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Summary

The present thesis deals with the numerical time-integration of high-dimensional
time-dependent ordinary differential equations arising from, e.g. the discretization
of high-dimensional time-dependent partial differential equations.

Because the size of such problems is assumed to be extremely large, standard
discretization techniques are not feasible. The number of quantities needed to be
stored and treated exceeds standard capacities of common computational devices;
a circumstance usually referred to as curse of dimensionality. A different ansatz is
required to be used, i.e. the dynamical low-rank approximation.

Dynamical low-rank approximation consists of projecting the time-derivative of
the time-dependent solution of the given problem onto the tangent space of a search
space of lower complexity, e.g. the manifold of low-rank matrices of fixed rank r.

In the manifold of low-rank matrices, an efficient numerical integrator based on a
projector-splitting approach has been recently proposed. This numerical integrator
has been proven to retain a low-memory footprint and to be robust with respect to
the presence of small singular values, desirable property which is needed for achieving
sufficient precision in the final approximation.

Different low-rank manifolds exist in the high-dimensional setting, and analogous
projector-splitting integrators have been there proposed. In the literature, exhaus-
tive and complete research has been carried out for dynamical low-rank approxi-
mation of high-dimensional low-rank loop-free formats, such as tensors in Tucker
format and tensors in hierarchical Tucker format.

We present here the extension of the projector-splitting integrator for matrices
to the most general class of tree tensor networks, which by construction includes all
mentioned low-rank loop-free formats.

Furthermore, a non-trivial modification of the projector-splitting integrator, pre-
serving (skew-)symmetry for matrices and tensors in Tucker format, is presented.

The latter results are generalized to low-rank matrices and tensors in Tucker
format. Due to its unusual derivation and construction, the new derived numerical
integrator is referred to as the unconventional integrator.

In contrast to the original projector-splitting integrator for matrices and tensors
in Tucker format, the new unconventional integrator introduces more parallelism.
It preserves the original excellent properties of the projector-splitting integrator for
matrices and tensors in Tucker format and provides more stability when strong
dissipative problems are considered.



Zusammenfassung

Die vorliegende Arbeit befasst sich mit der numerischen Zeitintegration von hoch-
dimensionalen, zeit-abhangigen, gewohnlichen Differentialgleichungen, welche bei-
spielsweise bei der Diskretisierung von partiellen Differentialgleichungen auftreten.
Treten in den Problemen sehr hohe Dimensionen auf, sind Standardtechniken nicht
mehr durchfithrbar. Die Anzahl und Grole der Objekte, welche gespeichert und
verarbeitet werden miissen, tibersteigt bei Weitem die Kapazitaten eines Standard-
Computers. Dieser Umstand wird héaufig als der FLUCH DER DIMENSION bezeich-
net. Deshalb miissen andere Anséatze zur Behandlung solcher Probleme herangezo-
gen werden, wie zum Beispiel dynamische Approximationen von niedrigem Rang.
Dynamische Approximationen von niedrigem Rang beruhen auf der Projektion der
Zeitableitung einer zeitabhangigen Losung eines gegebenen Problems auf den Tan-
gentialraum eines Losungsraums, welcher eine niedrigere Komplexitat aufweist. Die
Mannigfaltigkeit der Matrizen von festem Rang r sind ein Beispiel fiir einen solchen
Losungsraums. Auf dieser speziellen Mannigfaltigkeit wurde mit Hilfe einer Zer-
legung der Projektion (=Projektions-Splitting) ein Integrator vorgestellt. Dieser
erhalt die spezielle Struktur der Objekte bei, was ein effizientes Speichern ermoglicht.
Weiter weist der Integrator Robustheit beziiglich kleiner Singularwerte auf, was es-
sentiell ist um eine ausreichende Genauigkeit der Approximation zu gewahrleisten.
Fiir hoch-dimensionale Probleme existieren diverse Mannigfaltigkeiten von niedrigem
Rang, auf welchen analog Integratoren vorgestellt wurden, die ebenfalls auf einer
Zerlegung der Projektion beruhen. Die Literatur ist reich an Arbeiten zu dynamis-
chen Approximationen von niedrigem Rang fiir hoch-dimensionale, niedrig-rangige
und schleifen-freie Darstellungen, wie zum Beispiel Tucker-Tensoren oder Tensoren
in hierarchischer Tucker Darstellung.

Wir prasentieren hier die Erweiterung des Projektions-Splitting Integrators fiir Ma-
trizen auf die Klasse der Tensor-Netzwerke, welche nach Konstruktion alle oben
genannten Darstellungen verallgemeinert.

Weiter wird eine nicht-triviale Modifikation des Projektions-Splitting Integrators
vorgestellt, welche die (Schief-)Symmetrie von Matrizen und Tucker-Tensoren erhélt.
Diese Modifikation wurde auf Matrizen von niedrigem Rang und Tensoren in Tucker
Darstellung verallgemeinert. Aufgrund der ungewohnlichen Herleitung und Kon-
struktion des neuen Integrators, bezeichnen wir diesen als unkonventionellen In-
tegrator. Im Unterschied zum Projektions-Splitting Integrator fiir Matrizen und
Tucker-Tensoren, ermoglicht der unkonventionelle Integrator paralleles Rechnen. Er
erhalt die urspriinglichen vorteilhaften Eigenschaften des Projektions-Splitting In-
tegrators fiir Matrizen und Tucker-Tensoren und bietet mehr Stabilitat bei stark
dissipativen Problemen.



Objectives, list of publications and contributions

The objective of the present work is to extend the matrix projector-splitting integra-
tor of [33] to tree tensor networks [7] and to investigate non-trivial (skew-)symmetry
preserving modifications of the matrix projector-splitting integrator [5]. The latter
results are generalized to low-rank matrices and tensors in Tucker format [6].
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Introduction

Galileo Galilei, considered among the founders of modern science, in his book II
Saggiatore (1623) wrote: “Philosophy is written in this all-encompassing book that is
constantly open to our eyes, that is the universe; but it cannot be understood unless
one first learns to understand the language and knows the characters in which it
is written. It is written in mathematical language, and its characters are triangles,
circles, and other geometrical figures; without these it is humanly impossible to
understand a word of it, and one wanders in a dark labyrinth.”

Poetry could have been chosen as a language to describe scientific discoveries,
and we leave to other branches of knowledge to speculate how our modern world
would have been forged. Mathematics has been selected and starting from so on his
lead has been followed. The exploration of the macro (stars and galaxies) — micro
(quantum reality) world has started and numerous people, who were first labelled
as philosophers, have put their foots on this path. It is a vast journey, which covers
centuries of developments and brings us to this work, which humbly asks to be part
of this huge collection.

In this approach, time evolution of a natural phenomenon is translated into a
mathematical model. In a precise mathematical formulation, time evolution of a
certain physical process is described via an evolution equation

Ou = F(t,u), u(ty) = uop.

This short-hand, compact and abstract formulation includes a variety of linear
and non-linear examples, see e.g. [12]: Schrodinger equation, kinetic equations,
Hamilton—Jacobi equation, Fokker—Plank equation, etc.

Since an analytical solution does not exist or is unknown, a numerical approxi-
mation is desirable. We discretize the continuous problem and provide algorithms
to approximate such a time-dependent solution. Then, our numerical procedures
are implemented on modern calculators and need to adapt to their limitations, such
as the limited amount of storage. If the size of the discretized problem is too large
to be stored in a physical device, new approaches are required and we are intended
to investigate one of them: dynamical low-rank approximation. We refer to [45] for
a comprehensive overview on the topic. The present work completes and extends
results illustrated there.

It is convenient to start our exposition from a different and reduced perspective.
Consider an ordinary differential equation of a finite-dimensional problem

A(t) =F(t,At)), A(t) = Ay € R™™,

We assume that such a formulation arises, for example, from a suitable discretization
of the original problem. Here, we assume that the dimensions m,n € N are extremely
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large. Storing and manipulating these quantities can reveal itself as problematic.
As already mentioned, an alternative approach is needed.

We intend to present an approach that consists of approximating the time-
dependent solution A (t) via a quantity of lower complexity, such as a time-dependent
low-rank approximation of rank r < {m,n} obtained via a singular value decom-
position [18, 10]

A=Y () =U@®)SH) V()"

where U(t) € R™*" V(t) € R"*" have orthonormal columns and S(t) € R"™*" is of
full rank r. Equivalently, for each time t € [to, T], we aim to find

Y(t) € M, suchthat |Y(t)A(t)|p = min!

where M, denotes the manifold of matrices of size m x n and of fixed rank r.
This ansatz allows to treat a larger numbers of quantities, but it introduces a novel
difficulty. At each time, this approximation must be computed and the computation
cost is again proportional to the size, m times n, of the problem [18§].

A different approach, the dynamical low-rank approximation for matrices is first
presented in [28]. The time-dependent optimization problem on the low-rank man-
ifold M,. is transferred onto its tangent space. We aim to find

Y (t) € Ty@M, such that |[Y(t)-A(t)|r = min!,

or equivalently

(Y(t) = A@t), §Y)p=0 foralldY € TyyM, .

In the framework of quantum dynamics, this approach was already known as the
Dirac—Frenkel variational principle [31]. When evolution equations for the single
factors U(t), V(¢) and S(¢) were derived in [28], an immediate undesired effect was
observed: the appearance of the inverse of the matrix S(¢). Difficulties with small
singular values might arise when standard numerical integrators are employed. A
regularization technique, such as adding small perturbations to avoid singularities
can be used, but its effect needs to be analysed and properly controlled to avoid
artefacts in the final approximation [38].
We proceed further and recast the minimization problem as

Y(t) = P(Y(#)F(t, Y (1), Y(to) = YoM,

where P(Y(t)) is the orthogonal projection onto the tangent space of the low-rank
manifold M, at Y(¢). Observing that the orthogonal projection is given as an
alternating sum of three different terms, a numerical procedure known as the matrix
projector-splitting integrator is derived in [33]. An incredible theoretical result is
immediately proved: if the original dynamic A(¢) occurs in the low-rank manifold
for tg < t < T, the matrix projector-splitting integrator is exact. The numerical
approximation obtained with the matrix projector-splitting integrator is identical
to the full continuous solution. The exactness property is then used to prove a
second remarkable property: the matrix projector-splitting integrator is robust with
respect to the presence of small singular values [24]. Combined with its low-memory
footprint, this numerical integrator is of particular interest.
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The first area of application is given by many-body quantum dynamics [32].
The main interest is to study and analyse quantum dynamics of systems with more
than two particles. The discretized dynamic is now represented by a tensor, a multi-
dimensional array, A(t) € R™* " given via a discrete tensor differential equation.

There exist different low-rank formats for tensors, we refer to [30, 17] for a
complete survey. A direct generalization of the SVD factorization for matrices is
the Tucker tensor decomposition [43] or HOSVD [8, 9]. A tensor Y € R™*"*"d hag
multilinear rank (ry,...,74) if and only if it can be factorized as a Tucker tensor

T1 Td
d .
Y = C’Xi:1 U;, e, Yr, k= E e g Cly,dqUkyly -+ - Wy lys

h=1  I4=1

where the basis matrices U; € R™*" have orthonormal columns and the core tensor
C' € R™* > has full multilinear rank (rq,...,74). Dynamical low-rank approx-
imation for matrices have been successfully extended to tensors in Tucker format
[29]. In the framework of quantum dynamics, an extension of the matrix projector-
splitting integrator has been first presented in [32] and efficiently implemented in
[25]. This integrator has then been reformulated as a recursive application of the
matrix projector-splitting integrator, and an alternative derivation has been found
[36]. It has been proven that the two formulations are equivalent [36]. Using the
last derivation as a recursive iteration of the matrix case, it has been proven that
the Tucker numerical integrators continue to satisfy the exactness property and the
robustness with respect to small singular values.

The Tucker tensor format is a fundamental tool to treat mildly high-dimensional
problems. However, an insurmountable limit is hidden inside of this decomposition.
The size of the core tensor C' € R™* %" gcales exponentially with the ranks and
the dimension of the problem. To deal with large dimensional problems (d > 10),
it is required to break this growth of dimensionality in the core tensor and along
recent years, recursive formats such as Hierarchical Tucker (HT) [20, 16] have been
introduced. A relevant category of interest belonging to the HT set is given by
tensors in tensor train format [39]. Already known in physics as matrix product-
states [40], they have been recently re-presented to the mathematical community.

Dynamical low-rank approximation has been extended to tensors in HT format
in [35] and a remarkable extension of the matrix projector-splitting integrator to
tensors in tensor train format has been derived in [34], and reformulated in physical
idiom in [21]. An exactness proof is given in [34], and the robust error bound has
been then proved in [24].

Tensors in hierarchical format such as tensor trains allow to deal with large
dimensional problems, but in different physical applications a more diverse and
richer ansatz is required. Examples are given by kinetic equations where space and
velocity are split equally [11], or quantum dynamics on two-dimensional quantum
lattice [41, 42]. Therefore, we are interested in tensors where their configuration is
described by a general tree, not only a binary one as in the HT setting.

A tensor in a recursive format where its configuration is described by a general
tree, is called tree tensor network, shortly denoted by the acronym TTN. First
successful attempts to extend the matrix projector-splitting integrator to TTNs
in specific and application-related frameworks can be found in [11, 3, 26]. There,
important experimental results are shown but no general derivation or theoretical
analysis is presented.
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A first contribution of the present work consists of the extension of the matrix
projector-splitting integrator together with its remarkable properties to TTNs [7].

Various new elements are introduced for the first time. A novel, useful and
convenient notation for TTNs is given from scratch. The Tucker integrator is refor-
mulated as a composition of subflows, and a more compact representation than the
one introduced in [36] is obtained.

Then, the derivation of the numerical integrator for TTNs is not obtained via
a projector-splitting approach but rather follows a recursive algorithmic derivation
such as in [36, 11]. The novel integrator recursively applies the Tucker integrator
at each level. If the folded differential problem appearing in the course of the
application of the Tucker integrator has too large size, it is not solved directly,
but the structure of the new TTN format is exploited. The large and untreatable
problem is unfolded and the Tucker integrator is recursively applied again.

Since such TTN structures are extremely general, nested and complicated, the
theoretical analysis and an effective implementation of the algorithm might prove
to be considerably difficult. This issue is overcome with the introduction of two
useful, practical and theoretical tools: prolongations and restrictions. Their efficient
implementation allows the construction of an extension of the matrix projector-
splitting integrator for TTNs. Their theoretical properties make the new algorithm
inherit the remarkable exactness and robustness property of the matrix projector-
splitting integrator and of the Tucker integrators.

Because of its recursive structure, the novel and more general algorithm is re-
ferred to as “recursive tree tensor network integrator”.

The recursive TTN integrator represents the most abstract formulation of the
original matrix projector-splitting integrator. Therefore, it includes all the previous
mentioned cases: matrices, Tucker tensors, tensors in HT format. Its derivation
successfully concludes a path started and first promoted in [33].

A second contribution [5] of the present work consists in a non-trivial modifi-
cation of the matrix projector-splitting integrator preserving (skew-)symmetry of
matrices and Tucker tensors. In this case, we remind that the low-rank SVD factor-
ization for matrices is such that the (skew-)symmetry property is preserved in the
core part of the decomposition and all basis matrices are identical. Analogously this
decomposition holds true for tensors in Tucker format [19].

Modifications of the matrix projector-splitting integrator for preservation of the
symmetric or skew-symmetric property have been investigated first in [37]. There,
applications of interest are Lyapunov matrix differential equations which have large
symmetric matrices as solutions. Another field of interest is given by quantum
dynamics of systems of bosonic or fermionic particles, where the symmetric or anti-
symmetric wave function is approximated by low-rank symmetric or anti-symmetric
Tucker tensors [4, 27, 1].

In contrast to [37], the new algorithm presented in [5] consists of only two steps,
both for the matrix case and for the multi-dimensional Tucker case, respectively.
Furthermore, it is proved that the proposed symmetry and anti-symmetry preserving
numerical integrator is first order in time, continues to satisfy the exactness property,
and is robust with respect to the presence of small singular values.

The last contribution of the present work is given in [6]. The numerical integra-
tor for (skew-)symmetric matrices and (anti-)symmetric Tucker tensors is further
generalized.
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It is proved that the new unconventional integrator continues to satisfy the re-
markable exactness and robustness property. Furthermore, the new algorithm re-
moves a source of instability introduced by the backward middle step of the matrix
projector-splitting integrator and adds more parallelism.

The present manuscript is structured as follows.

In Chapter 1, we briefly recall dynamical low-rank approximation for matrices.
We present the matrix projector-splitting integrator together with its remarkable
properties. Then, we describe tensors in Tucker format and the Tucker numerical
integrators.

In Chapter 2, we introduce the notion of tree tensor network and we present the
recursive tree tensor network integrator.

In Chapter 3, the new unconventional low-rank integrator for matrices and
Tucker tensors is presented.

Throughout the manuscript matrices are denoted by bold letters. Where not
explicit or stated otherwise, the norm is intended as the Frobenius norm.

Throughout the present work we will focus on the real case. The complex case
is obtained by carefully replacing the transpose with the conjugate transpose.

For each algorithm only one time-step evolution will be presented. Successive
approximations in time can be obtained by re-iterating the same procedure.

For each contribution only the main elements of interest, such as ideas, defini-
tions, lemmas and theorems are provided. We always refer to the respective papers
for a more detailed description.



Chapter 1
Dynamical low-rank approximation

In the present chapter dynamical low-rank approximation for matrices is described.
Then, we present the matrix projector-splitting integrator, together with its re-
markable properties. The latter results are extended to tensors in Tucker format, a
high-order generalization of the singular value decomposition for matrices.

1.1 Reduced singular value decomposition

We start recalling a matrix factorization of interest to the present work: the reduced
singular value decomposition. Let A € R™*" be a matrix of rank r, it admits a

factorization of type
A=USV'", (1.1)

where U € R™*" 'V € R™" have orthonormal columns and S € R"*" is of full rank.
Such a decomposition is obtained, e.g. by performing a singular value decompo-
sition of the matrix A € R™*" and discarding all singular values after the r largest
ones. We remind that if the factor S is not assumed to be diagonal, with singular
values sorted in decreasing order, such a decomposition is not unique [18].
The set M,. of matrices with given dimensions m and n and fixed rank r forms
a smooth manifold embedded in R™*™ [23, 28].

1.2 Dynamical low-rank approximation for matrices

Let A(t) € R™™ be a continuously differentiable time-dependent matrix. For each
time t € [to, T'|, we aim to compute the best rank-r approximation X(¢) to A(t), i.e.

X(t) € M, such that ||X(t) — A(t)|| = min! . (1.2)

In the matrix setting, it is known that the best rank-r approximation X(t) € M,
is obtained by computing a rank-r reduced singular value factorization of A(t) [18].
However, if the dimensions m and n are extremely large, such an approach is not
feasible. The computational cost of a single decomposition, proportional to the
product m times n, becomes immediately prohibitive.

A different point of view, the dynamical low-rank approximation, was first pre-
sented in [28]. There, the authors minimize (1.2) with respect to the tangent space.
Find

Y (t) € TyM, such that |Y(t) — A(t)|| = min! . (1.3)

If the time-dependent matrix A(t) € R™*" is not given explicitly but as a solu-
tion of a matrix differential equation

Alt) = F(t,A().  Alto) = Ao, (L4)
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the dynamical low-rank approximation is
Y (t) € Ty@M, suchthat |Y(t)— F(t,Y(t)|| = min! . (1.5)

Dynamical low-rank approximation offers different advantages. Contrary to (1.2), it
makes direct use of the differential nature of the problem (1.4). The approximation
space Ty M, evolves and adapts in time with the dynamic of (1.4) itself. The
optimization problem (1.2) transforms in a linear projection. Let

Y(t) = U®SHVEH) e M, , (1.6)

be a time-dependent reduced SVD-like factorization [10] with factor S(t) € R"™*"
only assumed to be full rank. The orthogonal projection P(Y (¢)) onto the tangent
space of the low-rank manifold of rank-r matrices at Y (¢) is given by [28]

P(Y)Z=ZVV'-UU'ZVV'+UU'Z VZecR™" (1.7)
It has been shown in [28, 33] that (1.5) is equivalent to
Y () =P(Y()F(t,Y(t), Y(t)= Yo, (1.8)

where Yo € M, denotes the best rank-r approximation to Aj.

Solving the differential equation (1.8) directly is a source of numerical difficulties:
an unbearable stiffness is hidden inside of the orthogonal projection. In fact, the
local Lipschitz constant of the orthogonal projection P(:) onto the tangent space
depends on the inverse of the smallest nonzero singular value of its argument, as
shown in the following lemma.

Lemma 1 ([28, Lemma 4.2]). Let the rank-r matric X € M, be such that its
smallest nonzero singular value satisfies 0,(X) > p > 0, and let Y € M, with
|'Y =X || < £p. Then, the following bounds hold: for all Z € R™",

I(P(Y) - P(X)) Z[| < 8o~ | Y =X | Z 2, (1.9)
I(T-POY))(Y =X)| <4p7 | Y =X (1.10)

Being part of the geometric structure of the low-rank manifold M, [15], such a
dependence on small singular values is omnipresent. It becomes more transparent
when evolution equations for the factors U(t), V() and S(t) of Y (¢) are derived.
Imposing gauge conditions

U'U=0 and V'V=0,
it has been shown in [28, Prop. 2.1] that

S =U'F(t,Y)V, S(to) = So,
U=(I-UUN)FtY)VS, Ul(to) = Uy, (1.11)
V=(I-VVDF(tY)'US ™, V(to) = Vg .

We observe that due to the presence of the inverse of the matrix S in the second
and third equation, difficulties with small singular values naturally arise.

The objective of the present work is to derive numerical integrators for dynam-
ical low-rank approximation and to study time-evolution of high-dimensional low-
rank phenomena, therefore the appearance of small singular values in the numerical
approximation cannot be neglected. The lowest singular value maintained in the
approximation should not expected to be much larger than the biggest dropped
singular value of the solution, which has to be small enough in order to achieve
sufficient accuracy. A different approach has to be investigated.
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1.3 Matrix projector-splitting integrator

In [33] a Lie-Trotter splitting technique is applied to (1.8) and an efficient numerical
integrator, the matrix projector-splitting integrator, is derived. There it has been
observed that the orthogonal projection P(Y) of (1.7) is given as an alternating sum
of projections onto the range R(Y) and co-range R(Y ")

Rather than solving (1.8), which would lead to difficulties with small singular values
as previously discussed, the differential equations

Y =F(t, Y1) Preyr), Y (to) = Yo,
YU = _PR(YIJ)F@’YII)PR(Y}'—I)» Y]](t()) = Y[(tl), (113)
Yo = Proyny (Y1) F(, Y 1), Yir(to) = Yor(ty).

are solved in a sequential order for ¢ € [tg, 11].

It has been shown in [33] that the solutions of the differential equations of (1.13)
combine well with the time-dependent SVD-like factorization Y = US V' of (1.6).

In the first equation, the factor V is fixed. We evolve in time the product
K = U S followed by a QR decomposition to recover the single factors.

In the middle equation, the factors U and V are fixed and the factor S is updated.

The third equation is equal to the first one for the transposed problem.

This leads to the construction of an efficient first order in time numerical algo-
rithm, which we refer to as the matrix projector-splitting integrator.

One time step from ty to t; = ty + h starting from a factored rank-r matrix
Y, =U,Sy Vg proceeds as follows.

Algorithm 1: One time step of the matrix projector-splitting integrator
Data: Y, =U,S, V|, in factorized form, function F(t,Y), to, t;
Result: Y, =U;S; VlT in factorized form
begin

Integrate from t = tg to ¢t; the m x r matrix differential equation

K(t) =F(t,K()V])Ve,  K(to) = UpS,.
Compute a QR factorization K(t1) = U, §1.

Integrate from t = ¢y to t; the r x r differential equation

~

S(t) = — U] F(t,U,S(t) V§) Vo, S(to) =S
Set go = S(tl)
Integrate from t =ty to t; the n x r matrix differential equation

L) =F¢ U L& U, L) =V,S,.

Compute a QR factorization L(t;) = V; S/ .
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The approximation after one time step is given by
Y. =U;S,V,.

To proceed further, Y, is taken as the starting value for the next step, and so on.
We observe that in each step of the matrix projector-splitting integrator a dif-
ferential problem, whose size is smaller compared to (1.4), has to be solved. The
possibly large matrices Y, and Y, are never formed. Instead, at each step of algo-
rithm 1 only the factors of the decomposition are updated.
The matrix projector-splitting integrator has remarkable properties. It repro-
duces rank-r matrices exactly, as shown in the following theorem.

Theorem 1 (Exactness property, [33, Theorem 4.1]). Let A(t) € R™*™ be of rank r
forty <t <ty, sothat A(t) has a factorization (1.6), A(t) = U(t)S(t) V(t)". More-
over, assume that the r x r matrices U(t)" U(to) and V(t,)" V(to) are invertible.
With Yo = A(ty), the matriz projector-splitting integrator for Y (t) = P(Y (t))A(¢)
is then exact: Y1 = A(tq).

In principle, the three terms in the alternating sum of the orthogonal projection
P(Y) of (1.7) onto the tangent space can be permuted, which leads to the construc-
tion of alternative algorithms. The chosen order is the only one that leads to the
derivation of a numerical integrator preserving the exactness property [33].

The exactness property is required to prove a second remarkable property which
justifies the existence, the analysis and the extension to the multi-dimensional case
of the matrix projector-splitting integrator.

The matrix projector-splitting integrator is robust with respect to the presence of
small singular values of the solution or its approximation, in contrast with standard
integrators applied to (1.8) or the equivalent differential equations for the factors
S(t), U(t), V(t), containing a factor S(¢)~! on the right-hand sides of (1.11).

Theorem 2 (Robust error bound, [24, Theorem 2.1]). Let A(t) denote the solution
of the matriz differential equation (1.4). Assume that the following conditions:

1. F is Lipschitz-continuous and bounded: for all Y, Y e R™" gnd 0 < t < T,
IFEY)-F¢Y)|<LIY-Y[, [F&Y)|<B.

2. The non-tangential part of ¥(t,Y) is e-small:
JT-P(Y) F(t,Y)]| < ¢
for all Y € M, in a neighbourhood of A(t) and 0 <t <T.
3. The error in the initial value is 6-small:

1Yo —Aoll < 4.

Let'Y,, denote the rank-r approximation to A(t,) at t, = nh obtained after n steps
of the matrixz projector-splitting integrator with step-size h > 0. Then, the error
satisfies for all n with t, =nh <T

H Y, _A(tn>|| < cpd + ci1€ + coh,

where the constants ¢; only depend on L, B, and T. In particular, the constants are
independent of singular values of the exact or approximate solution.
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In [24, Section 2.6.3] it is proved that the error bound obtained via an inexact
solution of the matrix differential equations, as appearing in the three substeps of
the matrix projector-splitting integrator, consists of additional terms. These new
terms are proportional to the local errors of the inexact solutions with constants
independent of small singular values of the solution or its approximation.

1.4 Tensors in Tucker format

The matrix projector-splitting integrator and its properties have been further ex-
tended to the multi-dimensional case. For to <t < T, let

A(t) E Rnl Xng X+ XNy

be a continuously differentiable time-dependent tensor. We assume that it is either
given explicitly or as a solution of a tensor differential equation

At) = F(t,At)), Alty) = A°. (1.14)

There exist different low-rank factorizations for tensors [17]. We start presenting
the Tucker decomposition, a high-order generalization of the reduced singular value
decomposition for matrices. Meanwhile, it is rather straightforward to work and
do computations with matrices in SVD-like format, a new set of tools needs to be
introduced for tensors in Tucker format.

Let Y € R™* X" he a tensor. We present two fundamental operations: matri-
cization and its inverse, tensorization.

Matricization in the ith mode is the realization of a tensor Y in a matrix format,
and is indicated by the function Mat;. It is attained by inserting in co-lexicographic
order in the [th row (for [ = 1,...,n;), all elements of Y that have the index [ in
the ith position. The reciprocal operation, the tensorization in the ith mode of a
matrix, is indicated by the function Ten;:

Yy = Mat;(Y) € R"*" if and only if Y = Ten;(Y(;) € R™ "4,

where n—; = [[,; n;.
For a tensor Y € R™**"d_the multilinear rank r = (r1,...,7r4) is defined as
the d-tuple of the ranks r; of the matricizations Mat;(Y) € R"*"i fori =1,...,d.
It follows from [9, 30] that a tensor Y € R™*"*" of multilinear rank
r = (ry,...,7rq) can be decomposed as a tensor in Tucker format

Y:CX1 U1 XQUQ"'XdUd:CX(jZIUZ’, (]_].5)

71 Td
L€, Yky,.kg — E E Cly, g Uky by - - Ukglys

h=1  i4=1

where the basis matrices U; € R™*" have orthonormal columns and the core
tensor C' € R™* %" has full multilinear rank r = (rq,...,74).

The tensors of dimensions (n4, ..., n4) and fixed multilinear rank r = (rq,...,74)
form a smooth embedded manifold in R™"*"*" denoted by M, [29].
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1.5 Tucker numerical integrators

Dynamical low-rank approximation has been extended to tensors in Tucker format
in [29]. The orthogonal projection P(Y’) onto the tangential space of the manifold
M., is given as an alternating sum of (2d 4+ 1) terms

P(Y) = (PHY) = PL(Y)) +Po(Y) . (1.16)

=1

We refer to [29, 32] for a detailed derivation and description of each term of the sum.
Like in the matrix case, dynamical low-rank approximation of (1.14) for tensors in
Tucker format can be recast as a differential equation

Y(t) =P(Yt)F(LY (1), Y(t)=Y"€ M,, (1.17)

where Y? € M, is an approximation to the initial data A® of (1.14).

Then, following the same strategy as in the matrix case, a Lie-Trotter splitting
is applied to (1.17). In the framework of quantum dynamics, a projector-splitting
numerical integrator for tensors in Tucker format has been first obtained in [32].
Such an integrator has then been reformulated in [36], which is called the nested
Tucker integrator. It has been proven in [36, Section 6] that these two formulations
are equivalent. Let

YO =COXL, U% e M,

be an approximation to the initial data A% € R™>**"  Both numerical inte-
grators share an analogous approach, which can be summarized in the following
general scheme:

Set Cj = C°.
For i = 1,...,d, update U? — U} and modify C? ;, — C?.
Update C§ — C*.

For any intermediate substep of the proposed scheme, just one factor of the decom-
position is updated. Except for the core tensor, the others remain untouched.

After one time step, this schematic numerical procedure gives an approximation
ylt=C"? szl U} € M, to A(t;). The proposed scheme is further iterated in time
to obtain successive factorized approximations Y € M, to A(t,).

The details hidden inside the update processes of the Tucker numerical integra-
tors are not trivial and must be carefully organized. Since the two numerical inte-
grators are equivalents to each other, we focus our attention on the nested Tucker
integrator. To reduce the complexity of explanation and simplify the description of
the nested Tucker integrator, we present the subflows ®® and .
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For i = 1,...,d, the subflow ®® corresponds to the update process of the i-th
basis matrix and respective modification of the core tensor.

Algorithm 2: Subflow &
Data: Y? =" X?Zl U? in factorized form, F'(¢,Y), to, t1
Result: Y = (! X;l:l U; in factorized form
begin
set Uj =UJ V) #i
compute the QR decomposition Mat;(C°)T = QY S?’T € Rr-ixmi
set K = UYSY € R
solve the n; x r; matrix differential equation
K;(t) = F;(t,K;(t)) with initial value K;(t;) = K’
and return K] = K;(¢;); here
F;(t,K;) = Mat;(F(t, Ten;(K;(t) V)" ")) V? with
V)T = Mat;(Ten, (Q) ") X; UY)
compute the QR decomposition K} = U; /S\Zl
solve the r; X r; matrix differential equation R
Si(t) = —F;(t,S;(t)) with initial value S;(to) = S!
and return S = S;(t,); here
set O = Ten;(S? Q™)
end

The subflow ¥ describes how to update the core tensor. This can be interpreted
as a Galerkin projection of the given core on the new updated basis set.

Algorithm 3: Subflow ¥
Data: Y?=(C"Y X;lzl U? in factorized form, F'(¢,Y), to, t;
Result: V! = (! ijl U; in factorized form
begin

set Uy =UY Vji=1,....,d.

solve jche Ty X -+ X rg tensor differential equation

C(t) = F(t,C(t)) with initial value C(to) = C°
and return C' = C(t;); here
F(t,C) = F(t,cX]_, UH X U}’

J

end

Finally, the approximation after one time step is given by
YI=Uod@Do...0pW(y?) . (1.18)

To proceed further in time, Y! € M, is taken as the starting value for the next
step. We refer to [36, 7] for a detailed description of these subflows.

Because the construction of the nested Tucker integrator is based on the matrix
projector-splitting integrator [36, Section 3|, the nested Tucker integrator inherits
the exactness property.
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Theorem 3 (Exactness property, [36, Theorem 4.1]). Let A(t) = C(t) X?Zl U, (%)
be of multilinear rank (r1,...,rq) for to <t <t;. Moreover, assume that the r; X r;
matriz U,(t;)" U(tg) is invertible for each i = 1,...,d. With Y° = A(ty), the
nested Tucker integrator with rank (r1, ..., rq) for Y(t) = P(Y (t))A(t) with starting
value YO = A(ty) is then exact: Y = A(ty).

Analogously, the nested Tucker integrator inherits from the matrix projector-
splitting integrator the robustness with respect to small singular values in the ma-
tricizations of the core tensor.

Theorem 4 (Robust error bound, [36, Theorem 5.1]). Let A(t) denote the solution
of the tensor differential equation (1.14). Assume the following conditions:

1. The function F is Lipschitz-continuous and bounded.
|F(t,Y) = Ft, 7)< L]y - 7| for all Y,¥ € M.,
|F(t,Y)|| < B for allY € M,.
2. The non-tangential part of F(t,Y") is e-small:
I -PY)F(tY)[<e
for allY € M, in a neighbourhood of A(t) and 0 <t <T.
3. The error in the initial value is d-small:

Y0 — A% <.

Let Y™ denote the approzimation of multilinear rank (r1,...,rq) to A(t,) at t, = nh
obtained after n steps of the nested Tucker integrator with step-size h > 0. Then,
the error satisfies for all n with t, =nh <T

|Y"™ — A(t,)|| < cod + cre + eah,

where the constants c¢; only depend on the Lipschitz constant L and bound B of
F, on T, and on the dimension d. In particular, the constants are independent of
singular values of matricizations of the exact or approximate solution.



Chapter 2
Tree tensor network integrator

Despite their interesting properties, tensors in Tucker format cannot be used to deal
with high-dimensional problems. In fact, they suffer of an undesired effect known as
curse of dimensionality, the uncontrollable growth in the amount of data to be stored
and treated. The size of a core tensor in a Tucker decomposition is of magnitude
O(r?), where r is the maximum value of the multilinear rank in each dimension and
d is the order of the tensor. Even for moderate ranks, an exponential growth in the
amount of data for large d is encountered.

In order to deal with this difficulty, recursive formats have been proposed in
[20, 16]: tensors in hierarchical Tucker format, shortly denoted HT.

The HT format consists of a multi-level and recursive Tucker decomposition
where its configuration is described by a binary tree. A peculiar subclass is given by
the so-called tensor trains; already known in physics as matrix product states [40],
they have been recently re-proposed to the mathematical community in [39]. Its
linear structure allows for an efficient implementation and made it a viable option
for treating large high-dimensional problems.

Dynamical low-rank approximation has been extended to tensors in HT format
in [35] and a remarkable extension of the matrix projector-splitting integrator to
tensor trains has been derived in [34].

However, in various applications such as quantum dynamics and kinetic equa-
tions, the tensor train format is not sufficient. The ansatz of the solution or the
structure of the problem needs to be described by a general tree representation
[41, 42, 11]. Therefore, it is of interest to introduce a general class of tree tensor
networks, shortly denoted by the acronym TTNs.

In the framework of kinetic equations, a first extension of the matrix projector-
splitting integrator to TTNs with specific tree structure and an ad hoc formulation
can be found in [11].

In the current chapter, based on contribution [7], the matrix and Tucker projector-
splitting integrator together with their properties are extended to tree tensor net-
works. This derivation has been not obtained via a projector-splitting ansatz but
rather follows a recursive algorithmic approach already presented in [36, 11].

Dealing with nested and recursive structures such as TTNs demands a convenient
notation. A new one, useful for this purposes, is going to be presented from scratch.

2.1 Tree Tensor networks

A tensor network can be informally described as a weighted graph where to each
node, a certain value, represented by a tensor or a matrix, is associated.
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A tree tensor network is a peculiar instance of tensor network, where its config-
uration is described by a tree: each node in the network admits one and only one
parent node.

A formal definition of TTN as multi-level Tucker tensor has been provided in
[7, Section 2]. For convenience of the reader, we recall verbatim the definition. We
start providing the definition of the set of trees T.

Definition 1 (Ordered trees with unequal leaves). Let L be a given finite set, the
elements of which are referred to as leaves. We define the set T of trees T with the
corresponding set of leaves L(T) C L recursively as follows:

(i) Leaves are trees: L C T, and L({) := {{} for each ¢ € L.

(i7) Ordered m-tuples of trees with different leaves are again trees: If, for some
m > 2,
TiyeooyTm €T with  L(m) N L(1;) =0 Vi#j,
then their ordered m-tuple is in T :
T:=(1,...,Tm) €T, and L(1):= UizlL(Ti) :
We denote by T'(7) the set of all subtrees of a tree 7 € T, including 7. On the
set of trees T we define a partial ordering by writing, for o, 7 € T,
o <7 ifandonlyif o€ T(7),
o<t ifandonlyif o <7 and o # 7.

We set a maximal tree 7 € T (with set of leaves L(7) = £) and associate the
following elements to any of its leaves and subtrees:

1. To each leaf ¢ € L we associate a dimension n,, a rank r, < n, and a basis
matriz U, € R™*" of full rank 7r,.

2. To every subtree 7 = (7,...,7,) < T we associate a rank 7, and a connection
tensor Cr € R *Tm of full multilinear rank (r,,7.,...,7,. ). We set
rs = ]_

Using these quantities, a tree tensor network is constructed via a recursion process
that starts from the leaves up to the root of the maximal tree.

Definition 2 (Tree tensor network). For a given tree T € T and basis matrices Uy
and connection tensors C; as described in 1. and 2. above, we recursively define a
tensor X= with a tree tensor network representation as follows:

(i) For each leaf T=1{ € L, we set
X, :=U, e R

(ii) 1If, for some m > 2, the tree T = (T1,...,Ty) is a subtree of T, then we set
n, = H:L n., and I. the identity matriz of dimension r,, and

X, = Cp xo L X" U, € RI-mm X Xim,

1=

U, := Maty(X,)" € R"*" .
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Throughout this work, we fix the convention to count as 0-mode the mode of
the dimension 7, of X, € R"*"n>**"m = The 0-mode symbolically represents the
connection among the node 7 and its parent node inside of the tree tensor network.

For numerical stability, it is convenient to work with orthonormal matrices.
Therefore, we introduce the following definition of orthonormal TTN.

Definition 3 (Orthonormal tree tensor network). A tree tensor network Xz (more
precisely, its representation in terms of the matrices U, ) is called orthonormal if
for each subtree T < T, the matriz U, has orthonormal columns.

Let 7 be a tree, the set M, of tensors with an orthonormal tree tensor network
representation of given dimensions (1n¢)ser(r) and fixed ranks (r,),<, form a smooth
embedded manifold in the tensor space R*¢ctm™ [44, 13, 14].

2.2 Recursive tree tensor network integrator

We now extend the matrix projector-splitting integrator, and the Tucker integrators,
to tree tensor networks.

The derivation of the recursive TTN integrator proceeds sequentially from the
maximal tree to the leaves. In the first part, for a prescribed initial TTN value,
new functions and new initial datas are recursively defined. Then, starting from the
leaves and jumping up and down across the network, the values associated to the
nodes in the tree tensor network are updated via a recursive application of the nested
Tucker integrator. At each step, we deal only with the factors of the decomposition
and only small dimensional problems are solved.

We observe that such a derivation is obtained following an analogous technique
of [36]; there, the large and untreatable full-dimensional problem (1.14) is reduced
to a sequential application of the matrix projector-splitting integrator to the matri-
cization in each mode of a given tensor differential equation. If the dimension of the
differential problem appearing in the last L-step of the matrix projector-splitting
integrator is too large, the problem is not solved directly but re-formulated ad hoc
in a smaller dimensional space, where the matrix projector-splitting integrator is
applied again.

In the recursive TTN integrator, we encounter an analogous difficulty in the time-
evolution of the factor U, € R" ¥ appearing in the K-step. Instead of solving
this directly, we take advantage of the definition of tree tensor network. We unfold
and re-formulate the differential equation appearing in the K-step, solving smaller
differential equations for the factors of the network.

We start illustrating the first part of the derivation of the algorithm. For each
subtree 7 = (71,...,7y) < 7 we introduce the space

V; 1= RO (2.1)

Let us assume that a prescribed initial value Y° € M, and a tensor-valued
function F : [tg,t*] x V, — V, are given. The construction of the new initial value
Y? € M, and the new function F;, : [to,t*] X V;, — V;, proceeds as follows. Let

VP=C %L X2, U2 e M, .
Matricize in the --mode the connecting tensor C? and consider its QR decomposition

Mat;(C7)" = Q2 s? .
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Define the matrix
T TrNer, XTr
VY = Mat,;(Ten;(QY) xo I X;, U ) € R X7

The formulation of the new tensor-valued function F;, and the new initial value Y
can be obtained by defining the prolongation
7ri(Yy) = Ten,; (V2 Mato(Y;,))") € ¥V, for Y, €V, (2.2)

and the restriction

7T7T_7Z»(ZT) := Teng ((Mat;(Z,) V2)") € V,,, for Z, €V, (2.3)
The prolongation and the restriction are essential tools in the derivation and imple-
mentation of the recursive tree tensor network integrator. They satisfy two central
properties.

Lemma 2 ([7, Lemma 4.1]). Let 7 = (11, ...,7) and i = 1,...,m. The restriction
7Ti7i : Vr = Vg, is both a left inverse and the adjoint (with respect to the tensor
Euclidean inner product) of the prolongation 7., : V., — V;, that is,

m(mi (V) =Ys  forall Y, €V, (2.4)

(mri(Yy), Zohy, = (Vi ﬂ,i(zT)M forall Y., €V,., Z, € V.. (2.5)

Moreover, |[mi(Y:) v, = Vo, and 7t (Z2)llv,, < 1 Zellv,, where the norms are

the tensor Euclidean norms.

These properties represent a fundamental instrument for the theoretical analysis
of the proposed algorithm. A detailed derivation of the restriction and prolongation
operators can be found in [7, Section 4]. We omit a full description because it will
simply obscure the fundamental structure behind the derivation of the recursive
TTN integrator. Having introduced these new elements we present the following
definition.

Definition 4. Let 7 = (1q,...,7) and i = 1,...,m. For a given tensor-valued
function F : [tg,t*] X V, — V. and a tree tensor network Y € M., we recursively

define

FTi :ﬂ—i,ioF‘Foﬂﬂi
V) =ml (V7).

We have now completed the presentation of the first part of the recursive TTN
integrator, the recursive construction of new initial values and functions associated
to the nodes of the network. We now present the second part, the time evolution of
the values, matrices or connecting tensors, associated with the network.

The integrator is now formulated as a recursive application of the nested Tucker
integrator. The recursion process starts from the maximal tree. If we are not on
a leaf, we recursively apply the nested Tucker integrator with respect to the given
initial value. A new initial value and a new function, as previously defined, are used.
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We take advantage of the compact formulation introduced in [7] for the nested
Tucker integrator , and we introduce analogous subflows % and V... The subscript
7 indicates the position inside of the tree according where we are located on. Via
those subflows, one time step of the recursive TTN integrator can be compactly
defined as

1 _ (m) )y 0
Y. =0, 00™o...0d (V). (2.6)

The recursion starts from the maximal tree 7, with given Y2 = Y° € M, and given
function Fr = F' : [ty,t*] X V= — V:. The action of the subflow @;0) is omitted, it is
proved in [7, Lemma 3.1] to be trivial. The identity matrix present in the 0-mode
does not change.

Similarly to the nested Tucker integrator, for : = 1,...,m the subflows o
recursively update the basis matrix U?i and modify the connecting tensor C?.

Algorithm 4: Subflow &”
Data: tree 7 = (71,...,7), TTN in factorized form
V) =00 xo I XL, U2 with U} = Mato(X2)T,
function Fi(t,Y,),to, t1
Result: TTN V! = C! %o I, X/, U with U, = Matg(X] )"
in factorized form
begin
set Uy =U) Vj#i
compute the QR factorization Mat,;(C?)" = Q2 S%T
set V) =7l (V) = X0 x, ST

if 7; = ¢ is a leaf, then solve the n, x r, matrix differential equation
Y. (t) = F5,(t,Y,,(t)) with initial value Y7, (to) = Y
and return Y,! = Y7 (t1)
else
compute Y, = Recursive TTN Integrator (7;, Y2, F,, to, t1)
compute the QR decomposition Mat,(C}L)" = Qigi, where
C} is the connecting tensor of Y}
set UL = Mato(X})", where the TTN X! is obtained from Y;! by
replacing the connecting tensor with 6i = Teno(QigT)
solve the r;, x r, matrix differential equation
S.,.(t) = —F..(t,S,,(t)) with initial value S,,(t) = SL
and return g% =S, (t1); here
F.(t,S,) = UL Mato(F,(t, X} xS]))
set C! = Teni(ggi %)
end

The subflow W is similar to the one defined for the nested Tucker integrator. It
suffices to replace the function F' with F}, the input and output data are now given

by TTNs.
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Algorithm 5: Subflow W
Data: tree 7 = (74,...,7), TTN in factorized form
Y0 =02 xo L XL, U2 with U = Mato(X2)T,
function F,(t,Y,), to, 1
Result: TTN V! = C! %, I, X{_, Uy with Ul = Mato(X])"
in factorized form
begin
set Uij :UEJ_ Vi=1,....,m.
solve the r. x r; x --- xr, tensor differential equation
C(t) = F.(t,C,(t)) with initial value C,(to) = C°
and return C! = C,(t,); here
Fr(t,Cr) = Fo(t,C, X7, UL XL ULT

end

We refer to [7, Section 4] for a detailed description of these subflows.

2.3 Exactness and Robustness

The recursive TTN integrator inherits the exactness property and the robustness
with respect to small singular values of the matrix projector-splitting integrator.

For to <t < ty, let A;(t) = A(t) € V; be a continuously differentiable time-
dependent family of tree tensor networks of full tree rank (r,),<-. For each subtree
T=(71,...,7Tm) < T we recursively define

An(t) = Wi,z‘ (AT(t>)'
The restriction 7ri7i computed with respect to Y, = A, (ty) has been proven to retain

the full tree rank of the initial data [7, Lemma 4.3], i.e.

A, (to) has full tree rank (7,),<, for every subtree 7 < 7. (2.7)
We impose analogous condition at time t; > #:

A.(t1) has full tree rank (7,),<, for every subtree 7 < 7. (2.8)

We thus arrive at the following theorem.

Theorem 5 (Exactness, [7, Theorem 5.1]). Let A(t) be a continuously differen-
tiable time-dependent family of tree tensor networks A(t) of full tree rank (r;),<z
for to <t <ty, and suppose that the non-degeneracy condition (2.8) is satisfied.
Then the recursive TTN integrator used with the same tree rank (r;)rerz) for

F(t,Y) = A(t) is exact: starting from Y° = A(ty) we obtain Y' = A(ty) .

The proof of the exactness property for the recursive TTN integrator is based
on the exactness result for the nested Tucker integrator [36], which relies on the
exactness result of the matrix projector-splitting integrator [33].

The result is obtained via an induction argument on the height of the tree. A
tree of height one, corresponds to a tensor in Tucker format. There, the exactness
property holds and is then transferred to the remaining parts of the tree tensor
network. We refer to [7, Section 5] for more details.
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Analogously, because the construction of the recursive TTN integrator is based
on a recursive application of the nested Tucker integrator, the recursive TTN inte-
grator preserves the robustness with respect to the presence of small singular values
in the matricization of the connecting tensors, as stated in the following theorem.

Theorem 6 (Robust error bound, [7, Theorem 6.1]). Let A(t) denote the solution
of the tensor differential equation (1.14). Assume the following conditions:

1. The function F' : [to,t*] x Mz — V; is Lipschitz-continuous and bounded.
IF(t,Y) = Ft,Y)| < LI[Y - Y| for allY,Y € M,
|F(t,Y)| <B for allY € Mx.
2. The non-tangential part of F(t,Y) is e-small:
(I -PY))F(EY)|<e
for allY € M: in a neighbourhood of A(t) and 0 <t <T.
3. The error in the initial value is d-small:

YO — A% <.

Under the above assumptions, the error of the numerical approximation Y™ at
t, = nh, obtained with n time steps of the recursive T'TN integrator with step size
h >0, is bounded by

IY"™ — A(t,)|| < cod + cre + ch for t, <t
where ¢; depend only on L, B, t*, and the tree T.

The robustness proof is also obtained via an induction argument on the height of
the tree, in combination with the robustness result of the nested Tucker integrator.
We refer to [7, Section 6] for more details.



Chapter 3
An unconventional robust integrator

The matrix projector-splitting integrator of Section 1.3 encounters certain inevitable
limitations, arising from its derivation and construction. In the present chapter,
based on contributions [5] and [6], three areas of improvement are investigated:

e We observe that each step of the matrix projector-splitting integrator has to
be performed in sequential order. There is no parallelism present at the level
of the numerical algorithm.

e The differential equation in the middle S-step is solved backward in time.
When considering strong dissipative problems, this leads to instabilities [2].

e The matrix projector-splitting integrator does not preserve symmetry or anti-
symmetry if the differential equation (1.4) does. Cases of interest when the
underlying description of the considered problem requires this property to be
preserved, e.g. Lyapunov matrix differential equations [37] or quantum dy-
namics of bosonic or fermionic systems [1, 4], where the wave function is
approximated by a symmetric or anti-symmetric Tucker tensor.

In [6] a non-trivial modification of the matrix projector-splitting integrator, with
the same favourable exactness and robustness property, is presented. The new inte-
grator tackles the mentioned issues and offers the following advantages:

1. Time-integration of the matrix differential equations appearing in the K-step
and L-step, and the two QR decompositions are performed in parallel.

2. The differential equation for the S-step is solved forward in time.
3. The integrator preserves (skew-)symmetry if the differential equation does.

Contrary to the matrix projector-splitting integrator, no time-reversible numer-
ical integrator is yet known for this new version.

3.1 The unconventional matrix integrator

The derivation of the unconventional matrix integrator finds its origin in [5]. There, a
non-trivial modification of the matrix projector-splitting integrator preserving sym-
metry or skew-symmetry for matrices and Tucker tensors was presented.

The proposed (skew-)symmetry preserving numerical integrator has been proven
to be robust as the matrix projector-splitting integrator. The unconventional matrix
integrator has been obtained as a non-immediate extension of these results.

One time step from time ty to t; = ty + h starting from a rank-r matrix Yy =
Uy Sy Vg computes an updated rank-r factorization Y; = U; S; VlT as follows.
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Algorithm 6: One time step of the unconventional matrix integrator
Data: Y, =U,S, V| in factorized form, function F(t,Y), to, t;
Result: Y, =U;S; VlT in factorized form
begin

Integrate from t =ty to t; the m x r matrix differential equation

K(t) = Ft, K@) V)V,  K(to) = Uy Sq.
Compute a QR factorization K(¢;) = Uy Ry.

Integrate from t =ty to t; the n x r matrix differential equation
L(t)=F(t, UL(t)")"T Uy,  L(ty) = VoS¢
Compute a QR factorization L(t;) = V; R,.

Integrate from ¢t =ty to t; the r x r differential equation

S(t) = U] F(t, U, S(t) V{ )V,
S(te) = U] YoV, = (U] Ug)Sy(V, Vi)'

| Set Sl = S(tl)

The approximation after one time step is given by
Y, =U;S,V,.

To proceed further, Y is taken as the starting value for the next step, and so on.

We observe that the K-step as appearing in the unconventional matrix integrator
is identical to the K-step of the matrix projector-splitting integrator: the matrix Uy
computed after one time step is the same.

The differential problem appearing in the L-step is equal to the problem appear-
ing in the K-step via the transposed function G(t,Y) = F(t,Y )", with transposed
starting value Yg . We note that the matrix V; computed at the end of the L-step
in the unconventional matrix integrator generally differs from the one computed in
the L-step of the matrix projector-splitting integrator.

Contrary to the matrix projector-splitting integrator, we observe that the K-step
and the L-step are independent to each other and can be solved in parallel. The
factors R; and R; arising from the QR decompositions are discarded.

The S-step of the unconventional matrix integrator can be interpreted as a
Galerkin projection for the differential equation (1.4) into the space of matrices
generated by the updated basis U; and V;. Contrary to the matrix projector-
splitting integrator, there is no minus sign on the right-hand side of the differential
equation appearing in the S-step, which indicates a forward in time integration. The
initial value of the S-step in the unconventional matrix integrator differs from the
initial value of the S-step in the matrix projector-splitting integrator.

Finally, the tiny factors U] Uy € R™" and V| V € R"™*" needed for the initial
value in the S-step, can be computed at the end of the K-step and L-step, in parallel.
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3.2 Exactness property and robust error bound

In [33, Section 5] it has been observed via numerical experiments that alternative
formulations of the matrix projector-splitting integrator do not lead to robustness.
Surprisingly, the unconventional matrix integrator shares in a non-trivial manner the
same desired properties of the matrix projector-splitting integrator of Section 1.3:
the exactness property and the robustness with respect to small singular values.

Theorem 7 (Exactness, [6, Theorem 3]). The ezactness property of Theorem 1
holds verbatim also for the unconventional matriz integrator.

Theorem 8 (Robust error bound, [6, Theorem 4]). The robust error bound of The-
orem 2 holds verbatim also for the unconventional matrixz integrator.

Let U; € R™" be the matrix computed after one time step of the K-step in
the unconventional matrix integrator. The proofs of Theorem 7 and Theorem 8 are,
respectively, based on the following auxiliary lemmas [33, 6].

Lemma 3 ([6, Lemma 1]). Let A(t) € R™*" be of rank r for to < t < t1, so that
A(t) has a factorization (1.6), A(t) = U(t)S(t) V(t)". Moreover, assume that the
r x r matriz V(t;)" V(to) is invertible. Then,

U, U[ A(ty) = A(ty).

The proof of the robust error bound of the unconventional matrix integrator is
based on the following result. Under the assumptions of Theorem 2, let

0 := (4e"" BL + 9BL)h* + (3¢ + 4)eh + "6 (3.1)

be the local error bound obtained after one time step of the matrix projector-splitting
integrator, as derived in [24, Theorem 2.1].

Lemma 4 ([6, Lemma 2]). Let Ay be the solution at time t; = to + h of the full
problem (1.4) with initial condition Ay. Assume that conditions 1.-3. of Theorem 2
are fulfilled. Then, the following estimate holds:

| U, U] A, — Ay <9

We observe that the matrix V; computed in the L-step is obtained as a solution
of the transposed problem appearing in the K-step, with transposed initial value.
The results of Lemma 3 and Lemma 4 apply to V; with respect to A/ .

The exactness property of the unconventional matrix integrator is obtained as
a consequence of the previous observation and the result of Lemma 3. Applying
Lemma 4 and the last observation, the following local error bound holds.

Lemma 5 (Local error, [6, Lemma 4]). If Ag = Y in (1.4), the following local
error bound holds:
|| Y1 —A1|| S ]’L(61€ —+ égh),

where the constants only depend on L and B and a bound of the step size. In par-
ticular, the constants are independent of singular values of the exact or approximate
solution.

Relying on the Lipschitz continuity of the function F and using a standard
argument of Lady Windermere’s fan [22, Section I1.3], we conclude the proof of
Theorem 8 and move from the local error to the global error bound.
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3.3 The unconventional Tucker integrator

The unconventional matrix integrator generalizes to tensors in Tucker format.

Given a tensor of multilinear rank (ry, ..., 74) in Tucker format Y° = C° szl U,
one time step of integration from time ¢, to t; = to + h computes Y = C1 X{_, U,
in factorized form via

Algorithm 7: One time step of the unconventional Tucker integrator
Data: Tucker tensor Y° = CO X U, F(t,Y), to, t1
Result: Tucker tensor Y! = C' X!, U}
begin

for i =1 to d do in parallel

Compute the QR factorization

Mat,;(C%)" = Q,8"".
Define the matrix
V)T = Mat;(Ten;(Q/ ) X;; UY) € R .
Define the function
F;(t,-) :== Mat; o F(t,-) o Ten; .
Integrate from t =ty to t; the n; x r; matrix differential equation
K;(t) = F;(tL, Ki(t) VP VO K(ty) = UYSY,

Perform a QR factorization K;(t;) = U; R.

Set M; = U; ' UY .

Integrate from t =ty to t; the r; X --- X rg4 tensor differential equation

C(t) = F (tLCOXL, U XL, Ul
Clto) = YO XL, UM = c*XL, M.

| Set O = C(ty).

To continue in time, we take Y! € M, as starting value for the next step.

The unconventional Tucker integrator inherits from the unconventional matrix
integrator the exactness property and the robustness with respect to small singular
values in the matricization of the core tensors.

Theorem 9 (Exactness, [6, Theorem 6]). The exactness property of Theorem 3
holds verbatim also for the unconventional Tucker integrator.

Theorem 10 (Robust error bound, [6, Theorem 7]|). The robust error bound of
Theorem 4 holds verbatim also for the unconventional Tucker integrator.
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The proof of Theorem 9 and Theorem 10, respectively, follows as a consequence
of the matrix-valued results of Lemma 3 and Lemma 4. It suffices to prove that
the matrix-valued functions F;(¢,) as defined in the course of the unconventional
Tucker integrator satisfy conditions 1. - 2. of Theorem 2, see [6, Lemma 5].

3.4 Symmetric and anti-symmetric low-rank Tucker tensors

To conclude, we will briefly discuss the last property of interest of the unconventional
Tucker integrator: the unconventional Tucker integrator preserves (anti-)symmetry
if the differential equation (1.14) does. Being the matrix setting included in the
multi-dimensional case, only the latter one will be presented.

Let Y = (vi,...i;) € R™*" be a tensor of order d. We denote the element-wise
action of an element o in the permutation group S; on Y as

oY) := (yia(1)7---7ia(d>) :

We thus introduce the following definitions.

Definition 5. Let Y € R™ " be a tensor of order d. A tensor Y is defined
symmetric if o(Y) =Y for all o € Sy.

Definition 6. Let Y € R" " be a tensor of order d. A tensor Y is defined
anti-symmetric if o(Y) = (=1)¥#)Y for all o € Sy.

We assume that the right-hand side function in (1.14) is such that for all o € Sy
one of the following conditions holds

o(F(t,o(Y))) = F(t,Y) (3.2)
o(F(t,o(Y))) = (—1)%) F(t,Y)

Under the above assumptions, we observe that the solution of (1.14) with
(anti-)symmetric initial value remain (anti-)symmetric. The following result holds.

Theorem 11 ([6, Theorem 8|). Let YO be symmetric or anti-symmetric and assume
that the function F' satisfies property (3.2) or (3.3), respectively. Then, the approz-
imation Y1 obtained after one time step of the unconventional Tucker integrator is
symmetric or anti-symmetric, respectively.

We underline the fact that under condition (3.2) or (3.3), the unconventional
matrix and Tucker integrator reduces to the (anti)-symmetry preserving low-rank
matrix and Tucker integrator of [5].
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TIME INTEGRATION OF TREE TENSOR NETWORKS

GIANLUCA CERUTI*, CHRISTIAN LUBICH*, AND HANNA WALACH*

Abstract. Dynamical low-rank approximation by tree tensor networks is studied for the data-
sparse approximation of large time-dependent data tensors and unknown solutions to tensor dif-
ferential equations. A time integration method for tree tensor networks of prescribed tree rank is
presented and analyzed. It extends the known projector-splitting integrators for dynamical low-
rank approximation by matrices and rank-constrained Tucker tensors and is shown to inherit their
favorable properties. The integrator is based on recursively applying the low-rank Tucker tensor
integrator. In every time step, the integrator climbs up and down the tree: it uses a recursion that
passes from the root to the leaves of the tree for the construction of initial value problems on subtree
tensor networks using appropriate restrictions and prolongations, and another recursion that passes
from the leaves to the root for the update of the factors in the tree tensor network. The integrator
reproduces given time-dependent tree tensor networks of the specified tree rank exactly and is robust
to the typical presence of small singular values in matricizations of the connection tensors, in contrast
to standard integrators applied to the differential equations for the factors in the dynamical low-rank
approximation by tree tensor networks.

Key words. Tree tensor network, tensor differential equation, dynamical low-rank approxima-
tion, time integrator
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1. Introduction. For the approximate solution of the initial value problem for
a (huge) system of differential equations for the tensor A(t) € R x4,

A(t) = F(t, A(t)), (1.1)

we aim to construct Y (¢) &~ A(¢) in an approximation manifold M of much smaller
dimension, which in the present work will be chosen as a manifold of tree tensor net-
works of fixed tree rank. This shall provide a data-sparse computational approach to
high-dimensional problems that cannot be treated by direct time integration because
of both excessive memory requirements and computational cost.

A differential equation for Y'(t) € M is obtained by choosing the time derivative
Y (t) as that element in the tangent space Ty (M for which

|Y(t) — F(t,Y(t))| is minimal,

where the norm is chosen as the Euclidean norm of the vector of the tensor entries. In
the quantum physics and chemistry literature, this approach is known as the Dirac—
Frenkel time-dependent variational principle, named after work by Dirac in 1930 who
used the approach in the context of what is nowadays known as the time-dependent
Hartree-Fock method for the multi-particle time-dependent Schrédinger equation;
see, e.g., [16, 17]. Equivalently, this minimum-defect condition can be stated as a
Galerkin condition on the state-dependent approximation space Ty ;) M,

Y(t) € Ty(;yM such that (Y(t) = F(t,Y(t)),Z) =0 VZ € Ty yM.

Using the orthogonal projection P(Y) onto the tangent space Ty M, this can be
reformulated as the (abstract) ordinary differential equation on M,

Y(t) = P(Y (1) F(t, Y (1)) (1.2)

*Mathematisches Institut, Universitat Tiibingen, Auf der Morgenstelle 10, D—72076 Tiibingen,
Germany. Email: {ceruti,lubich,walach}@na.uni-tuebingen.de
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This equation needs to be solved numerically in an efficient and robust way. For
fixed-rank matrix and tensor manifolds, the orthogonal projection P(Y’) turns out to
be an alternating sum of subprojections, which reflects the multilinear structure of
the problem. The explicit form of the tangent space projection in the low-rank matrix
case as an alternating sum of three subprojections was derived in [14] and was used in
[19] to derive a projector-splitting integrator for low-rank matrices, which efficiently
updates an SVD-like low-rank factorization in every time step and which is robust
to the typically arising small singular values that cause severe difficulties with stan-
dard integrators applied to the system of differential equations for the factors of the
SVD-like decomposition of the low-rank matrices; see [12]. The projector-splitting in-
tegrator was extended to tensor trains / matrix product states in [20]; see also [10] for
a description of the algorithm in a physical idiom. The projector-splitting integrator
was extended to Tucker tensors of fixed multilinear rank in [18]. A reinterpretation
was given in [21], in which the Tucker tensor integrator was rederived by recursively
performing inexact substeps in the matrix projector-splitting integrator applied to
matricizations of the tensor differential equation followed by retensorization. This in-
terpretation made it possible to show that the Tucker integrator inherits the favorable
robustness properties of the low-rank matrix projector-splitting integrator.

In the present paper we take up such a recursive approach to derive an integrator
for general tree tensor networks, which is shown to be efficiently implementable (pro-
vided that the righthand side function F' can be efficiently evaluated on tree tensor
networks in factorized form) and to inherit the robust convergence properties of the
low-rank matrix, Tucker tensor and tensor train / matrix product state integrators
shown previously in [12, 21]. The proposed integrator for tree tensor networks reduces
to the well-proven projector-splitting integrators in the particular cases of Tucker ten-
sors and tensor trains / matrix product states. We expect (but will not prove) that
it can itself be interpreted as a projector-splitting integrator based on splitting the
tangent space projection of the fixed-rank tree tensor network manifold.

For a special tree, this integrator (given in an ad hoc formulation) was already
used in [5] for the Vlasov—Poisson equation of plasma physics. In that case, the tree is
given by the separation ((x1,x2, x3), (v1, v2,v3)) of the position and velocity variables,
which are further separated into their Cartesian coordinates. Very recently, this tree
tensor network integrator (or very similar versions) was applied to problems of current
interest in quantum physics in [3] and [13], studying multi-orbital Anderson impurity
models and the dynamics in two-dimensional quantum lattices, respectively. None of
these papers gives a systematic construction and numerical analysis of the integrator.
This is the objective of the present paper.

In Section 2 we introduce notation and the formulation of tree tensor networks as
multilevel-structured Tucker tensors and give basic properties, emphasizing orthonor-
mal factorizations. The tree tensor network (TTN) is constructed from the basis
matrices at the leaves and the connection tensors at the inner vertices of the tree in
a multilinear recursion that passes from the leaves to the root of the tree.

In Section 3 we recall the algorithm of the Tucker tensor integrator of [21] and
extend it to the case of several Tucker tensors with the same basis matrices. This
extended Tucker integrator, which is nothing but the Tucker integrator for an extended
Tucker tensor, is a basic building block of the integrator for tree tensor networks.

In Section 4, the main algorithmic section of this paper, we derive the recursive
TTN integrator and discuss the basic algorithmic aspects. In every time step, the
integrator uses a recursion that passes from the root to the leaves of the tree for the
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construction of initial value problems on subtree tensor networks using appropriate
restrictions and prolongations, and another recursion that passes from the leaves to
the root for the update of the factors in the tree tensor network. The integrator
only solves low-dimensional matrix differential equations (of the dimension of the
basis matrices at the leaves) and low-dimensional tensor differential equations (of the
dimension of the connection tensors at the inner vertices of the tree), alternating with
orthogonal matrix decompositions of such small matrices and of matricizations of the
connection tensors.

In Section 5 we prove a remarkable exactness property: if F(t,Y) = A(t) for
a given tree tensor network A(t) of the specified tree rank, then the recursive TTN
integrator for this tree rank reproduces A(t) exactly. This exactness property is proved
using the analogous exactness property of the Tucker tensor integrator proved in [21],
which in turn was proved using the exactness property for the matrix projector-
splitting integrator that was discovered and proved in [19].

In Section 6 we prove first-order error bounds that are independent of small
singular values of matricizations of the connecting tensors. The proof relies on the
similar error bound for the Tucker integrator [21], which in turn relies on such an error
bound for the fixed-rank matrix projector-splitting integrator proved in [12], in a proof
that uses in an essential way the exactness property. The robustness to small singular
values distinguishes the proposed integrator substantially from standard integrators
applied to the differential equations for the basis matrices and connection tensors
derived in [26]. We note that the proposed TTN integrator foregoes the formulation of
these differential equations for the factors. The ill-conditioned density matrices whose
inverses appear in these differential equations are never formed, let alone inverted, in
the TTN integrator.

The present paper thus completes a path to extend the low-rank matrix projector-
splitting integrator of [19], together with its favorable properties, from the dynamical
low-rank approximation by matrices of a prescribed rank to Tucker tensors of pre-
scribed multilinear rank to general tree tensor networks of prescribed tree rank.

In Section 7 we present a numerical experiment which shows the error behaviour
of the proposed integrator in accordance with the theory. We choose the example of
retraction of the sum of a tree tensor network and a tangent network, which is an
operation needed in many optimization algorithms for tree tensor networks; cf. [1]
for the low-rank matrix case. The corresponding example was already chosen in
numerical experiments for the low-rank matrix, tensor train and Tucker tensor cases
in [19, 20, 21], respectively. It is beyond the scope of this paper to present the results
of numerical experiments with the recursive TTN integrator in actual applications of
tree tensor networks in physics, chemistry or other sciences. We note, however, that
striking numerical experiments with this integrator have already been reported for
the Vlasov—Poisson equation of plasma physics in [5] and for problems in quantum
physics in [3, 13].

While we describe the TTN integrator for real tensors, the algorithm and its
properties extend in a straightforward way to complex tensors as arise in quantum
physics. Only some additional care in using transposes U versus adjoints U* = U’
is required for this extension.

Throughout the paper, we denote tensors by roman capitals and matrices by
boldface capitals.



2. Preparation: Matrices, Tucker tensors, tree tensor networks, and
their ranks.

2.1. Matrices of rank r. The singular value decomposition (SVD) shows that
a matrix A € R™*" ig of rank r if and only if it can be factorized as

A=USV',

where U € R™*" and V € R"™*" have orthonormal columns, and S € R"*" has
full rank r. The decomposition is not unique. (The SVD is a particular choice with

diagonal S.) The real m x n matrices of rank (exactly) r are known to form a smooth
embedded manifold in R™*™ [11].

2.2. Tucker tensors of multilinear rank (r;). For a tensor A € R™*xnd
the multilinear rank (r1,...,74) is defined as the d-tuple of the ranks r; of the matri-
cizations Mat;(A) € R">*"~ for ¢ = 1,...,d, where n; = [[.,, n;. We recall that
the ith matricization aligns in the kth row (for k = 1,...,n;) all entries of A that
have the index k in the ith position, usually ordered co-lexicographically. The inverse

operation is tensorization of the matrix, denoted by Ten;:
Ay = Mat;(A) € R"*"  if and only if A= Teni(A(z‘)) € RM X Xna

It is known from [4] that the tensor A has multilinear rank (r1,...,rq) if and only if
it can be factorized as a Tucker tensor (we adopt the shorthand notation from [15])

d
A:CX1U1X2U2~~~XdUd:CXilei, (21)
T1 Td
ie., Aky,....kq = E T E Cly,.laUky g+ - - Uk lgs
Li=1 l4=1

where the basis matrices U; € R™*" have orthonormal columns and the core tensor
C € R"* %74 hag full multilinear rank (r1,...,74). (This requires a compatibility
condition among the ranks: r; < Hj ,Tj- In particular, this condition is satisfied
if all ranks r; are equal.) As in the matrix case (d = 2), this decomposition is not
unique.

A useful formula for the matricization of Tucker tensors is

Mat;(C X}_, U;) = U; Mat,(C) <® Uj) , (2.2)
it

where ® denotes the Kronecker product of matrices.
The tensors of given dimensions (nq, ..., ngq) and fixed multilinear rank (rq,...,74)
are known to form a smooth embedded manifold in R™ > *"d,

2.3. Orthonormal tree tensor networks of tree rank (r;). A tree tensor
network is a multilevel-structured Tucker tensor where the configuration is described
by a tree. The notion of a ‘tree tensor network’ was coined in the quantum physics
literature [24], but tree tensor networks were actually already used a few years earlier
in the multilayer MCTDH method of chemical physics [26]. In the mathematical
literature, tree tensor networks with binary trees have been studied as ‘hierarchical
tensors’ [9] and with general trees as ‘tensors in tree-based tensor format’ [6, 7]. We
remark that Tucker tensors and matrix product states / tensor trains [23, 22] are
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Fic. 2.1. Graphical representation of a tree and three subtrees with the set of leaves L =
{1,2,3,4,5,6}.

particular instances of tree tensor networks, whose trees are trees of minimal height
(bushes) and binary trees of maximal height, respectively.

In an informal way, one arrives at a tree tensor network by first considering a
tensor in Tucker format, in which then the basis matrices are tensorized and ap-
proximated by tensors in a low-rank Tucker format. Their basis matrices are again
tensorized and approximated by tensors in low-rank Tucker format, and so on over
multiple levels. A different viewpoint common in quantum physics is to describe a tree
tensor network as resulting from a collection of tensors that have two types of indices:
those corresponding to physical degrees of freedom and further auxiliary indices that
always appear on two tensors. The graph with the tensors as vertices and the indices
as edges is assumed to be a tree, i.e., to have no loops. The tree tensor network is
then obtained by contracting over the auxiliary indices.

As there does not appear to exist a firmly established mathematical notation for
tree tensor networks, we give a formulation from scratch that turns out useful for the
formulation, implementation and analysis of the numerical methods.

DEFINITION 2.1 (Ordered trees with unequal leaves). Let L be a given finite set,
the elements of which are referred to as leaves. We define the set T of trees T with
the corresponding set of leaves L(7T) C L recursively as follows:

(i) Leaves are trees: £L C T, and L({) := {f} for each ¢ € L.
(i) Ordered m-tuples of trees with different leaves are again trees: If, for some
m > 2,

TiyeeosTm €T with  L(m))NL(m;) =0 Vi#j,

then their ordered m-tuple is in T :
T:=(T1,...,Tm) €T, and L(7):= UTilL(Ti) .

The graphical interpretation is that (i) leaves are trees and (ii) every other tree
7 € T is formed by connecting a root to several trees with different leaves. (Note that
m = 1 is excluded: the 1-tuple 7 = (71) is considered to be identical to 79.) L(7) is
the set of leaves of the tree 7.



The trees 71, ..., T are called direct subtrees of the tree 7 = (71, ..., Tim ), which
together with direct subtrees of direct subtrees of 7 etc. are called the subtrees of 7.
We let T'(7) be the set of subtrees of a tree 7 € T, including 7. More formally, we set

T(0) = {t} for L€ £, and T(r) := {1} O] T(r) for 7= (r1,....700).

In the graphical interpretation, the subtrees are in a bijective correspondence with
the vertices of the tree, by assigning to each subtree its root; see Figure 2.1.
On the set of trees T we define a partial ordering by writing, for o, 7 € T,

o <7 ifandonlyif o€ T(71),
o<t ifandonlyif <7 and o # .

We now fix a maximal tree 7 € T (with L(7) = £). On this tree we work with
the following quantities:
1. To each leaf ¢ € L we associate a dimension ny, a rank r, < ny and a basis
matriz Uy € R™*"¢ of full rank 7.

2. To every subtree 7 = (71,...,Tm) < T we associate a rank r, and a connection
tensor C € R *Tm1 X XTrm of full multilinear rank (r,,7.,,...,7-, ). We set
Ty = 1.

This can be interpreted as associating a tensor to the root of each subtree. In this
way every vertex of the given tree carries either a matrix — if it is a leaf — or else
a tensor whose order equals the number of edges leaving the vertex. In applications,
the basis matrices correspond to the physical degrees of freedom and the connection
tensors determine the correlation network.

With these data, a tree tensor network (TTN) is constructed in a recurrence
relation that passes from the leaves to the root of the tree.

DEFINITION 2.2 (Tree tensor network). For a given tree 7 € T and basis matrices
U, and connection tensors C; as described in 1. and 2. above, we recursively define
a tensor Xz with a tree tensor network representation as follows:

(i) For each leaf T =10 ¢€ L, we set

X, :=U, e R,

(ii) If, for some m > 2, the tree T = (T1,...,Tm) 1S a subtree of T, then we set
n. = [[/%, nr and L. the identity matriz of dimension r-, and

X, :=C, xo L X2, U, € RrXnm X X0,
U, := Maty(X,)" e R* " .

For short, we refer to the tensor X as a tree tensor network on the tree 7.

The expression on the righthand side of the definition of X in (ii) can be viewed
as an r--tuple of m-tensors with the same basis matrices U, but different core tensors
Cr(k,:) € R Xnmm for k = 1,...,r,. The vectorizations of these r, m-tensors,
which are of dimension n,, form the columns of the matrix U,. The index 0 in x¢ and
Mat refers to the mode of dimension 7, of X, € R"=*"n X" X"rm which we count as
mode 0. The product x¢ I is redundant in the definition of X, but we include it to
emphasize the fact that X, is a tensor of order m+ 1. In the graphical representation,
the edge 0 is directed upward to the parent vertex and the edges 1, ..., m are directed
downward to the subtrees; see Figure 2.1.
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This construction gives a data-sparse representation of a tensor with J],. . ne
entries. For a rough bound of the memory requirements, let d be the number of leaves
and note that the number of vertices of the tree that are not leaves, is less than d.
We set n = maxy,n, and r = max, r, and let m + 1 be the maximal order of the
connection tensors C,. The basis matrices and connection tensors then have less than

dnr + dr™Tt < n?  entries.

We note that the representation of X; in terms of the basis matrices U, and
connection tensors C of full multilinear rank is not unique; cf. [25]. It is favorable to
work with orthonormal matrices, so that each tensor X, for 7 < 7 is in the Tucker
format.

DEFINITION 2.3 (Orthonormal tree tensor network). A tree tensor network Xz
(more precisely, its representation in terms of the matrices U, ) is called orthonormal
if for each subtree T < T, the matriz U, has orthonormal columns.

The following is a key lemma.

LEMMA 2.4. For atree T = (T1,...,Tm) € T, let the matrices U,,,..., U, have
orthonormal columns. Then, the matriz U, has orthonormal columns if and only if
the matricization Matg(C,)T € R+ X" has orthonormal columns.

Proof. We have, by the definition of U, and X, and the unfolding formula (2.2),

U] = Mat,(X,) = I, Mat,(C,) Q) U/, = Mato(C,) X U] .
=1 =1
It follows that

Ul U, = Mato(CT)(® ul v, ) Mat,(C,)" = (Mato(C,)T) " Mato(C;)T,

i=1

which proves the result. O

We observe that due to the recursive definition of a tree tensor network it thus
suffices to require that for each leaf the matrix U, and for every other subtree 7 < 7
the matrix MatO(CT)T have orthonormal columns. Unless stated otherwise, we intend
the tree tensor networks to be orthonormal in this paper.

The orthonormality condition of Lemma 2.4 is very useful, because it reduces
the orthonormality condition for the large, recursively constructed and computation-
ally inaccessible matrix U, € R"71i"™m X" to the orthonormality condition for the
smaller, given matrix Mat(C,) " € R™m " >" To our knowledge, the first use of
this important property was made in the chemical physics literature in the context of
the multilayer MCTDH method [26].

A further consequence of Lemma 2.4 is that every (non-orthonormal) tree tensor
network has an orthonormal representation. This is shown using a QR decomposition
of non-orthonormal matrices Mato(C-,)" = Q,, R., and including the factor R, in
the tensor C, of the parent tree 7 = (71,...,7m): C, is changed to TenO(Q,Ti) and
C; is changed to C X;’;l R,. This is done recursively from the leaves to the root.
We note that the property of C; to be of full multilinear rank (r,,7.,...,7s, ) does
not change under these transformations.

We rely on the following property, which can be proved as in [25], where binary
trees are considered (this corresponds to the case m = 2 above); see also [6].

LEMMA 2.5. Let a tree T € T be given together with dimensions (n¢)icr(r)
and ranks (r7);erzy. The set Mz = M(T, (ne)eer(r), (T7)rers)) of tensors with an
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orthonormal tree tensor network representation of the given dimensions and ranks is
a smooth embedded manifold in the tensor space R*ter(m)™e,

3. Extended Tucker Integrator. In Subsection 3.1 we recapitulate the algo-
rithm of the Tucker tensor integrator of [18, 21], and in Subsection 3.2 we extend the
algorithm to r-tuples of Tucker tensors with the same basis matrices. This will be a
basic building block for the tree tensor network integrator derived in the next section.

3.1. Tucker tensor integrator. Let M, be the manifold of tensors of order d
with fixed multi-linear rank r=(r1,...,74). Let us consider an approximation Y° €
M, to the initial data A°,

d
V0 =X, Uj e R

where the basis matrices UY € R %" have orthonormal columns and the core tensor
CY € R™>X"Xra has full multilinear rank r=(ry,...,74). The Tucker integrator is a
numerical procedure that gives, after (d + 1) substeps, an approximation in Tucker
tensor format, Y1 € M,, to the full solution A(t;) after a time step t; = to + h. The
procedure is repeated over further time steps to yield approximations Y € M, to
A(ty,). At each substep of the algorithm, only one factor of the Tucker representation
is updated while the others, with the exception of the core tensor, remain fixed. The
essential structure of the algorithm can be summarized as follows: Starting from

Yo =" ngl UY in factorized form, initialize CJ = C°.

For i =1,...,d, update U — Uj and modify C? ; — C?.
Update C — C*.

This yields the result after one time-step, Y1 = C* X;izl U} in factorized form.

To simplify the description, we introduce subflows ®(® and ¥, corresponding
to the update of the basis matrices and of the core tensor, respectively. We set

T = H#i r; and use the notation S?’T = (S?)T, V?’T = (V?)T etc.

[ed]



Algorithm 1: Subflow &
Data: Y0 =0 X?:1 U? in factorized form, F'(¢,Y), to, t1
Result: Y! = (! X;l:l U} in factorized form
begin '
set Uy =U) Vj#i
compute the QR decomposition Mat;(C?)T = QY S?’T € Rr-iXTi
set K = U} 82 € R
solve the n; x r; matrix differential equation
K;(t) = F;(t,K;(t)) with initial value K;(t;) = K?
and return K; = K;(t1); here
Fi(t, K;) = Mat,;(F(t, Ten; (K;(£) VY ")) VY with
Vi = Mat,(Ten;(Q7"") X; UY)
compute the QR decomposition KZ1 = U} S!
solve.the T X T matrix differential equation R
Si (t) = 7Fi (t, Sz(t)) with initial value Sz(to) = Szl
and return SO = S;(t1); here
Fi(t,S;) = UM Fi(t, UL S))
set C1 = Ten,; (S9QY )
end

The following remarks will be used in the next subsection:

e Instead of the QR decomposition, any orthogonal decomposition (e.g., SVD)
can be used that yields QY and U} with orthonormal columns. This yields the same
tensor Y'!, albeit in a different factorization.

e In the case where F(t,Y) does not depend on either ¢t or Y, we obtain the
same result §? if we replace the differential equation for S with the negative sign from
to — t1, with initial value S;(tg) = §11, by the differential equation with the positive
sign for S backward in time from ¢; — to with final value S;(¢;) = §}

solve S;(t) = Fy(t,S;(t)) with final value S;(t1) = S} and return SO = S;(to).

For a general non-autonomous function F(¢,Y), the forward and backward formula-
tions are no longer equivalent, but the robust convergence result of [21] holds equally
true for both formulations.

We further remark that the differential equations for K;(t) and S;(¢) need to be
solved numerically by a standard integrator, unless F(¢,Y) = A(t) is independent
of Y.

The remaining subflow ¥ describes the final update process of the core.



Algorithm 2: Subflow ¥
Data: Y?=C° Xj=1 U? in factorized form, F'(¢,Y"), to, t1
Result: Y! = C! ijl U; in factorized form
begin
set U =U) Vji=1,....d
solve .the ry X --+ X rq tensor differential equation
C(t) = F(t,C(t)) with initial value C(to) = C°
and return C! = C(t,); here
F(t,0) = F(t,CX{_, UH X{_, UsT

end

Finally, the result of the Tucker tensor integrator after one time step can be
expressed in a compact way as

Yi=Wod@o...0pM (v, (3.1)

We refer the reader to [18, 21] for a detailed derivation and major properties of
this Tucker tensor integrator.

The efficiency of the implementation of this algorithm depends on the possi-
bility to evaluate the functions F; without explicitly forming the large slim matrix
V¢ € R™*" and the tensor Ten,-(Ki(t)V?’T) € R™M>xnd - This is the case if
F(t, CX?:1 Uj;) is a linear combination of Tucker tensors of moderate rank whose
factors can be computed directly from the factors C' and U; without actually com-
puting the entries of the Tucker tensor.

3.2. Extended Tucker Integrator. We consider the case of a Tucker tensor
of order 1 + d where the first basis matrix in the decomposition of the initial data is
the identity matrix of dimension r x r,

d T X
V0 =% xo I, Xi_, UJ € R xna,

as appears in the recursive construction of orthonormal tree tensor networks. This
can be viewed as a collection of r Tucker tensors in R™:>*"*"d with the same basis
matrices U,?. Recalling (3.1), the action of the Tucker integrator after one time step
can be represented as

Yi=Uod@Do...00Woa®(y0),

The following result simplifies the computation.
LEMMA 3.1. With an appropriate choice of orthogonalization, the action of the
subflow ®©) on YO becomes trivial , i.e.,

2O (Y% =Y.
Proof. In the first step of the subflow ®(®), we matricize the core tensor C° in the

zero mode and we perform a QR decomposition,

Mato(C%) " = QJs)'.
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We define V"' = Mat(Teno(QQ ") X;i:l UYT) and we set K = 1,89 € R"™*". The
next step consists of solving the differential equation

Ko(t) = Mato(F(t, Teng(Ko () Vo ")) V.

Ko(to) = K{ .

We define Ki = Ko(t;) € R™*" and we use the trivial orthogonal decomposition (it
is irrelevant that this is not the QR decomposition),

K, =1K;.
Finally, we solve the differential equation

So(t) = I Mato(F(t, Teng (L, So(t) Vo "))V,
So(t1) = Kg .

This is the same differential equation as for Ky, now solved backwards in time, and
so we have

S5 = So(to) = Ko(to) = SJ.

Therefore, C* = C? and we conclude that &) (Y?) =Y°. O

We can now introduce the extended Tucker integrator as given by Algorithm 3
below. The adjective ‘extended’ refers to the fact that we now approximate the so-
lution to a differential equation for r Tucker tensors with the same basis matrices
rather than just one Tucker tensor. This extension is nontrivial but turns out to be
remarkably simple.

Algorithm 3: Extended Tucker Integrator
Data: Y?=C%x,1, X?zl Ug in factorized form, F'(¢,Y), to, t1
Result: Y! =C! xg 1, X?:1 U; in factorized form
begin
Set Y10 = y©
fori=1...ddo
| Compute Y1 = ®@ (yli=1) in factorized form by Algorithm 1
end

Compute Y = U(Y4) in factorized form by Algorithm 2
end

4. Recursive tree tensor network integrator. We now come to the central
algorithmic section of this paper. We derive an integrator for orthonormal tree tensor
networks, which in every time step updates the orthonormal-basis matrices Uy (t) of
the leaves and the orthonormality-constrained connection tensors C(t) of the other
vertices of the tree. This is done without ever computing the entries of the high-
dimensional tensor Y (¢) that has the tree tensor network representation given by the
factors Uy(t) and C;(t) and (approximately) solves the projected differential equation
(1.2) — provided that the function F' can be evaluated at the tree tensor network Y ()
using only its factors.
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4.1. Derivation. Let 7 € T be a given tree with the set of leaves L(T) =

{1,...,d} and (r),cr(s) a specified family of tree ranks, where we assume 7> = 1.
For each subtree 7 = (71,...,7m) € T(T) we introduce the space
V‘r = R”'TX”7'1><"'><”Tm . (41)

In the following, we associate to each subtree 7 of the given tree 7 a tensor-valued
function F; : [0,t*] x V; — V,. Its actual recursive construction, starting from the
root with F7 = F' and passing to the leaves, will be given in the next subsection.

Consider a tree 7 = (71, ...,7y,) and an extended Tucker tensor Y,? associated to
the tree 7,

VP =02 %o L XL, U, .
Applying the extended Tucker integrator with the function F. we have that
V! =0, 00 o...00W (Y0,

We recall that the subflow <I>(T’) gives the update process of the basis matrix qu_ €
R™ > The extra subscript 7 indicates that the subflow is computed for the function
F..

We have two cases: ‘

(i) If 7; is a leaf, we directly apply the subflow <I>(T1') and update the basis matrix.

(ii) Else, we apply Q) only approximately (but call the procedure still @(Ti)). We
tensorize the basis matrix and we construct new initial data YTOi and a function
F,. We iterate the procedure in a recursive way, reducing the dimensionality of
the problem at each recursion.

We are now in a position to formulate the recursive tree tensor network (TTN)
integrator. It has the same general structure as the extended Tucker integrator as
given by Algorithm 3.

The difference to the extended Tucker integrator is that now the subflow (IJ(TZ)
is no longer the same, but it recursively uses the TTN integrator for the subtrees.
This approximate subflow is defined in close analogy to the subflow ®(* for Tucker
tensors, but the first differential equation is solved only approximately unless 7; is
a leaf. We remark that in the following Algorithm 5 the tensors Y, correspond to
a tensorization of the matrices K; in Algorithm 1; see the next two subsections for
details of this correspondence.

Algorithm 4: Recursive TTN Integrator
Data: tree 7 = (71,...,7Tm), TTN in factorized form
VP =C2 %o I X{L, UY with UY, = Mato(X?)7,
function F,(t,Y;),to,t1
Result: TTN V! = C! xo L. XJ2, U} with U; = Mato(X})"
in factorized form
begin
set YO — Y0
fori=1...mdo
compute YTM = <I>(Ti)(YT[i71]) in factorized form by Algorithm 5
end
compute Y! = \I/T(YT[m]) in factorized form by Algorithm 6
end
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Algorithm 5: Subflow <I>(Ti)

Data: tree 7 = (11,...,7m), TTN in factorized form
m 0 . 0

Y? :.Cg xo I Xi2, U7, with Ul = Mato(XEj)T,
function F-(t,Y:),to,t

Result: TTN Y! =C! xo I, X
in factorized form

begin

set UL =UY Vj#i

compute the QR factorization Mat;(C2)T = Q% S

set YT? = X% X0 S(T);T

m
=

L Uy, with U;, = Mato(X})"

if 7, = [ is a leaf, then solve the n, x r;, matrix differential equation
Y, (t) = Fy,(t, Y, (t)) with initial value Y;, (to) = Y)?
and return Y} = Y7 (t1)

else
compute Y;! = Recursive TTN Integrator (1;, Y, Fy, to,t1)

compute the QR decomposition Maty(CL)T = Qi §;, where
C}, is the connecting tensor of Y
set Uii = Mato(Xii)T7 where the TTN Xii is obtained from YTli by
replacing the connecting tensor with C}, = Teng(Qr1™)
solve the r,, x r;, matrix differential equation
S-.(t) = —F,,(t,S.,(t)) with initial value S, (to) = SL
and return 89 = S (t1); here
F. (t,S,) = ULT Mat(F,,
set C1 = Teni(ggi QE;T)
end

( 7X‘}i X0 S;—:))T

The subflow ¥, is the same as for the Tucker integrator, for the function F;
instead of F'.

Algorithm 6: Subflow U
Data: tree 7 = (11,...,Tm), TTN in factorized form
VP =C0 %o I XJL, UY with UY, = Mato(X2)T,
function F-(t,Y;),to,t1
Result: TTN V! = C! xo I, XJ_, UL with U}, = Mato(X})"
in factorized form

begin
set Ui]_ ngi Vi=1,...,m.
solve the r, x 7, x --- x 7, tensor differential equation

C(t) = Fr(t,C,(t)) with initial value C(to) = C?
and return C! = C;(t1); here
Fo(t,Cr) = F(t,C, XJ, UL X, UL T
end

The differential equations for Y., (t), S;,(t) in Algorithm 5 and C.(¢) in Algo-
rithm 6 need to be solved approximately by a standard numerical integrator, unless
13



F(t,Y) is independent of Y (which then implies that also the functions F,(¢,Y) are
independent of V).

The efficiency of the implementation of this algorithm depends on the possibility
to evaluate the functions F,, F, and F, efficiently for all subtrees 7 of 7, without
explicitly forming large matrices or tensors whose dimension exceeds by far that of
the basis matrices and connecting tensors. This is the case if F' maps TTNs into
linear combinations of TTNs of moderate tree rank whose factors can be computed
directly from the basis matrices and connecting tensors without actually computing
the entries of the T'TN.

4.2. Constructing F, and Y via restrictions/prolongations. In a recur-
sion that passes from the root to the leaves of 7, we construct for each subtree 7 of 7
the tensor-valued function F, that is used in the recursive TTN integrator. We note
that V7 is isomorphic to R™*"*"4 (since 7z = 1) and we start the construction by
setting F; = F : [0,t*] x V= — V;. Given a subtree 7 = (71,...,7n) € T, we now
assume by induction that

Fri[0,6°] X Vs = Vs

is already defined. For each i = 1,...,m, we need to determine the tensor-valued
function F, that appears in the subflow <I>(Ti) of the recursive TTN integrator. For
the initial data Y,? = C? xo I, X;Z; U2, the subflow 3% given by Algorithm 5 first
computes the QR decomposition

Mat,(C?)" - Q0 82,

where QET_ € R with ro;, = [];; 77, has orthonormal columns and SRS
R"7: %" Since

VY =% xo I X2, UY = Ten;(S2. Q%7) xo I X2, UY
= Teni(QOTT) X0 IT Xﬁgz U?_] XZ(U?_I S,Orz),

Ti

we then have the SVD-like decomposition
Mat,; (V) = U2 82 voT (4.2)
with the (computationally inaccessible) matrix
VY, = Mat,;(Ten;(Q% ") xo I X UL )T € R7 77X

for n-r, = [[; 4 nr; = ns/ny,. We note that both U?Y and VY have orthonormal
columns.
Like in Algorithm 1 for the subflow ®(*) of the Tucker integrator, we consider the
differential equation for K, (t) € R™7*"7i,
K‘ri (t) =F.(t, K, (t))»

4.3
K-, (to) = Ugi Sg,,-, ) 43

where

F..(K,,) = Mat; (F:(t, Ten; (K., V2 1)) V2.
14



Algorithm 5 uses this differential equation in tensorized form and solves it ap-
proximately by recurrence down to the leaves. This relation is seen as follows: By
definition of the tree tensor network, there exists X2 € V;, such that

U2 =Mato(X2)", e, X2 =Teny(U%T).
This implies that the initial condition in (4.3) can be rewritten as
K., (t) = U7, S, = Mato(X7,)'S?, = Mato(X;, xoS%;") ",
which is the initial value chosen in Algorithm 5. We introduce
Y, (t) = Teng(K,, (1)), e, K, (t)=Mato(Yy,(t)". (4.4)

By substitution, (4.3) can be rewritten as the differential equation that appears in
Algorithm 5,

Yﬂ, (t) = [, (ta Y., (t))
Yy (to) = Y0 = X2 xg 82T,

where now
F;,(t,Yy,) = Teng (F,, (t, Mat(Y;,) ") (4.5)
- Teno( (Mat;( F, (t, Ten;(Mato(Yy,) " VE;T)))V%)T) .

The construction of the tensor-valued function F;, becomes more transparent by in-
troducing the prolongation

7ri(Ye,) == Ten; (V2. Mato(Yy,)) ") €V, for Yy, €V, (4.6)
and the restriction

7Tj-_7i(Z.,-) = Teno((Mat,-(ZT) V(T)i)T) eV, for Z. eV, (4.7)
where the tensorization Teng is for a matrix in R~ %" according to the dimensions
of the subtrees of 7;.

‘We note the following properties.

LEMMA 4.1. Let 7 = (11,...,Tm) and i = 1,...,m. The restriction 71'11. VYV —
V., is both a left inverse and the adjoint (with respect to the tensor Buclidean inner
product) of the prolongation wr; : V. — V;, that is,

wl(mea(Ye)) =Ye,  forall Y, €V, (4.8)

(mri(Ye), Ze)y, = (Yo, 7l (Ze))y,,  forall Yo, € Ve, Z- €V, (49)
Moreover, ||7::(Y:,)|lv, = [Ynllv,, and ||7Ti’i(ZT)Hyn < ||Z:|lv,, where the norms are
the tensor Euclidean norms. ' /

Proof. Since VS;T V2 =1, we obtain (4.8). Using that the tensorization Ten;
is the adjoint of the matricization Mat; for the Frobenius inner product and that
taking transposes in both matrices of a Frobenius inner product does not change the
inner product, we arrive at (4.9). The norm equality follows from the definition (4.6)
and the fact that the matrix Vgi has orthonormal columns. The norm bound follows
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from (4.7) on noting the general matrix norm inequality ||AB|r < ||A|2 ||B||# and
the fact that || VE;T lo=1.0

We emphasize that the mappings 7, ; and 7T_],L_7i depend on the initial data Y.°. We

observe that we can write (4.5) more compactly as F;, = 771,1‘ o From, ;. For the initial
data we find from (4.2) and (4.3) that

Y = Teng(Kr, (to) ") = Teno (UY, 82)7) = Teno (Mat,(Y?) V2 )T) =zl ,(v2).

We thus arrive at the following.

DEFINITION 4.2. For the given tensor-valued function Fr = F : [to,t*] X Vi —
V: and a tree tensor network Y? € Mx, we define recursively for each tree T =
(T1y.eoyTm) < T and fori=1,...,m

_
F”'i —WTviOFTOWT,i

Y0 =l .(v9).

Ti TN T

These are the nonlinear operators and initial data that are used in the recursive
TTN integrator. We remark that their construction has a formal similarity to that of
operators and functions in multilevel methods; cf. [8].

An important observation is the following.

LEMMA 4.3. If the initial tree tensor network Y has full tree rank (r4)s<z, then
Y? has full tree rank (1) <, for every subtree T < 7.

Proof. Let 7 = (11,...,7m) € T(7) and ¢ = 1,...,m. From the above derivation
we have, with the tensor network X, = Teno(UQQT) of full tree rank,

Y9 = Teno (U2 82)7) = X2 x(S%T.

If Y? has full tree rank, then S? is invertible, and hence also Y2 has full tree rank.
By induction we find that for every subtree 7 < 7, the restricted initial tensor Y has
full tree rank. O

In terms of the manifold (see Lemma 2.5)

MT = M(T7 (nf)ZGL('r)7 (T.o)agT) (410)
of tree tensor networks for the tree 7 € 7 of given dimensions (n¢)scr(r) and full
tree rank (r,)o<r, Lemma 4.3 can be restated as saying that for 7 = (7,...,7m)

and Y2 € M., the restriction ﬂiZ(YTO) is in M,,. This statement is not true for

an arbitrary Y, € M, that is different from Y (recall that the chosen restriction
i

basis matrices are such that US;T U,, is a singular r,, X r,, matrix. However, for the
prolongation we have the following.

LEMMA 4.4. Let 7= (11,...,7m) €T andi=1,...,m. If Y;, € M., then the
prolongation 7r ;(Yz,) is in M.

Proof. We have, using the definition of Vgi and writing U,, := Maty(Y;,) ",

7ri(Yr,) = Ten, (V2 Mato(Y7,)) ")

= Teni ((1\/[&13Z (Tenl(Q?_;T) X0 I.,— Xj;éi U?_] )T Mato(Yn))T)
= Ten, (U, Mat,(Ten;(Q):") xo I X;. U2))
= Tenl(QgiT) X0 IT Xj;éi Ugj X UTZ.,

which is of full tree rank. O

operator m! , depends on Y?). In particular, a loss of rank occurs if for some j, the
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4.3. QR decomposition. We now explain how the first QR decomposition in
Algorithm 1 is related to that of Algorithm 5. We consider a tree 7 = (71, ...,7) € T
and let 7 take the role of 7; in Algorithm 5 for ease of notation. In the extension of
Algorithm 1 via (4.3), we would need the QR~decomposition of Kl € R %" where
we recall that n, = H;”Zl n,, can get prohibitively large. This difficulty is overcome
using that the tree tensor network is orthonormal: the QR-~decomposition of the full
matrix K is equivalent to the QR-decomposition of the matricization of a small core
tensor. In fact, by construction we have that

K! = Mato(Y}) ",
where
V=0 xoL X2, UL .

This implies that
K! = (@U; ) Mato(C1)T.
i=1

Since the Kronecker product of orthonormal matrices is orthonormal, it suffices to do
a QR-decomposition of the comparatively small matrix Mato(CL)"T € R rm Xrr |
as is done in Algorithm 5.

4.4. Efficient computation of the prolongation 7, ;. The construction of
the extremely large matrix V%T appearing in the integrator must be avoided. In fact,
recalling that

V?_;T = MatZ(Tenl(ng’T) Xj?ﬁi U?_]) € R X" o ,
the mapping 7, ; can be easily computed,

(YY) = Ten;(Mato(Y) " V%T)
= Ten;(Mato(Y) " Mati(Teni(leiT) X,z U(T)j )
= Ten; (Mat,(Ten; (QY;") x; Mato(Y) " X, UY))
= Ten; (QY% ") x; Mato(Y) " X; UL .

T

The action of the prolongation 7, ; on the tree tensor Y € V;, yields a new larger tree
tensor in V; with the core tensor Teni(ngfT)
4.5. Efficient computation of the restriction 7'('_]:_1 The computation of the

mapping Fii(Z.,-) can be done efficiently by contraction if Z, is itself a tree tensor
network on the tree 7 = (71, . .., 7, ) with the same dimensions n, and n., but possibly
different ranks s; and s, instead of r, and r,,, respectively:

Zy =G xo L X[ W, €V,

with the core tensor G, € R¥ %571 X" X%7m (not necessarily of full multilinear rank)
and matrices W, € R™ %57 (not necessarily of full rank). We have that

7l (Z;) = Teng(VY " Mat;(Z,)")
17



= Ten(Q%," (I, QUL ) Mat;(Z,)")
J#i
= Teno(QggT Mati(GT X0 IT X];ﬁl(Ugj’T W'rj) X5 W.,—i)T)
= TeIlo(Q?_;T Mati(GT X0 IT X_ng (U?_JT WTJ. ))T W‘—r:)
We define the small matrix

R.,—l. = Q_IO_;T Mati(G-,— xo L- Xj;m(U?_JT W.,—j ))T e R XS"i7

where we note that the product of the large matrices U% and W, (with n,; rows,
which is prohibitive unless 7; is a leaf) can be computed recursively from small ma-
trices: For a tree 7 = (11,...,Tm), let

UT = Mato(CT X0 IT X:il U‘ri)T c ]R"TXT"’
W, = Mato(G, xo L X[, W, )T € R 7,

Then, (2.2) shows that the small matrix U] W, € R™ 5" equals
U] W, = Mato(C, X, (U] W,,)T) Mato(G,)", (4.11)

and hence this matrix can be computed recursively, passing from the leaves to the
root 7. In this way we compute only products U, W, for the leaves ¢ € L(7) and
products of matrices whose dimensions depend only on the ranks and orders of the
connection tensors.

We return to the above expression for ’/Til (Z.) and recall that by definition of the
tree tensor network, there exists a tree tensor network Z., on the tree 7; such that

W, =Maty(Z,,)".
We then have

7 (Z:) = Teno (R, le) = Teng(R., Maty(Z;,)) = Teno(Mato(Z,, xo R+,))
= ZTI X0 R.,—l .

This implies that 7 (Z;) differs from Z,, only in that the (small) core tensor G, of
Z,, is replaced by G,, = G, xo R.,, or equivalently, Mat,(G,) = R,, Mato(G., ).

4.6. Computational complexity. In the implementation of Algorithm 5 and
Algorithm 6, the matrices U,, = Maty(X,,)? (with superscripts 0 and 1), the ten-
sors Y;, and the values of the function F;, are not stored and computed entrywise
but only through their TTN factorization into basis matrices for the leaves and
connection tensors. Furthermore, products of prohibitively large matrices such as
Uif Mat, (Fn (t, X1 xg SI))T are reduced to matrix products of small matrices us-
ing (4.11) recursively. A count of the required operations and the required memory
yields the following result.

LEMMA 4.5. Let d be the order of the tensor A(t) (i.e., the number of leaves of the
tree T ), I < d the number of levels (i.e., the height of the tree T), and let n = maxy ny
be the mazrimal dimension, r = max, r, the mazximal rank and m the mazimal order
of the connection tensors. We assume that for every tree tensor network X= we have
that Z> = F(t,Xz) is again a tree tensor network, with ranks s, < cr for all subtrees
7 < T with a moderate constant c. Then, one time step of the tree tensor integrator
given by Algorithms 4—6 can be implemented such that it requires
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dr(n+r™)) storage,
Id) tensorizations/matricizations of matrices/tensors with < r™+1 entries,
Id%r?(n +r™)) arithmetical operations and

e O(d) evaluations of the function F,
provided the differential equations in Algorithms &5 and 6 are solved approzimately
using a fized number of function evaluations per time step.

Proof. The only nontrivial count regards the arithmetical operations. In Al-
gorithm 5, there are two QR decompositions of 7 x r matrices, which requires
O(r™ - r?) = O(r™*2) operations. In total over all subtrees of 7, the total com-
putational cost for the QR decompositions is thus O(dr™+2).

The computation of X% X0 S%T in factorized form requires only computing the
smaller product C2 xoS% T, where C? is the core tensor of X0, as at the end of the
previous subsection. The computational cost for this product is O(r™+2) operations,
and in total over all subtrees of 7, the total computational cost is thus O(dr™*2)
operations.

o(
o(
o(

The matrix product Ul{r Mat, (Fn (t, X} XOSI))T is computed recursively using
(4.11). This requires O(|L(7;)|(nr?+r™+2)) operations, where | L(7;)| is the number of
leaves of 7;. In total over all subtrees of 7, the computational cost for these products
is therefore O(ld(nr? + r™*2)) operations.

To evaluate the function F;,, we need prolongations (which do not require any
arithmetical operations) and restrictions. The computational cost for computing a re-
striction 7!, in the way described in the previous subsection, is O(|L(7;)|(nr2+rm+2))
operations for the recursive computation of the matrix R, via (4.11). The mode-0
multiplication of R, with the core tensor requires another O(r™*2) operations. One
evaluation of F, requires several restrictions from the root down to 7; and then costs
O(d(nr? + r™*+2)) operations in addition to the evaluation of F. In total over all
subtrees of 7, the computational cost then becomes O(ld?(nr? + r™*2)) operations.

In Algorithm 6, we note that the tree tensor network Z. = F.(t,Y,), when written
in factorized form as Z, = G, x¢ I, X;11 W, for a tree 7 = (71,...Tm), has

Z XL Ul =G, xo L X, UL W,

The products UTTi W, are computed recursively via (4.11) in O(|L(7)|(nr? + r™*2))
operations. In total over all subtrees of 7, the computational cost then again becomes
O(dl(nr? 4+ r™*2)) operations. O

5. Exactness property of the TTN integrator. We will show that under
a non-degeneracy condition, the TTN integrator with the tree rank (r,) reproduces
time-dependent tree tensor networks A(t) with the same tree rank ezactly at every time
step when the integrator is applied with F/(t,Y) = A(t) and exact initial value Y° =
A(tp). Such an exactness result is already known for the special cases of projector-
splitting integrators for low-rank matrices [19], tensor trains / matrix product states
[20], and Tucker tensors [21]. The latter result will now be used in a recursive way to
prove the exactness property of the TTN integrator.

We first formulate the non-degeneracy condition. Consider a time-dependent
family of tree tensor networks A(t) of full tree rank (r,),<-, and set Y2 = A(ty),
for which we consider the restricted tensor networks A, (t) := (A(t))T defined by the
restrictions (4.7) associated with Y2 for the subtrees 7 < 7. By Lemma 4.3, we then
have for every subtree 7 < 7 that

A~ (to) has full tree rank (r4)s<, for every subtree 7 < 7. (5.1)
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We impose the condition that the same full-rank property still holds at t; > ¢q:
A.(t1) has full tree rank (r,),<, for every subtree 7 < 7. (5.2)

THEOREM 5.1 (Exactness). Let A(t) be a continuously differentiable time-depen-
dent family of tree tensor networks A(t) of full tree rank (r;)r<z forto <t <ty, and
suppose that the non-degeneracy condition (5.2) is satisfied. Then the recursive TTN
integrator used with the same tree rank (r-),;cr(z) for F(t,Y) = A(t) is exact: starting
from YO = A(to) we obtain Y = A(t1) .

Proof. The result is obtained from the exactness result of the Tucker integrator
that was proved in [21] and an induction argument over the height of the trees. The
height is defined in a formal way as follows:

(i) If 7 = ¢ € L, then we set h(7r) = 0; i.e., leaves have height 0.

(ii) If 7 = (m1,...,7m) € T, then we set h(7) =1 + max{h(m),..., h(Tm)}.
We note that, since the restricitions 7l for 7 < 7 do not depend on time ¢, time
differentiation commutes with these linear maps and we have

Aty = S A1) = (),

(i) Consider first trees 7 = (71,...,7y,) of height 1. The tree tensor network
A (t) is then a Tucker tensor, which by (5.1) and (5.2) has full multilinear rank
(rey7ryy--.57r,) at both t = ¢ty and ¢t = t;. The TTN integrator with F.(¢,Y;) =
A,(t) is in this case the same as the Tucker integrator of [21] and hence reproduces
A;(t1) exactly by [21, Theorem 4.1]. We note that condition (5.2) for the leaves 7;
corresponds to the invertibility condition in [21, Theorem 4.1].

(ii) For trees of height k > 2 we work with the induction hypothesis that the
recursive TTN integrator with F,(t,Y;) = A, (t) is exact for all trees 7 < 7 of height
strictly smaller than k. For a tree 7 = (71, ...,7;) of height k& the TTN integrator is
therefore exact for the subtrees 7;, and hence the recursive steps in the TTN integrator
are solved exactly. This reduces the recursive TTN integrator to the Tucker integrator
for F,(t,Y;) = A, (t), where by (5.1) and (5.2), the tensor A, (t), viewed as a Tucker
tensor A, (t) = C,(t) X!, U,, (), has full multilinear rank (r,,7,,,...,7, ) at both
t =tp and t = t;. From the exactness result of [21, Theorem 4.1] it then follows that
the integrator reproduces A,(t1) exactly. This completes the induction argument.
Finally, we thus obtain the exactness result for the maximal tree 7, which is the
stated result. O

6. Error bound. We derive an error bound for the integrator that is inde-
pendent of singular values of matricizations of the connecting tensors, based on the
corresponding result for Tucker tensors proved in [21], which in turn was based on
the corresponding result for matrices proved in [12]. We recall the notation V. for
the tensor space (4.1) and M, for the tree tensor network manifold (4.10). We set
Y =V; and M = M; for the full tree 7.

We assume that F': [0,¢*] x M — V is Lipschitz continuous and bounded,

IF(t,Y) - F(t,Y)| <L|Y - Y| for all Y, Y € M, (6.1)
|F(t,Y)| <B forall Y € M. (6.2)
Here and in the following, the chosen norm ||- || is the tensor Euclidean norm. As usual

in the numerical analysis of ordinary differential equations, this could be weakened to
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a local Lipschitz condition and local bound in a neighborhood of the exact solution
A(t) of the tensor differential equation (1.1) to the initial data A(ty) = A° € V, but
for convenience we will work with the global Lipschitz condition and bound.

We further assume that F(¢,Y) is in the tangent space 7y M up to a small
remainder: with P(Y") denoting the orthogonal projection onto Ty M, we assume
that for some ¢ > 0,

[1F(t,Y) = P(Y)F(t,Y)| <e (6.3)

for all (¢,Y) € [0,¢*] x M in some ball ||Y]| < p, where it is assumed that the exact
solution A(t), 0 <t < t*, has a bound that is strictly smaller than p.

Finally, we assume that the initial value A° and the starting value Y° € M of
the numerical method are §-close:

YO — A% < 6. (6.4)

THEOREM 6.1 (Error bound). Under the above assumptions, the error of the
numerical approrimation Y™ at t, = nh, obtained with n time steps of the TTN
integrator with step size h > 0, is bounded by

IY"™ — A(tn)|| < cod + c1e + cah for t, <t*,

where ¢; depend only on L, B, t*, and the tree 7. This holds true provided that 6, e
and h are so small that the above error bound guarantees that |Y™| < p.

We remark that the error bound is still valid for sufficiently small d,e and h if
the bound (6.3) is satisfied only in some tubular neighborhood {(¢,Y) € [0,t*] x M :
Y — A(t)|| < 9} for an arbitrary fixed ¥ > 0. We do not include the proof of this
more general result, because the higher technical intricacies would obscure the basic
argument of the proof.

The proof of Theorem 6.1 works recursively, based on the corresponding result
for Tucker tensors given in [21] and using a similar induction argument to the proof of
Theorem 5.1. To make this feasible, we need that the conditions on F' = F; are also
satisfied for the reduced functions F for every subtree 7 < 7, which are constructed
recursively in Definition 4.2. For Y, € M, let P,(Y;) be the orthogonal projection
onto the tangent space Ty_ M . We have the following remarkable property.

LEMMA 6.2. If F= = F satisfies conditions (6.1)—(6.3), then we have for every
subtree T < T, with the same L, B, and ¢,

IF-(t, ;) — Fr(t,Y;)|| < LY, — Y| for all Y;,Y; € M., (6.5)
|F-(t,Y-)] < B for all Y. € M, (6.6)

and
| Fr(t,Yr) — P (Y7)F- (8, Y7)| < e (6.7)

for all (t,Y:) € [0,t*] x M, with | Y| < p.

The proof of the e-bound (6.7) is based on the following lemma.

LEMMA 6.3. LetT = (71,...,7m) €T andi=1,...,m. Let M, : M, =V, be
such that it maps into the tangent space:

M, (Y;) € Ty M, forall Y; € M,.
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Let 7T,],L_’i and m;; be the restrictions and prolongations corresponding to some Y €

M., and define
M., = 7Ti7i oM;om, ;.
Then, M;, : M,, — V., also maps into the tangent space:

M. (Y:,) € Ty, My, for all Y;, € M;,.

i

Proof. Let Y;, € M;, and define Y; = m,,;(Y;,), which by Lemma 4.4 is in
M. By assumption, M, (Y;) € Ty, M., and hence there exists a path X.(0) € M,
for @ near 0, with X,(0) = Y, and d%|g:0XT = M,(Y;). Then, the restricted path
X, (0) = 7! ,X,(0) has

X (0) = Wi,i(Y‘r) = Wi,i(ﬂ"r,i(yﬂ)) =Y,

because ﬂii is a left inverse of 7, ; by Lemma 4.1. By local continuity of the rank,

we then have X, (6) € M.,,. Morcover,

d ¢ d

— | X, =7l | X, =xl M.(Y;) = M, (Y;,).
al, S =g, T M (Y7) (Yz,)

Hence, M;,(Y;,) € Ty, M,,. O

Proof. (of Lemma 6.2) The Lipschitz bound and the norm bound of F. follow
directly from the corresponding bounds of F', using that restriction and prolongation
are operators of norm 1 by Lemma 4.1. It then remains to show (6.7). For Y € M
we write

F(t,Y)=P(Y)F(t,Y)+ (I — P(Y))F(t,Y) = M(t,Y) + R(t,Y)

with M(¢,Y) € Ty M and ||R(¢,Y)| < e by (6.3). We let M> = M and R; = R and
define recursively, for 7 = (11,...,7m) < 7,

-
M, =mx,0oM,om,;,

R, = wi’i oR;om, ;.
By Lemma 6.3, for every subtree 7 < 7, M, maps into the tangent space:
M (Y;) € Ty, M, forall Y; € M.,.
Hence,

(I - PT(YT))FT(ta YT) = (I - PT(YT))RT(t7 Yr)v

and once again, since restriction and prolongation are operators of norm 1, it follows
from (6.3) that

I = Po(Y) (6 Y)]| < | RA (7)) < e.

This proves Lemma 6.2. O
Proof. (of Theorem 6.1) It suffices to assume that Y° = A(ty) € M, since the
difference of exact solutions of the differential equation (1.1) corresponding to initial
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values that differ at most by 6, is bounded by cgd for ty < ¢ < ¢* under the imposed
Lipschitz condition on F'. Moreover, it then suffices to show that the local error after
one time step is of magnitude O(h(e + h)). The result for the global error is then
obtained with the familiar Lady Windermere’s fan argument, as in [12] and [21].

As in the proof of Theorem 5.1, we proceed by induction on the height of the
tree.

For trees of height 1, the recursive TTN integrator coincides with the Tucker
integrator of [21], for which the error estimate has been proved in [21].

For trees 7 = (71, ..., Tm) of higher height, we observe that in the recursive TTN
integrator, the differential equations for Y., are solved approximately by intermediate
tree tensor networks with lower height, for which the O(h(e + h)) error bound holds
by the induction hypothesis. If instead the differential equations for Y., were solved
exactly, then the integrator would again reduce to the Tucker integrator and error in
this idealized Y, after one step would be O(h(e+h)). By studying the influence of the
inexact solution of the differential equation for Y;, on the error (as in [12, Subsection
2.6.3]), we find that the error of the actual Y, is still of magnitude O(h(e + h)). We
omit the details of this perturbation argument, since it is cumbersome to write down
explicitly and requires no ideas beyond using the triangle inequality.

This completes the induction argument. Finally, we thus obtain the error bound
for 7, which yields the result of Theorem 6.1. O

7. Numerical experiments. The recursive TTN integrator has already been
applied to problems from plasma physics [5] and quantum physics [13], where nu-
merical results are reported. In the following we therefore give just two illustrative
numerical examples. We choose the tree 7 of Figure 2.1. The dimensions n, and the
ranks r, are taken the same for all the nodes and are fixed to ny = n = 16 for all leaves
¢ and r, = r =5 for all subtrees 7 < 7. We have chosen such small dimensions n to
be able to easily compute the reference solution, which is a full tensor with n® entries.
In contrast, the storage for the tree tensor network for this tree is 6nr + r* + 2r3
entries.

The computations were done using Matlab R2017a software with Tensor Toolbox
package v2.6 [2]. The implementation of the TTN is done using an Object Oriented
Paradigm; we define in Matlab a class Node with two properties: Value and Children.
The Value can be either a connection tensor or an orthonormal matrix. The Children
is an ordered list of objects of type Node. If the Children list is empty, we are on
one of the leaves of the tree; the Value of the Node is by construction an orthonormal
matrix. The TTN is defined as an object of type Node.

The recursive TTN integrator is then implemented by recursively applying the
Extended Tucker Integrator to an object of type Node. The recursion process in the
recursive TTN algorithm is controlled by counting the elements of the Children list
associated with the Node: if empty, we are on one of the leaves of the tree.

7.1. Tree tensor network addition and retraction. Let 7 be the given tree
and let M be the manifold of tree tensor networks of given dimensions (n,) and tree
rank (r;)r<z; see Section 2.3. We consider the addition of two given tensors A € Mz
and B € TyM: (a tangent tensor),

C=A+B.

Then, C is a tree tensor network on the same tree but of larger rank. We want to
compute a tree tensor network retraction to the manifold M, i.e., to the original
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tree rank (r-);<z. Such a retraction is typically required in optimization problems on
low-rank manifolds and needs to be computed in each iterative step. The approach
considered here consists of reformulating the addition problem as the solution of the
following differential equation at time ¢ = 1:

C(t)=B, C(0)=A.

We compare the approximation Y! € M, computed with one time step of the recur-
sive TTN integrator with step size h = 1, with a different retraction, denoted by X,
obtained by computing the full addition C and recursively retracting to the manifold
M. for each 7 < 7. For the latter, we use the built-in function tucker_als of the
Tensor Toolbox Package [2]; we recursively apply the function to the full tensor C
and its retensorized basis matrices.

These comparisons are illustrated in Figure 7.1 where the norm of B is varied.
We observe both retractions Y' and X have very similar error, and their difference is
considerably smaller than their errors. Decreasing the norm of the tensor B reduces
the approximation error as expected, proportional to ||B|2. This behaviour of the
TTN integrator used for retraction is the same as observed for the Tucker integrator
in [21] for the analogous problem of the addition of a Tucker tensor of given multilinear
rank and a tangent tensor.

107"
P [=rt-cll
=-||ly! - X]|
R X - cll
102 4
210°F 4
[0} C
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105 . X . . e
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1Bl

Fia. 7.1. Error of retracted tree tensor network sum.

The advantage of the retraction via the TTN integrator is that the result is
completely built within the tree tensor network manifold. No further retraction is
needed, which is favorable for storage and computational complexity.

7.2. Verification of the exactness property. We consider a tree tensor net-
work A° € M:. For each subtree 7 < 7, let W, € R™ %" be a skew-symmetric
matrix which we choose of Frobenius norm 1. We consider a time-dependent tree
tensor network A(t) € M; such that A(ty) = A° with basis matrices propagated in
time through

Uyt)=eWe ), e L@)
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and the connection tensors changed according to
Cr(t) =CO xge™Wr,  7<7 7¢L(T).

The time-dependent tree tensor network does not change rank and as predicted by
Theorem 5.1, it is reproduced exactly by the recursive TTN integrator, up to round-
off errors. The absolute errors ||Y;, — A(¢,)|| calculated at time ¢, = nh with step
sizes h = 0.1, 0.01, 0.001 until time t* = 1 are shown in Figure 7.2.

10712 ¢ \
£ -o-h=0.1
h=0.01
-6-h=0.001
-16 L L L L 1
10 0 0.2 0.4 0.6 0.8 1 1.2

Time

Fic. 7.2. Error vs. time in a case of exactness up to round-off errors.
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Time integration of symmetric and anti-symmetric
low-rank matrices and Tucker tensors

Gianluca Ceruti, Christian Lubich

Abstract A numerical integrator is presented that computes a symmetric or skew-
symmetric low-rank approximation to large symmetric or skew-symmetric time-depen-
dent matrices that are either given explicitly or are the unknown solution to a matrix
differential equation. A related algorithm is given for the approximation of symmetric or
anti-symmetric time-dependent tensors by symmetric or anti-symmetric Tucker tensors
of low multilinear rank. The proposed symmetric or anti-symmetric low-rank integrator
is different from recently proposed projector-splitting integrators for dynamical low-
rank approximation, which do not preserve symmetry or anti-symmetry. However, it is
shown that the (anti-)symmetric low-rank integrators retain favourable properties of
the projector-splitting integrators: low-rank time-dependent matrices and tensors are
reproduced exactly, and the error behaviour is robust to the presence of small singular
values, in contrast to standard integration methods applied to the differential equations
of dynamical low-rank approximation. Numerical experiments illustrate the behaviour
of the proposed integrators.

1 Introduction

In this paper we propose and analyse an algorithm that computes a symmetric or
skew-symmetric low-rank approximation to large symmetric or skew-symmetric time-
dependent matrices that are either given explicitly or are the unknown solution to
a matrix differential equation. A related algorithm is given for the approximation of
symmetric or anti-symmetric time-dependent tensors by symmetric or anti-symmetric
Tucker tensors of low multilinear rank.

In the matrix case, motivation for this work comes from Lyapunov and Riccati
differential equations, which have large symmetric matrices as solutions, which can
often be well approximated by low-rank matrices [19]. For tensors, our main motiva-
tion comes from the quantum dynamics of bosonic or fermionic systems, where the
symmetric or anti-symmetric wave function is approximated by low-rank symmetric or
anti-symmetric Tucker tensors in the MCTDHB and MCTDHF methods for bosons

G. Ceruti and Ch. Lubich
Mathematisches Institut, Universitiat Tibingen, Auf der Morgenstelle 10, D-72076 Tiibingen,
Germany. E-mail: {ceruti, lubich}@na.uni-tuebingen.de



and fermions, respectively [1,4]. An efficient integrator that preserves symmetry and
anti-symmetry and uses them to reduce the computational complexity, is needed in
these and other applications, such as using a step of the integrator as a computa-
tionally efficient retraction in optimization algorithms for (anti-)symmetric low-rank
matrices and tensors.

The algorithms proposed in this paper are non-trivial modifications of the pro-
jector-splitting integrators for the dynamical low-rank approximation of matrices and
Tucker tensors that were proposed in [17] and [16,18], respectively. The projector-
splitting integrators have been shown to possess remarkable robustness to the typical
presence of small singular values [10,18], as opposed to applying standard integrators
to the differential equations of dynamical low-rank approximation that are given in
[12,13]. However, the projector-splitting integrators do not preserve symmetry or anti-
symmetry.

We will show that the (anti-)symmetry-preserving integrators proposed here re-
tain the robustness with respect to small singular values of the projector-splitting
algorithms. This relies on an exactness property, namely that time-dependent matri-
ces and tensors of the approximation rank are reproduced exactly by the integrator.
This exactness property will also be shown to be retained from the projector-splitting
integrators. We note, however, that the integrators proposed here can no longer be
interpreted as splitting integrators.

The new (anti-)symmetry-preserving integrators are favourable also from the com-
putational viewpoint: compared with the projector-splitting integrator, the computa-
tional cost is halved in the (skew-)symmetric matrix case; in the case of d-dimensional
(anti-)symmetric tensors, the computational cost for the core tensor is reduced by the
factor 1/d!, and that for the basis matrices by 1/d.

A first attempt to modify the projector-splitting integrator and preserve the sym-
metry in the matrix setting, can be found in [19]: numerical examples show the correct
behaviour of the approximate solution but no convergence analysis or extension to
multi-dimensional arrays is provided, and no use of the symmetry is made to reduce
the computational effort.

The outline of the paper is the following: in Section 2, we briefly restate the idea of
dynamical low-rank approximation for matrices and we present the matrix projector-
splitting integrator with some of its properties. In Section 3, we consider the case
of (skew-)symmetric matrices; we present the (skew-)symmetry-preserving low-rank
integrator and study its properties. In Section 4, we recapitulate the projector-splitting
integrator for low-rank Tucker tensors. In Section 5, we present the integrator for (anti)-
symmetric tensors of low multilinear rank and study its properties. In the final section,
we present numerical experiments that illustrate the approximation properties and the
robustness to small singular values.

Throughout the paper, we use the convention to denote matrices by boldface capital
letters and tensors by italic capital letters.

2 General matrices: recap of the projector-splitting integrator for
dynamical low-rank approximation

The objective is to approximate large time-dependent matrices A(t) € R™*™ for 0 <
t < T by rank-r matrices Y (¢) with comparatively low rank r < m,n, which require
much less storage than A(¢) when they are available in a factorized, SVD-like form.



The large, or often too large matrices A(t) may be given explicitly or they are the
unknown solution to a matrix differential equation (with right-hand side function F :
R % Rmxn - Rmxn)

A(t) =F(t, A1),  Alto) = Ao (1)

Dynamical low-rank approximation as presented in [12] determines Y (¢) as the solution
of a projected matrix differential equation, with a projection P(Y) onto the tangent
space Ty M of the manifold of rank-r matrices at Y € M.,

Y(t) = P(Y()F(t,Y(1),  Y(to) = Yo, (2)

where Y is a rank-r approximation to Ay, typically obtained by a truncated sin-
gular value decomposition. (Here, F(t,Y) = A(t) if A(t) is given explicitly.) The
solution Y (¢) to this projected matrix differential equation then stays in the rank-r
manifold M.

To make this abstract formulation practically useful, rank-r matrices Y (¢) are writ-

ten (non-uniquely) in factored form
T
Y() =U@SOVv() ®3)

where the slim matrices U(t) € R™*" and V(t) € R™*" each have r orthonormal
columns, and the small square matrix S(t) € R"*" is invertible. We choose the tangent
space projection P(Y) as the orthogonal projection onto Ty (M) with respect to the
Euclidean or Frobenius inner product (A,B) = vec(A)'vec(B), where vec(A) €
R™™ is a vectorization of A. Then, P(Y) is given as an alternating sum of three
subprojections [12],

P(Y)Z=ZVV' —UU'zVV' +UU'Z. (4)

The projector-splitting integrator of [17] is a Lie—Trotter or Strang splitting method
that splits the right-hand side of (2) according to the three terms in (4). It turned
out that such a splitting combines very well with the factorization (3). In the first
substep of a Lie-Trotter splitting, K := US is updated, in the second substep S is
updated, and in the third substep L := VS'. The algorithm alternates between the
numerical solution of matrix differential equations (of dimensions m X r, r X r, n X r)
and orthogonal decompositions of slim matrices (of dimensions m X r and n X r). One
time step of integration from time tg to t; = tg + h starting from a factored rank-r
matrix Yo = UOSOV(—)I— proceeds as follows:

1. K-step : Update Uy — Uy,Sg — Sl
Integrate from t = tg to t; the m X r matrix differential equation

K(t) =F(t,K(t)Vy)Vo,  K(tg) = UpSo.

Perform a QR factorization K(t1) = U;S;.
2. S-step : Update S; — Sy
Integrate from t = tg to t; the r X r matrix differential equation

S(t) = —U| F(t,U1S(t)Vg)Vo,  S(to) = S1,

and set Sg = S(t1).



3. L-step : Update Vg — V1,So — S
Integrate from t = ¢g to t; the n X r matrix differential equation

L(t) =F(t,UiL() ) 'U1,  L(to) = VoSg.
Perform a QR factorization L(t;) = V1S .
Then, the approximation after one time step is given by
Y, =U;S;V/,.

To proceed, we iterate the procedure taking Y as starting point for the next step.
The above algorithm describes the first-order Lie-Trotter splitting. The algorithm
for the second-order Strang splitting is obtained by concatenating the above algorithm
with the same algorithm in reversed order, each for half the step-size; see [17] for the
detailed description.
The projector-splitting integrator has remarkable properties. First, it reproduces
rank-r matrices without error.

Theorem 1 (Exactness property, [17, Theorem 4.1]) Let A(t) € R™*™ be of
rank v for to < t < t1, so that A(t) has a factorization (3), A(t) = U(t)S(t)V(t)'.
Moreover, assume that the r x v matriz V(t1) ' V(to) is invertible. With Yo = A(to),

the projector-splitting integrator for Y (t) = P(Y (t))A(t) is then ezact: Y1 = A(ty).

The second remarkable property is the robustness of the algorithm to the pres-
ence of small singular values of the solution or its approximation. This is in contrast
to standard integrators applied to (2) or the equivalent differential equations for the
factors U(t), S(t), V(t), which contain a factor S(#)~! on the right-hand sides [12,
Prop. 2.1]. Moreover, the local Lipschitz constant of the tangent space projection P(-)
is proportional to the inverse of the smallest nonzero singular value [12, Lemma 4.2].
The appearance of small singular values is typical in applications, because the smallest
singular value retained in the approximation cannot be expected to be much larger
than the largest discarded singular value of the solution, which needs to be small to
obtain good accuracy of the low-rank approximation.

Theorem 2 (Robust error bound, [10, Theorem 2.1]) Let A(t) denote the solu-
tion of the matriz differential equation (1). Assume that the following conditions hold
in the Frobenius norm || - || = ||F:

1. F is Lipschitz-continuous and bounded: for all Y, Y € R™*" and 0 < t < T,
IF(Y) ~FeY)| <LIY - Y|, |F¢Y)[<B.
2. The non-tangential part of F(t,Y) is e-small:
[T=P(Y)F(# Y| <e

for all’ Y € M in a neighbourhood of A(t) and 0 <t < T.
8. The error in the initial value is d-small:

Yo — Agl| < 6.



Let Yy, denote the rank-r approzimation to A(tn) at tn = nh obtained after n steps of
the projector-splitting integrator with step-size h > 0. Then, the error satisfies for all
n with t, = nh <T

IYn — A(tn)| < cod + c1e + c2h,

where the constants ¢; only depend on L, B, and T. In particular, the constants are
independent of singular values of the exact or approximate solution.

It is further shown in [10, Section 2.6.3] that an inexact solution of the matrix
differential equations in the projector-splitting integrator leads to an additional error
that is bounded in terms of the local errors in the inexact substeps, again with constants
that do not depend on small singular values.

Numerical experiments with the matrix projector-splitting integrator and compar-
isons with standard numerical integrators are reported in [17,10]. These experiments
show good behaviour also for spatially discretized partial differential equations where
the Lipschitz constant becomes large, a case that as of now is not covered by the theory.

3 Symmetric and skew-symmetric matrices: a structure-preserving
integrator for dynamical low-rank approximation

We now assume that the right-hand side function in (1) is such that
F(t,Y) is (skew-)symmetric whenever Y is (skew-)symmetric. (5)

This condition ensures that the solutions to the matrix differential equation (1) and
the projected differential equation (2) are (skew-)symmetric provided the initial values
are (skew-)symmetric. For (2), this is seen from formula (4) for the tangent space
projection with equal left and right factors V = U in the decomposition (3) of the
(skew-)symmetric rank-r matrix Y = USU " .

While the projector-splitting integrator for dynamical low-rank approximation de-
scribed in the previous section has favourable properties, it does not preserve symmetry
or skew-symmetry of the solution A(t) to (1).

3.1 (Skew-)symmetry preserving integrator

We now propose a modified integrator that preserves symmetry and skew-symmetry
and still retains the exactness and robustness properties of the projector-splitting in-
tegrator. A step with this integrator consists of two substeps. The first substep is
identical to the first substep (K-step) of the projector-splitting integrator: it updates
K = US in the decomposition Y = USU . The second substep is a substantially
modified update of S, which can be viewed as a Galerkin approximation in the basis
provided by the first substep.

Given Yo = UOSOUOT with a (skew-)symmetric r X r-matrix Sp at time tg, we
compute the factorization Y, = U; SlU1r with a (skew-)symmetric r x r-matrix S; at
time ¢; = tg + h by the following algorithm:



Algorithm 1: One time step of the (skew-)symmetry preserving integrator
Data: Y° = UOSOUJ in factorized form, function F(¢,Y), to, t1
Result: Y = UlslUI in factorized form

begin

2 Integrate from t = ¢g to ¢t1 the n X r matrix differential equation

=

K(t) =F(t,K(t)Ug Uy,  K(tg) = UgSo.
3 Compute a QR-factorization K(t1) = UiR.
5 Integrate from ¢t = tg to t; the r x r differential equation

S(t) = U] F(t,U;S(t)U] Uy,
S(to) = U{ YUy = (U] Ug)So(U{ Up) .

Set S1 = S(t1).

To continue in time, we take Y1 as starting value for the next step and perform
another step of the integrator.

Note that in this integrator the factor R in the (QR-decomposition of the first
substep is not reused in the second substep, in contrast to the projector-splitting inte-
grator. The computational cost is approximately halved, since the L-step is not needed
here.

We will now show that the (skew-)symmetric integrator retains the exactness and
robustness properties of the projector-splitting integrator, using these known results in
the proof.

3.2 Exactness property of the (skew-)symmetric integrator

The exactness result Theorem 1 extends in the following way.

Theorem 3 (Exactness property) Let A(t) € R™*" be (skew-)symmetric and of
rank r for tg <t < t1, so that A(t) has a factorization (3) with equal left and right
factors, A(t) = U(t)S(t)U(t) " . Moreover, assume that the v xr matriz U(t1) " U(to) is
invertible. With Yo = A(to), the (skew-)symmetric integrator for Y (t) = P(Y (t))A(t)
is then exact: Y1 = A(t1).

Proof We note that the projector-splitting integrator and the (skew-)symmetric in-
tegrator have the same first step. Let U; € R™™" be the matrix with orthonormal
columns computed in the first substep. Due to the exactness of the matrix projector-
splitting integrator as given by Theorem 1 we know that U; and A(¢1) have the same
range and therefore

U U A(ty) = A(ty). (6)

Denoting AA = A(t1)—A(tp), the (skew-)symmetric integrator provides for the second
substep the solution

S, = UIYoUl + UT(A(tl) — A(to))Ul = UIA(tl)Ul,



since Yo = A (o). The result after a time step of the (skew-)symmetric integrator is
Y1 = UiS1U] = U U] A(t)(U1U]) = A(th),

where the last equality holds because of (6) and the (skew-)symmetry of A(t1). O

3.3 Robustness to small singular values

The error bound of Theorem 2 extends in the following way.

Theorem 4 (Robust error bound) Let A(t) denote the (skew-)symmetric solution
of the matriz differential equation (1) with ¥ satisfying (5). Assume that conditions
1.-3. of Theorem 2 are fulfilled.

Let Yy, denote the rank-r approzimation to A(tn) at tn = nh obtained after n steps
of the (skew-)symmetric integrator of Algorithm 1 with step-size h > 0. Then, the error
satisfies for all n with t, = nh <T

Yrn — A(tn)|] < cod + c1e + c2h,

where the constants c¢; only depend on L, B, and T. In particular, the constants are
independent of singular values of the exact or approximate solution.

As in [10, Section 2.6.3], it can be further shown that an inexact solution of the
matrix differential equations in the projector-splitting integrator leads to an additional
error that is bounded in terms of the local errors in the inexact substeps, again with
constants that do not depend on small singular values.

Remark 1 The method of Algorithm 1 is of order 1, and higher order can be obtained
simply by composition as, e.g., in [8, Section II.4]. However, like for the projector-
splitting integrator of [17], it is not known if an error bound of higher order in the step-
size h can be obtained with constants that are independent of small singular values.
Numerical experiments with the Strang version of the projector-splitting integrator,
which is of order 2, indicate an order reduction in some examples with very small
singular values [21].

We now prepare for the proof of Theorem 4, which views the (skew-)symmetric inte-
grator as a perturbed variant of the projector-splitting integrator.
Let us introduce the quantity

O(h,e) := (4e""BL + 9BL)h? + (3¢™" + 4)eh |

which represents the local error bound after one time step of the projector-splitting
integrator, as proved in [10, Theorem 2.1].

In the following, we denote by U; € R™*" the matrix with orthonormal columns
obtained in the first substep of the integrator. We recall that the matrix projector-
splitting and the (skew-)symmetric integrator have the first substep in common.

We denote by A the (skew-)symmetric solution at time ¢; of the full problem (1),
where we consider the initial data to coincide with the (skew-)symmetric rank-r matrix
Y. For the local error analysis, the following lemma is needed.



Lemma 1 Let Uy, Ay be defined as above. The following estimate holds:
UL U] AJULUT — Aq|| < 20(h, ).

Proof The local error analysis in [10] shows that the r X n matrix Z = SE’SV?S’T, where

Sﬁ)s and Vlfs are the matrices computed in the third substep of the projector-splitting
algorithm, satisfies
lUL1Z — Aq|| <9 :=F(h,e).

The square of the left-hand side can be split into two terms:
||U1Z — A1||2 = ||U1Z — UlUirAl + U1UIA1 — ‘A1||2
= |U1U] (U1Z — Ay) + 1 - U U] )A, |2
= [U1U] (U1Z - A9)| + [T - U1 U7 Aq .

Hence,
[ULU (U1Z — Ay)|? + ([T - U U )AL |* < 9°.

From the second term it follows that
UL U] Ay — A4 < 0.
By the (skew-)symmetry of Aj, this implies
IUIUT A UL UT — Ay = UL U] AU UT — UL UT A+ UL UT Ay — Ayl
< [ULU] (A1ULUT = Aq)|| + [ULUT Ay — Ay
= [UL U] (U1U] A1 = A1) T + U1 UT Ay — Ay

<2|U U Ay — Ay
< 29,

which yields the result. O

In the following lemma, we show that the approximation given after one time step
is O(h(h + €)) close to the solution of system (1) when the starting values coincide.

Lemma 2 (Local Error) The following local error bound holds:
Y1 — A1l < h(éie + é2h),

where the constants only depend on L and B and a bound of the step size. In particular,
the constants are independent of singular values of the exact or approximate solution.

Proof By the identity Y, = U; SlUir and Lemma 1 we have that
Y1 — A1 <[[Y1 - U1U] A ULUT || + UL U A ULUT — Ayl
< ||Ui(S1 — U] A;U)UT || + 20
= HSl — UIA1U1|| + 249.

The analysis of the local error thus reduces to estimating ||S1 — U] A Uq|. To this
end, we introduce the following quantity: for tg <t < ¢,

S(t) := U] A(t)Uy.



We observe that

A() = U, U AU U] + (A(t) - UlUIA(t)UlUlT) —UiS(H)U] +R(1),

where R(t) is defined as the term in big brackets. From Lemma 1 and from the bound
B of F, which yields for tg <t < t;

t

tl_ 1
\M@—AmWS/ M@ww=/ |E(s, A(s))]| ds < B,

to to

we conclude that the remainder term is bounded by
RO < [R(E) — R(@)[ + [R(t1)]| < 2Bh + 29
This yields that F(¢, A(t)) can be written as
F(t,A(t)) = F(t, U1S(#)U{ + R(1))
=F(t, UiS(t)U{) + D(#),
where the defect
D(t) := F(t,U;S()U] +R(t)) — F(t, U1S(t)U7 )
is bounded via the Lipschitz continuity of F as
D@ < LIR(t)]| < 2L(Bh + ).

We now compare the two differential equations

U{ F(t,U;S(t)U{ )U, + U/ D(t)Uy, S(to) = U{ YUy,
U{ F(t,U;S(t)U{ Uy, S(to) = U] Y U;.

By construction, the solution of the first differential equation at time ¢; is §(t1) =
UIAlUl. The solution of the second differential equation is S; as given by the second
substep of the (skew-)symmetric integrator. We now apply the Gronwall inequality to
the previous system and obtain

ty
IS1 — U{ A Uy < / =3 |D(s)|| ds < " 2L(Bh + 9)h.
to

The result now follows using the definition of 4. O

Thanks to the Lipschitz continuity of the function F, we conclude the proof of
Theorem 4 from the local to the global errors by the standard argument of Lady
Windermere’s fan [9, Section I1.3].
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4 General tensors: recap of the projector-splitting integrator for the
dynamical low-rank approximation by Tucker tensors

The objective is to approximate time-dependent tensors' A(t) € C™1 X %" for 0 <
t < T by tensors Y (t) of multilinear rank r = (rq,...,7q), with r; < n;. (We recall
that r; is the rank of the ith matricization Mat;(Y) € CMi*Mi with nj = 1,2 m
which aligns all entries of Y with ith index k in the kth row. The retensorization is
denoted by Ten;(-), such that Ten;(Mat;(Y)) =Y.)

The tensors A(t) may be given explicitly or they are the unknown solution to

a tensor differential equation (with right-hand side function F : R x C™1>X"d
C’nl XX ’I’Ld)

Aty = F(t, At),  A(0) = Ao. (7

Dynamical low-rank approximation as presented in [13] determines Y (¢) as the solution
of the projected matrix differential equation, with a projection P(Y') onto the tangent
space Ty My of the manifold of tensors of multilinear rank r at Y € My,

where Y is a rank-r approximation to Ag. (Here, F(¢,Y) = A(t) if A(t) is given
explicitly.) Tensors Y (t) of multilinear rank r are represented non-uniquely in the
Tucker form [5] (using here the multilinear notation of [14])

Y(t) = C(t) Xi=y Ui(t), 9)

where the core tensor C(t) € C™*""*"d is of full multi-linear rank and the basis ma-
trices U; € C™*" have orthonormal columns. We choose the tangent space projection
P(Y) as the orthogonal projection onto Ty (M) with respect to the Euclidean inner
product (A, B) = vec(A)*vec(B), where vec(A) is a vectorization of A. Then, P(Y)
is given as an alternating sum of 2d — 1 subprojections [16], and like in the matrix
case, a projector-splitting integrator with favourable properties can be formulated and
efficiently implemented. The matrix projector-splitting integrator proposed in Section
2.1 has been successfully extended to the Tucker tensor format in different algorithmic
versions in [16] and [18]. It is shown in [18, Section 6] that the proposed Tucker integra-
tors are mathematically equivalent. The algorithm runs through the modes¢=1,...,d
and solves differential equations for matrices of the dimension of the slim basis matrices
and for the core tensor in alternation with orthogonal decompositions of slim matrices.
We refer also to [11,3] for the formulation and implementation of this algorithm in the
context of the MCTDH method [20] of molecular quantum dynamics in the chemical
physics literature.

Moreover, the Tucker integrator has been proved in [18] to satisfy analogous proper-
ties to the matrix projector-splitting integrator: the exactness property and the robust
convergence in the presence of small singular values of matricizations of the core tensor.
We refer to [18, Theorems 4.1 and 5.1] for the precise formulation, which is very similar
to the matrix case.

1 In view of the applications in quantum dynamics, we here consider tensors with complex
entries.
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5 Symmetric and anti-symmetric tensors: a structure-preserving
integrator for dynamical low-rank approximation

A tensor A = (a;, .. i,) € C"*"*™ is symmetric if for every permutation o € S(d),

Sld

aig(l),...,ig(d) = Qi igs

and A is anti-symmetric if for every permutation o € S(d),

Qig(1yseenbo(d) — (

It follows from [5] and [7] that a symmetric/anti-symmetric tensor Y € C™**"
of multi-linear rank r = (r,...,r) admits a Tucker decomposition
d
Y =CX;—1 U,

where the core tensor C € C"™*""*" is symmetric/anti-symmetric of full rank r and the
basis matrix U € C"*" is the same for all indices.

We assume that the right-hand side function in (7) is such that
F(t,Y) is (anti-)symmetric whenever Y is (anti-)symmetric. (10)

Like (5) in the matrix case, this ensures that the solutions to the tensor differential
equation (7) and the projected differential equation (8) are (anti-)symmetric provided
the initial tensors are (anti-)symmetric. As we noted already in the matrix case, the
projector-splitting Tucker integrator does not preserve (anti-)symmetry.

5.1 (Anti-)symmetry preserving Tucker integrator

The numerical integrator defined in Section 3 for the matrix case extends in a natural
way to the Tucker tensor format. The first substep, which updates the basis matrix U,
is identical to the first substep of the general Tucker integrator in [18,16]. The second
substep is a Galerkin method with the updated basis and determines the updated
(anti-)symmetric core tensor.

Given the (anti-)symmetric tensor Yy = Cp X;Ll Uy, we compute the (anti-)sym-
metric approximation Y; = C; X;;izl U, at time t1 = tg + h as follows:
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Algorithm 2: One time step of the (anti-)symmetry preserving Tucker inte-
grator

Data: Tucker tensor Yy = Cp ngl Uy, F(t,Y), to, t1

Result: Tucker tensor Y7 = Cy X;jzl U,

1 begin
2 Matricize the core tensor Cj in the first mode.
3 Perform a QR-factorization:

Mat; (Co) ' = QqSq ,
where Qq € €' %" has orthonormal columns. Define

d

T _ AT T

Vo =Qp @ Ug -
i=2

4 Integrate from ¢t = tg to ¢t; the n X r matrix differential equation
K(t) = Mat (F(t, Tens (K(t)Vg )))Vo,  K(to) = UgSo.
5 Compute the QR-factorization K(¢t;) = U;R .

7 Integrate from ¢ = g to t1 the 7 x --- X r (d times) tensor equation

C(t) = P (LowXiy Uy ) XL U,

d * d *
C(to) = Yp Xi=1 U7 = Cp Xij=1 (Ui Up).

8 | Set C1 = C(t1).

To continue, we take Y] as the starting value for the next step.

5.2 Exactness property of the (anti-)symmetric Tucker integrator

The following result extends the exactness results of Theorem 3 and [18, Theorem 4.1]
to (anti-)symmetric tensors.

Theorem 5 (Exactness property) Let A(t) € C**""*" be (anti-)symmetric and
of multilinear rank (r,...,r) forto <t <t1, so that A(t) = C(t) X;;izl U(t), where the
n X r basis matrix U has orthonormal columns. Moreover, assume that the r X r matrix
U(t1)*U(tg) is invertible. With Yo = A(to), the (anti-)symmetric Tucker integrator
for Y(t) = P(Y (t))A(t) is then ezact: Y1 = A(ty).

Proof The projector-splitting Tucker integrator and the (anti-)symmetric integrator
have the same first substep. Let U; € R™*" be the basis matrix with orthonormal
columns computed in the first substep. Due to the exactness of the projector-splitting
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Tucker integrator as shown by [18, Theorem 4.1] we have that A(¢;) has the (anti)-
symmetric Tucker representation

A(tl) = 61 ngl U,

for some (anti-)symmetric core tensor Cy € C™*""*". Using the rule A x; V x; W =
A x; (WV), this implies that

Atr) x; (U1UT) = A(t1), i=1,....d.
With Yy = A(tg) we obtain from the second substep of the algorithm

Vi =01 X, Uy = (Yo X1 U 4 (A(t1) — Alto)) Xizy U’{) XL, Uy

= (A(t1) Xy Ui‘) X, Uy = A(t) X2, (U U) = A1),

which proves the exactness. 0O

5.3 Robustness to small singular values

The robust error bounds from Theorem 4 and [18, Theorem 5.1] extend to the (anti)-
symmetric Tucker integrator as follows. The norm ||B|| of a tensor B used here is the
Euclidean norm of the entries of B.

Theorem 6 (Robust error bound) Let A(t) denote the (anti-)symmetric solution
of the tensor differential equation (7) with F satisfying (10). Assume the following:

1. F is Lipschitz-continuous and bounded.
2. The non-tangential part of F(t,Y) is e-small:

(I =PY)F(EY)[<e

for all'Y of multilinear rank (r,...,r) in a neighbourhood of A(t) and 0 <t <T.
8. The error in the initial value is §-small:

Yo — Aol < 0.
Let Yy, denote the (anti-)symmetric approzimation of multinear rank (r,...,r) to A(tn)

at tn, = nh obtained after n steps of the (anti-)symmetric Tucker integrator with step-
size h > 0. Then, the error satisfies for all n with t, =nh <T

IYn — A(tn)|| < cod + c1e + c2h,
where the constants ¢; only depend on the Lipschitz constant L and bound B of F,

on T, and on the dimension d. In particular, the constants are independent of singular
values of matricizations of the exact or approrimate solution.
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It can be further shown that an inexact solution of the matrix differential equations
in the integrator leads to an additional error that is bounded in terms of the local errors
in the inexact substeps, again with constants that do not depend on small singular
values.

The proof of Theorem 6 proceeds similar to the proof of Theorem 4 for the (skew)-
symmetric matrix case. We begin with a key lemma and then analyze the local error
produced after one time step, comparing the numerical solution with the exact solution
that starts from the same initial value Ag = Yy. We denote the value of this solution at
t1 by Aj. The basis matrix computed in the first substep of the integrator is denoted
by Uj.

Lemma 3 The following estimate holds:
141 Xi=1 UL UT — Ay| < ch(BLh +e),
where ¢ only depends on d and a bound for hL.

Proof The error bound of [18, Theorem 5.1] shows that there exists Z € C" "> *"
such that

|Z x1 U1 — A1]| < exh(BLh +¢€) =: 9.
We observe that
|Z x1 U1 — A1]| = [|[Mat1(Z x1 Uy — A1)|| = ||[U1Mat(Z) — Matq(A7)||.
As in the matrix case we obtain
|[U1UIMat; (A1) — Mat (A1)]| < 9.
Thanks to (anti-)symmetry we have
|[U1UIMatq (A1) — Maty(A1)]| = ||[U; Ui Mat; (A1) — Mat;(41)||, i=1,...,d,
which yields
|41 x; U1 UT — A <9, i=1,...,d.

To conclude, we observe

|41 Xz('izl UUT — A4l

< A X, U UT - A X U U 4 4 XS U Ut - Ay
<A X{ U UT - A XS U UG+ (140 XE2) U - Ay
< (A1 xa U1 US = A1) X2 U US| + (|4 X2 UL U0 — 44
< [|A1 % UrUT — Ay + |41 X{Z{ U1 UF — A4

<9+ || A X2, UL U - A4,

and the result follows by an iteration of this argument. O

We are now in the position to analyse the local error produced after one time step
of the integrator.
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Lemma 4 (Local error) The error of the (anti-)symmetric Tucker integrator after
one time step satisfies
|IY1 — A1]| < éh(BLh +¢),

where ¢ only depends on d and a bound of hL. In particular, the constant is independent
of singular values of the exact or approximate solution.

Proof By construction of the algorithm and by Lemma 3 we have
d d
Y1 — A1 < [|[Y1 — A1 Xi=1 U1 U7 || + [|A1 Xi=1 U1 U7 — Aq ||
d d *
< ||C1 X521 Uy — Ay Xi—1 U1 U7 || +
d d * d
<G Xi=1 U — (A; Xi=1 UT) Xi=1 Uy || + ¥
d d
< (€1 — Ay Xi=1 UT) Xiz1 Uy]| + ¢d
d *
< [|Cr — AL Xi—1 U7 || + b
The problem reduces to estimating |[|C] — Ay X;;izl U7 ||. We introduce the tensor
C(t) = A(t) Xy U,
which satisfies
= d =~ d
C@t) = F(t, A(t)) Xiz1 U1,  C(to) = Yo Xi=1 U7.

In the same way as in the proof of Lemma 2 (replacing S by C') this is compared with
the differential equation for C(t) in the second substep of the integrator. This yields
the stated result. O

Using the Lipschitz continuity of the function F', we conclude the proof of Theo-
rem 6 from the local to the global errors by the standard argument of Lady Winder-
mere’s fan [9, Section IL.3].

6 Numerical Experiments

In this section we show results of various numerical experiments. The computations
were done using Matlab R2017a software with Tensor Toolbox package v2.6 [2] and
TensorLab package v3.0 [23].

6.1 Addition of symmetric tensors: a computationally inexpensive retraction

Let A € C"*"*" be a symmetric tensor of multi-linear rank r = (r,...,r) and let
B € C™*"*™ We consider the addition of two given tensors,

C=A+B,

where C' € C™*""*™ is not necessarily of low rank and we want to compute a symmetric
rank-(r,...,7) approximation. Such a retraction is typically required in optimization
problems on low-rank manifolds and needs to be computed in each iterative step of a
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descent algorithm. The approach considered here consists of reformulating the addition
problem as the solution of the following differential equation at time ¢ = 1:
C(t)=B, C(0)=A.

We will compare the solution obtained by computing the full addition and retract-
ing to the manifold of symmetric tensors of multilinear rank (r,...,r) with the one
obtained from the application of the symmetric low-rank tensor integrator. The ad-
vantage of the latter method is that the approximation is built inside the manifold, so
that no truncation to rank 7 is needed.

For our numerical example, we initialize A as a symmetric random Tucker tensor of
size 100x 100 x 100 and multi-linear rank r = (10, 10, 10); we take B as an element in the
tangent space of the symmetric rank-r tensor manifold at A. We compare the dynamical
low rank approximation Yj generated by the algorithm introduced in Section 5 with
a low rank symmetric retraction [6,22] of the full solution denoted by X. For the last
part, we use the built-in tucker_als and tucker_sym functions of the Tensor Toolbox
Package.

‘]0'2E — T
i S~ ~[[Y' =]
S ~—_ [y - X ||
T ~—_ lIx —cll
104 ~. T 1
— [ \\\ .......... ~o
[ \\K
@ RRIY
1078 .. ]
\!
8: ‘\K
= L L L L L L L L L L L L L L L L
10 0 -1 2
10 10 10

1BII

We observe that the approximation Y7 shows the correct behavior, at reduced
computational cost. Decreasing the norm of the tensor B decreases the approximation
error as expected, proportional to || B]|?.

6.2 Robustness with respect to small singular values

We present two numerical examples and show robustness of the proposed symmetric
integrator in the presence of small singular values. For the sake of presentation we
consider the matrix case. Analogous examples can be implemented for Tucker tensors,
and similar results are obtained.

In the first example, the time-dependent matrix is given explicitly as

At) = (¢W)e'D (W), o<i<t.

The matrix D € RV*V ig diagonal with elements d; = 277 and the matrix W € RVXV
is skew-symmetric and randomly generated. We choose N = 100 and final time 7' = 1.
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Fig. 1 Comparison of the explicit Runge Kutta method (left) and the proposed symmetry-
preserving integrator (right) for different approximation ranks and step sizes in the case of a
given time-dependent symmetric matrix.

We compare the symmetric low-rank integrator presented in Section 3 with a numerical
solution obtained with a 4-th order explicit Runge-Kutta method applied to the system
of differential equations for dynamical low-rank approximation as derived in [12].

The numerical results for different ranks are shown in Figure 1. In contrast to the
Runge-Kutta method, the proposed symmetric low-rank integrator does not suffer of
a step-size restriction in the presence of small singular values.

In the second example, we integrate the Lyapunov matrix differential equation (cf. [19])
X(t) = AX(t) + X(HAT +Q, X(0) = UpSeUq .

Here, we choose A = tridiag(—1,2,—1) @ I+ I ® tridiag(—1,2,—1) € RV *N a5 a
discrete Laplacian. The positive definite matrix Q € RY*N has rank 5 and is randomly
generated. The orthonormal matrix Ug € RVXN g randomly generated and Sg €
RY*N ig of rank 1 with only one non-zero element, s;; = 1.

The reference solution and the linear subproblems appearing in the definition of
the symmetric low-rank integrator have been solved with the Matlab solver ode45
and stringent tolerance parameters {"RELTOL’, 1E-10, ’ABSToL’, 1E-14} . We choose
N =100 and final time 7" = 0.1. The singular values of the reference solution and the
absolute errors || Y, — A(tn)|| p at time t, = T of the approximate solutions for different
ranks calculated with different step-sizes are shown in Figure 2.

6.3 Ground state of a fermionic multi-particle system

A natural field of application of the (anti-)symmetric low-rank algorithms is in quantum
dynamics of systems of fermions or bosons, which is described by anti-symmetric or
symmetric multivariate wave functions, respectively. In the MCTDHF and MCTDHB
methods [1,4], the approximate wave function is sought for in the form of a low-rank
Tucker tensor that is anti-symmetric and symmetric, respectively. It approximates the
huge tensor of coefficients with respect to some fixed spatial basis, such as a Fourier
basis. The (anti-)symmetric low-rank time integrator proposed in this paper appears
ideally suited as a numerical integrator for such problems.
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Fig. 2 First twelve singular values of the reference solution at time 7' = 0.1 and approximation
errors for different ranks at different step-sizes for the Lyapunov matrix differential equation.

As a first illustration of the approach, we apply the method for the calculation
of the ground state of a system of d fermions in 1 space dimension. We calculate the
ground state as the solution for large time of the imaginary-time Schrodinger equation

Op = —Hap,  (to) = to. (11)

We consider the Hamiltonian given by

d d
Ho= S (LR +vE) - Y Vie - ),
-1 k=141

where z; € R represents the position of the I-th particle and we choose the torsion
potential
V(z) =1—cos(z) .

Choosing a collocation method with a tensor Fourier basis set (with K basis functions
per particle) for approximating the anti-symmetric wave function leads to a huge tensor
differential equation (7), where a low-rank approximation to the anti-symmetric d-
dimensional tensor Y (t) € CH>*K 5 t0 be computed. This is done with a variational
splitting method. The stiffness introduced by the Laplacian will be handled with a
split-step Fourier method [15] while the two-particle interaction is treated with the
anti-symmetric low-rank integrator of Section 5.
We introduce the space discretization

21y
il o
Let Y (t) be a time-dependent tensor defined element-wise by

leth--,jd(t) = w(t7mj1’ s 7mjd) .

The fermionic property of the system implies that the tensor Y (¢) is anti-symmetric.
Denoting F the Fourier matrix, we define

j=-K/2,... K/2—1.

D := Fy'diag{ 3>} Fx,
Veos := diag{cos(z;)},
Viin = diag{sin(z;)} .



19

The Fourier collocation space discretization of (11) is equivalent to the system
. d
Y =-H[Y], Y (to) = Co Xi=1 Up. (12)

Using the trigonometric equality cos(z — y) = cos(x) cos(y) + sin(z) sin(y), the linear
operator H can be written in a multi-linear product form as

d d
3d — d?
H[Y] = Y4 Y D=Yx;Veost Y V% Veos Xk Veos+Y X Vin Xk Visin -
=1 k=Il+1

In order to remove the stiffness introduced by the Laplacian, we split (12) in (d + 2)
sub-problems. The solution of the first sub-problem at time ¢t; = tg + h is obtained
updating the core tensor Cj in the initial data,

. 2
Co :exp<—h¥)co .

Afterwards, we start considering the equation
Yr=-Y; x1 D+ Y x1 Veos, Yi(tg) = Co x Up .
We matricize in the first mode,

Mat;(Y7) = —D Mat(Y7) 4+ VeosMaty (Y7)
with initial data,

Matl(Y](to)) = Matl(Y()) = UoMatl(éo X?ZQ Uo) .

The solution can now be computed with the 1-dimensional split-step Fourier method.
Denoting

~ h h
UO — €+§VCOS.FI_(1€_’LT]‘—K€+5VCOSUO , T = ]:KD-FI:}
and tensorizing back in the first mode we have that
~ ~ \d
Yi(t1) = Co x1 Ug Xj—2 Uy .

Taking this as initial condition and iterating the same process for all the successive
modes we obtain the updated anti-symmetric tensor

~ od ~
Xo=0Cy Xi:l Uy .
We now apply the anti-symmetric low-rank integrator to the multi-particle interaction,

X = —W[X], X (tg) = Xo,

where
d d
W[Y] = Z Z Y X1 Veos Xk Veos +Y X1 Vsin Xk VSil’l .
=1 k=l+1

The core Cy is renormalized after each step, since the absolute size of the tensor is
irrelevant. We emphasize the fact that all along the implementation, it is crucial to use
the structure of the Tucker tensor and avoid to build the huge matrix Vo appearing
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Fig. 3 Evolution to the fermionic ground state energy computed with rank 5.

in the definition of the integrator. The K and C' problems are linear and can be solved
with few iterations of the Arnoldi process.

In our numerical experiment we choose d = 3 particles in 1 space dimension and fix
the number of Fourier basis functions per particle at K = 128, the step-size at h = 0.01
and we propagate the system until 7" = 40.

We introduce the discrete energy

2 d
p) = (%) 0D

Although the integrator preserves the anti-symmetry in theory, in a straightforward
implementation round-off errors will destroy the anti-symmetry and take the system
to the lowest state of energy: the bosonic ground state - the one achieved starting
from a symmetric initial value. This behavior can be corrected in the integrator by
enforcing the anti-symmetry of the small core tensor (which is violated only by round-
off errors) at each step or ever after a few steps. In this way the computation tends to
the fermionic ground state. The energy levels generated by the approximation of rank
5 are shown in Figure 3 for the bosonic system and the fermionic system with and
without enforced anti-symmetrization.

6.4 MCTDHF - Ultra fast laser dynamics

In the second example we consider the situation where an external pulsing laser field

is introduced in the system. We refer to [4] for the physical description of the problem

and its MCTDHF formulation. We consider the time-dependent Schrodinger equation
iy =H()Y, Y(to) = 2o,

with the Hamiltonian

d
Z%[ al—wt)r+vm)— 3 Vi —ap).

1=

H
x
i
+
—
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Fig. 4 Energy evolution computed with rank 5.

with the torsion potential V' as before and with parameters
2 2
w(t) = Age t /7 sin(2t), Ag =100, =100, 7=0.27.

As initial value, we choose the ground-state calculated at the previous step. We fix the
number of Fourier basis functions per particle at K = 128, the step-size at h = 0.005
and we propagate the system until 77 = 1 by the same algorithm as in the previous
subsection, but this time for the real-time evolution instead of the imaginary-time
evolution.

The time evolution of the energy obtained by the approximation of rank 5 is shown
in Figure 4.
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An unconventional robust integrator for
dynamical low-rank approximation

Gianluca Ceruti, Christian Lubich

Abstract We propose and analyse a numerical integrator that computes a low-
rank approximation to large time-dependent matrices that are either given explicitly
via their increments or are the unknown solution to a matrix differential equation.
Furthermore, the integrator is extended to the approximation of time-dependent ten-
sors by Tucker tensors of fixed multilinear rank. The proposed low-rank integrator
is different from the known projector-splitting integrator for dynamical low-rank ap-
proximation, but it retains the important robustness to small singular values that
has so far been known only for the projector-splitting integrator. The new integra-
tor also offers some potential advantages over the projector-splitting integrator: It
avoids the backward time integration substep of the projector-splitting integrator,
which is a potentially unstable substep for dissipative problems. It offers more par-
allelism, and it preserves symmetry or anti-symmetry of the matrix or tensor when
the differential equation does. Numerical experiments illustrate the behaviour of the
proposed integrator.

Keywords dynamical low-rank approximation - structure-preserving integrator -
matrix and tensor differential equations - Tucker tensor format

Mathematics Subject Classification (2000) 65L05 - 65L20 - 65L70 - 15A69

1 Introduction

For the approximation of huge time-dependent matrices (or tensors) that are the
solution to a matrix differential equation, dynamical low-rank approximation [12,
13] projects the right-hand side function of the differential equation to the tan-
gent space of matrices (or tensors) of a fixed rank at the current approximation.
This yields differential equations for the factors of an SVD-like decomposition of the
time-dependent low-rank approximation. The direct numerical integration of these
differential equations by standard methods such as explicit or implicit Runge-Kutta

G. Ceruti and Ch. Lubich
Mathematisches Institut, Universitdt Tiibingen, Auf der Morgenstelle 10, D-72076 Tibingen,
Germany. E-mail: {ceruti, lubich}@na.uni-tuebingen.de



methods is highly problematic because in the typical presence of small singular val-
ues in the approximation, it leads to severe step size restrictions proportional to the
smallest nonzero singular value. This difficulty does not arise with the projector-
splitting integrator proposed in [16], which foregoes a direct time discretization of
the differential equations for the factors and instead splits the orthogonal projection
onto the tangent space, which is an alternating sum of subprojections. This approach
leads to an efficiently implementable integrator that is robust to small singular val-
ues [11,16]. It has been extended, together with its robustness properties, from the
matrix case to Tucker tensors in [15,18], to tensor trains / matrix product states in
[17,8], and to general tree tensor networks in [6].

In the present paper we propose and analyse a different integrator that is shown to
have the same robust error behaviour as the projector-splitting integrator. This new
integrator can apparently not be interpreted as a splitting integrator or be included
in another familiar class of integrators. Its substeps look formally similar to those of
the projector-splitting integrator but are arranged in a different, less sequential way.
Like in the projector-splitting integrator, the differential equations in the substeps
are linear if the original differential equation is linear, even though the projected
differential equation becomes nonlinear. The new integrator bears some similarity
also to the constant-mean-field integrator of [3] and the splitting integrator of [10].

Beyond the robustness to small singular values, the new integrator has some
favourable further properties that are not shared with the projector-splitting inte-
grator. Maybe most importantly, it has no backward time integration substep as in
the projector-splitting integrator. This appears advantageous in strongly dissipative
problems, where the backward time integration step represents an unstable substep.
Moreover, the new integrator has enhanced parallelism in its substeps, and in the
Tucker tensor case even a reduced serial computational cost. It preserves symme-
try or anti-symmetry of the matrix or tensor when the differential equation does. It
reduces to the (anti-)symmetry-preserving low-rank integrator of [5] in this case.

On the other hand, unlike the projector-splitting integrator it cannot be effi-
ciently extended to a time-reversible integrator. When applied to the time-dependent
Schrodinger equation (as an integrator for the MCTDH method of quantum molec-
ular dynamics; cf. [2,3,15]), the new integrator preserves the norm, but it has no
energy conservation as shown in [15] for the projector-splitting integrator.

In Section 2 we recapitulate dynamical low-rank approximation and the projector-
splitting integrator for the matrix case. We restate its exactness property and its
robust error bound.

In Section 3 we present the new low-rank matrix integrator and show that it has
the same exactness property and robust error bound as the matrix projector-splitting
integrator.

In Section 4 we recapitulate dynamical low-rank approximation by Tucker tensors
of fixed multilinear rank and the extension of the projector-splitting integrator to
the Tucker tensor case.

In Section 5 we present the new low-rank Tucker tensor integrator and show that
it has the same exactness property and robust error bound as the Tucker tensor
projector-splitting integrator.

In Section 6 we illustrate the behaviour of the new low-rank matrix and Tucker
tensor integrators by numerical experiments.



While we describe the integrator for real matrices and tensors, the algorithm
and its properties extend in a straightforward way to complex matrices and tensors,
requiring only some care in using transposes UT versus adjoints U* = T

Throughout the paper, we use the convention to denote matrices by boldface
capital letters and tensors by italic capital letters.

2 Recap: the matrix projector-splitting integrator

Dynamical low-rank approximation of time-dependent matrices [12] replaces the ex-
act solution A(t) € R™*" of a (too large) matrix differential equation

A() =F(t,A(1),  Alto) = Ao (1)

by the solution Y (t) € R™*™ of rank r of the differential equation projected to the
tangent space of the manifold of rank-r matrices at the current approximation,

Y(t) = P(Y())F(t,Y(®),  Y(t) = Yo, (2)

where the initial rank-r matrix Yy is typically obtained from a truncated singular
value decomposition (SVD) of Ag. (We note that F(¢t,Y) = A(t) if A(t) is given
explicitly.) For the actual computation with rank-r matrices, they are represented

in a non-unique factorized SVD-like form
Y(t) =Unst)Vv(n)', (3)

where the slim matrices U(t) € R™*" and V(t) € R"*" each have r orthonormal
columns, and the small matrix S(t) € R"*" is invertible.

The orthogonal tangent space projection P(Y) can be written explicitly as an
alternating sum of three subprojections onto the co-range, the intersection of co-
range and range, and the range of the rank-r matrix Y = USVT [12, Lemma 4.1]:

P(Y)Z=ZVV' -UU'ZVV' +UU'Z,  ZecR™" (4)

The projector-splitting integrator of [16] splits the right-hand side of (2) accord-
ing to the three subprojections in the stated ordering and solves the subproblems
consecutively in the usual way of a Lie-Trotter or Strang splitting. This approach
yields an efficient time-stepping algorithm that updates the factors in the SVD-like
decomposition of the rank-r matrices in every time step, alternating between solv-
ing differential equations for matrices of the dimension of the factor matrices and
orthogonal decompositions of slim matrices.

One time step from ¢y to t; = ¢y + h starting from a factored rank-r matrix
Yo = UpSgV{ proceeds as follows:

1. K-step : Update Uy — U, Sy — gl
Integrate from ¢t = tg to t; the m x r matrix differential equation

K(t) =F(t,Kt)V])Vo,  K(to) = UgSo.

Perform a QR factorization K(t;) = U,S;.



2. S-step : Update S; — So
Integrate from ¢ =ty to t; the r x r matrix differential equation
S(t) = —U[F(t,U;S(t)V{)Vo,  S(to) =Si,
and set Sg = S(t1). 3
3. L-step : Update Vo — V1,Sy — S;
Integrate from ¢t = tg to t; the n x r matrix differential equation

L(t) =F(t U LE) ") U, Lt = VoS{.
Perform a QR factorization L(t;) = V3 SlT.
Then, the approximation after one time step is given by
Y, =U;S,V/.

To proceed further, Y is taken as the starting value for the next step, and so on.
The projector-splitting integrator has very favourable properties. First, it repro-
duces rank-r matrices exactly.

Theorem 1 (Exactness property, [16, Theorem 4.1]) Let A(t) € R™*" be of
rank v for to <t < t1, so that A(t) has a factorization (3), A(t) = U@)S(H)V()T.
Moreover, assume that the v x r matrices U(t1) " Ul(ty) and V(t1) T V(to) are invert-
ible. With Yo = A(to), the projector-splitting integrator for Y (t) = P(Y(t))A(t) is
then exact: Y1 = A(ty).

Even more remarkable, the algorithm is robust to the presence of small singular
values of the solution or its approximation, as opposed to standard integrators ap-
plied to (2) or the equivalent differential equations for the factors U(t), S(t), V (),
which contain a factor S(¢)~! on the right-hand sides [12, Prop.2.1]. The appear-
ance of small singular values is ubiquitous in low-rank approximation, because the
smallest singular value retained in the approximation cannot be expected to be much
larger than the largest discarded singular value of the solution, which is required to
be small for good accuracy of the low-rank approximation.

Theorem 2 (Robust error bound, [11, Theorem 2.1]) Let A(t) denote the
solution of the matriz differential equation (1). Assume that the following conditions
hold in the Frobenius norm || - || = || - ||r:

1. F is Lipschitz-continuous and bounded: for all Y,? ER™™ and 0 <t < T,
IF(Y) ~FY)| <LIY Y|,  [FEY)|<B.
2. The non-tangential part of ¥ (t,Y) is e-small:
[I-P(Y)FEY) <e

for all'Y € M in a neighbourhood of A(t) and 0 <t <T.
3. The error in the initial value is 6-small:

Yo — Aql <.



Let Y,, denote the rank-r approzimation to A(t,) at t, = nh obtained after n steps
of the projector-splitting integrator with step-size h > 0. Then, the error satisfies for
alln with t, =nh <T

HYn — A(tn)H S C()6 + Cc1€ + Cgh,

where the constants c¢; only depend on L, B, and T. In particular, the constants are
independent of singular values of the exact or approzimate solution.

In [11, Section 2.6.3] it is shown that an inexact solution of the matrix differential
equations in the projector-splitting integrator leads to an additional error that is
bounded in terms of the local errors in the inexact substeps, again with constants
that do not depend on small singular values.

Numerical experiments with the matrix projector-splitting integrator and com-
parisons with standard numerical integrators are reported in [16,11].

3 A new robust low-rank matrix integrator

We now present a different integrator that has the same exactness and robustness
properties as the projector-splitting integrator but which differs in the following
favourable properties:

1. The solution of the differential equations for the m x r and n x r matrices can
be done in parallel, and also the two QR decompositions can be done in parallel.

2. The differential equation for the small r x r matrix is solved forward in time, not
backwards.

3. The integrator preserves (skew-)symmetry if the differential equation does.

While item 1. can clearly speed up the computation, item 2. is of interest for strongly
dissipative problems, for which the S-step in the projector-splitting algorithm with
the minus sign in the differential equations is an unstable substep of the algorithm.
This does not appear in the new algorithm. We mention that in [1], the problem of the
backward substep for parabolic problems has recently been addressed in a different
way. In the alternative variant of the projector-splitting integrator proposed in [4],
which is based on a rearrangement of the terms in (4), the S-step is integrated forward
in time. However, contrary to the algorithm proposed here, no robust convergence
with respect to small singular values has been proved.

On the other hand, contrary to the projector-splitting integrator, there is ap-
parently no efficient way to construct a time-reversible integrator from this new
integrator.

3.1 Formulation of the algorithm

One time step of integration from time ¢y to t; = to+h starting from a factored rank-
r matrix Yy = UOSOVS— computes an updated rank-r factorization Y; = UlslVI
as follows.



1. Update Uy — U; and Vg — V7 in parallel:

K-step: Integrate from t =ty to t; the m x r matrix differential equation
K(t) =F(t,K#)V])Ve,  K(tg) = UsSo.

Perform a QR factorization K(¢1) = U;R; and compute the r x r matrix M =
U/ U,.

L-step : Integrate from t = ¢y to t; the n x r matrix differential equation
L(t) =F(t, UoL(t))TUo,  L(to) = VoSg .

Perform a QR factorization L(¢1) = Vlﬁl and compute the r x r matrix N =
V]V,
2. Update So — S1:

S-step : Integrate from ¢t =ty to t; the r x r matrix differential equation
S(t) = U/F(t,U;S(t)V{)V1,  S(to) = MS,N',
and set S; = S(t1).

The m x 7, n xr and r x r matrix differential equations in the substeps are solved
approximately using a standard integrator, e.g., an explicit or implicit Runge-Kutta
method or an exponential integrator when F is dominantly linear.

We note that the L-step equals the K-step for the transposed function G(t,Y) =
F(t, YT)—r and transposed starting values. Unlike the projector-splitting algorithm,
the triangular factors of the QR-decompositions are not reused. The S-step can be
viewed as a Galerkin method for the differential equation (1) in the space of matri-
ces U;SV] generated by the updated basis matrices. In contrast to the projector-
splitting integrator, there is no minus sign on the right-hand side of the differential
equation for S(t). We further note that U; of the new integrator is identical to Uy
of the projector-splitting integrator, but V; is in general different.

Remark 1 There exists a modification where all three differential equations for K,
L and S can be solved in parallel. That variant solves the K- and L-steps as above,
but in the S-step it solves instead the r X r matrix differential equation

S(t) = UJF(t,UeS(t)V() Vo,  S(te) =S

and finally sets
S; =M "S(t;)N"L

This modified integrator can be shown to have the same exactness property as proved
below for the integrator formulated above, and also a similar robust error bound
under the condition that the inverses of the matrices M and N are bounded by a
constant. This condition can, however, be guaranteed only for step sizes that are small
in comparison to the smallest nonzero singular value. In our numerical experiments
this method did not behave as reliably as the method proposed above, and despite
its interesting properties it will therefore not be further discussed in the following.



3.2 Exactness property and robust error bound
We will prove the following remarkable results for the integrator of Section 3.1.

Theorem 3 The exactness property of Theorem 1 holds verbatim also for the new
integrator.

Theorem 4 The robust error bound of Theorem 2 holds verbatim also for the new
integrator.

As in [11, Section 2.6.3], it can be further shown that an inexact solution of
the matrix differential equations in the projector-splitting integrator leads to an

additional error that is bounded in terms of the local errors in the inexact substeps,
again with constants that do not depend on small singular values.

3.3 Proof of Theorem 3

For the proof of Theorem 3 we need the following auxiliary result, which extends an
analogous result in [5] for symmetric matrices.

Lemma 1 Let A(t) € R™*™ be of rank r for to < t < t1, so that A(t) has a
factorization (3), A(t) = U(t)S(t)V(t)T. Moreover, assume that the r x r matriz
V(t1)"V(to) is invertible. Then,

U, U A(t) = A(t).
Proof The solution of the K-step at time ¢; is

K(t1) = A(to) Vo + (A(t1) — A(to)) Vo = A(t1) V.

Hence,

K(t1) = U(t1) [S(t2)(V(t1) "V (t0))] -

By assumption, the factor in big square brackets is invertible. Computing a QR-
decomposition of this term, we have

K(t:) =U(t1)QR ,

where Q € R"™*" is an orthogonal matrix and R € R"*" is invertible and upper
triangular. The QR-factorization of K(¢1) thus yields

U, = U(tl)Q € R™*",
To conclude,
UiUTA(t) = U(t)QQU(t) TA () = Ut)U(tr) "A(t) = A(h),

which is the stated result. 0O



Proof (of Theorem 3) Since the L-step is the K-step for the transposed matrix A(t) T,
which has the same rank as A(t), it follows from Lemma 1 that

U, UJA(t) =A(t1), VIV]AL) =A@t)". (5)
The integrator yields in the S-step
S =U YoV, + U/ (A(t1) — A(ty)) V1 = U] A(t;) V1,
since Yo = A(tg). The result after a time step of the new integrator is
Y =U;SiV{ = UiU{ A(t)(ViV]) = A(ty),

where the last equality holds because of (5). O

3.4 Proof of Theorem 4

Under the assumptions of Theorem 2, we introduce the quantity
9 := (4e""BL + 9BL)h? + (3™ + 4)eh 4 el"5, (6)

which is the local error bound of the projector-splitting integrator after one time
step, as proved in [11, Theorem 2.1].

Lemma 2 Let Ay be the solution at time t; = to + h of the full problem (1) with
initial condition Ag. Assume that conditions 1.-3. of Theorem 2 are fulfilled. Then,

[ULUT AL — Ay <9

Proof The result is proved in the course of the proof of Lemma 1 in [5]. We give the
proof here for the convenience of the reader. The local error analysis in [11] shows
that the r x n matrix Z = S?SVE’S’T, where S}° and V1* are the matrices computed
in the third substep of the projector-splitting algorithm, satisfies

[U1Z — A4 <90
The square of the left-hand side can be split into two terms:

|ULZ - A || =||U,Z-U,UJA; + U, U/ A, — A
= | U, U{ (U,Z - A)) + (I-U, U] )A,|?
= [[U, U] (U1Z - A + |T- U, U] A, %

Hence,
UL U (ULZ — A))|]? + [T = U UA, |2 < 92

This yields the stated result for the second term. 0O
Lemma 3 Let Ay, Uy and V1 be defined as above. The following estimate holds:

U, U] A VIV] — Ay <20.



Proof The L-step is the K-step for the transposed function G(¢,Y) = F(t,Y')T,
which again fulfills conditions 1.- 3. of Theorem 2. Conditions 1. and 3. hold because
of the invariance of the Frobenius norm under transposition. Condition 2. holds
because

IT=POY)GEY)|| = [(T-P(Y))F( Y| <e,
where we used the identity P(Y)Z'T = [P(YT)Z]T. From Lemma 2 we thus have

UL UL Ay — Ay <0,

(7)
IViviA] - A <v.

This implies that

[UIUJAVIV] — A <|ULUJA VIV —AVIV] A VIV] — A
<|ULUJ AL VIV] — A VIV |+ A VIV — Ay
<[[(U1UJ A1 — A ViV] | +[[ViVTA] — AT
<UL UT A — Ay - |[ViVT |2+ VA V] AT — ATl

Since ||[V1 V] |2 = 1, the result follows from (7). O

In the following lemma, we show that the approximation given after one time step
is O(h(h + ¢)) close to the solution of system (1) when the starting values coincide.

Lemma 4 (Local Error) If Ay =Yy, the following local error bound holds:
Y1 — Aq]] < h(é1e + é2h),

where the constants only depend on L and B and a bound of the step size. In par-
ticular, the constants are independent of singular values of the exact or approximate
solution.

Proof The proof has similarities to that of the local error bound for the (skew)-
symmetry preserving integrator of [5, Lemma 2] but requires a few crucial modifica-
tions. By the identity Y; = U; SlvlT and Lemma 3 we have that

Y1 — A4 <Y1 — U U A VIV |+ |[UL U AL VIV — Ay
< |[UL(S1 — U A V)V] ||+ 20
=||S; — U A, V|| + 20.

The analysis of the local error thus reduces to estimating ||S; — U{ A;Vy||. To this
end, we introduce the following quantity: for tg <t < 4,

S(t) := U] A(t)Vy.
We write

A(t) = Uy UT AV, V] + (A(t) - UlUlTA(t)VlvlT) —US(H)VT +R(1),
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where R(t) denotes the term in big brackets. Lemma 3 and the bound B of F yield,
for to <t< tl,

t1

JA() — A(t)] < / CJA(s)] ds = / IF(s, A(s))]| ds < Bh.

to to

Hence the remainder term is bounded by
IR < [IR(t) = R(t1)[| + [[R(t1)[| < 2Bh + 29
It follows that F(¢, A(t)) can be written as
F(t,A(t)) = F(t,U;S(t)V] + R(1))
=F(,U;S(t)V]) + D(t)
with the defect
D(t) := F(t,U;S(t)V] +R(t)) — F(t, UiS(t)V]).
With the Lipschitz constant L of F, the defect is bounded by
D) < LIR(®)[| < 2L(Bh + ).
We compare the two differential equations
S(t)=U[FtUSHV)Vi+U[D0V1,  S(to) =U[Y,yVy,
S(t) = U F(t,UiS(t)V{ ) Vy, S(to) = U{ Yo V1.

By construction, the solution of the first differential equation at time ¢; is g(tl) =
U A;V;. The solution of the second differential equation is S; as given by the
S-step of the integrator. With the Gronwall inequality we obtain

t1
[S1 — U] AV, < / X9 ID(s) | ds < e*" 2L(Bh + 9)h.

to
The result now follows using the definition of ©¥. O
Using the Lipschitz continuity of the function F, we pass from the local to the

global errors by the standard argument of Lady Windermere’s fan [9, Section 11.3]
and thus conclude the proof of Theorem 7.

3.5 Symmetric and skew-symmetric low-rank matrices

We now assume that the right-hand side function in (1) is such that one of the
following conditions holds,

F(t,Y')" =F(,Y) forall Y €R™" (8)
or
F(t,Y')" = -F(t,~Y) foral Y e R"™" (9)
Under these conditions, solutions to (1) with symmetric or skew-symmetric initial
data remain symmetric or skew-symmetric, respectively, for all times. We also have
preservation of (skew-)symmetry for the new integrator, which does not hold for the
projector-splitting integrator.
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Theorem 5 Let Yy = UOSOUJ € R™*"™ be symmetric or skew-symmetric and
assume that the function F satisfies property (8) or (9), respectively. Then, the ap-
prozimation Y1 obtained after one time step of the new integrator is symmetric or
skew-symmetric, respectively.

Proof Let us just consider the skew-symmetric case (9). (The symmetric case is anal-
ogous.) The L-step is the K-step for the transposed function G(¢,Y) = F(t,YT)T,
and so the skew-symmetry of Sg and property (9) imply that L(t;) = —K(¢1), which
further yields Vi = U; and M = N. These identities show that the initial value and
the right-hand side function of the differential equation for S(t) are skew-symmetric,
which implies that S(¢) and hence S; are still skew-symmetric. Altogether, the algo-
rithm gives us the skew-symmetric result Y1 = UlslUlT‘ O

Under condition (8) or (9), the new integrator coincides with the (skew)-symmetry
preserving low-rank matrix integrator of [5].

4 Recap: the Tucker tensor projector-splitting integrator

The solution A(t) € R™* %" of a tensor differential equation
At) = F(LA®),  A(0) = Ao (10)

is approximated by the solution Y (t) € R™*"*"d of multilinear rank r = (ry,...,74)
of the differential equation projected to the tangent space of the manifold of rank-r
tensors at the current approximation ([13], cf. also [2]),

V() = PYW)F(LY (1), Y(ty) = Yo, (11)

where Yj is a rank-r approximation to Ag. Tensors Y (¢) of multilinear rank r are
represented in the Tucker form [7], written here in a notation following [14]:

Y(t) = Ct) X, Us(h), (12)
i.e., Yir,...yia (t) = Z Cj1,....ja (t) Uiy, 51 (t) s Uiy, 5 (t)7

J1seeesdd

where the slim basis matrices U; € R™ *" have orthonormal columns and the smaller
core tensor C'(t) € R™ 74 ig of full multilinear rank r.

The orthogonal tangent space projection P(Y) is given as an alternating sum
of 2d — 1 subprojections [15], and like in the matrix case, a projector-splitting in-
tegrator with favourable properties can be formulated and efficiently implemented
[15,18]. The algorithm runs through the modes ¢ = 1,...,d and solves differen-
tial equations for matrices of the dimension of the slim basis matrices and for the
core tensor, alternating with orthogonalizations of slim matrices. Like the matrix
projector-splitting integrator, also the Tucker tensor projector-splitting integrator
has the exactness property and a robust error bound independently of small singular
values of matricizations of the core tensor [18, Theorems 4.1 and 5.1].
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5 A new robust low-rank Tucker tensor integrator

The low-rank numerical integrator defined in Section 3 for the matrix case extends in
a natural way to the Tucker tensor format, and this extension still has the exactness
property and robust error bounds that are independent of small singular values of
matricizations of the core tensor.

In comparison with the Tucker integrator of [15] and [18], the new Tucker tensor
integrator has the following favourable properties:

1. The solution of the differential equations for the n; x r; matrices can be done in
parallel for ¢ = 1,...,d, and also the QR decompositions can be done in parallel.

2. No differential equations are solved backward in time. No differential equations
for r; x r; matrices need to be solved.

3. The integrator preserves (anti-)symmetry if the differential equation does.

On the other hand, in contrast to the projector-splitting Tucker integrator there is

apparently no efficient way to construct a time-reversible integrator from this new
Tucker integrator.

5.1 Formulation of the algorithm

One time step of integration from time ty to t; = tg + h starting from a Tucker
tensor of multilinear rank (rq,...,r4) in factorized form, Yy = Cy X;-i:l UY, computes
an updated Tucker tensor of multilinear rank (rq,...,7rq) in factorized form, Y; =
Ch szl U}, in the following way:

1. Update the basis matrices U? — U} for i = 1,...,d in parallel:

Perform a QR factorization of the transposed i-mode matricization of the core

tensor:
Mat;(Co)" = Q8.
With VI = Q @7, U € Rrxm~i (which yields Mat;(Y,) = UISIV{'T)
and the matrix function F;(¢,-) := Mat; o F(t, ) o Ten;, integrate from ¢ = ¢y to
t1 the n; x r; matrix differential equation
K,(t) = Fi(tL, Ki()V]PT )V, Ki(tg) = UPSY.

Perform a QR factorization K;(t1) = U}RZ—1 and compute the r; X r; matrix

1,T
M,; =U; UY.

2. Update the core tensor Cy — Cf:

Integrate from ¢t = tg to t; the r1 X --- X r4 tensor differential equation

C(t) = F (LCWXL U XL U, Clto) = CoXiy M
and set C; = C(t1).

To continue in time, we take Y7 as starting value for the next step and perform
another step of the integrator.

We observe that, in contrast to the Tucker integrators of [18,15], the factors
U; € R™*" are updated simultaneously for ¢ = 1,...,d.
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5.2 Exactness property

The following result extends the exactness results of Theorem 3 and [18, Theorem
4.1] to the new Tucker tensor integrator.

Theorem 6 (Exactness property) Let A(t) = C(t) ngl U;(t) be of multilin-
ear rank (ri,...,rq) for to < t < t1. Moreover, assume that the r; X r; matriz
U;(t1) T U,(to) is invertible for each i = 1,...,d. With Yy = A(ty), the new Tucker
integrator with rank (r1,...,rq) for Y (t) = P(Y(t))A(t) with starting value Yy =
A(to) is then exact: Y1 = A(t1).

Proof For each i = 1,...,d, we apply Lemma 1 to Mat;(A(t))
Mat;(A(t;) x; UJU; ") = UlUP " Mat; (A(t)) = Mat; (A(t1)).
We tensorize in the i-th mode and obtain
Alt) x; UMUNT = A(ty),  i=1,...,d.
With Yy = A(to) we obtain from the second substep of the algorithm
Yi=0 X?:l Uzl

= (Yo XL, UPT + (A(t) — Alto)) Xy U}’T> Xi_, U}

— (At XL, U)X Ul

= A(t)X{_, U} T = A(ta),

which proves the exactness. 0O

5.3 Robust error bound

The robust error bounds from Theorem 4 and [18, Theorem 5.1] extend to the new
Tucker tensor integrator as follows. The norm ||B|| of a tensor B used here is the
Euclidean norm of the vector of entries of B.

Theorem 7 (Robust error bound) Let A(t) denote the solution of the tensor
differential equation (10). Assume the following:

1. F is Lipschitz-continuous and bounded.
2. The non-tangential part of F(t,Y) is e-small:

(I =PY)FEY)| <e

for allY of multilinear rank (r1,...,rq) in a neighbourhood of A(t) and 0 <t <
T.

3. The error in the initial value is 6-small:

Yo — Aol < 0.



14

Let Y,, denote the approzimation of multinear rank (r1,...,rq) to A(t,) at t, =nh
obtained after n steps of the new Tucker integrator with step-size h > 0. Then, the
error satisfies for all n with t, =nh <T

IV — A(tn)|| < cod + c1e + coh,
where the constants c¢; only depend on the Lipschitz constant L and bound B of
F, on T, and on the dimension d. In particular, the constants are independent of
singular values of matricizations of the exact or approzimate solution.

The proof of Theorem 7 proceeds similar to the proof of Theorem 4 for the matrix
case. We begin with two key lemmas and are then in a position to analyse the local
error produced after one time step. We denote the solution value at t; by A;. The
basis matrix computed in the first part of the integrator is denoted by U} for each
i=1,...,d.

Lemma 5 For eachi=1,...,d, the function F;(t, ) := Mat; o F(t,-) o Ten; fulfills
Conditions 1. - 2. of Theorem 2, and the initial matrix Y(()Z.) = Mat;(Yy) fulfills
Condition 3. of that theorem.
Proof For each i = 1...d, it holds that for Y;) = Mat;(Y),

[Fs(2, Y )| = [|1F(, Y]]
The boundedness and Lipschitz condition of the matrix-valued function F; follows

from the boundedness and Lipschitz condition of the tensor-valued function F'.
Condition 2. follows with the help of the correspondingly defined projection

Pi(Y@)) :=Mat; o P(Y) o Ten; for Y(; = Mat(Y),

which is an orthogonal projection onto a subspace of the tangent space at Y ;) of
the manifold of rank-r; matrices of dimension n; x n—;. Denoting the orthogonal
projection onto this tangent space by P;(Y(;)), we thus have

(T=P i) (Y(i))Falt, Yoyl < [(T=Pi(Y (i) Filt, Yoy )| = |A-P(Y)F(t,Y)] <e.
Condition 3. holds due to the invariance of the Frobenius norm under matricization,
1Y) — Mat; (Ao)|| = [Mat; (Yo — Ao)|l = [[Yo — Aol <36,

and so we obtain the stated result. O
Lemma 6 The following estimate holds with ¢ of (6):
|4 XL UI0T — Ay < do,

where ¢ only depends on d and a bound for hL.
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Proof From Lemma 5 and Lemma 2,
|UMUF TMat,(A;) — Mat;(A,)|| <9,  i=1,...,d.
The norm is invariant under tensorization and so the bound is equivalent to
|4, x; UMURT — Ay <9, i=1,...,d
To conclude, we observe
|4 X2, UHUpT - A
< AXL, UMUP T - A XS OO+ A X UHUET A
< AL UTUPT = A X UTOE T 4 A XS OHUpT - A
< [(A1 xq UFULT = A)) X ULTURT|| + (|4 X2 UTURT — A4y
< A1 xa UIUPT — Ay 4 A X UF0ET — Ay
<9+ A OO - Ay,
and the result follows by an iteration of this argument. 0O

We are now in a position to analyse the local error produced after one time step
of the integrator.

Lemma 7 (Local error) If Ag =Yy, the following local error bound holds for the
new Tucker tensor integrator:

Y1 — A1l < eh(BLh +¢),

where ¢ only depends on d and a bound of hL. In particular, the constant is inde-
pendent of singular values of the exact or approrimate solution.

We omit the proof because, up to modifications analogous to those in the proof of
Lemma 4, the result follows as in [5, Section 5.3] for the (anti-)symmetry preserving
Tucker integrator, using the two previous lemmas.

Using the Lipschitz continuity of the function F', we pass from the local to the
global errors by the standard argument of Lady Windermere’s fan [9, Section I1.3]
and thus conclude the proof of Theorem 7.

5.4 Symmetric and anti-symmetric low-rank Tucker tensors

For permutations o € Sy, we use the notation o(Y) = (yiam,u-,ia(d)) for tensors
Y = (yiy,....iy) € R"%" of order d. A tensor Y is called symmetricif o(Y) =Y for
all o € Sy, and is called anti-symmetric if ¢(Y) = (—1)¥8*@) Y for all o € S.

We now assume that the right-hand side function in (10) is such that one of the
following conditions holds: For all permutations o € S; and all tensors Y € R™* %"
of order d,

o(F(t,o(Y))) =F(t,Y) (13)

o(F(t,o(Y))) = (~1)) F(1,Y) (14)



16

Under these conditions, solutions to (1) with symmetric or anti-symmetric initial
data remain symmetric or anti-symmetric, respectively, for all times. We also have
preservation of (anti-)symmetry for the new integrator, which does not hold for the
projector-splitting integrator.

Theorem 8 Let Yy be symmetric or anti-symmetric and assume that the function
F satisfies property (13) or (14), respectively. Then, the approximation Yy obtained
after one time step of the new integrator is symmetric or anti-symmetric, respectively.

The simple proof is similar to the matrix case and is therefore omitted.
Under condition (13) or (14), the new integrator coincides with the (anti)-symmetry
preserving low-rank Tucker tensor integrator of [5].

6 Numerical Experiments

In this section, we present results of different numerical experiments. The experi-
ments were done using Matlab R2017a software with TensorLab package v3.0 [19].

6.1 Robustness with respect to small singular values

In the first example, the time-dependent matrix is given explicitly as
T
Aty = (e )e'D(eM?), 0<t<1.

The matrix D € RV*Y is diagonal with entries d; = 277. The matrices W1 € RV*N
and Wy € RV*N are skew-symmetric and randomly generated. We note that et2~7
are the singular values of A(t). We choose N = 100 and final time 7" = 1. We compare
the new low-rank integrator presented in Section 3 with a numerical solution obtained
with the classical fourth-order explicit Runge-Kutta method applied to the system
of differential equations for dynamical low-rank approximation as derived in [12,
Proposition 2.1].

The computational cost of the new low-rank matrix integrator is governed by
the matrix multiplications as appearing on the right-hand side of the differential
equations for the substeps given in Section 3.1, by the two QR-decompositions of N x
r matrices and the construction of the matrices M, N € R™*" together with the initial
value of the S-step. The computational cost of the Runge—Kutta integrator applied
to the system of [12, Proposition 2.1] is dominated by the matrix multiplications
appearing on the right-hand side of the system, which are of the same dimensions
as in the new integrator. Therefore, the computational costs per step of the two
integrators are similar.

The numerical results for different ranks are shown in Figure 1. In contrast to
the Runge-Kutta method, the new low-rank integrator does not require a step-size
restriction in the presence of small singular values. The same favourable behaviour
was shown for the projector-splitting integrator in [11].
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4™ order Runge-Kutta method New Matrix Integrator

10°

10°
rank 4 rank 4
2L 4 2 E E E E E E s E e e/g 4
107 rank 8 ¢ 9] 107 rank 8 ¢
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rank 16> rank 16 >

Error
Error

10°F 3 10® /
rank 32 -

. . . . 1010 . . .
10 103 102 107 10° 10 103 10°? 107 10°
Time step-size Time step-size

1070

Fig. 1 Comparison of the explicit Runge Kutta method (left) and the proposed new integrator
(right) for different approximation ranks and step sizes in the case of a given time-dependent
matrix.

6.2 Error behaviour

In the second example, we integrate a (non-stiff) discrete Schrodinger equation in
imaginary time,

. d

Y = —H[Y], Y(ty)=CoX;_,UY.

Here,
1
HIY] = =5 3 (V% D) +¥ XL Veos € RN,
j=1
D = tridiag(—1,2,—1) € RV*V,
o

Veos := diag{1 — cos(%‘y)}, j=—N/2,...,N/2—1.
The function H arises from the Hamiltonian H = —%Adisaete +V(z) on a equidistant
space grid with the torsional potential V' (x1,...,2q) = H;.i:l(l — cos(z;)).

For each ¢ = 1,...,d, the orthonormal matrices U? € RY*N are randomly

generated. The core tensor Cy € RV*N*N has only non-zero diagonal elements set
equal to (Cp)j;; = 1077 for j = 1,... N in the case d = 3, and analogously in the
matrix case d = 2.

The reference solution was computed with the Matlab solver ode45 and stringent
tolerance parameters {"RELToL’, 1E-10, "ABSTOL’, 1E-10} . The differential equa-
tions appearing in the definition of a step of the new matrix and Tucker integrators
have all been solved either with a single step of a second- or fourth-order explicit
Runge—Kutta method.

We choose N = 100, final time 7" = 0.1 and d = 2,3. The multi-linear rank
is chosen such that ry = r9 = --- = r4. The singular values of the matricization
in the first mode of the reference solution and the absolute errors ||Y,, — A(t,)||F
at time ¢, = T of the approximate solutions for different ranks, calculated with
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\ \ 2" order ) 4™ order
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rank 4 rank 4
~©-rank 6 ~S-rank 6
—¥—rank 8 ——rank 8
——rank 10 ——rank 10
102k 102 rank 12| | 102k rank 12| |
4
10°F 102 E 10°E q
8
i}
104F 107% k| 107% E
5 | >
105F 10° q 10°F q
6 6
10 10 10
o 5 10 104 10 102 107 10 10° 102 107
Singular Values Time step-size Time step-size

Fig. 2 First twelve singular values of the reference solution at time 7" = 0.1 and approxi-
mation errors for different ranks, time-integration methods in the substeps of the new matrix
integrator, and step-sizes for the matrix differential equation (d = 2).

2" order 4™ order
L 4 rank 4 || ol rank 4 ||
10 10 ~O-rank 6 10 ~S-rank 6
——rank 8 ——rank 8
——rank 10 ——rank 10
rank 12 rank 12
102F 102 | 102F F

104k -4, J
105k -5 J

6 -6 -6
10 10 10

o 5 10 104 10 102 107 10 10° 102 107

Singular Values Time step-size Time step-size

Fig. 3 First twelve singular values of the matricisization in first mode of the reference solution
at time T' = 0.1 and approximation errors for different multi-linear ranks, time-integration
methods in the substeps of the new fixed-rank Tucker tensor integrator and step-sizes for the
tensor differential equation (d = 3).

different step-sizes and different time integration methods, are shown in Figure 2
for the matrix case(d = 2), and in Figure 3 for the tensor case(d = 3). The figures
clearly show that solving the substeps with higher accuracy allows us to take larger
step-sizes to achieve a prescribed error.

6.3 Comparison with the matrix projector-splitting integrator over different ranks

In the last example, we compare the matrix projector splitting integrator with the
new matrix integrator of Section 3. Here, the complex case is considered: in the
definition of the sub-problems appearing in the new matrix integrator, it is sufficient
to replace the transpose with the conjugate transpose.
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Fig. 4 Approximation errors for different ranks at final time 7" = 5 of the low-rank approxi-
mation computed with the matrix projector splitting integrator and the new matrix integrator.

We consider a Schrédinger equation as in [11, Section 4.3],
' L LT 2
10ru(z,t) = —iAu(x,t) t32 Azu(z,t), zeR*t>0,

1 1
u(z,0) = W_%exp(fxf + (22 — 1)?),

2 2
2 -1
A= (2.

The problem is discretized with a Fourier collocation method with a grid of N x N
points; the solution is essentially supported within §2 = [~7.5,7.5]2. We choose the
final time 7" = 5 and N = 128, which makes the problem moderately stiff. First,
we compute a reference solution with an Arnoldi method and a tiny time-step size
h = 107%. Then, for each rank from 1 until 20, we compute a low-rank approximation
with the matrix projector splitting integrator and the new matrix integrator. The
lower-dimensional sub-problems appearing in the definition of the two integrators
are solved with an Arnoldi method and time-step size h = 0.005. For each rank, the
absolute error in Frobenius norm of the two given approximations at the final time
T = 5, with respect to the reference solution, are shown in Figure 4.
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