Hence, the approximation problem is not always well-posed. Many other tensor-related
problems, like determining rank, approximating analogs of singular and eigenvectors,
and approximating its spectral norm, are NP-hard [HL13]. There is an analogy to
the Eckhart-Young Theorem that was found in [DOT18]. For a sufficiently general
complex tensor, its best rank-k approximation lies in the linear hull of its critical
rank-one approximations. Note, however, that there are too many critical rank-one
approximations. A general symmetric tensor A € Sym;C™ has % = Z?:_Ol(d— 1)
different eigenvalues [CS13]. Chapter 1 is related to this topic. We explore properties of
critical rank-one approximations to rank-two tensors.

For a stable approximation of tensors, subspace representations are used. Instead
of representing a tensor A in the full space ®;~1:1 U;, an approximation A € ®f:1 Vi
with V; C U; is used. A quasi-optimal approximation can be found using the multilinear
singular value decomposition [DLDMV00a] and, when needed, better approximations
can be obtained using iterative methods [DLDMVO00b]. Notably, the smallest possible
subspaces V; for an exact representation reveal rank,itiin A just as a matrix factoriza-
tion with smallest possible dimensions are rank revealing. For matrices, the singular
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value decomposition is a subspace representation, where the subspaces get stored in the
singular vectors u; and v;; see Figure 2 for an illustration. For tensors of large order
d, hierarchical tensor formats were introduced in [HK09, OT09] and have been widely
used in numerical tensor calculus.

Models with exact low-rank solutions

There are many interesting optimization problems where the exact rank is already
known. One class of problems appears when an original bilinear or quadratic problem
gets lifted to a linear problem on the tensor space. One example is blind deconvolution.
A convolution u * v = w is bilinear in v and v and therefore by the universal property
there is a linear map L such that L(u ® v) = u * v = w. Blurring of pictures and
reverberation in acoustics are instances where a convolution of a signal u, say the
picture or the sound, and a point spread function v, say a bad lens or reflections off
walls, appears. When v is known, the process of deconvoluting u from w is solving a
linear system. When v is unknown, the deconvolution becomes blind and both u and v
have to be computed. Often, the point spread vector is also of interest, for example in
seismology. To allow for unique recovery, additional assumptions on u and v have to
be made, for example, they are assumed to lie in low-dimensional subspaces U and V.
In [ARR14] this problem is solved by recovering both u and v as the rank-one matrix
uv’ = A from the linear measurements L(A) = w. Since the dimension of &/ ® V' is much
higher than w, there are many possible solutions A. Among these solutions, the one
with the lowest rank is desired. Minimizing rank is however a non-convex and NP-hard
problem. Instead, the convex problem of minimizing the nuclear norm [|All, = > 7" | 0;
is utilized. The unit ball of matrices in nuclear norm is the convex envelope of rank-one
matrices with Frobenius norm one. Minimizing the nuclear norm of an affine linear set
can be solved with semidefinite programming [RFP10].

A similar problem is phase retrieval. Here, we have the measurements |(u, v;)|? of a
complex vector u € C". We lost information on the phase in these measurements. In
[CSV13] this problem is handled by lifting the real quadratic measurements to a linear
map on Hermitian matrices and again minimizing nuclear norm to find wu".

Also, many eigenvalue problems have low-rank solutions. Consider for example the
matrix-valued eigenvalue problem

AX + XB = )X.

Its eigenvalues are given by p; + v; with corresponding eigenvectors uiva, where (1, u;)
and (v, v;) are the eigenvalues and eigenvectors of A and BT, respectively. Similarly,
the eigenfunctions of the Laplacian on a rectangular domain

2 2

Afa) = s o) + 55 0(0.0) = Mf@) for (2.0) € (0.b) % (c.d)

10
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factorize as f(x,y) = g(x)h(y) where ¢"(x) = pg(z) and h”(y) = vh(y). In both cases,
the operator has the structure L; ® id +id ® Ls. Separating coordinates can often lead
to factorized solutions. One other example is the Laplacian in polar coordinates. This
is given by
0? 10 1 02
A = — - ——
flrp) =55 e)+ o flre) + a¢2f(r,¢)

and its eigenfunctions on a disc are given by g(r)h(p) where h(¢) = asin(ny)+ b cos(nep)
and ¢ is a fitting Bessel function. There are many possibilities to separate coordinates,
but not always spectral parameters can be decoupled. Then a product ansatz can lead
to multiparameter eigenvalue problems. These are the prime focus of Chapter 3.

Contribution of this thesis

The thesis deals with several topics on multilinear optimization and optimization using
low-rank models. The contribution of this thesis starts by finding the maximum relative
distance that a real rank-two tensor can have to the set of rank-one tensors in Chapter 1.
Equivalently, one can ask for the smallest ratio of spectral and Frobenius norm. This
question is easy to answer for matrices as the distance of a matrix to rank-one matrices is
given by the singular value decomposition. A rank-r matrix of Frobenius norm one has a
spectral norm of at least 1/4/r. For tensors, the topic best rank-one approximation ratio
is under current research. This deals with the same question but typically for tensors
restricted to a certain tensor space and no further algebraic restrictions. The answer is
only known for certain formats of tensor spaces and underlying fields. Motivated by
the simple answer for matrices, we are interested in the maximum distance of a rank-r
tensor to rank-one tensors, independent of the underlying tensor space.

The ratio of spectral and Frobenius norm for special classes of tensors is of intrinsic
interest. It gives norm bounds for two natural norms in tensor spaces. The spectral
norm is natural when viewing a tensor as a multilinear form while the Frobenius norm
is a natural norm for a tensor product of Hilbert spaces. The distance from rank-one
tensors also appears in the context of quantum entanglement. Here, tensor rank is a
discrete measure of entanglement, while the distance to rank-one tensors is a continuous
measure of entanglement. This work can thus be seen as exploring the difference between
these two measures of entanglement.

While the answer for general r is out of scope, we provide the maximum distance
in the case r = 2 using techniques from non-smooth optimization and utilizing the
small number of parameters necessary to describe a rank-two tensor. Here, Section 1.2,
which deals with symmetric rank-two tensors, appeared in slightly altered form in the
preprint [EU21]. The content of Section 1.1 is a novel contribution.

The second chapter is concerned with low-rank approximations of solutions to
parabolic partial differential equations. Oftentimes, the domain of a partial differential

11
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equation is separable and solutions can be well approximated by functions of low
rank. It then makes sense to discretize on huge grits and impose low-rank constraints.
The analysis of such an approach becomes difficult, as we are looking for solutions
lying on a manifold and not on a linear space. The resulting equations are known in
a broader context as the Dirac-Frenkel variational principle. We start the analysis
of the underlying infinite-dimensional problem. For this, we capture properties of a
model problem, an anisotropic diffusion equation, and show existence and uniqueness
of solutions in a more abstract setting. Furthermore, we provide stability estimates
and a convergence proof of space-discrete solutions to the underlying space-continuous
solution. The contents of Chapter 2 appeared mostly in altered form in [BEKU21]. The
results in Theorem 2.6 and Section 2.5 are new contributions.

Finally, we treat multiparameter eigenvalue problems in the third chapter. They
appear most notably when separation of variables is applied to boundary eigenvalue
problems, but spectral parameters cannot be separated. Multiparameter eigenvalue
problems generalize both linear systems of equations and generalized eigenvalue problems.
We summarize classical notions of definiteness that guarantee that all solutions are real.
In the case of linear systems of equations, these imply that the equations are of full rank.
For the generalized eigenvalue problem (A + AB)u = 0, they imply that span{A, B}
consists of symmetric matrices and contains a positive definite matrix.

Multiparameter eigenvalue problems can be solved with the help of multilinear
algebra techniques by solving associated linear eigenvalue problems. These can however
be huge, even if the associated original problem is of moderate size. For the case of
definite multiparameter eigenvalue problems, we propose Newton-type methods to find
specific solutions with certain properties, which makes the resulting equations have
unique solutions. We provide local and global convergence properties and demonstrate
the performance of the resulting methods in numerical experiments. Chapter 3 builds
on the results of [EN22|, where two-parameter eigenvalue problems are treated. The
convergence results in [EN22] can be seen as special cases of the results in Section 3.3
and Section 3.4.

12



Chapter 1

Maximum relative distance of real
rank-two to rank-one tensors

Let A € ®f:1 H; be a tensor and H; be Hilbert spaces. There are two very natural
norms for the tensor A. One norm is inherited from the induced inner product

(U1 @ua ® ... Qug,v1 @V @ ... QVg)F = (u1,v1) (U2, v2) ... (Ud, va)-

The induced inner product and the respective norm are called Frobenius inner product
and Frobenius norm, also known as the Hilbert-Schmidt norm for linear operators and
the Schur norm for matrices. For multidimensional arrays A = [a;, . d}lewl.:.n..(,iid:P this
is just the Euclidean norm

ni ng
2
JATE = | D D lan, il

i1=1  ig=1

The other norm is inherited from the associated multilinear operator and is called
the spectral norm. It is defined as

A, = max (A, w] @ wy ® ... R wgy)E|. (1.1)
[wi]|=1,...,[[wall =1
The Frobenius and spectral norm determine the distance in Frobenius norm of a
tensor to the closest rank-one tensor since
in ||A-BJ|=[AlE - A2 1.2
min A~ BJE=AJ2 - A2 (1.2)
The relative distance min,nkB=1 ||A — B||r/||Al|r is determined by the ratio of both
norms. Obviously, ||Alls < [[A|[e. If the tensor space is finite dimensional, then there is

a constant ¢ such that ||All, > c||A||f for all A € ®?:1 H;. The smallest such constant
determines the maximum relative distance of a tensor to rank-one tensors

max min M = 1 _ HA”g
= .
A€®§l:l H,; rank B=1 HAHF A€®f:1 , ||AHF

The minimal possible ratio ||Al|s/||Al|r that can be achieved is also called the best
rank-one approximation ratio of the given tensor space [Qill]. The ratio is of theoretical

13
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and practical relevance, for example in problems of low-rank approximation and also in
quantum entanglement. In quantum physics, rank-one tensors describe separable, and
therefore unentangled, states and the distance to such separable states is a geometric
measure of entanglement [Shi95, WGO03].

The Frobenius and spectral norm of a matrix, and therefore its distance to rank-one
matrices, can be determined from the singular value decomposition. It follows directly
that

1Al 1 A — Bl 1

and min 1

> A=Ble  f 1
HAHF A /min{m7n} rank B=1 HAHF mln{m,n}

for A € R™*" and equality is attained for matrices with identical singular values.

For tensors, the situation is less clear and is under current research; see e.g., [Qill,
KM15, LNSU18, LZ20, AKU20]. A trivial bound of the approximation ratio for a tensor
Ac ®?:1R”" with ng <ng <...<ngis

i
d—1
F [Li=) na

which is attained by approximating A with a rank-one tensor with the largest fiber

[aiy .. ) %, of A and zero otherwise.
yestdlig=1

The trivial bound is not always attained. One example are tensors in R3*3*3. Here
the approximation ratio is [AKU20)

[All _ 1

min = .
AerS s [|Alle /7
For n = 2,4, 8, the approximation ratio in 7 = ®§l:1 R"™ is the trivial bound

A,
AT [Ally ~ Vit

and is attained only for orthogonal tensors up to scaling [LNSU18]. In the cases n =4
and n = 8, orthogonal tensors of order at least three are never symmetric, which leads
to the interesting conclusion, that for S = Sym,R"

Ao 1

ASS Al VT

Therefore, unlike for matrices, the approximation ratios for symmetric and general
tensors do not always coincide.
Also unlike matrices, the approximation ratio depends on the field. In [CKP00] it
was shown that
[Aflo 2

acCre Al 3

14



which is larger than the approximation ratio for R?*2*2.

In this chapter, we want to start discussing the ratio not for a given tensor space,
but for tensors of a given rank. In quantum physics, the tensor rank in the form of
Schmidt measure is a discrete measure of entanglement, while the distance to rank-one
tensors is a continuous one. From the perspective of quantum physics, the following can
be interpreted as analyzing how far both measures can differ. For matrices, this ratio is

Al 1

rank A=r HAHF N \/7j

and is attained for matrices with r identical nonzero singular values. For tensors, the
situation is again less clear. We have the following result for rank-two tensors.

Theorem 1.1. Let ‘H; be real Hilbert spaces and A € ®f:1 H; be a tensor of rank two.
Then for d > 3

d—1

Il > (1-3) " Il (1)

In particular, let W = limt_m% (@le(ui + tv;) — ®§l:1 uz> for orthonormal vectors
wi, v; € H;. Then

d—1

1 2
Wi = (1-5) " Ik

i.e., the inequality (1.3) is sharp.

Proof. The inequality follows directly from the first observation in Section 1.1, Proposi-
tion 1.2, and Theorem 1.6 further below. The equality for W follows from Theorem 1.6
with a change of orthogonal bases. O

Together with (1.2) this implies

1 d—1
L A= Ble <1 (12 ) 1Al

for a rank-two tensor A of order d. Note that the bound is not attained for any rank-two
tensor. This is because, unlike rank-two matrices, the set of tensors of rank two is not
closed. We will show that equality is indeed only attained for tensors of border rank two,
i.e., tensors that are limits of rank-two tensors, that are not of rank two themselves.
Theorem 1.1 also implies the uniform bounds

1 : 1
1Al > —=llAlr and  min [A - Bllr <4/1-—[lAllr

\/é rank B=1

for rank-two tensors A of any order since (1 — 1/d)(d_1)/2 N 1/Ve as d — oo.
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1.1 Reduction to binary forms

We start this section with the observation that we can restrict to the case of rank-two
tensors in ®§l:1 R?. Indeed, the tensor A = ®?:1 u; + ®?:1 v; lies in the tensor space
®?:1 span{u;,v;} and span{u;,v;} is isomorphic to R? since u;,v; come from a real
Hilbert space.

Our next proposition lets us reduce our study further to symmetric tensor spaces.
Together with the previous observation, we can then reduce to Sym, R? which can be
identified as the space of real homogeneous polynomials of degree d in two variables,
i.e., binary forms.

Proposition 1.2. Let A € ®?:1 H; be a real rank-two tensor. Then there is symmetric
rank-two tensor As € Sym,R? with |A||r = ||As|lr and ||Alls > [|As|ls.

For the proof, we require the following two lemmas on the behavior of successively
taking geometric means of positive real numbers, and the relation of Frobenius and
spectral norm of two certain 2 x 2 matrices.

Lemma 1.3. Let x,y > 0 and define the sequence

=

1
d—1 d—1 d
o=, T = (:U y) y  Tkyo = (azkﬂwk) .

1
Then limy_,oo p, = (a:dy) a+1,

Proof. We may assume x,y > 0, otherwise the result follows immediately. We show via
induction that

1
The cases k = 0 and k = 1 follow directly. Now let (1.4) be true for 1,...,k+ 1. Then

(d—l)(dk+2+(_1)k+l) dh L (1yk (d—l)(dk+1+(_1)k) dF oy (1yk—1
— dk+2(d+1) dk+1(d+1) dk+1(d+1) dk (d+1)

=

d—1
Tht+2 = (xk+1$k>

1
_ (xdk+3+(7l)k+2ydk+2+(71)k+1) dF T2 (a1 1)

)

proving (1.4). Taking the limit k& — oo gives the result. O]

Lemma 1.4. Let 0 < z,y <1 and define the matrices

A= a + bxy br\/1 — 12 and B — a + bxy by/xy — 229>
byl =22 by/(1—22)(1 - ¢?) C\bry —222 b(l—ay) |

Then |[Alle = || Bllr and [|Alle > |[B]lo-
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Proof. A direct calculation shows that ||A||g = ||B|lg. The singular values of 2 x 2
matrices are given by 032 =F%/24/F*/4 — |D[27 where F' is the Frobenius norm and
D is the determinant of the matrix. We have

|det A]* = a®p?(1 — 2® —y? + 2%y?) and  |det B|* = a®b%(1 — 22y + z%4?).

Since 22y < 22 + y? implies |det A|2 < |det B \2, the largest singular value of A, which
equals its spectral norm, is larger or equal to the largest singular value of B. ]

Proof of Proposition 1.2. Let A = « ®?:1 u; + ﬁ@?zl v; with [Ju;]] = 1 = |jv]|. Let

d
U:®u,~ and V:®vi.
j i=1

Then [|A[|2 = 2|U||2 + 2a3(U, V) + B%|V||2. We may assume that u;,v; € R?
and after an orthogonal change of bases and possibly changing sign of 5, we may also
assume that u; = e; and v, = x,e; + /1 — :z%eQ with 0 < z; < 1. We will show that
replacing k factors of V, i.e., the vectors v;,,...,v;,, with v = ze; + V1 — 22ey, where
T = H§:1 xllj/ ¥ is the geometric mean, leads to a tensor with the same Frobenius but
smaller spectral norm. We may assume that we replace the first k£ vectors vq,...,vg.
This tensor reads Ay = aU + BV}, with V. = ®f:1 v ®?:k+1 v; and since

k d d d d
<U,Vk>|: = H(ui,v> H <ui, Uz‘> = $k H xTr; = H(IZZ = H(ui,vi> = (U,V)F,
=1 i=k+1 i=k+1 i=1 i=1

the Frobenius norm of A and Aj coincide. We show inductively that the spectral norm
does not increase with k, i.e., ||Axtills < [|[Aklls < ||[Alls. For k = d, this gives a

symmetric tensor with the desired properties. We start with £ = 2. Let wy,...,wq be
the maximizers in

(Ag, @ wi)F = || Az]o.

max
wi]|=...=[lwall=1

Let a = Hf:3<u7;, wi), b= 0 Hf:3<v7;, w;), and define the matrices
A =aeje] +bvvg and B =aee] +bvv'.

These matrices represent the bilinear forms in w; and wo

J d
D] Ay = (A, i1 @ 0 © Qui)e and @] By = (Ag, i @ iz @ @) wi)r.
Pt =3
Therefore,
d
|All, =  max @] Ap = max (A, @02 @ ®wi>F < [|All,
|1 ||=[|w2||=1 |01 ||=[lw2]|=1 i=3
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and

d
IBllo = max i Bip=__ max (A @1y ® Q) wiF = | Az,
1 [|=llD2[|=1 1 ll=llw2 =1 =3
Lemma 1.4 implies ||B||, < ||A|ls and therefore ||As|s < [|All,-

Now assume that replacing k factors of V in this manner results in a tensor
A with a smaller or equal spectral norm. We now replace the first k factors of
V and the second to k + 1-st factor of V successively, i.e., we first replace V with
the rank-one tensor {70 = ®f:1 V9 ® ®f:k 41 Vi and then with the rank-one tensor
vV, = 60®®fi21 1 ®®§l:k+2 v; and repeating. This leads to a sequence B, = aU+ﬂ\~fg

with nonincreasing spectral norm. The vectors read v, = y,e; + /1 — y?e2 with

=
==

k
1/k - k-
w=TT=" w= (") e = (i)
=1

By Lemma 1.3, this sequence converges to

i k 1/(k+1) ftl
(H x;m) - =L,
=1 =1

i.e., the sequence of tensors B, converges to Ajyi. Since the spectral norm of the
sequence By is nonincreasing, also ||Ax11|le < [[Akllo < ||Alls, concluding the proof. [

Proposition 1.2 allows us to restrict to symmetric tensors. Note that while for
symmetric tensors the notions of rank and symmetric rank are not the same in gen-
eral [Shil8], they coincide for rank-two tensors, see, e.g., [ZHQ16]. We can further
restrict our search for rank-two tensors with the minimal ratio of spectral and Frobenius
norm with the following observation.

Lemma 1.5. Let A = aU + bV with rank-one tensor U and V. Assume further that
IU|le =[|[V][r=1, (U V)g >0 and a,b > 0. Then

1
IAll, > —=|| Al
2
Proof. Without loss of generality, assume |a| > |b|. Then
IA]2 > (A, U)} > a® + 2ab(V, U)¢

and
|A[E = a® + 2ab(V, U)g + b < 24 + 4ab(V, U)g

since 0 < (V,U)r <1 and a > b > 0. The claim follows. O
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d=2 d=3 d=4 d=5

arctan(a/b)

Figure 1.1: The ratio ||p||so/||p|lg norm of p(z,y) = a(zx + ty)? — b(z — ty)?.

We can therefore restrict our search to symmetric tensors A = au? — bv? in Sym, R?
with a,b > 0, ||u|| = ||v|| = 1, and (u,v) > 0. Due to a result by Banach [Ban38], the
definition of the spectral norm (1.1) of a symmetric tensor simplifies to

Al = max |(A,w)e|
[lwll=1
It will be convenient to identify symmetric tensors with the associated polynomial

pa(w) = (A, w?E. The spectral norm of the tensor A corresponds to the uniform norm
of polynomials on the sphere

Iplloo = max [p(w)].
Jlwfl=1

If w is a maximizer of [pa (w)| on the sphere, then pa (w)w? is a best rank-one approxi-
mations of A in Frobenius norm. Similarly, if +w? is a best rank-one approximation,
then w maximizes 1/||w||%/pa(w)|.

The Frobenius norm corresponds to the Bombieri norm

AN
ol = | 3 (1) eal®

la|=1
where p(w) = 37,21 caw® with the multi index notation a = (a1, ..., an) € {0,...,d}",
w* =wi' .. wy?, Ja| =a1+ ...+ ay, and (i) = ﬁ

Since all norms are invariant to orthogonal change of basis, the ratio of spectral and
Frobenius norm of au® —bv? depends only on the angle between the vectors v and v, and
the ratio of a and b. We can restrict to the case a,b > 0, ||u| = ||v|| =1, and (u,v) >0
and the ratio is determined by the quantities arctan(a/b) € (0,7/2) and (u,v) € [0, 1).
These quantities are attained for a = cosp, b = siny, u = (e1 + te2) /vV/1+ t2, and

19



CHAPTER 1. DISTANCE BETWEEN RANK-TWO AND -ONE TENSORS

v=(e; —tez) /V1+t?> with t € (0,1] and ¢ € (0,7/2). Since scaling has no effect on
the ratio, we can also use u = e; 4 tes v = e; — tea. The corresponding polynomial is
p(z,y) = a(z + ty)? — b(z — ty)?. We computed the ratio of the uniform and Bombieri
norm in Figure 1.1 numerically for d = 2,...,5. Figure 1.1 indicates that the smallest
ratio is attained for a = b and ¢t — 0.

1.2 Symmetric case

In this section, we prove a version of Theorem 1.1 for symmetric tensors. It is convenient
to introduce notation for the symmetric part of rank-one tensors. We define

1
ULU .« . . Ug ::E Z Ugl @ Ug2 Q- & Ugy,
.O'GGd

where &, is the permutation group of d elements. This is consistent with the notation
u = ®§l:1u for symmetric rank-one tensors and it resembles the product of polynomials.

Theorem 1.6. Let ‘H be a real Hilbert space and A € SymyH be a tensor of rank two.
Then for d > 3

d—1

Il (1-3) 7 Il (1.5

In particular, let W = du®ly = Iimtﬁo% ((u + tv)d — ud) for orthonormal vectors
u,v € H. Then

d—1

1 2
Wi = (1-3) " Ik
i.e., the inequality (1.5) is sharp.

Proof. Let A = U +V where U and V are symmetric rank-one tensors. If (U, V)g <0
and ||U||lg = |[V||lg or (U, V)g > 0, then Proposition 1.12 further below and Lemma 1.5,
respectively, imply (1.5). In the following, Proposition 1.8 and Proposition 1.9 imply
that the minimal ratio cannot be attained for (U, V)g < 0 and ||U||g # || V||e. The
infimum ratio of norms therefore has to be attained on the boundary of rank-two tensors.
Finally, Proposition 1.7 and Proposition 1.14 show that the inequality is correct and
sharp. ]

1.2.1 Maximal distance

We first prove that inequality (1.5) is sharp. For this, it is helpful to switch to the
perspective of polynomials.
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Proposition 1.7. The polynomial corresponding to W = lim;_q % ((61 + te2)d — 6‘11) is
p(z,y) = de®y. Furthermore,

-1 d
Wl =llpls = Vd and W]y = [pllc = (d —1)"Z d2,
ie, [Wllo = (1=1/d) =72 W|g.

Proof. Note that W = %(el +teg)?%|4—o. The polynomial corresponding to (e1 +tes)? is
pi(x,y) = (z + ty)? and %pt(a:, Y)|t=0 = dx'y = p(x,y). The stated Bombieri norm
of p follows from the definition. The uniform norm is

maxdz? 'y such that z? + y? = 1.

The KKT conditions lead to the necessary optimality condition (d — 1)z ~2y? = z¢. We
find that = /1 — 1/d and y = 1/v/d is a maximizer, and the stated uniform norm of
p follows. O
1.2.2 Optimality conditions

For proving Theorem 1.6 we will determine the critical points of the optimization

problem
. lau? — b
f  F(a,b = . 1.6
ajll?’lER (a7 9 U, U) ||aud _ b'UdH[Q: ( )
ull=llv]|=1

The target function in (1.6) can be written as a composition
F(a,b,u,v) = G(p(a,b,u,v))

where

IE
]2

G: Sym;R* = R, G(A)

and
©: RxRxR?xR? = Sym,R%,  ¢(a,b,u,v) = au? — bv?.

While ¢ is smooth, the map G is not differentiable at all points. However, G is the
quotient of the smooth function A — ||A||Z and the convex function A ~— [|A|2. There-
fore, the rules for generalized gradients of regular functions are applicable; see [Cla90,
Section 2.3]. It follows that the subdifferential of G in a point A can be computed using
a quotient rule, which yields

_ 2|All,

IG(A) =
[ENE

(OUAll)IAJE — AllA],) -

Here O(||A]|,) denotes the subdifferential of the spectral norm in A. The derivative of ¢
equals

¢ (a,b,u,v)[da, b, 6u, 6v] = ulY(ad - du+ da - u) — v¥ 1 (db - v + b - v), (1.7)
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which leads to

dF(a,b,u,v)[da, 8, du, dv]
2||All» - -

= 2L 1AL VIAIE - A= 0 50t 50 0) o a0 + 8-,

F

(1.8)
where A = p(a,b,u,v) for brevity. The subdifferential of the spectral norm can be
characterized as the convex hull of normalized best rank-one approximations, i.e.,

O(||A|ls) = conv argmax (A, B)F, (1.9)

see [Cla75, Theorem 2.1] in general, and [AKU20, Section 2.3] in particular. In words,
J(]|Alls) equals the convex hull of the normalized symmetric best rank-one approxima-
tions of A.

The first-order optimality condition 0 € 9F(a,b,u,v) (see, e.g., [Cla90, Proposi-
tion 2.3.2]) for problem (1.6) together with (1.8) and (1.9) imply that

Mau? — bv?) € P, conv argmax (au? — bv?, B)F, (1.10)

where P, , is the orthogonal projection onto the image of the linear map ¢'(a, b, u,v)
in (1.7), i.e., the linear subspace {u?'du+v9~16v: du, dv € R?} of Sym,;R?, and X\ € R
is a Lagrange multiplier.

We now show that the optimality condition (1.10) cannot hold for a tensor au® — bv®
admitting a unique best symmetric rank-one approximation. This is an interesting anal-
ogy to the fact that matrices achieving a minimal ratio of spectral and Frobenius norm
have equal singular values, and therefore have no unique best rank-one approximations.

Proposition 1.8. Let A = au® — bv? have rank two. If A has a unique best symmetric
rank-one approzimation, then A is not a critical point of the optimization problem (1.6).

Proof. Let £w? be the best rank-one approximation of A. Note that (A, w?) # 0. Since
A = (a,b,u,v)[1,1,0,0] in (1.7), this implies Puvad # 0. A direct computation shows
Puﬂ,wd = au®lw + pv?~lw for some «a, B € R. However, since v and v are linearly

independent, we have the decomposition
{u®ou + v v du, dv € R"} = {u?ou: du € R"} @ {v¥16v: v € R"}

into two complementary subspaces. Therefore, (1.10) is only possible if w is both a
multiple of u and v, which contradicts the linear independence of v and v. O
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1.2.3 Unique symmetric best rank-one approximations

We now present a class of symmetric rank-two tensors admitting unique best symmetric
rank-one approximations. By the result of Proposition 1.8, these can then be excluded
from the further discussion on the minimal norm ratio.

Proposition 1.9. Let A = au® — b with u # v, |jul| = |Jv|| = 1, (u,v) > 0 and
a>b>0. Then A has exactly one best symmetric rank-one approximation.

For the proof, we require auxiliary results. One is the following fact about polyno-
mials.

Lemma 1.10. Let a,y >0, 3 >0, and d > 2. The equation x = v(z — a)(z + §)4!
has two real solutions for x if d is even, and three real solutions if d is odd.

Proof. Let p(z) = v(z — a)(x + 8)*' — 2. Then by the intermediate value theorem, p
must have at least two real zeros, namely one in the interval [/, 0] and another one in
the interval (o, 00). On the other hand,

) =dto+ gy (o= 2R

has at most two sign changes, one at a value larger than ((d — 1)a — 8)/d and another
at one at a value smaller than —f if d is odd. Therefore, p has at most three real zeros.
The statement follows from the fact that the number of real zeros of a polynomial with
real coefficients has the same parity as its degree. O

The second lemma narrows the possible locations of maximizers of the homogeneous
form |pa|.

Lemma 1.11. Under the assumptions of Proposition 1.9, let w be a mazimizer of
Ipa(w)| = [(au? — bv?, wh)g| subject to |w| = c > 0. Then |(u, w)| > |[{v,w)|.

Proof. Assume to the opposite that |(u,w)| < |(v,w)| and without loss of generality
(v,w) > 0. Let @ be the symmetric orthogonal matrix mapping u to v and v to u (i.e.
Q =1- 22" with z = (u+v)/||u+v|)), and let w = Qw. Then (u,w) = (v, w) and
(v,w) = (u,w). By assumption, we then have |<aud — b, wd>|:’ = (au® — b, ). If
[(au — bv?, whe| = (aut—bv?, w)g, this yields |(au? — bv?, )| > [(au? — bv?, w)e|
(by using (a + b){v, w)? > (a + b)(u, w)?) which contradicts the optimality of w. In the
other case, |{au? — bv?, wd>F‘ = —(au? — bv?, w?)E, optimality implies

d

b((u, w) + (v, w)?) > a((u, w)? + (v, w)?)

which contradicts a > b. O
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Figure 1.2: The values of the polynomial p(z,y) = a(x +ty)? —b(z —ty)? witha > b > 0
on the circle (x,y) = (cos p,sin p).

We are now in the position to prove Proposition 1.9. We use Lemma 1.10 to show
that, depending on the parity of d, the associated polynomial pa has either six or four
critical points on the circle z? 4+ y? = 1. These critical points come in pairs (z,y) and
(—z, —y) and correspond to critical best rank-one approximations. Afterwards, we use
Lemma 1.11 to show that only one of these pairs can correspond to the best rank-one
approximation, which can be anticipated by Figure 1.2.

Proof of Proposition 1.9. We can assume that A € Sym, R?, so that u,v € R%. Without
loss of generality, since we can change coordinates, we can consider a = 1, u = eg and
Vbu = ae; + Bes with a, 8 > 0 (since (u,v) > 0), and a? + 32 < 1 (since b < a = 1).
Let A2(22 + y%) = 1 and A > 0, i.e., A(w,y) is a point on the unit circle. Then

pa(Az, Ay) = M[y? — (az + By)?]. (1.11)

Critical points on the circle are characterized by xa%p A — y%pA = 0, which means

zy™! — (Br — ay) (o + By)* " =0

independent of A. Note that here y = 0 is not possible since both a and g are nonzero.
Recall that a symmetric best rank-one approximation of A is given as pa (w)w?, where
w maximizes |pa (w)| on the circle. Since pa(—w) = (—=1)pa (w), in order to prove the
assertion it suffices to show that |pa (Az, Ay)| has exactly one maximizer (Ax, \y) with
y = 1. The optimality condition at such a point reduces to

z = (Bz —a)(ax+ B)41 (1.12)

Hence, we only need to show that there is exactly one solution z of this equation
corresponding to a global maximum of |pa| on the unit circle.
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If y =1, then pa in (1.11) has a zero at o = (1 — 3)/a. Then

_ _R2 _ 2
ro= 128> P20 (g — (o + )

This shows that (1.12) has at least one solution z* > zy. We consider a solution z* of
this kind such that the corresponding unit vector w = A(x*e; + e2) is a local maximum
of [pa| on the unit circle. Taking the sign changes of x — (Bx — )(az + £)%! and the
sign of pa into account, z* indeed corresponds to a local maximizer. We have

L * = [{v,w
[(u, w)| = \/ \[(Oéonrﬂ) \/B(Oéw + 8) = [{v,w)|.

By Lemma 1.11, w is not a global maximum of [pa|. If d is even, then by Lemma 1.10
equation (1.12) has exactly two solutions and therefore only one corresponds to a global
maximum. If d is odd, then by the same lemma (1.12) has three solutions. Taking into
account that pa in (1.11) has only one zero for y = 1, one of these solutions corresponds
to a local minimizer of |pa|. Hence, there is only one global maximizer. O

Proposition 1.8 and Proposition 1.9 show that the minimal ratio in (1.6) is not
achieved for a # b.

1.2.4 Difference of two normalized rank-one tensors

In this section, we show by a direct calculation that ||Al|,/||Allr > [|[W/|o/[|W]/r when
A is the difference of two symmetric rank-one tensors with the same norm and W is
from Proposition 1.7. We will switch to the perspective of polynomials, and find two
useful point evaluations to estimate the uniform norm.

Proposition 1.12. Let u # v, ||ul| = ||v|| # 0, (u,v) >0 and d > 3. Then

Jut =2 (1)
T = o2 i)

We require the following version of Jensen’s inequality.

Lemma 1.13. Let f : [a,b] — R be convex and continuously differentiable. If a + b =
a +V and a<ad <V <b, then

[ ﬂ)dxzf(a;b>.

The inequalities are strict if f is strictly convez.

25



CHAPTER 1. DISTANCE BETWEEN RANK-TWO AND -ONE TENSORS

Proof. Without loss of generality let a = —b and @’ = —b'. A substitution results in

L pwa= L Z () - @)+ f(0) o

1 1% 1 % b

1 1
=7 b/f(x)dx+lﬂ/0 i ) —f(—y )dyda:>b/ f(x)dx

by monotonicity of the derivative of a convex function. This shows the first of the
asserted inequalities. The second inequality is just Jensen’s inequality, noting that
“TH’ = %. If f is strictly convex, then f’ is strictly monotone and the inequalities are
strict. O

Proof of Proposition 1.12. We can assume that u? — v? € Sym,R? and identify u? — v?
with its polynomial. We only need to consider p;(z,y) = (z + ty)? — (z — ty)? with
€ (0,1]. The other cases follow after applying a rotation and scaling. Then

lpellg = 2(1 + %)% = 2(1 — ) = g(2). (1.13)

First, we apply the estimate

t ): (1+ )4 — (1 —¢%)4

1
[1Ptlloc = Pt < :
> VIt Vit Nl

which yields

d
Iz o (A4 == 1 (0 (1-#
Ipel3 = 2(1+¢2)d 2 1+ t2 '

The right-hand side is monotonically increasing in the interval (0,1]. For t =1/y/d — 1

it equals
L (d=2\"\ _d'—(d-2)
2 d N 244 '

This value is larger than (1 —1/d)?™! = (( —1)/d)?" since, using Lemma 1.13 with
the function f(t) = 2dt%~!, it holds that fd , f(t)dt =d? — (d—2)% > 2d(d — 1)*! for

d > 3. This shows
d—1
Il ;1)
5 =~ g
Ipell3 d
for all t € [1/\/ 1] It remains to verify this inequality for all ¢ € (O 1/v/d— )

which is a little bit more involved. The starting point is another lower bound for the
uniform norm, namely

Iptlloe > Pt (H%) = V}((\/dj—i—t)d— (m_t)d> —: h(t).
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Note that ps(x,y)/t — 2dz? 1y = 2pw(z,y) as t — 0 with W from Proposition 1.7 and

therefore
ik _IWE _(, 1)‘“

im = — =
=0 g(t)  [|[W]2 d

We now claim that
d h(t)?

ai gy~ VIortE (0. /)

which then proves the assertion. This claim is equivalent to the positivity of

d
YL on 9(t) — o (00

~—

)
= [(\/ﬁﬂ)dl +(Va-1- t)di

1+t -1 - tQ)d]

—t[(x/ﬁﬂ)d— (\/ﬁ—t)d

1+ (1 - tz)dll .

Let

Vd—1- )1—t2) Vd=1—t—3Vd—1+17,
\/ﬁﬂ) b)) =Vd— 14+t +2Vd—1+ 8,
Vi—1- ) S = VATt A1
d—1+t>(1—t2) Vd—T14+t—3Vd—1-1.

Then elementary manipulations result in

\fld (27 (t)g(t) — ¢'(t)n(t))
= (b1 = o) (1= tvd=1) = () = (@) (1+vd— 1) (114)
Note that for ¢ € (0,1/v/d — 1) we have b > > a’ > a and
b—a:2t<1+t\/m), b’—a’:2t(1—tm>.
Therefore, with f(t) = (d — 1)t?~2 we can rewrite (1.14) as

1

1 d / / / / b b/
VA @2 (0g(t) — g Oh(D) = 5- [(b ~d) [ @i -a) [ @ dm].
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Moreover,
b "+ b
“; :\/ﬁ+2t3>\/df—2t3:7a; ,
and therefore a” = W >a >aqgand b > bV = %b/_a,) > b. Since

a’+b" =a+band a” —b" =d — b, Lemma 1.13 yields

bl

b b’
v - ) / f@yde>b—a) [ fa)yde>@®—a) [ f)dr

a

where the second inequality follows from the monotonicity of f. This shows that (1.14)
is positive. ]

1.2.5 Behaviour on the boundary

Finally, we consider tensors lying on the boundary of the set of symmetric rank-two
tensors. We will again turn to the perspective of the respective polynomials and find
two useful point evaluations to estimate the uniform norm.

Proposition 1.14. Let A be a limit of symmetric rank-two tensors and rank A > 2.
Then ||A]2 > (1 - é)d_l |A|Z2 and equality is attained if and only if A = u?~Llv for
some orthogonal w and v, that is, for tensors arising from scaling and orthogonal
transformations of the tensor W from Proposition 1.7.

The boundary of rank-two tensors is well studied. We require the following well-
known parametrization; see, e.g., [BL14]. We offer a self-contained proof for complete-
ness.

Lemma 1.15. Let A be a limit of symmetric rank-two tensors and rank A > 2. Then
A is of the form
A = au? + bdu®v

with (u,v) =0 and ||ul| = ||v|| = 1.

Proof. Let A, = ug + vg with lim,, oo Ay, = A or lim,, oo A,, = —A. It is not difficult
to see that u, and v, must be unbounded since otherwise there is a subsequence of
A,, converging to a tensor of rank at most two, contradicting rank A > 2. We write
Up, = Splp + tpw, with [|w,| =1 and (up,w,) = 0. Then

d
d _ _
An=(tshul ey (k) gy
k=1

and it can be checked that all terms are pairwise orthogonal. Hence, since A,, converges,
all terms must be bounded and by passing to a subsequence we can assume that all of
them converge. Due to ||u,| — oo we have 1+ s — 0 for the first term, which implies
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that the sequence s, is bounded. Therefore, considering the term k = 1, the sequence
tnlun||*t is bounded which automatically implies t% |lu,||?"% — 0 for all k > 1. We
conclude that

T}Ln;o A, = nan;o(l + shud + nan;O dst 1t udlw, = au® + bdudtv

which proves the assertion. ]

Proof of Proposition 1.14. Using Lemma 1.15, scaling and orthogonal transformations,
we can assume A = ae{ + bded ey € Sym,R? with a,b > 0. We switch to the
perspective of polynomials and study p(z,y) = ax? + bz?'y. Then Ipllg = a? + bd.
We have the following two lower bounds for the uniform norm:

Iplloc > p (\/1 = é, \%) = \/1gd (avad=T1"+pava—1"") (1.15)

[Plloc = p(1,0) = a. (1.16)

We can restrict to the case ||p||3 = a® + b?d = 1 and need to show that

and

d—1

1 2
[ele] 1--
Iplloo > ( d)

whenever a > 0. The first lower bound (1.15) implies that this is true whenever
b > (vVd —av/d —1)/d. Together with 1 = a4 b?d and a,b > 0 this verifies the claim

for 0 <a <2y/d(d—-1)/(2d—1). If a > 2,/d(d — 1)/(2d — 1), then the second lower
bound (1.16) yields the desired estimate

2
2,/d(d —1) d—1 1\
2 5 2 _ =
Pl = @ _< 57 1 ) > — >(1 d)

for d > 3. L]

1.3 Outlook

We have established the maximum relative distance of a real rank-two tensor to the
set of rank-one tensors. However, it is not clear if similar techniques can be applied
to gain results for tensors of higher rank. For rank-two tensors, we found that the
maximum distance is attained for symmetric tensors. Again, it is not clear if this is
the case for tensors of higher rank and results on tensors in full tensor spaces may
suggest that this is not always the case. Another interesting question arises when we
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consider the influence of the field. We already discussed the influence of the field on the
rank-one approximation ratio. When we consider the results of Theorem 1.1 for d = 3
and [CKPO00], we observe that

AL 2 AL Al
ACR2X2X2 HA”F 3 AcC2x2%2 ||A||F AcC2X2x2 HA”F
rank A=2 rank A=2

since tensors of complex rank two are dense in C?*2*2. That is, for tensors of order
d = 3 and of rank two, the maximum relative distance coincides for real and complex
tensors.
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Chapter 2

Dynamical low-rank
approximations to parabolic
problems

Oftentimes, low-rank models need to be adapted when new data is observed. However,
a new computation might be expensive or even unfeasible. Indeed, in many cases, the
matrix A(t;) containing the underlying data at different times (¢;) is not stored and
there is only access to the increment A(¢;41) + A(t;) and the model X (¢;). If the model
at different times is a rank-r matrix X (¢;), a natural update is

X(te1) = argmin | X — X(t) — A(tisr) + At) |,
rank X=r

i.e., a low-rank model with a similar increment is chosen. The first-order optimality
condition for this problem is

<X — X(tl‘), Y)F = <A<ti+1) -+ A(ti), Y>|: forall Y € Tx M,.,

where T'x M, is the tangent space to the manifold M, of rank-r matrices at X. When
passing to continuous times, the optimality condition becomes the evolution equation

<X/(t),Y>|: = <A/(t), Y>|: forall Y € TX(t)MT

in weak form. In finite dimensions, since X (t) € M, this is equivalent to the explicit
form

X/(t) = PTX(t>MrA/(t)7

where Pr, (M, 18 the orthogonal projection onto the tangent space Ty ;) M;. Of course,
nothing prevents us to exchange the increment A’ by a general differential equation. We
then have a problem of the form

(X'(1),Y)F = (F(X(£),0),Y)§ forall Y € Ty M, (2.1)

This approach was first considered in [KLO07a] for low-rank matrices, but variational
principles analogous to (2.1) were already used by Dirac in [Dir30] to compute approxi-
mations of wave functions as antisymmetrized rank-one tensors. In the literature, this
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approach is known as the Dirac-Frenkel variational principle and is used for many
different non-linear reduced models; see e.g., [Lub08, Chapter IT and Chapter IV].

In this chapter, we are concerned with the case where (2.1) comes from a parabolic
partial differential equation with a separable spacial domain € = Q7 x Q5. When
the solutions of partial differential equations can be well approximated by functions
in a low-rank format, a typical strategy is to discretize on huge but finite grids, and
afterwards impose low-rank constraints; see e.g., [Hac19, Chapter 16 and Chapter 17.3]
and [BSU16|. Numerical methods for computing solutions on low-rank manifolds are
under current research; see e.g., [LO14, CL22]. When analyzing such an approach, it is
important to understand the underlying infinite-dimensional problems. A first step is
the existence and uniqueness of solutions. For elliptic partial differential equations, it
is not too difficult to provide a framework that ensures existence of solutions [BSU16,
Section 4]. We will see, that the parabolic case is more delicate. First, we study a model
problem in Section 2.1 and extract features that can be expected in a more general case.
We formulate an abstract problem in Section 2.2 and provide a temporal discretization
in Section 2.3. In Section 2.4, we show that the solutions of the time-discrete problem
converge to a solution of the continuous problem and that this solution is essentially
unique. Finally, we show that also solutions to a space-discrete problem converge to the
unique solution in Section 2.5.

2.1 Model problem

As a model, we consider the anisotropic diffusion equation

Qu(m,t) — V. (B(t)Vau(z,t)) = f(x,t) for (z,t) € @ x (0,T),

ot
u gj7t) — O fOI' (x,t) S 89 X (OaT)7 (22)
u(z,0) = ug(z) for x € Q

on the product domain € = (0,1) x (0,1). Here, B(t) is a 2 x 2 matrix, and we
assume it to be uniformly bounded and positive definite, as well as Lipschitz continuous
with respect to t. When B is constant such an equation is for example attained when
considering an isotropic diffusion equation after a linear change of variables.

Typically, one does not seek a classical solution for a problem of the form (2.2).
Instead, the problem is formulated in the weak form on function spaces. The solution is
a function u € L?(0,T; H}(Q2)) with values in the Hilbert space H}(Q) (the space of
square-integrable functions vanishing on the boundary 9€) with square-integrable weak
derivatives in space) and its derivative in time «’ € L?(0,T; H~1(Q)) has values in the
dual space H~ () of H}(Q). The problem in weak form reads: given ug € L?(f2) and
f € L*0,T; H1(Q)), the solution is a function

we W(0,T; H3 (), H1(Q)) == {u € L*(0,T; H}(Q)): «/ € L*(0,T; H ' (Q))}
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such that for almost all ¢t € (0,7

(' (t),v) + a(u(t),v;t) = (f(t),v) forallve H}R),

u(0) = wp. (2:3)

Here, by (-,-) we denote the dual paring H~*(Q) x H}(Q) and a: H}(Q) x H}(Q) x [0, T]
is a bounded, symmetric and coercive bilinear form

a(u,v;t) = /Q(B(t)Vu(x)) -Vou(x)dx

for every t. Classical theory provides a unique solution to (2.3); see e.g., [Zei90a,
Theorem 23.A] and [Zei90b, Theorem 30.A].

Since = (0,1) x (0, 1), the Hilbert spaces L*(Q2) and H} () admit certain structures.
For a product u(z,y) = ui(z)uz(y) and v(x,y) = v1(x)v2(y) the inner products are

<U7U>L2(Q) = <U1»U1>L2(0,1)<U2a U2>L2(0,1) (2.4)

and
<U7 U>H& Q) = <’LL1, 'U1>Hé (0,1) <U2, U2>L2 (0,1) + <’LL1, ,U1>L2(071) <UQ, U2>Hé (0,1)" (25)

Also importantly, the inner product in the Hilbert space H. 1,1

mix

(©), which contains the
functions u € H&(Q) with square integrable mixed derivatives %u, is given by

0? 0?
. axayu(%?/) axayv(w,y)dxdy = (u1,01) g1 0,1y (U2, v2) a0,y (2:6)

<'LL, U>H1’1 =

mix

A function u € L?(2) admits a singular value decomposition
o0
u(z,y) = ZUZ‘UL@‘(.Q:)UQ,Z‘(Z/) for almost every z,y € (0,1), (2.7)
i=1

with L2(0,1) orthonormal ui; and wug; and a nonnegative, square-summable, and
nonincreasing sequence (o;); see e.g., [Hacl9, Chapter 4.4.3]. By rank u we denote the
smallest number of nonzero terms needed. Note that rank u = oo is possible.

As low-rank representations are convenient for several reasons, one can ask whether
the parabolic equation (2.2) admits approximate solutions of low-rank. In dynamical
low-rank approximation, one assumes this to be the case and attempts to directly evolve
the solution on the set

M, = {u e L*(Q): ranku = r} (2.8)

for a certain value r. The set M, can be shown to be a differentiable manifold in
various ways. In [FHN19] it is shown to be a Banach manifold, and in the appendix
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of [BEKU21] it is shown to be an embedded submanifold using submersions. There are
many subtleties for manifolds in infinite dimensions, however we can circumvent many
of these in this chapter. We only require the existence of a tangent space T, M, that
contains the derivatives of curves through the point u in the manifold M, and certain
curvature estimates.

We study a modified version of (2.3). Given the initial point ug € Ty, M, N Hg ()
and f € L*(0,T; L?(f)), we seek

ue W(0,T; Hy (), L*(Q)) = {u € L*(0,T; Hy(Q)): «’ € L*(0,T; L*(2))}
such that u(t) € M, for all t € (0,T) and

(W' (t),v) + a(u(t),v;t) = (f(t),v) forallve TyyMr N H(Q),

u(0) — e (2.9)

for almost every ¢t € (0,7). This can be seen as a nonlinear version of the Galerkin
method. In contrast to (2.3) we only require the equation to hold only for tangent
vectors to the desired solution u(t).

The situation is easier if B(t) is diagonal and f = 0. Then the solutions of (2.3)
and (2.9) coincide and can be computed by separation of variables. From an abstract
perspective, this happens because the unbounded linear operator on L?(€2) induced by
the bilinear form a maps into the tangent space at w. In [KLO7b| a similar problem is
studied, where the operator on L?(Q) is split into an unbounded part mapping to the
tangent space and an arbitrary bounded part. If B(t) is not diagonal this is not the
case and these results are not applicable.

2.1.1 Properties of the manifold

First, we note that M, is not closed. Its closure is indeed the set M, of functions
with rank at most 7. The set M<, is even weakly sequentially closed; see e.g., [Hac19,
Lemma8.6]. In other words

./Vlgr = Mgrfl UM, = M = MW.

Also importantly, the set M,. is a cone. That is, au € M, for every u € M, and o > 0.

2.1.2 Mixed regularity

For convenience, let us denote u = u; ® us € L%(Q) for the product of functions,
that is, u(z,y) = wui(z)uz(y) for almost every (z,y) € Q. Every u € M, admits
infinitely many decompositions Y ;_; ui; ® uz;, one of them being the singular value
decomposition (2.7).

A key observation, is that u € M, N H(Q) is also in Hnlnlx(ﬂ) To see this, let
U = 2221 o;u1; ®ug; be a singular value decomposition and u € Hol(Q) Since the
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singular vectors u1; and ug; are respectively orthonormal in L?(0, 1), equation (2.5)

results in
2 _ 2 2
lull iy = 3= 07 (Il Hion)

This already implies that the singular vectors belong to Hg(0,1). Equation (2.6), the
triangle inequality, and Young’s inequality imply

o, 2l (2.10)

T T o
lll s gy < D2 oullunill iy o w2alggony < 20 % (Hualldon + Izl o)
=1 =1

which gives
Hu”Hifilx(Q) < T‘_THUH%I(%(Q)v (2.11)

i.e., the H;}X(Q)—norm of u is bounded by the inverse of its smallest singular value and

its H3(2) norm.

2.1.3 Tangent spaces and curvature estimates

Given a decomposition u = Zle u1; ® ug;, the tangent space at u € M, is given by

T
TuM, = {Z (ul,i QU2 +v1,; ® u27i) DU, V24 € LQ(O, 1)} . (2.12)
i=1
It is quite apparent, that T, M, contains only tangent vectors. Indeed, the curve
o(t) = >0 (ur; + tvi;) ® (ug,; + tvg;) lies in M, for small ¢, ¢(0) = u and
T

¢'(0) = Z (u1,; @ v2; + v1,; @ uz;)

i=1
is of the form given in (2.12). For a proof, that T,,, M, contains all tangent vectors, we
refer to the appendix of [BEKU21]. We denote by U; = span{u;;: i =1,...,r} and
Uy = span{ug;: i = 1,...,7} the linear spaces containing the left and right singular
vectors, respectively. Then (2.12) takes the form

T M, =U, ® L*(0,1) + L*(0,1) ® U,

= (U @ Up) @ (ul ®u2l> @ (Uf ®u2) _ (Uf ®u2i)L, (2.13)

where the superscript | denotes the L?(0,1) and L?($2) orthogonal complement and @
denotes the direct sum of vector spaces, i.e., the intersection of the summands contains
the zero element only. Hence, T, M, is closed and the L?(£2)-orthogonal projection P,
onto T, M, is given by
Pu = Pl ® idLZ(O,l) +idL2(071) ®P2 - P1 ® PQ
=PPhL+P® (idLQ(O,l) —PQ) + (idL2(071) —Pl) ® P (2.14)

= idy2(q) — (idp2(01) —P1) @ (idz2(0,1) —F2)
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where P; and P are the L?(0,1)-orthogonal projections onto U; and Us, respectively.

The curvature of the manifold M, at u and the L?(f2) distance of u to the relative
boundary M«<,_1 of M, is given by the singular values of w. In particular, let o, be
the smallest singular value of u. Then

i — = 2.15
weﬂ;ﬂ”“ wHL2(Q) Or ( )

and for v € M,., we have the curvature estimates

2
1Pu = Poll 2@ 20 < —llu = vz (2.16)

and .
|z —Po) (= o) gy < ——llu = oli3a(oy (2.17)

see e.g., the appendix of [BEKU21| or [AJ14, CL10, LRSV13, WCCL16] for similar
results.

We further note, that a weakly compact subset M’ C M, has positive L?(Q)-
distance o* from M<,_; and is attained for some u* € M’. To see this, note first that
for Banach spaces, by the Eberlein-Smulian theorem, weak compactness is equivalent
to weak sequential compactness; see e.g., [Die84, ChapterIII]. Consider sequences
(un) € M" and (v,) C M<,_1 such that

[tun = vnllL2@@) < 0x + 1/n.

Both sequences are bounded, and hence (u,, v,) admits a weakly converging subsequence
with limit (u.,vs). Then u, € M’ and v, € Mc,_; since both sets are weakly
sequentially closed. Since the norm is weakly sequentially lower semicontinuous, we
obtain o, < |lux — vs| Lo(Q) < O, and thus equality. This shows

Oy = min uU—v > 0. 2.18
et B | 22 (2.18)

2.1.4 Compatibility of tangent spaces

We also use the intersection of the manifold and tangent spaces with the Sovolev space
H(Q). First, we require that for u € M, N H(Q) and v € T,M, N H}(Q) a curve
o(t) € M, N HE() can be chosen, such that »(0) = u and ¢'(0) = v. To see this,
let ©u = Zle o; u1; @ uz; be a singular value decomposition. Then by the second line
of (2.13), we can decompose v = vy + v + v3 with vy € Uy ® Us", vo € Uf- ® Uy and
v3 € U; ® Uy. More explicitly,

r

T ' T
v = E Ur; Qv24, V2= E v1; @ug;, and vy = E E miul; Q U2 g,
i=1

i=1 i=1 j=1

36



2.1. MODEL PROBLEM

with v1; € Ui, va; € Uy, and Y1, > et |mi;|* < oo. Note that by (2.11)
v3 €Uy @Uy C HE(0,1) ® HY(0,1) € HA(),

and hence v — v3 € T, M, N H}(0,1). Again using L?(0, 1)-orthogonality and (2.5), we
can bound the H&(O, 1)-norm of the factors vy ; and vy ; via

2
v — U3HH5(Q)

T

2
(0,1)-

20(0,1)+||U2,iH§13(0,1)+Hul,i”§{3( ] (0,1)+H“2,i”§{é(

=1

Therefore, p(t) = > 71 (w1 +tvi;) @ <u27i v+ mijug,j) is a smooth curve

in M, N H}() for small |¢| and has the desired properties ¢(0) = u and ¢'(0) = v.

Based on the regularity of the singular vectors one can also show that if u €
M, N HY(Q), the tangent space projection P, given in (2.14) can be bounded in
H}(2)-norm as a map from H{(2) to T, M, N H(Q) as follows:

1/2
Pl < (14 —luliye ) Pllngon (2.19)

i.e., P, is a continuous linear operator from H3(€2) into H}(Q) if u € M, N HE(Q); see
e.g., [BEKU21, Proposition A.4].

2.1.5 Operator splitting

We apply the results of Section 2.1.2 and Section 2.1.4 to split the bilinear form af(-,-;t)
into two parts ay(+,-;t) and as(-, ;t). We can deal with these using different techniques
to obtain existence and uniqueness results. The first part is coming from the diagonal
entries by1(t) and bao(t) of B(t) and the second is coming from the off-diagonal entry
bia(t), i.e.,

0 0 0 0
n(wit) = [ [ b)) ot + bt 5 -ulw ) ooty dady
and
0 0 0
2(0.06) = [ [ baa(®) 5l 9) 5ol + bia(0) 5wl ) 5ol ) dady,

Note that the set of compactly supported and smooth functions C°(£2) is a dense
subset of HE(Q) and it is not difficult to see that also M, N C°(€2) is a dense subset
of M, N H(). Therefore, there exists a sequence (u,) C M, N C(Q) converging
to u € M, N H} () with respect to the H}(2) norm. For a compactly supported and
smooth function u, the bilinear forms take the form
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1(u, v;t) // (bn 2t my)‘f‘bzz()aag (z, y)) v(z,y) dz dy

and

o (u, v; 1) //%12 Sy U )0 y) dady.

For any u € M, N CX(Q) let v = >, 101 ur; ® ’LLQZ be its singular value de-
comp031t10n Then, by orthogonality, o; u;(x fo x,y)uz;dy and o;uz;(y) =

fo x,y)ur; dz. It follows, that the singular Vectors are smooth and compactly sup-
ported, i.e., the singular vectors uy ;,uz,; lie in C°(0,1). It follows that

2 82

U+b22( )8—y2u

4 0? o2
= ;Gi <bll(t) <6x2u1,z‘> K ug; + b22( )u1Z ® <a F U >> e T ,M,.

b (t )8

Hence,

62 62
ar(u,v;t) = —(b11(t) 55u + b2a(t) 55U, v) 12(0)
ox dy

) / (2.20)

0

= —<b11( )a 2u+ bgg( )6 S U, PuU>L2(Q) = al(u, Puv;t)

is fulfilled for any u € M, N CX(Q) and v € H (). Both the left-hand side and
the right-hand side of (2.20) are well defined for all u € M, N H(Q) due to (2.19).
Indeed, let (u,) C M, N CX(Q) converge to u € M, N H(Q). Then aj(uy,,v;t)
converges to aj(u,v;t) since a; is a bounded bilinear form H} () x Hg(Q) — R. Since
v — unllp2@) S [lu — UTLHH&(Q)’ the sequence (P, v) converges to P,v in L%() due
o0 (2.16). The set L?(Q) is a dense subset of H~!(2) and HPUnUHHé(Q) is bounded

due to (2.19). Hence, the sequence (P,,v) converges weakly to P,v in H}(2); see
e.g., [Zei90a, Proposition 21.23(g)]. By continuity, aj(un,,-;t) converges to ai(u,-;t)
in H=1(Q) as n — co. This implies convergence of aj(uy, Py, v;t) to ai(u, P,v;t) as
n — oo; see e.g., [Zei90a, Proposition 21.23(j)]. Ofcourse the limits coming from the
right-hand side and the left-hand side of (2.20) have to coincide. Hence, equation (2.20)
holds for any u € M, H}(Q) and v € H}().

To handle the bilinear form ag, we use (2.11) to bound az(u,v;t) in terms of the
HE(Q)-norm of u and the L?(2)-norm of v. For u € M, N H}(Q) we get

ag(u, v;t) = —2b1a(t) 87211 v < ‘b12(t)||]uH2 vl (2.21)
Yy T P '
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where o, is the smallest singular value of w. That is, the bilinear form as(-, -; ) induces
a linear operator Az(t) such that [[A2(t)ul|z2(q) is bounded in terms of the smallest
singular value of u and its Hg(Q)-norm for u € M, N H} ().

2.2 Abstract formulation

Motivated by the properties of the model problem discussed in Section 2.1, we formulate
a more general setting. We consider a Gelfand triplet V — H = H* — V* of Hilbert
spaces, where V is compactly embedded in H. This implies that the embedding is also
continuous, i.e.,

lallae < lellv- (2.22)

In our model problem H = L?*(Q) and V = H}(Q), the compact embedding is due to
the Rellich—Kondrachov theorem and (2.22) is the Poincaré inequality; see e.g., [Zei90a,
Proposition 18.9 and Proposition 19.25].

By (-,-) : V* x V — R we denote the dual pairing between V* and V. Note that for
u € H CV*and v € V C H the dual pairing and the inner product on H coincide, i.e.,
(u,v)y = (u,v). We will frequently identify v € V as an element of ‘H and in turn also
as an element in V*. For every t € [0,T], let a(-,-;t) : V X V — R be a bilinear form
which is assumed to be symmetric,

a(u,v;t) = a(v,u;t) for all u,v € V and t € [0, T],
uniformly bounded, i.e., there exists 8 > 0 such that
la(u,v;t)| < Bllully|lv|ly  for all u,v € V and t € [0,T],
and uniformly coercive, i.e., there exists p > 0 such that
a(u,u;t) > pllul|® for allu € V and t € [0, T].

Under these assumptions, a(-,-;t) is an inner product on V defining an equivalent norm.
Furthermore, it defines a bounded operator

At): V — V* (2.23)

such that
a(u,v;t) = (A(t)u,v) for all u,v € V.

We also assume that a(u,v;t) is Lipschitz continuous with respect to t. In other
words, there exists an L > 0 such that

lau, v;t) — a(u, v;5)| < LB|ullvl|vlly|t — s| (2.24)
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for all w,v € V and s,t € [0, T]. In the model problem, this corresponds to the Lipschitz
continuity of the function ¢ +— B(t).

We deal with evolution equations on a submanifold M C H. We do not require an
exact notion of a manifold here. For our purpose it is sufficient that for every point
u € M there exists a closed subspace T, M C H such that T,, M contains all tangent
vectors to M at u. Here, a tangent vector is any v € H for which there exists a (strongly)
differentiable curve ¢: (—e,€) — H (for some € > 0) such that ¢(t) € M for all ¢ and

0(0) =u, ¢'(0)=v.

By P, : H — T, M we denote the H-orthogonal projection onto 7, M. We will also
assume M NV to be nonempty as well as T, M NV to be nonempty for u € M N V.
The abstract problem takes the following form.

Problem 2.1. Given f € L?(0,T;#H) and ug € M NV, find
ue W0, T;V,H) ={u€ Ly(0,T;V): v € La(0, T;H)}

such that for almost all ¢ € [0, T,

u(t) e M,
(W' (t),v) + a(u(t),v;t) = (f(t),v) forallve T,pyMNY, (2.25)
u(0) = up.

We emphasize again that the main challenge for the analysis of solutions to this
weak formulation is that according to the Dirac-Frenkel principle, the test functions are
from the tangent space only. For now, we require additional smoothness of the initial
value ug and the right-hand side f compared to solutions on the entire space V and
we do not know if this is necessary. To show that Problem 2.1 admits solutions we
will require several assumptions. These assumptions are abstractions of corresponding
properties of the model problem of a low-rank manifold as discussed in Section 2.1, and
hence the main results of this chapter apply to this setting. The assumptions are the
following.

A1 (Cone property) M is a cone, that is, u € M implies su € M for all s > 0.

A2 (Curvature bound) For every subset M’ of M that is weakly compact in H, there
exists a constant k = k(M) such that

| Py — Polluosn < llu —vlln

and
(I = Py)(u—v)|ly < sllu—ol3

for all u,v € M'.
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A3 (Compatibility of tangent spaces)

(a) For u €e MNV and v € T,M NV an admissible curve with ¢(0) = u,
¢'(0) = v can be chosen such that

p(t) e MNY

for all |t| small enough.
(b) fue MnNV and v € V then Pyv € T, MNV.

A4 (Operator splitting) The associated operator A(t) in (2.23) admits a splitting
A(t) = Ai(t) + Az(t)

into two uniformly bounded operators V — V* such that for all ¢t € [0,7], all
u € MNYV and all v € V, the following holds:

(a) Ap(t) maps to the tangent space, i.e.,
(A1(t)u,v) = (A1(t)u, Pyo).

(b) Asx(t) is locally bounded from M NV to H, i.e., for every subset M’ of M
that is weakly compact in H, there exists v = v(M’) > 0 such that

As(tyu e H and  [|Aa(t)ully < Allull}, for all u e M’
with an > 0 independent of M.

For the model-problem, we explained A1l in Section 2.1.1, the estimates in A2
are (2.16) and (2.17) in Section 2.1.3, the compatibility of tangent spaces A3 is discussed
in Section 2.1.4, especially A3(b) follows from (2.19), and the operator splitting A4
is elaborated in the equations (2.20) and (2.21) of Section 2.1.5. For A4(b) we take
into account, that every weakly compact subset of M, has a positive distance from its
relative boundary as stated in (2.18) and n = 2.

We may weaken the uniform coercivity assumption to a uniform Garding inequality

(At)u, w) 2 pllullp — allull3,

as seen below. In the model problem, we can therefore not only handle Dirichlet
boundary conditions but for instance also Neumann boundary conditions. To see this,
suppose v is a solution (in the sense of Problem 2.1) of

(W' (1) + (A(t) + aid)v(t), w) = (e f(t),w) for all w € TyyM NV,

41



CHAPTER 2. DYNAMICAL LOW-RANK APPROXIMATIONS

which, given the Garding inequality, has a uniformly coercive operator A(t) + «id, that
at

also fulfills assumption A4 given that M is a cone. Then u(t) = e*wv(t) solves the
equation

(W' (t) + At)u(t), w) =
u(0) = wp.

|
=
=
:_/
£

for all w € T,(yM NV,

But since M is a cone, we have T;,() MNV = T, (3 M NV, that is, u is indeed a solution
of Problem 2.1 for the initial operator A(t). For convenience, we can therefore restrict
ourselves to the coercive case.

2.3 Temporal discretization

We discretize in time to show the existence of solutions to Problem 2.1 given assump-
tions A1-A4. An backward Euler method for Problem 2.1 is of the form

<ltti+1_::i,v> +a(uiy1,vitiv1) = (figr,v) forallve Ty, MOV (2.26)
i+1 — b

with ¢;41 > t; and u; € MNV. Here, f;11 is the mean value of f on the interval [t;,¢;11],
that is,
1 tit1
fig1 = / f(t)dt. (2.27)
Liv1 — b Jy,
For constant time intervals ¢;41 — t; = 7, we can define the piecewise constant in-
terpolation f-(t) = f; for t € ((¢ — 1)7,47]. This is called the zero-order Clément
quasi-interpolant of f and converges strongly to f in L2(0,T;H); see e.g., the footnote
to equation (8.58) in [Roul3].
As the test space depends on the solution, this equation appears quite difficult

to solve. However, when a(-,-;t;+1) is symmetric, (2.26) is the first order optimality
condition of the optimization problem

uj+1 = argmin F;(u) (2.28)
ueM" Ny
with Fj(u) = mﬂu — ;|3 + 3a(u, u; tip1) — (fiy1,u). The existence of a solution

to (2.28) and the corresponding optimality condition (2.26) can be shown by basic
functional analysis results.

Lemma 2.2. The optimization problem (2.28) has at least one solution.

Proof. Since Fj; is convex and continuous on V it is also weakly sequentially lower
semicontinuous on V; see, e.g., [Zei95, Section 2.5, Lemma 5]. Note that F; has bounded
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sublevel sets on V since the bilinear form a(-,-;¢;+1) is coercive by assumption. We
may therefore restrict the analysis to a sublevel set. Since V is a Hilbert space, it is a
reflexive Banach space. By the Banach-Alaoglu theorem, a weakly closed and bounded
subset of a reflexive Banach space is weakly compact and therefore weakly sequentially
compact by the Eberlein-Smulian theorem; see e.g., [Die84, Chapter IT and Chapter ITI].
It now follows that F; attains a minimum on every weakly sequentially closed subset of
V since the intersection with a weakly closed and bounded set is weakly sequentially
compact; see, e.g. [Zei85, Proposition 38.12(d)]. It hence remains to verify that M" NV
is weakly sequentially closed in V. Consider a sequence (u,) C M Ny converging
weakly in V to u € V. Obviously, since H* C V*, weak convergence in V implies weak
convergence in H, and since M is weakly sequentially closed in H, we get u € M" NV.
This shows that this set is weakly sequentially closed in V. O

Lemma 2.3. Any local minimizer u;y1 of F; on M NV fulfils (2.26). If uj+1 is a local
minimizer of F; on M" NV, then

<M, Ui+1> + a(Uit1, wit1;tiv1) = (fir1, witr)-
i+l — b

Proof. For the first case, let v € Ty, , M NV. By the assumption A3(a), we can find a
differentiable curve ¢(t) defined for |¢| small enough such that ¢(0) = u;11, ¢'(0) = v
and p(t) € MNV. Then t — F;(¢(t)) has a local minimum at ¢ = 0 and the derivative
F!(¢(0)) 0 ¢'(0) is zero since Fj is continuously differentiable. This yields (2.26). If ;g
is not in M, we still have ¢(t) = (1 +t)u;4 1 € M NV since M" NV is a cone. The
same argument provides the final equation. O

In the following section, we ensure that given ug € M NV and small enough time
interval [0, 7] the iterates u; are in the intersection M N V. We can therefore provide
an interval [0,7%] and timesteps 0 =ty < t; < ... < ty = T™ on which the sequence
(u;) fulfills (2.26).

In the following, we set 7 = T*/N and t; = iT. With ug € M NV we generate
a sequence (ui)f\;o c M" NV. We construct the piecewise affine linear interpolation
Gr: [0,7%] — V and piecewise constant interpolation 0,: [0,T%] — V, i.e.,

(t+ 1)1 —t t—ir

’LAL.,-(t) = - u; + - uj+1 and @T(t) = Uj+1

for t € (ir, (1 + 1)7].

2.3.1 Energy estimates

We first provide discrete a priori estimates for the time-discrete solution and its finite
differences. These show that @, and 0, are uniformly bounded in L°°(0,7;V) and that
the derivatives 9. are uniformly bounded in L?(0,7*;#). In turn, we get a weakly
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converging subsequence. Its limit is a candidate for a solution to Problem 2.1. The cone
property A1l is crucial.

Lemma 2.4. The sequence (u;)Ny C M" NV generated by (2.28) with the time step
T =T*/N satisfies the estimates

N N
v B, + 3 s = wia By + o D ally < ol + CulFBaoreggs (2:29)
=1 =1
N u Uu 2
s
D e e (D R P Ao § (2.30)
i=1 H
lalld < Ca(lluold + 1f oz )s 0= Liweos N, (2.31)

where C1,Cy,C3 > 0 depend on B, i, L, and on the constant for the continuity of the
embedding V — H in (2.22). As a result, i, and 0 are bounded in L>°(0,T*;V), and
oL is bounded in L*(0,T*;H), uniformly for T — 0.

Proof. We use coercivity of a, the optimality condition in Lemma 2.3, and the identity

(otiga B = uwall, + luivr = will3),

N =

(Uz‘+1 — Ui, Uit1) = (Uiy1 — ui7ui+1>H =
to get
i 113 = Nl 3, + lwien — will + 27plluiga |3 < 27 (figr, wiga).

We use Young’s inequality to attain 27(f;r1,uit1) < 7/ul| fi+1]
hence

e + w7 l[uia |5, and

-
i1, = el + i — will 3 + Tplluiga |3 < ;Ilfmllm%*-

The constant of continuity H =& H* < V* depends only on the constant of continuity
V — H in (2.22). We therefore get

: /1 - f(t) dt

T

2 ts
C i+1
<O Mireae e

H t;

3o <Ol firallF = C1

| fit1l

by the Cauchy-Schwarz inequality and the definition of f; in (2.27). Summation over
the index 4 results in (2.29).
Next we prove (2.30). Since w; 41 minimizes Fj, its value is smaller than Fj(u;), i.e.,

1
i\ Wit1) = —||Wit1 — Ug||y T A\ Ui41, Uj150541) — i+1, Ui+l
2Fy(ui1) = | 3 + al tiv1) = 2(f. )

< a(ui, wistivr) — 2(fit1, ui) = 2Fi(uy).
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Using Young’s inequality, it follows that

2
Wit1 — Ui

Ui+l — Ui
- < a(ug, wis tipr) — a(Wis1, Wit1s tipr) + 27 <fi+1, Z7_Z>

M
2
Uit1
< alug, ugs tiv1) — altign, s tign) + 27| fia || + e
H
This yields
2
Wit — g
% < 2a(uj, wistivr) — 2a(ui1, Wit tivr) + 47| i 3 (2.33)
M

We sum over ¢ and get

N 2
Ui — Ui
™ |[— - : ) < 2a(up, uo; 0) + 22 (wim1, wi-15ti) — alui—1,ui—15ti-1))
i=1
N
—2a(un,un; T*) + 47'2 | £:113,.-
=1

Using the Lipschitz continuity (2.24) in ¢ of the bilinear form then allows for the estimate

N 2
U; — Uj—1
DY <25HUOHV+25L7§ [ 1\|v+4f§ 1113,
i=1 =1

< 26(1 + L7)|luol}, + QﬂLTZ |35 + 472 1.f5ll3:.

i=1 i=1
We may use (2.29) to get
N

>

=1

2
U; — Ui—1

I3-)
V* .

N 28L o
< 280+ L) ol + 47 32 il + == (ol + - 3 I
i=1

H =1

T

The desired estimate (2.30) follows with (2.32) and [Jug||3, < |luol[3-
For the last estimate (2.31) we start with (2.33). We readily obtain

0 < a(uj—1, uj—15t;) — auj, ujs t;) + 27 5113

We sum over j = 1,...,7 and rearrange to obtain

7
a(ui,ui,tz) <a uo,uo, —|— Z u]'_l,uj_l;tj) — a(uj_l,uj_l;tj_l)) + 27’2 Hf]”%{
j=1
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This implies

i i
plluilly < Blluolly + BLTY w1} + 27> [I£5113
j=1 j=1

N N
< B+ Lr)l[uoll + BLT Y lluglls + 27 Y [1f;113

=1 j=1
for any i = 1,..., N. Using (2.29) and (2.32) yields (2.31). O
We can now assure that the iterates u; lie in M for ¢ =1,..., N if T* is sufficiently

small. Let ug € V have positive H-distance ¢ to the relative boundary M” \ M and
let ¢ = Co(|juoll3 + HfH%Q(O 7.3¢)) be the right-hand side of (2.30) from Lemma 2.4 with
T* =T. Then

N

§i7'2z

H j=1

i

s —wol3 < [ D7

Jj=1

2
Uj — ’LLj_l ’LL]' — ui_j

<T*c¢  (2.34)

T T

H

and hence [Ju; — ug||3, < o? for all i whenever T* < ¢%/c. Choosing a small enough T*
therefore ensures u; € M forallt=1,..., N.

2.4 Existence and uniqueness of solutions

We are now in the position to show the existence of a solution to Problem 2.1. Recall
that 4., and ¥, are the piecewise affine linear and piecewise constant interpolations of the
sequence (u;) generated by the implicit Euler method (2.26). We show via compactness
arguments that the interpolations @, and ¢, have a common weak limit @ in L2(0,T*, V).
The main difficulty is confirming (2.25) for the limit @ of the time-discrete solutions
since the tangent spaces at 4(t) differ from the ones at v, (t) and we therefore have to
use the Lipschitz continuity of the tangent space projection in Assumption A2.

Theorem 2.5. Let a(u,v;t) define a bounded and coercive bilinear form in u and v,
uniformly with respect to t, and let a be Lipschitz continuous with respect to t. Further-
more, let the assumptions stated in Problem 2.1 and A1-A4 hold true and let i, and
0, be the piecewise affine linear and piecewise constant interpolations given by

. 1+ 1) —1t t—T R
uT(t):( T) u; + Uit and 07 (t) = uiqq

fort e (ir, (i + 1)7].
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(a) The functions . and 0, converge, up to subsequences, weakly in L*(0,T*;V) and
strongly in L*(0,T*;H), to the same function @ € L>(0,T*; V)N W (0,T*;V,H)
with ©(0) = ug, while the weak derivatives i, converge weakly to @' in L?(0,T*;H),
again up to subsequences. The functions U, converge, up to subsequences, strongly
in C(0,T;H) to . Furthermore, the function values @(t) lie in M" NV for almost
all t € [0, 7%].

(b) Let ug have positive H-distance o to the relative boundary M \ M. Then there
exists a constant ¢ > 0 independent of o such that 4 solves Problem 2.1 on the
time interval [0, T*] when T* < 02 /c.

Proof of Theorem 2.5 (a). It follows from (2.29) and (2.30) in Lemma 2.4 that @, and
¥, are uniformly bounded in L2(0,7*;V). Therefore, refinement in time generates
sequences which converge weakly in L2(0,T*;V), up to subsequence, i.e.,

Gy =4 and 9, — 0 in L*(0,T% V).

In particular, @, — 0, converges weakly in L?(0,T*;H) to @ — 9. Comparing the two
sequences in L2(0,T*;H), we get

T* N t;
| e = ol =Y [ e oot
0 i=1 Jti-1
N 1
=T§jé (s — 1)(uts — i) |3, ds
=1

- N
=3 >l — w3,
i=1

and together with (2.30) in Lemma 2.4 this results in

T* 2
S Cot
| e = orlBede < S (ol + 1100 (235)

which tends to zero as 7 — 0. We conclude u = 9.

Likewise, @ is uniformly bounded in L?(0,T*;H) and thus, up to subsequences,
@’ — b for some w € L%(0,T*;H). We next show that w is the weak derivative of 4.
For this, we need to verify that

T
/0 (w(t),v) o(t) + (u(t),v) (;5/(25) di =0

for arbitrary v € V and ¢ € C§°(0,7*). Adding and subtracting the weak derivative of
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Ur, we get
| e 000) + (@), 0) 't de
= [ tile) = @ e),0) 60 + (a(t) — ir (1), ) (1) .

Since i, — @ and @ —  in L?(0,7*%;V) and L?(0,T*;H), respectively, and since v¢,
ve' € L*(0,T*;V), the right hand side converges to zero. Thus, @ = @'

The strong convergence of @, in L?(0,T%;H) follows from the theorem of Aubin
and Lions; see e.g., [Sho97, PropositionII1.1.3]. It states that when V is compactly em-
bedded into H, then the space W (0,T*;V,H) is compactly embedded into L?(0, T*; H).
Thereby, the weak convergence of @, and @/ that we just have proved implies the
strong convergence of a subsequence @, — 4 in L2(0,T*;H). This together with (2.35)
directly proves that also i, — o in L?(0,T*;H). By (2.31) the sequences (i,) and
() are also bounded in L*°(0,7%;V) and hence converge with respect to the weak*
topology in L*°(0,7*;V), again up to subsequence. Since the L*°(0,7™;V)-norm is
weakly* sequentially semicontinuous, we even obtain 4 € L>(0,77*; V).

Similarly, the strong convergence of i, in C'(0,7*;H) follows from another version
of the Aubin-Lions theorem; see e.g., [Sim87, Section8]. This version states when
V is compactly embedded in #H, then a set that is bounded in L%°(0,7™;V) with
derivatives bounded in L?(0,T*;#) is relatively compact in C(0,T*;H). Hence, strong
convergence follows from the estimates (2.30) and (2.31) in Lemma 2.4. This readily
implies @(0) = lim o @ (0) = uo.

It remains to show that (t) € M for almost all t € (0,7*). We already proved
u(t) = lim;\ o i, (t). Therefore, it is sufficient to show that the H-distance of -(t) from
M" converges to zero. Indeed, since 4, is an affine linear interpolation of the sequence
(u;) € M", the estimate (2.30) implies

i — e (D3 < l1wi — i1l < 7C2 (Iuolld + 17 W00

for t € ((i—1)7,i7]. Hence, the distance of i (t) to M" converges uniformly to zero. [

Proof of Theorem 2.5(b). We provided a condition such that (u;) C M’ C M lies in a
weakly compact subset independent of the timestep 7 in (2.34). Hence, there is a weakly
compact subset M’ C M such that a(t), v, (t) € M’ and the optimality condition (2.26)
holds due to Lemma 2.3. In terms of 4, and 9, this may be written as

(@ (), w(t)) + (A- ()0 (1), w(t)) = (fr(t), w(t)) for w(t) € Ty (yM NV,

where A,(t) = A(it) and f.(t) = fi for t € ((¢ — 1)7,47] are piecewise constant
interpolations. It follows that

.
/0 (G (1), w(b)) + (Ar (08, (6), w(t)) — (f-(8), w(t))dt = 0 (2.36)
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for w(t) € T; ;)M NV almost everywhere. We will show

-
/O (@' (2), w(t)) + (A@®)a(t), w(t)) — (f(2), w(t))dt =0 (2.37)

for w € L*°(0,7%V) and w(t) € Ty)M almost everywhere. This implies (2.25) as
desired, since in the opposite case there would be a subset S C [0, T™] of positive measure
such that for all ¢ € .S we have

(@' (2), w(t)) + (A@®)a), w(t)) — (f(£), w(t)) # 0

for some w(t) € Ty M NV. By appropriately scaling these w(t), we can then choose
w € L*°(0,T*;V) such that w(t) € Ty M NV almost everywhere and the left-hand
side in (2.37) is positive.

Now let w € L*(0,T%;V) be given such that w(t) € Ty M almost everywhere.
Assumption A3(b) implies P;_w(t) € Ty )M NV almost everywhere and hence

-
/0 (@7 (t), P, yw(t)) + (Ar ()0 (t), Po (yw(t)) — (f+(t), Po,yw(t))dt =0 (2.38)

because of (2.36). We have

T* T*
/0 HP@T(t)w(t)—W(t)H?{dtS/o 1Po, (1) = Pagey 172l w (®) 113, dt

and hence Assumption A2 implies that P, w converges strongly to w in L2(0,T*;H).
Since f, converges strongly to f and . converges weakly to 4 in L2(0,T*;H), we have

T T*
| w0 Pguoyae— [ .00y
and
T T
| o Pyt~ [, )i
0 0
see e.g., [Zei90a, Proposition 21.23(j)]. It remains to show
T* T
| i@, Pgueyde > [ ama, u) d (2.39)
0 0
We will proceed pointwise. We have

[(Ar ()0 (1), Popyw(t)) — (A(t)a(t), w(t))]
< |<A7(t)®7'(t)7 P@-(t)w t) - w(t»’ + }<(AT(t) - A(t))@T(t)7w(t)>|
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For the second summand, the Lipschitz continuity of A implies
((Arlt) = AW®) i (1), w(®)| < rLBL® IV [y =0 as T —0.

For the third summand, the weak convergence in L?(0,7*;V) implies that

-
/0 [(A() (0-(t) — a(t)), w(t))|dt -0 as 70

and therefore
(A(t) (0 (t) —a(t)),w(t)) -0 as 7—0

for almost every t, possibly after passing to a subsequence; see e.g., [PW18, Corol-
lary 2.3.20]. We have the integrable bound

[(A() (0-(8) — a(t)), w(t))| < B ([o-(O)llv + [[a®) [v) [lw(®)]|v-

For the first part, we denote Ay -(t) = A;1(iT) and Az -(t) = Aa(i7) for t € ((i — 1)7,i7]
and use Assumption A2 and Assumption A4. We get

‘<AT(t)®T(t), Pﬁf(t)w(t) - w(t»‘ = ‘<A1,T(t)’f)7(t) + A2,T(t)@r(t)a Pﬁf(t)w@) - w(t»‘
< 0+ @)W lw®)lallat) — - () [l

where the part concerning A; ; vanishes due to Assumption A4(a) and v = (M)
and 7 are taken from Assumption A4(b). Due to the strong convergence of 0, to @ in
L?(0,T*;H), this expression converges to zero for almost every ¢, again after passing to
a subsequence. We also provided integrable bounds for every summand, hence (2.39)
follows by dominated convergence. Therefore, the left-hand side in (2.38) converges to
the left-hand side in (2.37) and the assertion follows as described. O

Next, we turn our attention to the stability of this problem. For this, let v €
W(0,T*;V,H) satisfy

v(t) € M,
(W' (t), w) + a(v(t), w;t) = (g(t),w) forallw e T, ExMNV, (2.40)
v(0) = vp.

for almost every t. We give bounds to pointwise distance ||u(t) — v(t)||3 for a solution u
of Problem 2.1 under the condition, that v and v are in L"(0,7;V). This is well
defined since W (0,T*; V, H) is continuously embedded into C(0,T*; H); see e.g., [Zei90a,
Proposition 23.23]. Note that solutions obtained from the time-stepping scheme are in
L>(0,7;V) C L"(0,T;V). In the model problem of Section 2.1 and there is no further
restriction since n = 2 is fulfilled. In the case when M is a linear space, then the
difference u — v satisfies a similar equation to (2.25) and (2.40) with the right-hand side
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replaced with f — g, and we can evaluate at w = u(t) — v(t) to get classical stability
estimates for linear parabolic problems. We follow a similar idea but since u — v does
not satisfy an appropriate equation and u(t) — v(t) does not lie in the tangent space
TytyM, we have to resort to Assumption A2. This results in a cruder estimate.

Theorem 2.6. Let u be a solution of Problem 2.1 and v be a solution to (2.40) in the
time interval [0, T*]. Assume that the continuous representatives u,v € C(0,T*;H) have
values in a weakly compact subset M’ C M. Moreover, assume that u,v € L"(0,T*;V)
where n is from Assumption A4(b). Then

lu(t) = ()13, < (IIUO — woll3, + = / 1£(s) = 9(s)lI% d8> exp(A(t) + ct),

for any ¢ > 0 and

At) = 2%/0 1’ () 132 + 110" () lla¢ + 7 () 1% + [l ()IF:) + 1 ()l + llg(s) e ds,

where k = k(M) is from Assumption A4(b) and

0 < A) < 261l 2oz + 100230y + 7 (1o ey + 100 ey
15 &) oz + 19l 20.7e0)) < 00
for all t € [0,T].

Proof. We use integration by parts in the sense of [Zei90a, Proposition 23.23(iv)]. This
results in

5 2 [u®) =v(®)3 < (' () =" () + A®) (u(t) —v(t)) = £ (£) +9(t) + (1) —g(t), u(t) —v(t))
for almost all ¢ € [0,77] by coercivity of A(¢) and adding and subtracting (f(t) —

g(t),u(t) — v(t)). We add and subtract (2.40) and (2.25) with w = P, (u(t) — v(t))
and w = P, (u(t) — v(t)), respectively. This results in

5 lu(®) = w5
< {f() = 9(t),u(t) = v(®)) + (W'(t) + A)u(t) — f (1), (id = Pye) (u(t) - v(t))
= ('(t) + A(t)v(t) — g(t), (id =Py (u(t) — v(t))).

We use Young’s inequality to estimate

(F(t) = g(@),u(t) —v(t)) < %Cllf(t) — g7 + gHU(t) —v(t)l1%
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and Assumption A4 to get

5 o lu®) — v
< (I @)llae + @I + 1 @)llze) 1Gd =Py (u(t) — ()l
+ (I @l + @I + g(@)l12) 1| Gd =Py (u(t) — v(E))ll

1 c
+ o 1)~ g(t)|3 + 2 lul®) — v(t) |-
c
Finally, Assumption A2 implies

@ u(r) —v(t) B,

< (2f-€ (' @l + 10" O+ (@IS, + Tu@I) + 1F @l + llg(®)ll2) + c)
lu(t) = w7 + éllf(t) — g%

and the results follows from Gronwall’s lemma; see e.g. [Tes12, Lemma2.7]. Here, we
take into account that L?(0,7*;H) C L'(0,T*;H). O

This stability estimate is meaningful since solutions coming from the time stepping
scheme satisfy the integrability assumptions and lie in a compact subset M’ C M for
small enough 7™ due to (2.34).

Combining Theorem 2.5 with a continuation argument and invoking Theorem 2.6,
we obtain a unique solution on a maximal time interval.

Theorem 2.7. Let the assumptions stated in Section 2.2 hold and let uy have positive H-
distance from M" \ M. There exists T* € (0,T] and u € W(0,T*;V,H) N L>®(0,T*; V)
such that w solves Problem 2.1 on the time interval [0, T*], and its continuous represen-
tative u € C(0,T*;H) satisfies u(t) € M for all t € [0,T*). Here, T* is mazimal for
the evolution on M in the sense that if T* < T, then

liminf  inf ||u(t) — |y = 0.
t=T" e M\ M

In either case, u is the unique solution of Problem 2.1 in W (0,T*;V,H) N L"(0,T*; V).
The solution satisfies

HUH%Q(QT*;V) < HUOH% + CleH%%QT*;H), (2.41)
1 12207200 < Ca (Nl + 1 1220720 ) (2.42)
a0,y < Cs (lolld + 1122000 (2.43)

where C1, Cy, and C3 are the constants from Lemma 2.4.
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Proof. Let u,v be two solutions of Problem 2.1 in W(0,7*;V,H) N L"(0,T*;V) and
consider them as their continuous representatives in C'(0,7%*;H). Theorem 2.6 implies
u(t) = v(t) for every ¢ in a compact subinterval of [0,7™). Since [0,7%) is the union
of its compact sub intervals, we have u(t) = v(t) for every ¢t € [0,7%). Hence, u is the
unique solution of Problem 2.1 in W (0,7%*;V,H) N L"(0,T*; V).

Theorem 2.5 provides us with a solution u of Problem 2.1 on a time interval [0, 71]
with 0 < Ty < T such that u € L>(0,Ty; V) and either Ty =T or Ty < 03 /c where oy
is the H-distance of ug from M" \ M and ¢ > 0 is the constant from Theorem 2.5(b).
In the latter case, we may assume without loss of generality that v € C'(0,71;H) and
u(Ty) € MNYV. Let o; be the H-distance of u; from M~ \ M. If Ty < T, applying
again Theorem 2.5 on [T}, T] with starting value ug = u(7}), we obtain a continuation
of u to an interval [0, Tz] with either To = T or Ty < T} + 0% /c. In the latter case, we
can again assume u € C(0,T5;H) and u(T2) € V with corresponding distance oo > 0.
We thus inductively obtain sequences (7;) of final times and (o;) of positive distances
which either terminate with T; = T for some ¢, in which case we are done. Otherwise,
T; is defined for all 4 and T; — T* < T'. Clearly, the constructed u € C(0,T*;H) solves
(2.25) on [0, 7*). If inf; 0y > 0, then T; 1 — T; is bounded from below, which contradicts
T; <T*. Thus liminf; ., 0; = 0 holds, which implies the assertion.

The estimates (2.41), (2.42), and (2.43) follow from the weak convergence of @, in
L?(0,T*;V) and @’ in L?(0,T*;H) and the weak® convergence of i, in L>(0,T*;V)
and weakly and weakly™ sequentially lower semicontinuity of the respective norms. [

With this result, the sequence () converges in the given time interval without
passing to a subsequence. Every converging subsequence has the unique solution as
its limit and since every subsequence has a converging subsequence, (i) converges to
the unique solution v € W(0,7*;V,H) N L"(0,T*; V) by a subsequence of subsequence
argument.

2.5 Convergence of spatial discretizations

Our result is only useful for numerical analysis if the unique solution in Theorem 2.7
is also the limit of space-discrete solutions. We provide a convergence result under
compatibility assumptions on the discrete spaces V, C V with M. The space-discrete
problem is of the following form.

Problem 2.8. Given f € L*(0,T;H) and ug € M NV, find up, € W(0,T;V,H) such
that for almost all ¢ € [0, T,

uh(t) e MnN Vh,
(up,(t), vn) + alup(t),vn;t) = (f(t),vp) for all vy € Ty, (1yM N Vy, (2.44)

up(0) = up 0.

53



CHAPTER 2. DYNAMICAL LOW-RANK APPROXIMATIONS

We require that the discrete subspaces Vj, C V have the following properties.
B1 (Approximation property) There is a projection @Qp: V — Vp, such that

1@nvlly < clfvlly

for every h > 0 and v € V and the sequence (Qrv) converges to v in V as h \ 0.
For every u € M NV there exists a sequence (up) with u;, € M NV, and uy
converges to u in V as h \, 0.

B2 (Compatibility of tangent spaces)

(a) For up, € M NV and vy, € T, M NV, an admissible curve with ¢(0) = wuy,
¢'(0) = vp, can be chosen such that

o(t) € MNVy

for all |¢| small enough.
(b) If up, € M NV, and vy, € Vy, are fulfilled, it follows that P, vy, € Ty, M N V).

The model problem described in Section 2.1 allows for such a space discretization.
One instance is obtained from homogeneous bilinear quadrilateral elements. These can
be interpreted as the tensor product P, ® P, C Hg(Q) of the space of piecewise affine
linear functions

Py, :={u € Cy(0,1): u is affine linear on the interval ((i — 1)h,ih) fori=1,..., N},

where h = 1/N and N € N. The set M, NPy, ® P, is nonempty when N > r and
Property B2 is satisfied for M = M, and V;, = P, ® Pp. This can be seen by
up, € M, NPy, ® Py, representing as

T
Up = E Ul @ U2
i=1

with w1 ;,u2; € Pp. Then the interestion

i=1

.
Ty, My NP, @ Pp, = {Z Ut @ Vo + 1 @ Uzt V1, V2, € Ph} ;

is the tangent space of the rank-r manifold in P ® Py,.

For every u € H}(0,1) the sequence (uy) with u, € Pp, and uy(ih) = u(ih) for
i =0,...,N converges strongly to u as h \, 0. It follows that for u € H;IIX(Q) the
interpolation up € P, ® P, with wuy(ih, jh) = wu(ih, jh) for i,7 = 0,..., N converges
strongly to u in H (Q). Since H! () is a dense subset and continuously embedded

mix mix
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in H(Q), there is also a sequence (up,) with u;, € P, ® Py, converging to u in H}(€2).
Hence, the H}(Q2)-orthogonal projection Qp,: HJ(2) — Pj, @ Py, satisfies the first part
of Property B1. Since u € M, N H} () is also also in Hrlmlx(Q), we may also use the
interpolation wuy(ih, jh) = wu(ih, jh) and rankwu, < r. If ranku, < r, we may add a
small perturbation €, € P, ® Py, such rank(uy, + €,) = r and ”ﬁhHHg(Q) —0as h\,0.

Therefore, the model problem also satisfies Property B1.

Theorem 2.9. Let (ugp) C M NV be a sequence that converges to ug inV as h ™\, 0
and let uy have positive H-distance o to the relative boundary M \ M. Then there
exists a constant ¢ > 0 independent of o and a constant hg > 0 such that there is a
unique up, in W (0, 7%V, H) N L"(0,T*;V) that solves Problem 2.8 on the time interval
[0, T*] when T* < 02 /c for all h < hg. Furthermore, uy, converges to the unique solution
u of Problem 2.1 in W(0,T*;V,H) N L"(0,T*; V) weakly in L*(0,T*;V) and strongly
in C(0,T*;H), while the weak derivatives u} converge weakly to u' in L*(0,T*,H).

Proof. Since uy j, converges to ug in V), there exists an hg > 0 such that [lug, — uolly <
0/2 and |Jugp — uolly < 0/2 for all h < hy due to (2.22). Therefore, the H-distance of
up,p, from M\ M is at least o/2. Hence, applying Theorem 2.5 with V), in place of V
provides solutions u;, to Problem 2.8 on a time interval [0, T*] with T* < 02/(4c) for
every h < hg. Furthermore, Theorem 2.7 provides the estimates

o\ 2
lunllBeozeay < (ol + 5 )"+ Cull a0 -0
g

2
I o < €3 ((Iual + )+ 110

g

2
ol o7y < o ((Faolly + )+ 1100 )

and hence, there exists a subsequence of (uj) converging weakly to @ in L2(0, T*; V) and
weakly* in L°°(0,T*; V) and the derivatives (u},) converging weakly to @ in L?(0,T*; H).
We next show that w is the weak derivative of &. For this, we need to verify that

-
[ @016+ (i) 0 0 de =0

for arbitrary v € V and ¢ € C§°(0,7*). For any v, € V;, we may add and subtract the
weak derivative of wuy,

[ttt 0) 60 + (), o) o (1)t
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Now let (vp,) be a sequence converging to v in V. Then it follows that

/*<1D(t),v> ¢(t) + (a(t),v) ¢ (t) dt = lim [ (@(t), vn) G(t) + (a(t), vn) ¢'(t) dt

hNO e

= Jim - (@(t) = up, (), vn) () + (G(t) — un(t),vn) ¢'(t) dt = 0

since v, ¢ converges strongly to ve in L2(0, T*; V). Therefore, the sequence (uy,) converges
weakly in W (0,7*;V,H) and due to the Aubin-Lions theorem strongly in C'(0,7*;H)
to @, taking into account that the sequence (uy) is bounded in L*°(0,7%*;V). This also
implies that the initial condition @(0) = limp\ o up(0) = limp\ o o, = uo.

It remains to show that @ satisfies (2.25) and is therefore the unique solution of
Problem 2.1 in W(0,7*;V,H) N L"(0,7*; V). It then follows that the entire sequence
converges to %. For v € Ty M NV, we consider (vy) = (Qxv) which converges strongly

to v in V. Property B1 implies that the sequence is uniformly bounded in V and due
to (2.22) also in H. By (2.44), we have

(up,(t), Py, tyvn) + a(un(t), Py, iyvnit) = (f(t), Py, 1)0n)
for almost every t since P, ;yvp € M NV}, by Property B2(b). We have chosen the
time interval in a way such that up(t) € M’ C M lie in a weakly compact subset for all
t € [0, 7*]. Hence, using Assumption A2,

v = Py, yonllae < [lv = Py, yvlln + |1 Puy ey (v — vn)lln

o (2.45)
< s(MO)a(t) = un(®)llxllvlla + llv = vnlln

i.e., Py, )vn converges strongly to v in H. Using a similar argument as in Theorem 2.5(b),
it is sufficient to show

"
/O (@ (8),0() + al(t), o(t):£) — (f(E), v(t)) dt = 0

for all v € L*(0,7%;V) with v(t) € Ty M NV for almost every .

Since P,, )@nv(t) converges to v(t) in H for almost all £ € [0, 7] and we have the
square integrable bound (2.45), it follows that P, Qnv(t) converges strongly to v in
L%(0,T*;H). This together with weak convergence of (u}) in L*(0,T*;H) implies

T* T*
lim [ (up, (), P, 1y @nv () = (£ (£), Py, 9y Quo(t)) dt = /0 (@' (t),v(t)) = (f(t),v(t)) dt.

hN\0 0

Finally, we use Assumption A4. We have

a(un(t), Pu,nQnv(t);t) — a(a(t), v(t);t)
= (A (B)un(t), Py, 1y @no(t)) — (Ar(t)a(t), v(t))
+ (A2 (W)un(t), Pu, (1 Quo(t)) — (A2(t)u(t), v(t))
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and due to Assumption A4(a)

(A1 (B)un(t), Py, )Qno(t)) = (A1(t)un(t), Qnov(t)).
This implies
-
%1{% | (A1()un(t), Py, 0yQ@nv(t)) — (A1(t)u(t),v(t)) dt =0

as uy, converges weakly to 4 and Qv converges strongly to v in L2(0,7*;V). For the
second summand, we have

(Az(t)un(t), Py, @no(t)) — (A2(t)u(t), v(t))
= (Az(t)un(t), Py, @no(t) — v(t)) + (Aa2(t) (a(t) — un(t)), v(t)),

where

(A2 (t)un(t), P, 1y @no(t) — ()] < Yllun ) H] Pu, iy @rv(t) — v(t)ln

and fOT* un (OB Py, ) @uo(t) — v(t)|l3 dt — 0 by (2.45) and the uniform bound of
up, in L°°(0,7%; V). Moreover, since uj, converges weakly to @ in L2(0,7%;V), we have
fOT (Ag(t)(u(t) — up(t)),v(t)) dt — 0 as h \( 0. Combining these results, we have

T
/0 a(up(t), Py, Q@nv(t);t) —a(u(t),v(t);t)dt -0 as h\0

and hence

-
/0 (@' (t),v(t)) +au(t), v(t);t) — (f(t),v(t)) dt
-
= %1{% ; (up,(t), Py, (1y@no(t))+a(un(t), Py, )y Q@nv(t); t)—(f(t), Py, yQ@nv(t)) dt =0

for all v € L>(0,T*; V) with v(t) € Ty M NV for almost every t. O

2.6 Outlook

We have established results for the existence and uniqueness of dynamical low-rank
approximations to solutions of certain parabolic problems. Furthermore, we showed con-
vergence of either time-discrete or space-discrete solutions to the underlying continuous
approximation. We expect that our results are also applicable for higher-dimensional
parabolic problems for suitable low-rank tensor formats [KL10, LOV15, LRSV13|. Nat-
urally, it is of interest under which conditions dynamical low-rank approximations are
good approximations to the underlying unrestrained problem and how to establish
convergence rates for discrete low-rank approximations.
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Chapter 3

Solving definite multiparameter
eigenvalue problems

In this chapter, we are concerned with the multiparameter eigenvalue problem (MEP).
For this, let Ay, € C"*™ be square matrices. We look for unit vectors uy € U, C C"*
and (A1,...,A\y) € C™ such that

(Am + MAn + .+ )\mAlm) up =0
(AQO 4+ MAo +...+ )\mAQm) ug =0

(3.1)
or for (g, ..., A\m) # 0 in the homogeneous version
(MoA1o + MA +.o 4 Apdim) u =0
(AOAQO + MAg +...+ )\mAQm) ug = 0
. : : . ) (3.2)
()\OAmO +MAp+ .+ )\mAmm) U =0,
We call u1 ®...®u,, an eigenvector corresponding to the eigenvalue A = (A1,..., \y,) in

case of (3.1) and the eigenvalue A = (Ao, ..., Ap,) in case of (3.2). The MEP generalizes
linear systems of equations and generalized eigenvalue problems. In the case m = 1,
the MEP is a generalized eigenvalue problem, and if n, =1 for k = 1,...,m, then the
MEP reduces to a linear system of equations.

The solutions to the MEP can be obtained using multilinear algebra techniques; see
e.g., [Atk72, Theorem 6.8.1]. The idea is to apply a multilinear version of Cramer’s rule
for linear systems. For ug, v € C™ and k = 1,...,m, define the matrix

W (01, .y Uy ULy ey Upy) = [Whep(ug, vk)]zl:’q%:o = [U;:Akzuk]

m,m

k=1,0=0

If u; ®...® uy, is an eigenvector corresponding to A = (Ao, ..., \p), then

W (o1, Uy Uty ey U)X =0
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for all vy € C™. Now assume there is p = (po, - . ., ftm) such that for all uy € Uy,

Ho H1 e Hm
w1o(u1,v1) w11 (ug,v1) ... Wim(ug,vy) B u’
. . : o <W(v1,...,vm,u1,...,um)>
Wino (Ums Vm) Wit (Um, Vm) oo Wi (Uimy V)

is invertible for some vy € C™. Let u1 ® ... ® u,, be an eigenvector corresponding to
A= (Xo,-..,Am). It follows from Cramer’s rule that

L
Am det (W(vl, ey Uy UL,y - ,um)>

1o . fm—1 pA
wio(ur,v1) ... Wim—1(ur,vr) 0
= det .
Wino(Um, Um) - Wmm—1(Um, Um) 0

Note that the determinants above are linear in each u; and antilinear in each v;. We
can therefore define linear operators A, A,,: Qe C™ — Q- C™* that satisfy

T
H _ N H
(M ®...0Um) AUl ® ... R Upy) = det <W(v1,...,vm,u1,...,um)) (3.3)

and

wio(u,v1) ... Wim—1(u1,v1)
(V1@ .. @UR) A (1 ®. . . @uy) = (—1)™ det :

Wimo(Um, Um) - Wmm—1(Um, Um)
Hence, the eigenpair (A, u; ® ... ® u,,) satisfies
MT)\ Ap (U1 @ ... @Up) = A Au; @ ... @ Upy,)
and we can define similar linear operators Ay, ..., A,,_1 that satisfy
LIXN A (U1 @ .. @ ) = N AU ® ... ® Upy). (3.4)

Hence, all eigenpairs of the MEP can be obtained as the solutions to the simultaneous
eigenvalue problems (3.4). In [Atk72, Chapter 6] the converse is also shown. In addition,
the linear operators A~'A, commute, and their eigenvectors consist of decomposible
tensors U] ® ... & Up,.

Multiparameter eigenvalue problems have been extensively studied; see e.g., [Atk72,
Vol88]. They naturally arise in mathematical physics when variables can be separated
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but resulting spectral parameters cannot. We will discuss this case more thoroughly in
Section 3.2. There are many other applications that lead to (3.1) or (3.2) including delay
differential equations [JH09] and optimization problems [SNTI16]. They can also appear
when the domain of a boundary eigenvalue problem is decomposed [RJ21, Section 5.2].
We also want to remark that some nonlinear eigenvalue problems can be expressed
by (3.1) as described in [RJ21]. For example, the polynomial eigenvalue problem

MXNu=> NAu=0
k=0

can be expressed as (3.1) by setting A\, = A\* and adding equations
(Ako + MAg1 + A1 Ak k-1 + A Ag ) ug = 0

such that det(Ago + M Ag1 + Ae—1 Ak k-1 + A Ap k) = Ay — AMAg—1. This however leads
to a singular MEP if m > 2, i.e., there is no p such that A in (3.4) is nonsingular. The
more simple polynomial eigenvalue problem

M(\u = (A+AB+XC)u

can be transformed into a nonsingular two-parameter eigenvalue problem whose linear
eigenvalue problem (3.4) can take various forms, one being the linearization described
in [MWO02]. Similarly, the MEP contains many nonlinear eigenvalue problems with
algebraic relations of the spectral parameters g, ..., Ap,.

There are various approaches to solve (3.1), many of which use the linear eigenvalue
problem (3.4). For the case that all matrices are Hermitian and Ay is positive definite,
this was first considered in [ST86], and for the more general case, that Ag is invertible
in [HKPO5] by using the generalized Schur decomposition. These approaches work well
when []}%; nx is not too large, as they have a complexity of order O([]}-; n}). This
is only feasible for small nj and m, as otherwise [[,-, nj is getting too large. For
m = 2 and larger nj, subspace methods are being used to find a selection of eigenvalues.
In [HP02] and [HKPO05] a Jacobi-Davidson type method for the two-parameter case
was proposed and in [MP15] an Arnoldi type method was considered. For m = 3
various subspace methods were proposed in [HMMP19]. Another possibility is based on
homotopy continuation, for example discussed in [Ple00] and [DYY16]. These aim to
find all eigenvalues.

In this chapter, we extend results from [EN22]. In [EN22], we were considering the
two-parameter eigenvalue problem under the assumption that all matrices are Hermitian
and Ay is positive definite. We used the notion of the signed index of an eigenvalue and
employed an alternating algorithm that has a geometric interpretation closely related to
Newton’s method and also an optimization perspective. We will thoroughly discuss the
signed index of an eigenvalue in Section 3.1. In this chapter, we use similar ideas for
the MEP (3.1) and its homogeneous form (3.2) under certain definiteness assumptions.
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These are satisfied for a class of boundary eigenvalue problems which we introduce in
Section 3.2. We introduce Newton-type methods in Section 3.3 and discuss a perspective
coming from optimization problems in Section 3.4. These methods also apply to MEPs
with large nj and m when only a few eigenvalues of certain multiindex are sought; the
complexity per eigenvalue is in O(> ;" n3). Finally, in Section 3.5 we explore the
performance of these methods in numerical experiments.

Using Newton’s method for MEPs is not a new idea and was proposed previously,
e.g. in [Pod08] by looking for joint zeros of fi(A) = det(Y )2y AeAge) and k =1,...,m.
However, for general MEPs, this is sensitive to initialization and a good starting guess is
required. We circumvent this problem by applying Newton’s method to functions that
have unique zeros. Our proposed methods are related to methods solving multiparameter
Sturm-Liouville eigenvalue problems by looking for eigenfunctions with a certain amount
of internal zeros; see e.g., [Lev94, Lev99]. The concept of internal zeros of eigenfunctions
of Sturm-Liouville eigenvalue problems is a special case of the multiindex of an eigenvalue
which will be explained in the upcoming two sections.

3.1 Definite multiparameter eigenvalue problems

In this section, we aim to discuss a generalization of the well-known fact from linear
algebra that any Hermitian matrix A = A" has only real eigenvalues. For this purpose,
we collect some results from [Vol88, Chapter 1]. From now on, we will always assume that
all matrices Agy in (3.1) and (3.2) are Hermitian. Now assume that A = (Ao, ..., \p,) is
real. Then

m

ZAEAM fork=1,...,m

=0
are Hermitian matrices and all their respective eigenvalues are real. This observation
leads to the following definition.

Definition 3.1. Let A € R™"! be an eigenvalue of (3.2). The multiindex of A is the
m-tuple i = (i1, ..., %) such that 0 is the ix-th largest eigenvalue of Y, j ApAge.

In the case m = 1, a simple condition that eigenvalues can be chosen real, is that
there is a positive definite matrix pgAig + p1 A1 for some real (pg, p1) # 0. For MEPs,
we consider the matrix

H H
ur Ay o uyAgug
W(u, ..., um) = : : . (3.5)
H H
U AU o U A U,

Definition 3.2. The MEP (3.2) is called locally definite if rank W (uq, ..., uy,) =m
for all uy e U, k=1,...,m.
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Now let u; ® ... ® u,;, be an eigenvector corresponding to the eigenvalue A\. Then

A is in the nullspace of W (uy,...,un). If the MEP is locally definite, this nullspace

is one-dimensional. Since W (uq,...,uy) is real, the eigenvalue can thus be chosen

real as well. By scaling, we may restrict the search for eigenvalues to the sphere

S™ = {A € R™"!: ||\|| = 1}. By the above consideration, we may further restrict to the
set

P={AeS™: W(u)A =0 for some u € Uy X ...x Up}. (3.6)

This set obviously has the symmetry P = —P. In fact, it is the disjoint union of two
connected sets P and P~ = —PT; see e.g., [Vol88, Lemma 1.2.1]. Here, P is the set

T

Pt = {)\ eS™: W(u)A =0 and det< A

W(u)) >Oforsomeu€Z/l1><...><Um}.

With this machinery, we can characterize all eigenvalues of a locally definite
MEP (3.2).

Theorem 3.3. [Vol88, Theorem 1.4.1] Let the MEP (3.2) be locally definite. Then for
every multiindex i € {1,...,n1} x ... x {1,...,nn} and every sign o € {+,—} there is
a unique eigenvalue A € P° of multiindex i. We say X is of signed index (i,0).

It is also useful to consider stronger definiteness assumptions, which in practice are
often satisfied.

Definition 3.4. The MEP (3.2) is called definite with respect to p € S™ if

T
det (W(ul, .. ,um)> >0

for all up e Uy, k=1,...,m.

This definition is equivalent to the condition that P in (3.6) is the disjoint union of

the connected sets
Pr={\eP:u"A>0}

and P~ = —P™T. It also follows that the linear operator A defined in (3.3) is positive
definite; see e.g., [Vol88, Theorem4.4.1]. For the inhomogeneous MEP (3.1) definiteness
with respect to = (1,0,...,0) is naturally a good condition. In this case, Theorem 3.3
implies, that every eigenvalue of signed index (i, +) can be scaled to A = (1, A\1,..., A\p).
If the MEP is definite with respect to (1,0,...,0), it is called right definite. When we
consider a right definite MEP of the form (3.1), we denote

Q:{)\ERm:W(u) <i\> :Oforsomeuebllx...xUm}

as an analog of P. The sets P? and Q can be seen as analogies to the numerical range
of a linear operator.
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Another commonly used assumption is left definiteness. The MEP is left definite

with respect to u = (0, p1,. .., tm) if the matrices Ay are negative definite and
P 2 y 1, y g
H H
uy' Ay uy - Uy A U
H H
uk—lAk—l,luk—l e “k—lAk—l,m“k—l
det 1 e tm, >0 (3.7)
H H
U1 App1 1 - U A m Uk
H H
U A1 Ui, e Upn Ay Um

for k =1,...,m. Left definiteness implies definiteness with respect to pu.
Many problems coming from application are either right or left definite or both. To
end this section, we want to state a useful equivalent condition for local definiteness.

Lemma 3.5. [Vol88, Theorem 1.4.3] The MEP (3.2) is locally definite if and only if
for every o = (01,...,0m) € {—1,1}™ there is a = (ap,...,an) € R™ such that
S oul Ay upay, >0 for all ug € Uy, k=1,...,m.

This condition states that local definiteness is equivalent to existence of parameters
a = (ag,...,an) for every sign o, € {—1, 1} such that oy, Y, ap Ay is positive definite
for k =1,...,m. With this lemma, it is not difficult to see that local definiteness and

definiteness are equivalent for m = 2. If the MEP is definite with respect to pu, it follows

directly that it is local definite as well. For the converse direction, choose a = (g, a1, a2)
and 8 = (Bo, b1, f2) such that Z?ZO agAge and (—1)F Z?:o By Ay are positive definite
for £ =1,2. Next, choose p orthogonal to a and 8 such that det (u Q 6) > 0. Then

T
det det «
(W(ul, U2)> (M IB)
g 0 0
— 2 H 2 H 2 H
= det 25:0 peud Agpun Zg:o aguy Aypug Zgzo Beui' Aypuy | >0,
i teul Asgua Yi_g apull Aspug 7 Beul Agpus

i.e., the MEP is definite with respect to u. For m > 3 local definiteness no longer implies
definiteness. A counter example is given in [Vol88, Chapter 1.5] and in Section 3.5.4.

3.2 Multiparameter Sturm-Liouville problems

As a motivation, consider the Helmholtz equation with Dirichlet boundary conditions

Au(z) + Au(x) =0  for x €

3.8
u(x) =0  for x € 9N (38)
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on a domain Q. If the domain is the hyperrectangle Q2 = (a1,b1) X ... X (G, by,), then
the solutions of (3.8) can be easily obtained by separating the variables and solving the
one-dimensional boundary value problems

ug(xy,) + A ug(xp) =0 for zy € (ag,by) and  wug(ag) = 0 = ug(br),

which are readily solved. The solutions of (3.8) are given by u(x1, ..., Zm) = [ [, ux(zk)
and A = "1, Ag. If the domain is the disc Q = {(z,y) € R?: 22 + 32 < 1}, we can
apply a more involved separation. Using polar coordinates, one obtains the solution via

D" () — v®(p) = 0 for ¢ € (0,2m),
(rR'(r)) + ArR(r) + viR(r) = 0 forre(0,1)

with suitable boundary conditions. These boundary value problems can still be solved
one after another and the solutions of (3.8) are again the products of solutions R® and
with the eigenvalue A.

For our purpose, the situation is more interesting if the domain is the ellipse
Q= {(z,9) € R?: 22/a® 4+ 4?/b*> < 1} with b > a > 0. In the elliptical coordinates

x = ccosh(p) cos(p), y = esinh(p)sin(p),

the equation separates into

2

cosh(2p) P(p) — vP(p) = 0  forpe(0,r),

P'(p) + A
A5 cos(2p)P(p) + v®(p) = 0  for ¢ €(0,27),

() —

again with suitable boundary conditions. Here, ¢ describes the focal points of the ellipse
and ¢? cosh? r = a2. The resulting equations are Mathieu’s modified differential equation
and Mathieu’s differential equation, and the spectral parameters cannot be separated.

In higher dimensions, if B = Diag(1/(bm+1 — b1),...,1/(bm+1 — b)) is a diagonal
matrix with m different positive eigenvalues 0 < by,11 — by < ... < b1 — b1 and the
domain is the ellipsoid Q = {z € R™: z' Bz < 1}, we can separate using the ellipsoidal
coordinates &1, ..., &, defined by

&
2
¢

2

m

2
xr
E - b= 1 for & € (br,brr1)-
= &k —be

We obtain the m coupled differential equations

()t

(p(&x) up (&) + “Ip(&r)

(Z A a‘;—l)uk(gk) 0 for& e (bpbe)  (39)
/=1

with p(§) = /II/2 |br — €| and appropriate boundary conditions; see e.g., [Vol88,
Chapter 6.9], [SW79, Section 1.2], or [MS54, Chapter 1.13].
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All of these problems are coupled Sturm-Liouville eigenvalue problems. They are of
the general form

m
(o) o)+ ) o) + (Y- A i) Juglan) =0 or a1 € (o)
=1
(3.10)
and boundary conditions. Usual assumptions are pg(zr) > 0 for =y € [ag, bx] and
pr is continuously differentiable. This is not the case for (3.9) but oftentimes the
positivity assumption can be weakened; see e.g., [Tes12, Chapter 5.3]. Similar to the
finite dimensional problem (3.1), real eigenvalues A = (A1, ..., A;,;,) have an index since
the occurring operators are self-adjoint with respect to the inner product on L?(ay, by,)
and are bounded from above. There are according existence results for eigenvalues
of signed index; see e.g., [Vol88, Theorem 2.5.3 and Theorem 2.7.1]. Notably, if the
eigenvalue problem is right definite, then there is an eigenvalue with signed index (i, +).
Right and left definiteness of (3.10) can be checked pointwise. It is right definite if

an(xl) Ce alm(:vl)
det : : >0
am1 (Tm) oo G (Tm)

on a dense subset of [a1,b1] X ... X [am, by] and the analog of (3.7) for left definiteness
is satisfied if

all(ml) e alm(azl)
ag—11(Tp—1) - Gr—1,m(Tr—1)
det 1 Lm >0
g1 (Trt1) oo Gkg1m(Trg)
am1 (Tm) . A (Tm,)

on a dense subset of [a1,b1] X ... X [am, bn]; see e.g., [Vol88, Theorem 3.6.2].

The multiindex of an eigenvalue also has an interpretation as the internal zeros of the
corresponding eigenfunctions ug of (3.10). An eigenfunction u of the Sturm-Liouville
eigenvalue problem

(p(z)v'(2)) + q(x) u(x) = Au(z) for z € (a,b)
has n internal zeros if A is the n + 1-th largest eigenvalue under the boundary conditions
cos(a) u(a) +sin(a)u'(a) =0 and cos(B) u(b) + sin(B) u'(b) = 0,

or 2n internal zeros if A is the 2n-th or 2n+ 1-th largest eigenvalue under periodic
boundary conditions, and 2n — 1 internal zeros if A is the 2n—1-th or 2n-th largest
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eigenvalue under antiperiodic boundary conditions; see e.g, [Tes12, Theorem 5.17 and
Theorem 5.37] and [CL55, Chapter 8, Theorem 2.1 and Theorem 3.1]. The analog is
true for the multiindex of an eigenvalue in the case of (3.10). If A = (A\1,..., A\;) has
multiindex i = (i1,...,%,), then ug has i — 1 or i; internal zeros, depending on the
boundary conditions; see e.g., [Vol88, Theorem 3.5.1].

The methods we construct in Section 3.3 compute eigenvalues based on its index.
When the problem comes from a discretization of a multiparameter Sturm-Liouville
eigenvalue problem (3.10), this has the additional interpretation of finding an eigenvalue
whose eigenfunctions have the corresponding number of interior zeros.

3.3 Newton-type methods

For each multiindex i € {1,...,n1} x ... x {1,...,ny}, we define the function
Fi: R™" - R™, A= (A1,..., ) = FA) = (e1,i,(A), - s €muinm (A)), (3.11)

where e, ;, (A) is the ip-th largest eigenvalue of the matrix ;"  ApAge with A\g = 1.
This is zero if and only if A is an eigenvalue of the MEP (3.1) with the corresponding
multiindex. Similarly, we define

Fi: S" S R™, A= Aoy s dm) = Fi(N) = (erin(A), - vy Eminm (X)) (3.12)

for the homogeneous MEP (3.2). If the MEP is locally definite, it follows from Theo-
rem 3.3 that F} has exactly two zeros for every multiindex, one of positive sign and one
of negative sign. If the MEP is right definite, then Fj has a unique zero.

Next, we employ Newton’s method for the functions F;j. For this, we require the
derivative of Fj. It follows from [Kat76, Chapter 2, Theorem 5.15, Theorem 5.16, and
Theorem 6.1] that ey, (A) is analytic in X if the eigenvalue ey ;, (X) of >~)" ApAge is
simple. Otherwise, € ;, (A) still admits a generalized gradient in the sense of [Cla75,
Definition 1.1]. If €43, (A) is a simple eigenvector with corresponding eigenvalue wuy, in
the unit sphere U}, then a simple calculation shows

k
/=1

If €44, (\) is no simple eigenvalue, the generalized gradient Jey ;, (A) consists of the
convex hull of the linear maps given by the one-sided directional derivatives

k
{Jup, + Ju, AN = ZUII;'A)‘ZAM“k and uy, is an eigenvector corresponding to ey ;, (A)}.
/=1
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This can be seen by applying the characterization for generalized gradients of max-
functions in [Cla75, Theorem 2.1] two times to

k
€kiy(A) = max min ZmHUH)\@AMUx.

UeC™k* %k xeClk —
UMU=id;, [loll=1 "=
This characterization of eigenvalues is known as the minimax principle for Hermitian
matrices; see e.g., [Bha97, ChapterIII]. The functions €j;, are even strongly semis-
mooth [SS02], i.e.,
sup lekiy N+ AX) = er., (N) + JAX| € O(]JAX]?). (3.14)
T€0eyi, (A+AN)
If a function from R™ into R" is semismooth, a semismooth Newton method can be

applied. If the function is strongly semismooth, then local quadratic convergence is
retained; see e.g., [IS14, Chapter 2] for an overview.

It follows that, whenever all eigenvalues ey, ;, (A) for k = 1,...,m are simple, Fj())
is analytic in A and its derivative is given by
ulAyu, o0 ul A uy
K = : : : (3.15)
ulb A, o ul AL

where up € Uy are the eigenvectors of ZT:O A¢Ayp corresponding to the eigenvalue
€k,ip(A). If the MEP is right definite, then F’()) is invertible. Similarly, Clarke’s
generalized Jacobian 0Fj()) is given by the convex hull of

H H
ulAjqug . ul Ay u
1411U 141mU
: : : up € Uy, is an eigenvector corresponding to ey ;, (A)
H H
Uy A1 Uy« -+ U Ay U,

Since the functions €y, ;, are strongly semismooth, Fj is also strongly semismooth; see
e.g., [IS14, Proposition 1.73]. It follows that a semismooth Newton method applied to
F; converges locally quadratic; see e.g., [IS14, Theorem 2.42].

Given AU), the semismooth Newton method computes the next iterate by

J € OF, ()\(j)> R ()\(j)> FJIAN=0, AUHD = O £ AN

We can compute a particular choice of J € 0F; ()\(j)) with eigenvectors ug € Uy
corresponding to €, ;, ()\(j)) as in (3.15). Then Fj ()\(j)) is given by

U?Aloul e U'l_'Almul )\(j)
0\ — 1y _ : : 1
Fi A —W(Ul,...,um) )\(]) = : : .
H H :

U Aol o U A Ui, NG
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Algorithm 1 Semismooth Newton method for right definite MEPs
Require: A right definite MEP of the form (3.1) and a multiindex i
Ensure: approximation of an eigenvalue A of index i
intial guess A(®) ¢ R™
for j=1,2,... do
fork=1,...,mdo
compute i5-th largest eigenvalue of » ", )\gj _I)AM
and a corresponding eigenvector uy € Uy,

end for
1
solve W(uy, ..., up) </\(j)> =0
end for

return \U)

The next iterate AU+ is given by

H H 1
' urAjguy .. upAgpuy P2 AN
0=F (\D) + 781 = : : b ,
ulb A ou, o ult AL N + AX
i.e., as the solution of the linear equation
1
W(ut, ..., unm) ()\(j+1)> =0. (3.16)

If the MEP (3.1) is right definite, this equation has a unique solution. We summarize
this procedure in Algorithm 1.

We can employ a similar algorithm for the homogeneous MEP (3.2). In that case,
we require a signed index (i, o) and solve the linear equation

W(ug, ... ,up)AUTD =0 with AU+D e P (3.17)

The other steps are analogous.
Let us shortly consider Algorithm 1 in the case m = 1. In that case, the MEP (3.1)
is just the generalized eigenvalue problem

Au+ABu=0

with positive definite B. Algorithm 1 computes an eigenvalue of a given index by a
Newton method that requires solving an eigenvalue problem in each step. Obviously, it is
computationally less expensive to solve the generalized eigenvalue problem directly. The
following consequence of Sylvester’s law of inertia shows that the index of A corresponds
to the ordering of the eigenvalues of the generalized eigenvalue problem.
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Algorithm 2 Semismooth splitted Newton method for right definite MEPs

Require: A right definite MEP of the form (3.1) and a multiindex i
Ensure: approximation of an eigenvalue A of index i
intial guess A(®) € R™
for j=1,2,... do
for k=2,...,mdo
compute ix-th largest eigenvalue of Y " )\2] _I)Ake
and a corresponding eigenvector uy € Uy,
end for .

solve W (ug, ..., up,) <)\(part) LA
find ¢ such that 0 is the i;-th largest eigenvalue of
A+ 5 AP Ay, e ym Al gy,
et AU = Aart) chom

end for

return \(@)

(hom)> =0 for )\(part) and )\(hom)

Lemma 3.6. Let A, B be symmetric matrices and B be positive definite. Then zero
is the i-th largest eigenvalue of the matriz A + AB if and only if X is the i-th smallest
eigenvalue of the generalized eigenvalue problem Au + ABu = 0.

Proof. Since B is positive definite, it admits a positive definite square root Bs. By
Sylvester’s law of inertia [HJ90, Theorem 4.5.8] the matrix A+ AB has the same number
of positive and negative eigenvalues as the matrix B “3AB"3 +Aid. Since the eigenvalues
of the generahzed elgenvalue problem Au + ABu = 0 are the same as the ones of the
matrix —B~2AB~ 2 the claim follows. O

As a consequence, we can solve the generalized eigenvalue problem A + AB and
directly recover the index of the eigenvalue. We can utilize this idea to construct a
modified method, where one component of F; is forced to be zero in each step. For this,
first consider the case ny = ... = n,, = 1. Then (3.1) is of the form

Apur + MAur 4+ .o+ ApAipur =0, b+ GA =0,

where b € R™! and G € R™ ™1™ contain the second to m-th equation of the MEP. If
the MEP is right definite, then rank G = m — 1 and its kernel is given by span{(om)}
and the solution of b+ G\ = 0 is given by A = APart) 4 ¢a(hom)  Hepce, the MEP

reduces to
Ayouy + (Z Agpm)Aw> u, +t (Z AghOm)Aw> uy =0,
=1 (=1

a generalized eigenvalue problem. Here, Y ;" )\Ehom)A

Athom) guch that 7, )\éhom)Aw is postive definite. This can be seen as follows. Right

1¢ is definite and we may choose
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Algorithm 3 Semismooth cyclic splitted Newton method for right definite MEPs

Require: A right definite MEP of the form (3.1) and a multiindex i
Ensure: approximation of an eigenvalue A of index i
intial guess A(®) ¢ R™
for j=1,2,... do
set k = 7 mod m
for k # j mod m do
compute ix-th largest eigenvalue of ;" )\ﬁj 71)AM
and a corresponding eigenvector uy € Uy,
end for

k 1
solve W(k)(uh e Uy U s e e e Un) ()\(part) ot )\(hom)) —0
for A(Part) 514 ) (hom)
find ¢ such that 0 is the iz-th largest eigenvalue of
m art m hom
A+ 30 Agp )Afcz S Aé )AM
set \U) = )\(part) 4t )\ (hom)

end for
return \U)

definiteness implies that not both u!! (Zznzl )\Smm)Al 2) u; = 0 and GA(h™) = 0 for every
uy € Uy. Since A(P°™) is in the nullspace of G, this implies u}! ( 1 )\ghom)Ala u;p #0

for every u; € Uy and therefore Y ;2| A hom)A1 ¢ is either positive or negative definite.
Therefore, we can use Lemma 3.6 to find A such that b+ GA =0 and ¢y 4, (\) = 0 for
any iy € {1,...,n1}.

We can now apply this idea to a single step of the Newton method. Given AU, we
compute g ;, ()\(j)) and corresponding eigenvectors uy € Uy, for k # k. We denote by

w k) (uq, ... U1y Ufpys e - , Um) the matrix W(uq, ..., uy,) without its k-th row, i.e.,
H uH
uy' Aoty e Alm m
H H
w k) . - ) = Uy Ag 0%k -1 o M lAk 1m k-1
ULy Uy Uy Um) = | R S S
11,0 %1 0 Y i m Y
Uy, A Uy, uhA
mO0 ce m*imm~“'m

Next, we find A(P°m) £ 0 and A(Part) guch that

1
k
W( )(u17 s Up_ gy Upy gy ,Um) <A(part) _|_t)\(hom)> =0

71



CHAPTER 3. DEFINITE MULTIPARAMETER EIGENVALUE PROBLEMS

(c)

Figure 3.1: Visualization of Algorithm 1 in (a), Algorithm 2 in (b), and Algorithm 3
in (c) for m = 2 and three different multiindices.

for every t. Finally, we use Lemma 3.6 and definiteness of » ", )\éhom) AI% , to find
the next iterate of the form AUt = \(Part) 4 ¢ \(hom) ouch that £} i (A(j)) =0. We

summarize this procedure in Algorithm 2 in the case that k = 1 for every step. Another
possibility is use a different k in every step, for example k= j mod m. This is
summarized in Algorithm 3. In the case m = 2, Algorithm 3 coincides with the method
proposed in [EN22].

Changing k in each step has the advantage, that one of the required eigenvalue
problems was already solved in the previous step, and thus reducing the computational
complexity of this method.

We visualized the three methods in Figure 3.1. In there, a two-parameter problem is
shown where the red curves correspond to the eigencurves of the first equation and the
blue curves correspond to the eigencurves of the second equation. It can be seen that
Algorithm 2 forces the first equation to be satisfied as the iterates in orange stay on
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the red curves. The Algorithm 3 cycles between the red and blue curves. One can also
observe that the next iterate of Algorithm 3 is given by the intersection of the tangent
at the current curve and the other curve as described in [EN22, Section 2.3].

All of these methods admit local quadratic convergence. To see this, we have the
following more general result.

Theorem 3.7. Let Fy: R™ — R™ and Fy: R™ — R™2 with my +mo = m be strongly
semismooth, and (F1, Fy)(xz*) = 0. Furthermore, assume there is v < oo such that

<7

H <f01 J;]E@ dt) i

for all Jy € OF(x), Jo(t) € OFy(ty + (1 — t)z) and x,y,z € R™. Given zU) € R™, let
J1 € 0F (:L'(j)) and let zUTY € R™ satisfy the equations

F (x(j)) + (x(j“) - x(j)> =0 and Fy (:c(j+1)> =0.

Then H:c* — x(j‘H)H €O (Hx* — x(j)H2>.
Proof. Since F» is semismooth, it is also locally Lipschitz continuous. Therefore, f(t) =

Fy (tx* +(1- t)a:(jﬂ)) is locally Lipschitz continuous, almost everywhere differentiable,
and the fundamental theorem of calculus applies, i.e.,

o= () - [
Hence, by [IS14, Proposition 1.63], there is Ja(t) € OF, (tz* + (1 — t)zU*D) such that

Jo(t) (v* — 2UFTD) = f/(¢), that is, there is an element in the generalized Jacobian that
attains the directional derivative, and we get

1
0= Fy(z*) — Fy (SU(]H)) = / Jo(t) dt (x* - x(3+1)> )
0
Furthermore, since F} is strongly semismooth, the first equation for U1 implies

HJ1 (ac* - x(j+1)> H = HF1 (ac(j)> — P (z)+ )1 (x* - l'(j)) H €0 ( ¥ — x(j)H2> .

Hence,
1 - (x* — a:(j+1)) _ (5 (z2U)) — Fy (2%) + Jy (2% — 20))
Jo J2(t)dt 0
and the result follows as the matrix on the left-hand side has a bounded inverse. ]
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This result is applicable for Algorithm 1, Algorithm 2, and Algorithm 3. We already
noted that the functions €y ;, are strongly semismooth. It remains to provide that the
matrix consisting of elements of the generalized Jacobian and averaged elements of the
generalized Jacobian has a uniformly bounded inverse. This is a consequence of the
following statement for right definite MEPs.

Proposition 3.8. Let the MEP (3.1) be right definite and let

H H
ul'Ajjuy oo ul'Ag
J = : : tup EUR fork=1,....m
H H
U Ap 1 Uy oo Uy A U

Then there is v < co such that HJ‘lH <~ for all J € conv J.

Proof. First note that J is a compact set in R™*™ as it is the image of the continuous
map

H H
J:Ur X XUy = R™™ w = (ug, ..., uq) — J(u)= : :
H H
U A1 Uy o Uy A U

of the compact set Uy X ... X Uy,. It follows from Carathéodory’s theorem that conv J
is itself compact since R™*™ is finite dimensional; see e.g., [Tuy16, Theorem 1.1 and
Corollary 1.9]. Finally, we show that detJ # 0 for J € conv 7. Then convJ is
a compact subset of invertible matrices and therefore the set {J~': J € conv J} is
compact as inverting a matrix is a continuous map on invertible matrices.

We proceed by induction. We denote by Jj the set consisting of the k-th row of
matrices in J, i.e.,

T = {(UEAkluk U;‘Akmuk) U € Uk}.

Furhthermore, we denote by V; the set of matrices where the rows £ = 1,..., k consist
of the convex combinations J; € convJ; and the other rows consist of J, € J, for
b=k+1,...,m,ie.,

J1
Ve = : cJp€conv Jyforl=1,...,kand Jy € Jpfor{=k+1,...,m
JIm

From right definiteness, it follows that det J > 0 for J € J = Vy. Now let det J > 0
for all J € Vy_1. Then any J € V is of the form J = Ejj\/il O'jJ(j) where o; > 0,,
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M o;=1, and

7j=1

J1

J: Jycconv Ty for £=1,... k—1,
k—1 ;

70 = g9 | for J,ff; e Jp.
Jet+1 o
. Joe Jpforl=k+1,....m

Im

Then by linearity of the determinant in its rows, we have det J = Z?il ojdetJ @ >0

as JU) € V. Tt follows that det J > 0 for all J € V}, and k = 0,.
Let J € conv 7. By definition, J = Z 105 JU) for some J(J € j Z 105 =1,
and o; > 0. Then

Z] 1 ]Jl(])
J = : for some J,ﬁk)ejk,kzl,...m.
Z] L O']J(])
It follows that conv J C V,, and the assertion is proven. O

The local quadratic convergence of Algorithm 1, Algorithm 2, and Algorithm 3
readily follows.

Theorem 3.9. Let the MEP (3.1) be right definite and A be the unique eigenvalue
of multiindex i. Then the sequences \U) generated by Algorithm 1, Algorithm 2, and

Algorithm 3 satisfy
(]

i.e., they admit local quadratic convergence.

Proof. We only consider Algorithm 2 as the proofs for the other ones are analogous.
Let Fy = e1;, and
€2,i
=
Em,im
Both are strongly semicontinuous [SS02]. The iterates satisfy the equations of Theo-

rem 3.7 and Proposition 3.8 implies that the inequality concerning generalized Jacobian
is satisfied. The result follows. O
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The convergence results are only of local nature. In principle globalization strategies
involving a line search are applicable, however, quadratic convergence would be lost.
Our numerical results however suggest that this is not necessary. In Section 3.4 we
discuss global convergence results for some eigenvalues.

The results of Theorem 3.7 and Proposition 3.8 also imply local quadratic convergence
when two or more lines of F; are kept zero. This is in principle applicable when an
effective method to compute an eigenvalue of multiindex for a two-parameter eigenvalue
is available.

3.4 Extreme eigenvalues

The problem of finding an eigenvalue of extreme multiindix i € {1,n1} x ... x {1,n,}
has an optimization perspective. Note again, that eigenvalues of the MEP (3.1) lie in

the set
1

Q= {AeRm: W (u) ()\

>:0forsomeu61/{1><...><Um}.

The set Q is not convex, as can be anticipated by Figure 3.1. The eigenvalues of extreme
indices are however extreme points of its convex hull.

Proposition 3.10. Let the MEP (3.1) be right definite. Then
QcC conv{)\i: ie{l,m}x...x {1,nm}}

where A denotes the eigenvalue of multiindex i.

Proof. Let A € Q and let u € U; X ... X U, be a corresponding vector such that

W (u) </1\> =0. Wedenote & = {1,n1} x...x{1,n,,} as the set of extreme multiindices.
Next, notice that
€1
1 )
Wi (y) = :
€m

where €, > 0 if i, = ng and ¢, < 0 if 7y = 1. Hence,

0e conv{W(u) (;) : ieg} :W(u){G) N e conv{)\i: i eg}}.

Since W (u) is of full rank, the solution of W (u) <§\> = 0 is unique and the assertion
follows. H
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It follows directly that
T
min g A
A€Q H
is attained at an eigenvalue of extreme multiindex. If the MEP (3.1) is left definite with
respect to p and right definite, then we know which extreme multiindex corresponds to
a maximizing eigenvalue.

Proposition 3.11. Let the MEP (3.1) be right definite and left definite with respect to
w. Then
T
A
g
is attained at the eigenvalue N of multiindex 1 = (1,...,1). Furthermore, there is a
B >0 such that u’ ()\ — )\1) >p H)\ — )\1H for all A € Q.

1

Proof. Let A € Q and choose u € Uy X - - - X Uy, such that W (u) (/\

) = 0. Note that the

entries of W (u) <)\11

Sito M AL, for k=1,...,m. Hence,

) are nonpositive since 0 is the largest eigenvalue of the matrices

J(u) (At =A) = : : (At=x) = : (3.18)
ulb A, o uH AL €m

with e, <0 for k =1,...,m. If A # A, then at least one inequality is strict and by
Proposition 3.8 there is ¥
¥ max |eg| > H)\l - )\H
k=1,...m

By right definiteness the matrix J(u) is invertible, and by Cramer’s rule and the
condition (3.7) for left definiteness the entries of u'(J(u))~! are positive. Furthermore,
by compactness of the sets Uy, ...,U,, there is an o > 0 such that the entries are at
least « for every u € Uy X ... x Uy,. Hence,

pT (AL = 2) = uT(J(w) M () (AT = A) < % RSy
which shows the assertion. O

A similar argument also shows that T (/\i — )\j) < 0 whenever i < ji for k =
1,...,m. That is, the map i+ u' Al is order preserving with respect to the product
order on multiindices.

Proposition 3.12. Let the MEP (3.1) be right definite and left definite with respect to
p. Let Xt and N be eigenvalues of multiindices i and j. Then

IUT)\i < /.LT/\']

ifikgjkforkzl,...,m.
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Proof. We show that there is a u € Uy X - - - XUy, such that J(u) (A! — M) has nonpositive
entries. Then the result follows analogously as in the proof of Proposition 3.11. Since 0
is the ji-th largest eigenvalue of " j A A,,, the ij-th largest eigenvalue of > ;" o AbA, ,,

and i, < jg, there is a uy € Uy such that u,':' oo ()\ig — A%) A uy < 0. It follows that

J(ut, ..., Um) ()\2 - )\jg) has nonpositive entries and the result follows. O

Hence, if the MEP (3.1) is left and right definite, we can compute eigenvalues that
have small ' A using Algorithm 1, Algorithm 2, or Algorithm 3 by requiring small
multiindices. Finally, left definiteness also implies global convergence of the methods
when the desired eigenvalue has multiindex 1.

Theorem 3.13. Let the MEP 3.1 be left and right definite. The sequences \9) generated
by Algorithm 1, Algorithm 2, and Algorithm 8 converge globally to A\* when the required
multiindez is 1.

Proof. First notice that A) € Q for j > 1. Thus, due to Proposition 3.11 it is enough
to show that uTAU) converges to uTAl. From Proposition 3.8 and the characterization
of the directional derivatives of F}, it follows that

YIFEL )] = A=A

)

and furthermore the entries of F; are nonnegative by the definition of Q and Fj(\).
It follows, that the largest entry of Fy()\) is at least du' (A — Al) with some § > 0
independent of \. The difference AW — AU+ satisfies

J ()\(j) _ )\(j+1)) - R ()\(j))

for some J € conv J of Proposition 3.8. With a similar argument as in the proof of
Proposition 3.8, we get that " J~! has entries larger than some « for every J € conv J.
Hence,

n’ ()\(j) _ )\(j+1)> > adp’ ()\(j) _ )\1)

and thus
uT (A(j“) - )\1> <(1-ad)u’ ()\(j) - Al) ,

that is global linear convergence of the sequence MT)\(j ) to pT AL, ]

We want to note that the proofs of Proposition 3.11, Proposition 3.12, and The-
orem 3.13 only require the condition (3.7) and not the negative definiteness of the
matrices Agg. However, assuming left definiteness is not a real restriction. Indeed, the
negative definiteness can be achieved by a translation of eigenvalues; see e.g., [Vol88,
Lemma2.7.3]. In the case m = 2 right definiteness even implies condition (3.7).
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Proposition 3.14. Let the MEP 3.1 be right definite and m = 2. Then there is a
= (0, 1, p2) such that condition (3.7) is satisfied.

Proof. The condition (3.7) is equivalent to positive definiteness of the matrices

p2A11 — p1Are and  pyAsy — ppAog.

We use Lemma 3.5 with 01 = 1 and o9 = —1 and get positive definite matrices
alAll + 012A12 and - a1A21 — 042A22.
The result follows with p; = —ag and po = . O

It follows that Algorithm 1, Algorithm 2, and Algorithm 3 converge for extreme
indices when (3.1) is a right definite two-parameter eigenvalue problem.

Corollary 3.15. Let the MEP 3.1 be right definite and m = 2. The sequences A7)
generated by Algorithm 1, Algorithm 2, and Algorithm 3 converge globally to X! when
the required multiindex i is extreme, i.e., i € {1,n1} x {1,n2}.

Proof. If i = 1, the result follows directly from Theorem 3.13 and Proposition 3.14. The
case i = (1, ng) follows by permuting equations and changing signs of the matrices Ago,
Ao, and Ago. This is again a right definite two-parameter eigenvalue problem with the
same eigenvalues as the original but the eigenvalue of multiindex (1,n2) of the original
one now has multiindex 1. The other two cases follow analogously. O

3.5 Numerical experiments

In this section, we demonstrate the perfomance of Algorithm 1, Algorithm 2, and
Algorithm 3 and compare it with the performance of methods in the MATLAB toolbox
MultiParEig [Ple22]. All numerical experiments were run on one core Intel Xeon Gold
6144 at 3.5 GHz.

We want to note that we did not implement our methods to the highest efficiency.
For example, all methods are parallelizable in multiple fashions. The computation
of an eigenvalue of a certain multiindex is independent of the computation of an
eigenvalue with a different multiindex. These can therefore be computed in parallel.
When computing only one eigenvalue, the computation of the m different eigenvalues
in the second loop of the algorithms can be done in parallel as well. The methods can
also be made more efficient by some precalculations. For example, Algorithm 2 and
Algorithm 3 are more efficient, when the matrices Ay for k,¢ =1,..., m are diagonal,
as the generalized eigenvalue problems can then easily be transformed into a symmetric
eigenvalue problem. For m = 2, this can be achieved by congruence transformations
beforehand, reducing computational complexity.
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Figure 3.2: Comparison of the performances of Algorithm 1, Algorithm 2, Algorithm 3,
and twopareig [Ple22] for m = 2 and different sizes of matrices. The matrices are
generated randomly such that the MEP is right definite as explained in Section 3.5.1
with ny = ny = n. We solve for all n? eigenvalues.

Throughout the experiments, we track the precision of the found eigenvalues and
eigenvectors by the sum of residual norms > ;" ; [|>-7% AeAreul . If we look for more
than a single eigenvalue, we sum up these sums of residual norms.

3.5.1 Randomly generated MEPs

At first, we generated matrices for an MEP randomly such that the resulting MEP is
right definite. For m = 2, we achieve this by setting

Ay = Ay =id,

and setting Ao and Ao as diagonal matrices with entries chosen uniform at random in
the interval [—1,1]. Now with probability one the MEP is right definite. For A9 and
Aoy we generate symmetric matrices at random with entries distributed normally.

We used Algorithm 1, Algorithm 2, Algorithm 3, and twopareig [Ple22], which uses
the generalized Schur decomposition, to find every eigenvalue for n x n matrices Ay
and n = 10,15,...,100. The results are summarized in Figure 3.2. Our methods find
eigenvalues with higher precision by orders of magnitude, where Algorithm 2 has a slight
edge, and for n > 40 our methods need less time to find all eigenvalues. This was to be
expected, as the complexity of finding one eigenvalue with our methods is in O(mn3) if
we assume that the number of iterations does not depend on n and m. This leads to
a computational complexity of O(n®) for all eigenvalues in the case m = 2 compared
to a complexity of O(n®) using the generalized Schur decomposition. Figure 3.2 even
suggests a complexity of O(n?).
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Figure 3.3: Comparison of the performances of Algorithm 1, Algorithm 2, Algorithm 3,
and threepareig [Ple22] for m = 3 and different sizes of matrices. The matrices are
generated randomly such that the MEP is right definite as explained in Section 3.5.1
with ny = ny = n3 = n. We solve for all n3 eigenvalues.

As a next example, we generated right definite three-parameter eigenvalue problems
at random. Here, we set

Ay = Ay = Azz =id,

and set Ajo, Ay, Asi, Aoz, Asi, Ase as diagonal matrices with entries uniformly

distributed in [—%, %] and Ay again as symmetric matrices with Gaussian distributed
entries. This also leads to a right definite three-parameter eigenvalue problem with

probability one.

For these three-parameter eigenvalue problems, we compared our methods to three-
pareig [Ple22], which also uses the generalized Schur decomposition. We used our
methods and threepareig to find all n? eigenvalues with n x n matrices Ay, with
n=1,2,...,20. The results are summarized in Figure 3.3. Threepareig is only able to
solve MEPs with small n, as it explicitly constructs the n x n® matrices Ay in (3.4)
and runs into memory problems even for matrices of moderate size. For n > 8 our
methods has a smaller time demand, and Algorithm 1, Algorithm 2, and Algorithm 3
have a similar performance. For m = 3 the complexity of our method is O(n®) for
finding all eigenvalues, again assuming the number of iterations is independent of n.
This is small compared to the computational complexity using the generalized Schur
decomposition, which is of the order O(n?). The time plot in Figure 3.3 suggests this is
the case. It is therefore more feasible to find all eigenvalues for larger three-parameter
eigenvalue problems with our methods. The measured precision is again higher by
orders of magnitude.
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Figure 3.4: Comparison of the performances of Algorithm 1, Algorithm 2, Algorithm 3,
and twopareigs [Ple22] for a discretization of (3.19) on polynomial bases of degree 300.
We compute eigenvalues with small .

3.5.2 Coupled Mathieu’s differential equations

As a first example coming from boundary eigenvalue problems, we considered the coupled
version of Mathieu’s modified and Mathieu’s equation

P"(p) + X cosh(p) P(p) — vP(p) =0 for pe(0,r), P(0)=
"(p) — Acos(p) @(p) + v P(p) =0 forpe (0,7), ©(0)

P(1),

D). (3.19)

0
0

This is one of four different configurations arising when separation of variables is applied
to the Helmholtz equation

Au(z) + Au(x) =0  forz € Q
u(x) =0  for x € 0N

on the ellipse Q = {(x,y): 2%/ cosh(1) + y?/sinh(1) < 1}, see e.g., the introduction
of [Vol88]. We discretized these equations on a basis of polynomials of degree 300
using the MATLAB toolbox Chebfun [DHT14]. We computed L?(0,1)- and L?(0, 7)-
orthonormal bases By and Bs satisfying the boundary conditions as column vectors and
computed the symmetric matrices

1 s
Aw =~ | Bi(p)Bi(p)" dp, Aw =~ | By(e)Bi(p)" de,

1 s
Ay = / cosh(p)B1(p)Bi(p) " dp, A1 = —/ cos(p) Ba(p) Ba() T dop,

O 0
1 ™
A = — / Bi(p)Bi(p)" dp, Azy = | Ba(p)Ba(p)' do
0 0
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Figure 3.5: Comparison of the performances of Algorithm 1, Algorithm 2, Algorithm 3,
and threepareigs [Ple22] for a discretization of (3.20) on polynomial bases of degree 16
with boundary conditions (3.21). We compute eigenvalues with small As.

with Chebfun. The resulting MEP is left definite with respect to u = (0,1,0) and right
definite. We can thus apply Proposition 3.12 to find eigenvalues and eigenvectors with
small A by requiring small multiindices in Algorithm 1, Algorithm 2, and Algorithm 3.
For this we impose the product order on multiindices, i.e., 1 < jifip < jpfork=1,...,m.
At first we compute the eigenvalue of multiindex 1. Next we choose a minimal multiindex
i among the ones we have not computed an eigenvalue to and that minimizes minje ) N,
where N(i) = {j € {1,...,nmi}x...x{1,...,ny}: ig—j; = 1 for a single k and ip—j =
0 otherwise} is a set of neighbors of i.

Using Algorithm 1, Algorithm 2, and Algorithm 3 and this strategy, we com-
puted 5,10,...,300 eigenvalues with small A and compared their performances to
twopareigs [Ple22], which uses a Krylov-Schur method [MP15]. The results are summa-
rized in Figure 3.4. For this problem, Algorithm 1 performed the best. Our methods
need the same time for every eigenvalue, whereas twopareigs required more time per
eigenvalue when computing many eigenvalues. When computing more than 50 eigen-
values Algorithm 1 requires less time than twopareigs. The precision of the computed
eigenvalues and eigenvectors is slightly higher when computed with our methods.

3.5.3 Ellipsoidal wave equation

Now we consider a three-parameter eigenvalue problem, that arises from the Helmholtz
equation on the ellipsoid Q = {(x,y,2) € R3: 22/x2 + y?/yd + 2%/23}. A fitting choice
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of ellipsoidal coordinates and separation of variables leads to the equations

p(&) (P(EDUI(E)) + Mg (&) + Mayu(€) + ERdsui (&) = 0 for & € (¢, d),
p(fz)(p(ﬁz)ué(fz))/ — Muy(&) — Aa&un(€y) — EAzun(éy) = 0 for & € (1,0),
p(&3) (p(fg)uzlz(gs))l + Aug() + Aa&yus(€s) + Ehaus(éy) = 0 for & € (Oil)a )
3.20
with p(&) = /[€||€ — 1]|€ — ¢| and appropriate values of ¢ and d. Here, only A3 is
connected to the original spectral parameter A. We again discretize using polynomial
bases By, Bo, and Bs with By(d) = 0 due to Dirichlet boundary conditions. Again
using the MATLAB toolbox Chebfun, we computed the symmetric matrices

d (&
Ay = —/ p(&) B} (€)B}(€)T de, Ago = —/1 p(€)B5(€)By(€)T de,
cl ! .
Azp = — /0 p(€)BL(€)By(€)T de, A = / @Bl(é)Bl(ﬁ)Tds,
[ T _ [t T
A9 = A p(é)B2(§)BQ(§) dg, ASI—/O p(g)B3(€)B3(§) dg,
[t e T __ [T T
A12_/c p(S)Bl(f)Bl(f) df, Ago = /1 p( )B2(§)BQ(£) d‘fa
1 d ¢2
A32:/0 pé)B;;(f)Bg(g)Tdﬁ, A13=/ ijs)Bl(é)Bl(ﬁ)Td&
¢ o2 1 ¢2
toy=— [ SSBOBOT A A= [ BB de
This discretization leads to the boundary conditions
cu’(0) + Aug(0) = 0,
(= Dus(1) + Aus(D) + dows(1) + Mgus(l) = 0,
((62— 1))1/2((1)) - iluzgl)) - A/\QUQ((D) — AA?’?;Z(?) =0, (3.21)
c —c)ub(c) — Mug(c) — dacu,(c) — Azc?u,(c) = 0, '
(02—0()6115(0) + Alu?(c) + )\gcuj(c) + )\302u?(c) =0,
", = 0.

This is one of 8 possible configurations for handling singularities at the boundaries of
the interval, see e.g., [HMMP19, Section2.1]. We set ¢ = 12/7 and d = 16/7 which
corresponds to the ellipsoid with zg = 1, yg = 1.5, and zy = 2, which is also considered
in [HMMP19, Section 5.1]. The resulting eigenvalue problem is right definite and left
definite with respect to u = (0,0,0,1). Thus, we can apply the strategy described in
the previous example to find eigenvalues with small As.

First, we discretized on polynomial bases of degree 16, which leads to ny = ngy = 17
and ng = 16. We used our methods and threepareigs [Ple22] to compute 1,6, ...,46
eigenvalues with small A3. The results are summarized in Figure 3.5. The method
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Figure 3.6: Comparison of the performances of Algorithm 1, Algorithm 2, and Algo-
rithm 3 for a discretization of (3.20) on polynomial bases of degree 300 with boundary
conditions (3.21). We compute eigenvalues with small A3.

threepareigs requires the matrices Ag and Ag in (3.4). Our methods do not require these
matrices, which is one reason why the required time for computing some eigenvalues is
smaller using our methods. The precision of our methods is again higher. For small
matrices, Algorithm 1, Algorithm 2, and Algorithm 3 perform similarly. Algorithm 1 is
slightly more precise in this experiment, and Algorithm 3 is slightly faster.

Next, we discretized on polynomial bases of degree 300 in the same way and computed
10,20, ...,130 eigenvalues with small A3. For this size of matrices, threepareigs is
no longer applicable, as the matrices Ag and As are too large. The methods from
in [HMMP19] are not directly applicable for these generated matrices and require a
preconditioning step described in their article. Our methods are still applicable, as they
only require solving eigenvalue problems with matrices of size ~ 300. The results are
summarized in Figure 3.6. In this experiment, Algorithm 1 performed the best. Again,
the experiment suggests, that the time required for computing an eigenvalue does not
depend on its multiindex.

3.5.4 Locally definite problem

Finally, we apply our methods to a homogeneous MEP of the form (3.2) that is locally
definite but not definite. The following example is taken from [Vol88, Chapter 1.5]. Let

Ajg = Ay = A3y = A = Agy = Agz =
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5 1
1 , Az = A = A3 = —
1 5

Ajg = Agz = Agp =

The resulting MEP is locally definite which can be seen by applying Lemma 3.5. Indeed,
for every sign o € {—1,1}® one can choose a as one of the vectors +e; € R*. Tt is
however not definite. To see this, note that

1 1
M= (-1,-3,1,1), M= ——(—1,1,1,-3),
1 \/ﬁ( ) 2 \/ﬁ( )
1 1
A= ——(—1,1,-3,1), A= ——(3,1,1,1
3 \/ﬁ( ) 4 \/ﬁ( )

are eigenvalues in P+ and A; + Ao + A3+ X\g = 0. Hence, there is no p such that ™A > 0
for all A € P and the MEP cannot be definite. The eigenvectors are given by the
coordinate vectors e;, ® e;, ® e;,. We used the variant of Algorithm 1 that uses (3.17)
instead of (3.16) to find the next iterate. We computed the eigenvectors and eigenvalues
of each signed index to machine precision indicating that Algorithm 1 is also applicable
to locally definite MEPs that are not definite.

3.6 Concluding remarks and outlook

We presented new methods for computing eigenvalues of definite multiparameter eigen-
value problems based on their signed index. Our approaches only require finding certain
eigenpairs coming from the original problem. This makes it feasible to find eigenvalues
of definite multiparameter eigenvalue problems for larger m using our methods.

Our methods heavily rely on the problem being at least locally definite, so that there
is a one-to-one correspondence of signed indices and eigenvalues. Additionally, local
definiteness forces all eigenvalues to be real. For the case m = 1, we are in the situation
of generalized eigenvalue problems. When a generalized eigenvalue problem is almost
definite, one can show, using inertia laws, that many eigenvalues are real [NN19]. Tt
would be of interest to investigate the applicability of these results in a situation when
the multiparameter eigenvalue problem is almost definite.
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