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The hierarchical Tucker format is a way to decompose a high-dimensional tensor recursively into
sums of products of lower-dimensional tensors. The number of degrees of freedom in such a rep-
resentation is typically many orders of magnitude lower than the number of entries of the original
tensor. This makes the hierarchical Tucker format a promising approach to solve ordinary differential
equations for high-dimensional tensors. In order to propagate the approximation in time, we derive
differential equations for the parameters of the hierarchical Tucker format from the Dirac-Frenkel
variational principle. Moreover, we prove an a posteriori error bound for the dynamical approxi-
mation in the hierarchical Tucker format by extending previous results of Koch and Lubich for the
non-hierarchical Tucker format.

Keywords: High-dimensional differential equations, tensor approximation, hierarchical Tucker for-
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1 Introduction

Differential equations on high-dimensional state spaces arise in many different fields and applications. Typical
examples are the Black-Scholes equation for basket options in mathematical finance, the chemical master equa-
tion used in systems biology to model the stochastic dynamics of a gene regulatory network, or the Schrédinger
equation which describes the dynamics of the particles within a molecule according to the laws of quantum me-
chanics. Solving such problems numerically is notoriously difficult due to the fact that for standard discretiza-
tions the number of unknowns grows exponentially with respect to the dimension (“curse of dimensionality”).
Hence, in high-dimensional approximations the main challenge is to compress the problem in such a way that
the reduced equation can be solved numerically and nevertheless provides an acceptable approximation to the
solution of the full problem.

If a multivariate function on a hyper-rectangle is discretized by an equidistant grid, the function values at the grid
points can be regarded as the entries of a high-dimensional tensor. Hence, the approximation of high-dimensional
functions and tensors is closely related, and for Ni,..., Ny € N we will consider tensors Y € RN X:-xNa 54
functions Y = Y (i1, ...,44) with iy, € {1,...,Ny}. For a straightforward, entry-wise representation of Y, all
HZZI Ny, values have to be stored. This number can be significantly reduced if Y can be approximated by a
sum of products of univariate functions. Many such representations have been proposed, and an overview over
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the literature is given in [7]. A particularly useful and popular representation is the orthogonal Tucker format

d
Y(ily"'7id) Y Zl)"'y Z Z .]17' 7.]d HUJkk(ik)7 (1)
k=1

Ji=1 Ja=1

cf. [7, Section 4]. Here, a € R™**"4 is the core tensor of coefficients, and for every direction k € {1, ...,d},
Uk, .., Urkk is a set of univariate basis functions which satisfy the orthonormality conditions

> UF(in) UL (ik) = 8jm = 0 else

=1

for all j,m € {1,...,rt}. From the perspective of linear algebra, every UjlC :{1,..., N} — R can be interpreted
as a vector. Hence, (1) is a high-dimensional generalization of the well-known singular value decomposition,
and Y is a low-rank-approximation of Y (i1, ...,44), cf. [8]. For the representation (1) of ¥ only

d d
H T + Zrk Ny,.
k=1

degrees of freedom have to be stored, which is a significant improvement if r; < Ny for all k. Unfortunately,
the fact that all possible combinations appear in the right-hand side of (1) causes again an exponential growth
of the data (unless r; decreases to 1 when k& — o0). For example, if 11 = ... = r4 = r, then the core tensor
a(j1, ..., ja) has r¢ entries.

The hierarchical Tucker format avoids the disadvantageous growth of degrees of freedom by using the approach
(1) in a recursive way. This idea has first been used in quantum chemistry to solve high-dimensional Schrodinger
equations [13, 10, 12] and later been investigated from a mathematical point of view in [2, 1, 11]. For example,
with univariate functions U}, (k) :{1,...; N} — R and coefficients Bg)i}: j2,Bl{j’.;§]}»4 € R, one can define bivariate
functions

Ué@lg} (i1,2) Z Z 8{17321}32[]{1}( )U]{ }(22)

Jj1=172=1

U (g, ig) = Z Z B Ul (i) Uit (i),

Jz=1ja=1

and then construct a four-dimensional tensor via

T{1,2} T{3,4}

Y (ir,in iz ig) = ZB{”“}U{”}( i2) U (i3, 14)
m=1 [=1

for some B{l 234} ¢ R. A formal definition of the hierarchical Tucker format will be given in Section 2. Due to
the recursive deﬁmtlon the hierarchical version is technically more involved than the standard Tucker format,
but as we will discuss in Section 2, this avoids the exponential growth of the degrees of freedom.

The problem how a given tensor can be approximated in the hierarchical Tucker format up to a prescribed
error tolerance has been studied in [1]. In the context of high-dimensional differential equations, however,
an approximation for the unknown solution is sought after, and for time-dependent differential problems the
question arises how an approximation in the hierarchical Tucker format can be propagated in time. For the non-
hierarchical Tucker format, equations of motion for the core tensor and the basis functions have been derived in
[9, 6] from the Dirac-Frenkel variational principle, and error bounds for the dynamical low-rank approximation
in the non-hierarchical Tucker format have been proven in [6]. The main contribution of our article is to extend
these results to the hierarchical Tucker format.

In Section 2 we introduce our notation, define the hierarchical Tucker format and discuss some of its properties.
In Section 3, the hierarchical Tucker format is applied to approximate high-dimensional initial-value problems. In
particular, differential equations for the parts of the representation are derived from the Dirac-Frenkel variational
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principle. The last three sections are devoted to the analysis of the accuracy of this approximation. The analysis
is based on matricizations of tensors which enable a compact representation of certain projections defined in
Section 4. The second important ingredient for the error analysis are curvature bounds which are proven in
Section 5. Finally, an a posteriori error bound for the approximation of high-dimensional differential equations
in the hierarchical Tucker format is proven in Section 6.

2 Hierarchical low-rank representation of tensors:
The H-Tucker format

A tensor T € RM>X-xNa ig a d-dimensional array with H?Zl Nj; entries. Defining the index sets

Ijz{l,...,Nj}, je {1,,d}
leads to the natural interpretation of tensors as multivariate functions
T: x..x1I;— R, T =T(i1, .., q)-

This interpretation is advantageous as it simplifies the construction of high-dimensional tensors as products of
low-dimensional ones which are considered as functions that only depend on a subset v = {1, ..., i } € {1, ..., d}
of directions, i.e.

T:1, - R with I, =1, x..x1I,,

In order to define the multiplication of two tensors U : I,, = R and V : I,, — R for pu,v C {1, ..., d}, both tensors
are interpreted as functions U and V in all variables k = {&1, ..., Kz} = p U v. For example, if U = U (iz, i4, i7)
and V = V (ig,i5), then we let Uiz, i4,i5,i7) = U(ia, iy, i) for all i5 € I5 and V (iz, 4, i5,i7) = V (ia,i5) for all
ig € Iy and i7 € Iy. Then, the product U - V is to be understood as the pointwise product of U and V, i.e.

(U-V) : I, =R, (U -V igysonring,) = Uiy o )V iy e iy, )-

Besides multiplication of tensors, a second operation will be important in this article. Let pu = {u1, ..., ttm } and
v={v1,...,vn} besubsets of {1, ...,d}, let again k = {K1, ..., kx} = pUr, and let A = {1, ..., A\ } = (UV)\ (uNv)
be the indices which occur either in p or in . Then, with the convention that R? = R, we define

<_7.> . RN,”X...XNMW XRNHX.A.XNL,” _)RNAIX...XN)\Z

(2)

(k1€ERNY) (kr€ERNY)

(U V)i o) = D oo D (U-V)(inysonring)

Gy €1y by €1n,

where the symbol Z('{ G,uﬂu) means that the sum is taken only if x; € p N v. Hence, after multiplying the two

tensors we take the sum over all common directions of the two tensors. For example, in case of the tensors
U = Ui, i3,15,19) and V = V (i, 14, i5), Definition (2) simply reduces to

(U V)(is,iayig) = Y > Ulia,is, is, ig)V (in, i, i5) Z Z Uiz, i3,15,19)V (i2, 14, i5).

12€14, 15€1Ly to=11i5=1

The result is a tensor which depends on all directions which are not common directions of U and V. Hence,
if U and V depend on exactly the same directions (i.e. uNv = pu = v), then (U, V) € R? = R is a real
number, and it can be verified that (-,-) defines a scalar product in this case. If both U = U(i;) and V = V (4;)
are one-dimensional tensors with respect to the same direction, then this scalar product coincides with the
Euclidean scalar product of the two vectors (U(1),...,U(N;)) and (V(1),..., V(N;)). This is why we have chosen
the symbol (-, ).

The numerical evaluation of (U, V) can be simplified if U and V are products of tensors. If, for example,
U = Uliy,is) = U (in)UB(i5) and V = V (ig, i5) = V{2 (i5)V 15} (i5), then by Definition (2)

(U, V) = Z Z Uik zg)V{2}(22)U{5}(15)V{‘)}(z5) <U{2} V{2}> <U{5},V{5}). (3)

i2€1k, i5€ kg



Approximation in hierarchical Tucker format

This will be frequently used in the proofs below.
The following definitions provide the framework of a hierarchical tensor structure.

Definition 1 (dimension tree). A dimension tree T is a binary tree which represents a recursive decomposition of
the set {1,...,d}. Every node N' € T is a selection of directions, N C {1,...,d}, where Ny = root(T) = {1, ...,d}
is called the root of the tree. Apart from the root, every node N €T is linked by an edge with exactly one father
N D N. Conversely, every node is either linked with two successors (child nodes) (N1, N3) = succ(N), or it
does not have any successors at all. The successors of N have the properties that

NMUNy =N and N1 NN,y = 0.

N is an interior node if
N eI(T) := {/\7 €T :N has successors},
and N is called a leaf of the dimension tree T if

NelT):= {./\7 €T : N has no successors} ={{1},...,{d}} =T\ Z(T)

Figure 1 shows an example of a dimension tree with inner nodes Ny, N and leaves Na, N1, Nia.

nodes of the tree:
;o o Ny ={1,2,3} = root(T)
/ o Ny ={1,2}
N, o o N, o N2 = {3}
\ / o Nip ={1}
9\6 @) o M1 ={2}
\ SUCCEeSSOors:
o AL, o (Vi Ny) = suce(Np)

o (M1, Ni2) = succ(Ny)
Figure 1: Dimension tree T'

Definition 2 (hierarchical Tucker format). Let T be a dimension tree with root Ny and let (ra)aer be a family
of non-negative integers with rar, = 1. Y is a tensor in the hierarchical Tucker format if and only if there exist
transfer tensors

BN e RIVXTNaXTNe - for all N T(T) with (N1, Na) = succ(N)
and univariate functions
Uf I, =R foralll={w}cL(T), we{l,.,d},i=1,..,r
such that'Y can be represented by

TN1 "Nay
Y:ZZB{\,@)J U]AG 'Ui/\['zv (ngNQ):SUCC(No)
j=11=1

with N -frames
UN Iy =R foralN €T\ {No}, i=1-,1x

defined by the recursion

A TN
UN = ZZB%, U]N1 ~UlN2 for all N € Z(T) , (N1,N2) = succ(N).
j=11=1

The family (ra)aer is called the hierarchical representation rank of Y. The set of all tensors in the hier-
archical Tucker format with hierarchical representation rank (ra)aer s denoted by Y € H-Tucker ((ra)xer)-
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Remarks.

1. Since the transfer tensors in Definition 2 are always three-dimensional objects, we do not interpret these
particular tensors as multivariate functions.

2. Every tensor Y € H-Tucker ((ry-)nxer) can be reconstructed from the transfer tensors (BV) . ez(r) 2nd
the functions Uf via the above recursion. The A/-frames at the interior nodes can be considered as auxiliary

variables which are only used to reconstruct the full tensor Y if necessary.

3. Definitions 1 and 2 have been adapted from Definitions 3.3 and 3.6 in [1]. At this point, it is not yet
assumed that the N-frames are linearly independent. For the approximation of time-dependent problems,
however, we will later have to assume that the N-frames at every node N' € T'\ {Ny} are an orthonormal
basis, and that the above representation is not redundant, cf. Assumptions 1 and 2 below.

4. A special case of the hierarchical Tucker format is the so-called tensor train format which has been
investigated, e.g., in [3].

At this point, a comparison with the standard (non-hierarchical) Tucker format is helpful. For the hierarchical
Tucker format, an equation similar to (1) can be obtained, but due to the recursive definition of the N-frames,
the corresponding formula is much more complicated. The crucial difference is the fact that the number of
terms in the linear combination can be considerably lower. In fact, the total number of degrees of freedom in
the hierarchical Tucker format is at most

d

Z TNTNL TN, + ZT{k} Ny

NEZ(T) k=1
(N1, N2)=succ(N)

because every Y € H-Tucker ((rp)aer) is defined by the r, basis functions at the leaves £ = {k} with k = 1,...,d
and by the entries of all transfer tensors, cf. Lemma 3.7 in [1].

Lemma 1 (orthonormality of transfer tensors). Let Y € H-Tucker((ra)ner) be a tensor represented by
((BN>NeI(T) , (Ue)éeﬁ(T)). Then, the following statements are equivalent:

(a) The N -frames (UN)NGT\{NO} are orthonormal with respect to mapping (2), i.e.
CARZAPESIY
holds for all N € T\ {No} and i,j € {1,...,7a}.
(b) For all N € Z(T) \ {No}, (N1,N2) = succ(N) and iy,iz € {1,...,7x} the equation

T'j\/l T‘N2

ZZBHJZ 2,50 = 6i1,i2 (4)

j=11=1

holds and the ¢-frames (Ue) are orthonormal with respect to mapping (2), i.e.

£eL(T)
(U5, U5) =04
holds for all ¢ € L(T),i,5 € {1,...;1¢}.

Proof. Let NV € Z(T) be a node in the interior of the dimension tree, (N7, N2) = succ(N) and iy,is €
{1,...,7n}. If (a) holds, then it follows from Definition 2 that

TN1 TNa TN1 TN3
N N N1 No N1 N2

<U11 ’ U Z Z Z ZBtlelJl i2,J2,l2 <Uj1 'Ul1 ) sz 'Ulz >
J1=111=1j2=112=1
TN1 TN2 TN TN

_ N1 N1 N> No

Z Z Z ZBllehll i2,52,l2 <Uj1 ) sz > <Ul1 ’ Ulz > (5)
J1=111=1j2=112=1
TNy TNa

_ZZBlljZBZQJZ

j=11=1
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which proves (a) = (b). Now assume that (b) holds, and that N1, N2 € L(T'). Then, Equation (5) yields that

A TN
ZZB?[,J’J Bgfu’,l = dirsi
j=11=1

for the father A/ of A7 and N2, and by induction over the levels of the tree we obtain (b) = (a). |

Assumption 1. For every tensor Y in the hierarchical Tucker format we assume the N -frames (UN)NGT\NO
to be orthonormal with respect to mapping (2), i.e.

(UN,UNY=6i; for all N € Z(T)\ {No},i,5 € {1,...,ra}-

Since for any Y € H-Tucker ((rar)per) we can find a representation with orthonormal N-frames, Assumption
1 is not a restriction; see [1, Algorithm 3] for an orthonormalization algorithm. It will be shown in Lemma 4
that when the tensor Y approximates the time-dependent solution of a high-dimensional differential equation,
the differential equations for the A/-frames preserve the orthonormality for all times.

An important consequence of Assumption 1 is that for N' € Z(T) with (N7, N2) = succ(N), we have

TN TN N2
(U2 0) =323 BN o oy o = ZBZ“ U
j=11=1
for any k € {1,...,7x, } and hence
AL Ay TN
S U (UL UMY =SS BN U U = U,
k=1 k=11=1

Substituting this into the recursive representation of Y yields

Tj\fl

S U (Y ) =y (6)

k=1
for all N7 € T'\ {Np}. These and similar formulas will be frequently used henceforth.

Lemma 2 (minimal representation rank). Let Y € H-Tucker ((rar)aer) be a tensor in the hierarchical Tucker

format represented by ((BN)NEI(T) , (Ue)ée[:(T))' Assume that the tensors

(v, oMy, .. (v, Uul)

are linearly independent for all N € T\ {No}. Then, Y has minimal representation rank, which means that
there exists no other family of non-negative integers (ry)xver and no node N* € T with

v <1 for all N €T and rie. < ra+, (7)

such that Y € H-Tucker ((ri) yer)-

Proof. Suppose that Y can also be represented by <([§N ) , (ﬁN ) ) and that the hierarchical
N€EI(T) NeL(T)

representation rank (r3)aer of this representation has the properties (7). According to (6) we have

’l"j;\[* TN *
=Y UM (Y, o) =S uMN (v, uM).
Y=Y 0 <Y U > ;U <Y U >

i*=1
Substituting the first representation into the second yields

A TJ*\/.*

R NN e
Y—;Ul Z<U1 , U ><Y,UZ >

i*=1
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and hence
s
(v, 0y =30 (U O (v )
i*=1
This is a contradiction to the assumption that (Y , UN"), ..., (Y, Uﬁ‘/@j are linearly independent. ]

Remark. It can be shown that the converse assertion is also true.

Assumption 2. For every tensor Y in the hierarchical Tucker format and for every N\ {No} we assume
(v, o), .. (Y, Uul)

to be linearly independent.

As shown in Section 4, under Assumption 2 the set H-Tucker ((rar)aser) becomes a manifold, which is essential
in our approach. Furthermore we will use the term *hierarchical rank’ instead of "hierarchical representation
rank’ and denote the A-frames as basis functions. Assumption 2 and Remark 2 motivate the following
definition.

Definition 3 (Single-hole operator). Let Y € H-Tucker ((ra)nver) be a tensor in the hierarchical Tucker
format, which is represented by the tuple ((BN)NEI(T) , (Ue)ee.c(T))’ N eT\{M} andi € {1,...,rn}. The

Single-hole operator S is defined as
S(Y,N,i):= (Y, UN).

This is a generalization of the single-hole functions defined in Section I1.3.3 in [9].

Remark. With the Single-hole operator (6) reads

Y = %S(Y,N,i) UM (8)

i=1
for all Y € H-Tucker ((rp)xver) ,N € T\ {No}.

Definition 4. ForY € H-Tucker ((ry)ner),N € T\ {No} and X € RN1*--xNa the orthogonal projection of

X onto the space spanned by U{v, e U,{X/ is denoted by

TN
PrvX =) (x,UN)Uu}.
i=1

The orthogonal projection onto the orthogonal complement is given by ijfX =X —PyX.

3 Solving high-dimensional initial value problems via hierarchical tensor
approximation

In this section we show how the hierarchical Tucker format can be used to approximate the time-dependent
solution Y, (t) € RM*-xNa of 3 high-dimensional ordinary differential equation

Yeaz :AY-em ) tZO ; A:Rle'”XNd —>RN1><”'XNGL (9)

with a given initial value Y., (0) € RN1X-*Na¢ and a linear operator A mapping tensors to tensors. Such
problems arise, e.g., when the method of lines is applied to a high-dimensional partial differential equation. The
exact solution Y. (t) of (9) is a time-dependent, d-dimensional tensor with HZ:1 N, entries. Hence, classical
numerical schemes for ordinary differential equations cannot be applied if d > 3 due to the huge number of
unknowns. Therefore, we are looking for an approximation Y = Y., which lies on the manifold

M := H-Tucker ((rx)ner)



Approximation in hierarchical Tucker format

at any time. For this purpose, the variational principle of Dirac-Frenkel is applied: Starting with an approxi-
mation of the initial value on the manifold, the right-hand side AY is projected onto 7y M, the tangent space
of M at Y (¢), for every ¢ > 0; see Figure 2 for an illustration.

Aay

P(Y)AY
M

Figure 2: Orthogonal projection on the tangent space

With P(Y') denoting the orthogonal projector on the tangent space 7y M the differential equation for Y (t) € M
takes the form .
Y=PY)AY €e yM, t>0, Y(0)eM (10)
or equivalently .
(AY =Y , 6Y) = 0 VoY € Ty M.

In contrast to the original problem (9), the new differential equation (10) is nonlinear, but the great advantage
of (10) is the fact that for the propagation of Y () only the transfer tensors B (t) and the basis functions Uf(t)
for the time-dependent representation of Y'(¢) have to be computed. In order to make use of this advantage,
however, (10) has to be replaced by differential equations for BV (t) and U(t) instead of Y (t). This is the goal
of this section.

Since every point Y on the manifold is determined by ((BN)NeI(T) , (Ue)éeﬁ T)) the transfer tensors and the
basis functions on the leaves of the dimension tree can be considered as the parameters of the manifold. Let ¥
be the mapping which maps the parameters of the manifold to the corresponding tensor, i.e.
P - >< R’I"NX’I"NI X TN X X RNjXr{j} —>RN1X"'XNd’
NE€eI(T) {7YeL(T)
N (N71,N2)=succ(N)

v <<gN)/\/’€I(T) ’ (ﬁz)ZGL(T)) =Y.

Y is constructed according to Definition 2. Then, each element §Y of the tangent space 7y M can be written
as

TN1 TNo
N
=33 BNO 0By 34 (11)
j=11=1 Lill BN =BNvNeI(T)

Ut=U'vees(T)
N TN TN

R Y M

NET(T)\{No} i=1j=11=1 i,7,0 gN:BNVNEI(T)
(N1,N2)=succ(N) U'=U'veeL(T)

Sy e

teL(T) i=1

581”

8UY,

BN =BNVYN€eI(T)
Ut=U"veeL(T)
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where the tuple ((98) . _7r) » (U)o
basis functions on the leaves of the dimension tree. Since W is linear in each argument, we find with

) represents all possible variations of the transfer tensors and the

ov
aBNU = UJNI 'UlNzy (N1, N2) = suce(Ny), (12)
Lall BN =BNvYNeZ(T)
Ut=U"veeL(T)
ov N NG
BN =S(Y,N,i) - U™ - U;2, (N1, N2) = succ(N) (13)
igl | BN =BNVAeZ(T)
Ut=U*veeL(T)
ov
T | gv_pNunezr)

Ut=U*veeL(T)

expressions for every partial derivative in (11). Therefore, the tangent space can be written as

TyM = {5Y e RN1X-xNa - there exists a tuple ((58/\/) (5U€)

NeZ(T)’ ZEL(T))

such that (11), (12), (13) and (14) hold}.

Remark. The restriction of mapping ¥ to transfer tensors and basis functions which fulfill Assumptions 1
and 2 does not influence the tangent space since the restricted set is a dense and open subset of the domain,
cf. Section 3.2 in [11].

We are now ready to formulate the differential equations for the transfer tensors and the basis functions at the
leaves. In view of the recursive definition of H-Tucker ((ra)aer), it does not come at a surprise that these
differential equations are defined recursively, too. Shortly before the submission of our work we noticed that
the same result has also been obtained in a recent preprint, cf. [11].

Theorem 3 (equations of motion). LetY € H-Tucker ((rar)ner) be a tensor in the hierarchical Tucker format,

let (BN)NGI(T) the corresponding transfer tensors, and let (U[)ZGL(T) the corresponding basis functions on the

leaves of the dimension tree. Furthermore we define for every N € T\ {No} the symmetric stiffness matriz

MY = (mi\]/):j;/zl € R™ ™ with entries m? b = (S, Ni), S(Y, N, 5)) (15)
and its inverse .
N _ NN N~

W = (wij)i7j:1 - (M ) . (16)

Then, the differential equation
Y = P(Y)AY, t>0

s equivalent to

TN1 TNy TNy TNa TN1 TNy
I 9 WNCLNEENS 3) SEHEANTAES v oL AR LR
Jj=11=1 Jj=11=1 j=11=1

with (N1, N2) = succ(Ny). The time derivatives of the basis functions on an interior node of the dimension tree
satisfy the recursion

TN TN TN1 TNg TN1 TN2
2 3 WCTIENEEES 3) L ISERILND ) DA AR S
Jj=11=1 Jj=11=1 j=11=1
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for all N € Z(T) \ {No} with (N1,N2) = succ(N). On the leaves of the dimension tree we have

Te
Uf =Y wh, P (AY, S(Y4,i)), LeL(T)i=1,...r. (19)

/=1

The transfer tensors evolve according to the differential equations
B, = (Av, UM Ui

and

,]l = Zwm/ <AY S(Y,N,i) - Py (UJN1 ~UlN2)> , (N1, N2) = succ(N).

=1

We remark that the crucial terms are Uf for ¢ € £(T) and B, 1 1f these objects are known, all UN with
N € Z(T) \ {No} can be computed recursively via (18). Hence, the time derivatives of the N -frames at the
interior nodes can be considered as auxiliary variables.

Before the proof of Theorem 3, we show that the solution of the equations of motion preserve the orthonormality
of the basis functions.

Lemma 4 (Gauge-conditions). Let ((BN(t))NEI(T) , (Ué(t))éeL(T)> be the solution of the equations of motion

of Theorem 3, and let ( (BN (¢ (Ut be the corresponding time derivatives. Then the Gauge-
NEZ(T) eL(T)

condition _
(UN@), UM () =0

is satisfied for all N € T\ {Ny} and i,5 € {1,...,rn'}. Furthermore, the orthonormality of the basis functions
(UN(@), UN () =6, (20)

is preserved for all t > 0 if (20) holds for t = 0.

Proof of Lemma 4. For all N € Z(T) \ {No}, (M1, N2) = succ(N) and i1,i3 € {1,...,7xr} the equations

TN1 TNay TN71 TN3 TN
ZZB’Lljl 12]l ZZBZQJI )Zw{\l/,l <AY,S(Y7Na'L)PJJ\_f (U}/\/l(t)Uljv2<t)>>
j=11=1 j=11=1 i=1
TNy TNo
—Zwm <AYS(YNZ P DD BN () UM () - UM (2) >
i=1 j=11=1
=0

hold. Furthermore, we have

Ut (t), <Zw (AY,S(Y,4,1)) Uf2(t)> -0
for all £ € L(T),i1,i2 € {1,...,7¢}. Now suppose that
(TN @), U ©) = 0and (AUN(1), URHB) = 0

for an interior node N' € Z(T) \ {No}, (N1, N2) = succ(N) for all ji,j2 € {1,....;7a7 } and 1,12 € {1,...,7p5 }-

10
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Then with (??) we deduce

TNl T/\[2 ’I‘_/\/‘1 7‘_/\/2

<U’;/:f( Z Z Z Z B’Ll ]1 l1 ’LQ _]27 Q(t)<U_j/:/1 (t) ! Ul./:/'z(t) ) U‘.]/;/'l (t) : Ul'/r‘\;/.Q(t)>
J1=111=172=11>=1
TNY TNo TNy TN

+ Z Z Z Z 8117]1711 12»]2,l2( )<Ugj\1[1 (t) ’ Ulj}fz(t) ) Ujj\gfl(t) ' UlJ;/Z(t»
J1=11l1=1j2=11>=1
TN TNy TN TN

2020 20 > Bl () Bl (UL (- U (), U0 - UL o)

1 1l1 1j2 1[2 1

=0
for all i1,i2 € {1,...,7a}. Hence, the Gauge-conditions are satisfied, and the equations

N, uMe) = o), uN0) +/O ({ON(s), UN(9)) + (U (s) , U (s)) ds =61

show the preservation of the orthonormality. |

Proof of Theorem 3. In order to prove the theorem it has to be shown that the variational equation
(AY =Y, §Y) =0

is satisfied for every variation 6Y € 7y M.
(i) We start with the variation
8Y =B, UM U2 (21)

for an arbitrary 6BNo € R™1 %"~z 5 € {1,...,7n, },1 € {1,...,7n; }. Together with (17) this yields

TN1 TNg
(V,8Y) <ZZB{V;ZUN1 Uy, oBYe, UM UN2>
'=1l'=1

A TN
+ <Z ZBJIV;Z UN1 UN2 56'{\[3l UNI UN2>

j=11=1

A TN
+ <Z ZBJIV;Z UN1 UNz 56.{\[;[ UNI UN2>

j’=11'=1
No 3N
= 0By, Bij

=B, (Ay, UM U
= Ay, B, UM U

= (AY, 5Y).

This proves that .
(AY =Y, §Y) = 0 for all 6Y = 6B, UM - U2

(ii) Next, we assume N € Z(T) \ {No}, (N1,N2) = succ(N) and choose the variation
Y = 6B, S(YV.N i) - UM - UM (22)

for an arbitrary 6BV € R'V > ixmve e {1,....rac}, 5 € {1, ...,ran b, 1 € {1, ...,7n;, }. Deriving both sides of (8)

11
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with respect to ¢ gives that

Y, 8Y) <Zs YN, - UJ,V,6BZ]lS(Y,N,i).U]/,V1.Ul/\fz>

i'=1

TN
+<Z S(Y,N,i)- U, 68BN, S(Y\N i) - UMV -U,N2>

i'=1

- Z&Bm S(Y,N,i), S(Y,N,i)) <U{>f, UM -UlN2>

i'=1

=(AY,U%) BN
i,4,1

+Z§B”l S(Y,N,i'), S(Y,N,0)) (UN, UM - U)

=1

N

=M =(BN) i 4
TN
i'=1
TN
Z BN, LAY, S(Y,N,i") - Py (Ule ~UlN2) Zmz cud
/’// 1 :
:6i,i/’
—266”1 (AY , S(V,N,i)-UYY) BY ), (23)
+OBY (AY , S(Y, N i) - Py (UJNI ~UlN2)>.
On the other hand
(AY | 8Y) = (AY , 6BY,, S(V, N i) - UM - UM)
= OB LAY, SN P (U2 U
%,—/
72’ 1 7. 7l 7.
+OBY, (AY | S(Y, N, i) - Pk (UJNl -U]N2)>
= Z(érsﬁg,l (AY , S(Y,N,i)-UY) BY, (24)

=1
+OBY, (AY | S(Y, N i) - P (UNl UN2)>

holds. Since (23) is equal to (24), it follows that

(AY =Y, §Y) = 0 for all 6Y = 0BY,, S(Y, N, i) - UM - UM

i,7,l
(iii) Finally, let £ € £(T') and consider the variation

8Y = S(Y,4,i) - 6U! (25)

12
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for an arbitrary U/ : I, — R,i € {1,...,r,}. Similar as before, the time derivative of (8) yields

(Y, 6Y) <Z$ (Y, 4,i) S(Y,é,i).an>
+<Z S(Y,4,i')-0,U} S(K&i)-5U5>

_38 S 1), S 40) (U, aU)
i’=1 (.AYU[)

+Z (Y, 4,4'), S(Y,4,4)) (U, §Uf)

i'=1

L

=m*, .
il i

= S (AY, S(Y, 44 - UL (UL, 6U%)

=1

- Z mi <Z wh W PH(AY, S(Y,¢,i")) 6Uf>

=1

=1

+Z (PLAY |, S(Y,4,i") - 5U€Zm,.

=1 i’=1

=5i,i”
Z (AY | S(Y,0,4) - UL (UL, 6UY) (26)

(AY S(Y,¢,i) - PoUYL).
On the other hand
(AY | 6Y) = (AY , S(Y,4,4) - 6UY)
=(AY, S(Y,4,i)-  PoUL )
N——
=D i, (Uf8UnU,,

+(AY |, S(Y,£,) - PHoUY)
T

=Y (AY | S(Y,£,4) - UL) (U, oUf) (27)

=1
+(AY | S(Y,4,4) - PioU;)
holds. Since (26) is equal to (27), it follows that
(AY =Y, §Y) = 0 for all Y = S(Y, £,4) - §UY.
The superposition of the variations (21), (22) and (25) span the whole tangent space and therefore
(AY =Y , §Y) = 0 for all variations §Y € Ty M.
]

Corollary 5. Let B € RN *XNa pe an arbitrary tensor, let Y € M and let P(Y)B be the orthogonal projection
of B onto the tangent space Ty M defined by

(P(Y)B— B, 6Y) = 0 for all §Y € Ty M.
Then, formally replacing 8;Y by P(Y)B and AY by B in Theorem 3 yields a recursive representation of P(Y)B.

13
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4 Matrix representation of tensors

Since the solution Y., of the original differential equation (9) does, in general, not evolve on the approximation
manifold M = H-Tucker ((ra)xer), the solution Y of the projected problem only yields an approximation
Y ~ Y,,. For the error analysis of this approximation, the matricization of a tensor is a useful concept. Such
a matricization turns a tensor into a matrix with the same entries, just as the command reshape( ...) in
MATLAB. For any N' € T the set Ng := {1,...,d} \ NV is called the complement node of N. Then, the

matricization
yWNe) g grVirNe) (N = T[ New 7Ne) = [ Ne
keN keNc

of a tensor Y € RN1X-xNa rearranges the elements of the tensor in such a way that all the different directions
in N range over the rows whereas all the directions in N¢ range over the columns of the matricization. There
are many different ways to do this, but it does not really matter which mapping is used. The only condition we

T
impose is that YW-Ne) — (Y(NC’N)) . For the inverse mapping the notation

Y = (y(N,Nc))
(N N¢)

will be used. A special case of a matricization is the vectorization

y WNo.{}H) c RN Na

which reshapes a tensor to a vector. The corresponding inverse mapping is denoted by

Y= (Y(NO’{}))W m
0,

For Y € H-Tucker ((rp/)xer) and N € Z(T)\{No}, let the single-hole matrix
SV = ((S(KN,U)WC,{}W |(S(Y,N,rN))(NC’{})) € RFVe)xra

be the matrix whose j-th column is the vectorization of S(Y, N, j). Similarly, the orthonormal basis matrix
is defined by

N WNAD WA T(N)xr
Vo= (o)™ L ()W) e rrees,
Assumptions 1 implies that (UN)TTU = I, and it follows from (8) that
YWAND — gV ()T, sV = (Y(N,/\/’C))T v

Hence, the singular values of the matricization Y W-Nc) coincide with the singular values of the single-hole

matrix SV. The projection onto the space spanned by the columns of UV and on the orthogonal complement
will be denoted by

PV o= M (V)" and (PV) = -V (W),
respectively. In addition we define for (N1, N3) = succ(N) the binary matrix operator

]UN1 o UNz N RTF(N)X(V“NJNQ)

W
UM O TN = (uiaforal o 021 o o o) s o= (U2 UN) T

After these preparations, the results of [11] can now be adapted to show that H-Tucker ((ra)xer) is indeed a
manifold.

Lemma 6. The set

H-Tucker ((ra)ner) = {X € RNvX-xNa . rank (X(N’NO)> =7y for all N € T\ {No}}

is a smooth submanifold of RN X--xNa,

14
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Proof. In [11, Theorem 4.11] it has been shown that
M= {X € RV-XNa 1 pank (X(N’NC)> =y forall NV € T\ {No}}

is a smooth submanifold of RN1*--*Na_ Hence, it only has to be shown that H-Tucker ((ry)yer) = M.
N 4

Let Y € H-Tucker ((rar)aer) be represented by ((B )NEI(T) (U )EEC(T)).

(Y, UMY, ..., (Y, UAC) is linearly independent for all 7'\ {Ny} , which means that

By Assumption 2, the sequence

rank (SN) = rank (Y(N’Nc)> =7y for all N € T\ {Np}

and therefore H-Tucker ((ry)yer) C M. Conversely, for every ¥ € M Proposition 3.6 in [11] ensures the
existence of ((BN)NGI(T) ) (UZ)EGL(T)) such that the equation

TN TN2
Y:ZZB-{\?ZUAG UNZ , (Nl,N2):5ucc(N0)
j=11=1

and the recursion
’I‘Nl ’I‘N2

ZZBHIUJNI 'UlN2

j=11=1
hold for all N € Z(T),i € {1,....,rac} and (N7,N3) = succ(N). The rank of the single-hole matrix SV =
(X(N’NC))TUN equals 7y for all N € T\ {Ao}, which means that the sequence (X,U{), ... (X,UN) is
linearly independent for all A" € T'\ {Ny} and therefore M C H-Tucker ((rar)aver) - [ |

One of the main ingredients for the error analysis is a compact representation of the projection of a tensor on
the tangent space of the manifold, i.e. an explicit representation which is not based on a recursion. Such a
compact representation can be obtained in matrix-vector notation. As a preparatory step, we reformulate the
results of Corollary 5 in matrix-vector notation.

Corollary 7. Let Y € H-Tucker ((ra)axer) be a tensor in the hierarchical Tucker format represented by the
transfer tensors (BN)NGI(T) and by the basis functions (Uz)eec(T) on the leaves of the dimension tree. If B €

RN1xxNa s qn  arbitrary tensor, then wunder the conditions of Corollary 5 there exists a tuple

((5BN)N€I(T) , (5Uz)ge£(T)> such that for (N1, N2) = succ(Np)

TN TNo TN TNy TN TNy
=N B o U+ YN B sut o+ YN Yo U au
j=11=1 j=11=1 j=11=1

with

1,50 —

Wo. 00\
5B — ((Uj{\/l,Ul-’\@) ) BN

For all N € T(T)\{No} with (N1, N3) = succ(N), SUN is defined by the recursion

TN TN TN1 TNo TN1 TN2
SUN =3 aBY UM UM + 3N BN (UM UM+ YN B U su
j=1l1l=1 j=1l1=1 j=11=1

with

N, T
(6BY,, .. 6B, ) = ((Ujf_vl .UlNz)( {}>> (PN)L pWAC) (SN+)T
oU* = (P')* B (Sf+)T

Here and below, M is the pseudoinverse of a matriz M, i.e. M+ = (MTM)=*M?T if M has full column rank.

15
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Proof. The equation for 8N can be deduced directly from Corollary 5. For N € Z(T)\{Ny} and (N7, Ny) =
suce(N), Corollary 5 states that

T

z

s8N <B, S(Y, N, ) P (U]N ~U1N2)> wl,

0,50 =

’

o
I
s

T

z

<7Dj/ (Ule -UZNZ) , (B, S(Y,N,z")>> wV,

2,0

<
I
—

=S (U0 (B SN W,

1

z

i/
for all j € {1,...,7a, },1 € {1,...,7x; }. Since W defined in (16) satisfies
-1 T
()WY = (V) ()8Y) = (V) (28)
we obtain

N, T
(684 - 0BN, j1) = ((Uffl'UzM)( {})) (PN)L pWNe) (SW)T

Last, for £ € £(T) and ¢ = 1,..., 7, we recall from Corollary 5 that

SUf = ZPK (B,S(Y,4,i")) w

/=1
and substituting (28) with A = ¢ yields

Ut = (P Bt (S”)T
n

With Corollary 7 we are now able to derive a compact representation for the projection of a tensor on the
tangent space of the manifold.

Corollary 8. Under the assumptions of Corollary 7, the projection of a tensor B € RM>-Na on the tangent
space Ty M can be written as

PY)B = ((UNP @UNQO) (UNIO @'[UNS)TB(NO,{}))
(No,{})
+ 3 (o) (WM oue)” (PY) BWAR) (SNSN+)T)

NeZ(T)\{No}
(N1,N2)=succ(N)

E (o),
€eL(T) (.te)

where (NP, NY) = succ(Np).

(N Ne)

Proof. By resolving the recursion in Corollary 5 and 7, respectively, we obtain the equation

N0 NG
Y)B = ZZU N 2 oBe, (29)
j=11=1
TN1 TNy A
X U U Y 0B SN (30)

NET(TN\{N,} I=11=1 i=1

(N1,N2)=succ(N)

+ > ZéU’z S(Y, £,4), (31)

LeL(T) i=1

16
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see also equations (11), (12), (13) and (14) in Section 3. A closer inspection of the first term (29) shows that

TN1 TN TN TNy No,{}) T
I IREEES 3 ARl (G0 R
Gj=11=1 j=11=1
TNy TNy T
— ZZ (UNl UN2) NooA}) ((UNl . UNQ)(NO7{})> B(Nm{})
J l
Jj=11=1

(No.{})

((UM O UN2) (UM @UNQ)TBWO,{})) :
Wo.{})

For the second term (30), we obtain
A TN

> SN uMuMe 256”131//\/2)

NeZ(T)\{No} =1L
(N1,N2)=succ(N)

TN1 TNy N N {}) (N {}) T
- >3 (o o) S (s )
NeT T)\{No} j=11=1 (N Ne)
(N1,N2)=succ(N)
Nerm\wo j=ti=1 (N NE)

(N1,N2)=succ(N)

- (iﬁ (o 02) ™) 085080 €)'
(W "N ((UNI UN2) N,{}>> ((Uj.\fl ~U1N2)(N’{})>T (PNY* NG (SN+)T (V)"
(

Nez T)\{No} == (W.NE)
(N1, N2)=succ(N)
T
- ¥ (U 0 M) (UM% o 1) (PV)" BN (s ) .
NET(T)\(No) NN
(N1, N2)=succ(N)
Finally, the last term (31) can be reformulated as
S S )
S Sl s = Y (Z (5080 (s(v. 1)) )
¢eL(T) i=1 teL(T) \i=1 (4,t0)
= > (v'(s)")
teL(T) (é4c)
(1" e (o))
LEL(T) (LLc)
( T (') > .
LeL(T) (tLc)
This proves the assertion. |

5 Curvature bounds

In this section estimates for the curvature of the manifold are proven. These estimates, formulated in Lemma 10
below, will play a crucial role in the error analysis of the variational approximation in Section 6. Similar results
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have been obtained for the dynamical low-rank approximation of matrices or tensors, respectively, in [5, 6]. Our
general strategy follows the ideas developed there, but extending the results of [5, 6] to the hierarchical Tucker
format is a considerable challenge due to the recursive definition of the equations of motion.

In the following o;(M) denotes the i-th singular value (in descending order) of a matrix M € R™*™ with
n,m > i. Moreover, we will use the Frobenius norm ||Y||r = /(Y ,Y) of tensors Y € RN1x--xNa By
construction the Frobenius norm of a tensor equals the matrix Frobenius norm of a corresponding matricization,

e [V = ||[YOVNO|| for all M € T\ {No}.
Lemma 9. IfY,)N/ € H-Tucker ((ra)ner) are tensors in the hierarchical Tucker format fulfilling
O (YNNOY > > 0 and |V =Y]p =6

for some N € T\ {Ny}, then
UT’N(Y(N’NC)) > p—o.

If in addition p > J, then the pseudoinverse sV of the single-hole-matrix sV off/ is bounded by

~ 1
SV, < ——.
B < ——

Proof. The estimates

§=Y =Y|p =YV HNe) — yWNe) o
> [[FWANe) _ y(WNe)|,

> ‘ Or (YON)) = g, (YVN) ( (32)
hold for all A € T'\ {Np}. The inequality (32) is shown with Theorem 7.4.51 in [4]. Then

- (f,w,/\fc)) > o, (Y(/\/’,Nc)> B ‘ - <}7(N,/\/’c)> - (Y(N,Nc)) ‘ >p—4.

For p > § the pseudoinverse can be bounded by

= (oo () = o (7059 200,

=

Lemma 10 (curvature bounds). Let Y,Y & H-Tucker((ra)aer) be tensors in the hierarchical Tucker format,
and let (pn ) ner\{No} and (ex)aer\(ny} be families of positive real values such that

O (YNNOY > e > 0 and §:=|Y —=Y||r < cnpn (33)
for all N € T\ {No}. Furthermore let ¢ > 0 be a constant fulfilling the inequalities

Z Sen(C(1—C—cn)) ™t <1 and CHen < 1.

NeT\{No}
Then the bounds
I(P) = PT) Blr< Y 8(ow(i——en) ™ IV =Y]r |B]r. (34)
NET\{No}
[Py @-v| = X stwi-c-ena-a) Iy -V (35)
NET\{No}

hold for every tensor B € RN1*--xNa,
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Proof. Since the proof is rather long and technical, it is divided into several parts.
Part 1: For the moment we assume that there are
X (1) € H-Tucker ((ra)ner) and  Z(7)LTy M

such that B
Y+7(Y-Y)=X(1)+ Z(7) (36)

for all 0 < 7 < 1. Below we will prove that this assumption is indeed true. In the following A denotes the
projection of the difference from Y to Y on the tangent space 7y M

A:=PY)Y -Y)e Ty M.
Obviously ||Al|z < ||[Y = Y|z = & holds. The projection of (36) on the tangent space leads to the equation
PY)X(r)=Y)=1A, (37)
and differentiating with respect to 7 gives
P(Y)(X(r)) = A
The derivative X (7) belongs to the tangent space of X (7), therefore
P(X(m)X(r) = X(7)

is satisfied, which leads to

X(r)=P(X(7)X(r) + A= P(Y)X(7)
\_:_/
= A+ (P(X(7)) — P(Y))X(7) (38)
In the course of the proof it turns out that
[P(X(r)) —PY)| < ¢ <1 (39)

for all 0 < 7 < 1. Together with (38) this yields
IX(™)r < Al + 1P(X (7)) = PY)|lp | X(7)|r <5 +CIX(7)]IF
and hence
IX(N)llr <6(1-2)" (40)

Since the operator (I — (P(X (7)) — P(Y))) is invertible, we can apply the implicit function theorem to (38)
in order to prove for each 7 € [0,1] the existence of a function F such that F(X (7)) = X(7) is satisfied in
a neighborhood of X (7) and since each mapping F' is bounded due to (40), there exists a solution X (7) for
all 7 € [0,1]. The existence of a solution of the differential algebraic equation (38) implies the existence of
decomposition (36), since integrating (38) leads to (37) and setting

Z(r) =7 PYY)Y —Y) - PH(Y)X(7)
shows the existence of the decomposition stated above.

Part 2: In this part of the proof, we prove a number of auxiliary inequalities for later use. Since X (0) =Y by
construction, the fundamental theorem of calculus and (40) reveal the estimate

1X(r)=Yl|r <7 SFp]HX(S)IIF < o(1-e)t
se[0,T

because 7 < 1. Let UV (7) and SV (7) be the orthonormal basis matrix and the single-hole-matrix of X (7), i.e.
(X (1))NNe) = UV (7)SN(1)T. Under Assumption (33), Lemma 9 can be applied and provides the bound
1 1 1—¢

SN (At < < = — 41
[S¥ ()"l < onv— (1 =271 = py— (1 —0)"leapn on(1—¢—cn) (1)
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for all 0 < 7 < 1 for the pseudoinverse SV (7). Next, a bound for [|[UNSV (7)7 || is shown. Since PV (7)+ =

I —UN(r)UN(7)T by definition, it follows from
UN(n)TUN(r) =1 and UN(1)TT¥(r) =0 (42)
that
UM (1)sV(r)T = PN (r)* (UN (1)sV (1) + TN ()Y (r)T) = PN (r) L XNVNed (7).
With [|PN (7)1 l2 <1 and (40), we thus obtain
NSV () le < PV () e - [ XV (3)|lp < 5(1-2)
Combining this with (41) yields
. . ~_ 1-¢ o
IO (Dl < 1Y ()Y ()T I8 (7)o < 61 =) s = e
With this inequality, the derivative of PN (7)+ = I — UN(7)UN (7)T can be bounded by

26
pn(l—C—cn)’

1Y () <
A bound for the derivative of the single-hole-matrix SV () of X (7) can be derived from the orthonormality (42)
and (40) via
ISV ()| = [TV ()TN ()SN (1) + TN (7)TUN (0)SY (1)
oo,
<o6(1—-¢) (43)

Next, we want to estimate the derivative of SV (7)SV (7)*, which can be written as

LNV = L V() V()T () 8V ()T = D) + Talr) + 7 (1)
with  Ty(r) = SV (n)sV(n)+
1y(7) = $¥(r) < [(8¥(r)78V () ] 8V ()"
It follows from (41) and (43) that
1Tl < ISY ()l - I8¥ ()l € ——a— 61— ) = ——

pn(1—C—cn) pN(1—C—en)

In order to bound 75 we substitute

@78V (0) ] = - EV TS ) L VTSV ()] (3 ()T ()
and obtain
Tor) = — (V)" L VTSV (D] 8V (1) = ~IT V(Y () — ($¥()1) 8V () Tu(r).

Since ||SV(7)SN (7)T|2 = 1, this gives the bound | T(7)||r < 2||T1(7)|F and in total

Part 3: As a first step towards an error bound for |[(P(Y) — P(Y)) B|| ¢ we use

4 [V (SN (1))

46
< 4|7 <
dr <A|Ti(7)][r <

P pn(l—=C—cp)’

(P(¥) = P(Y)) B = ((P(X(1) = PX(©) B= [ 4 [P(X(r)) Bldr (44)
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and replace P(X (7)) B by the representation from Corollary 8. This yields

I(P(Y) = P(Y)) Br

< max |0 [(UN? Mo UE @) (U () ot () BWO’{”] ) (45)
Y [ [000) 0 0% 0) 040 00N )T PV BN (5508 ) e
NeZ(T)\{No} "

(N1,N2)=succ(N)

F

% {Pf(f)l Bte) (SK(T)S”(T))T}

where (NP, NY) = succ(Np).

Part 4: Now for each of the three terms (45),(46),(47), a suitable bound has to be derived. Assuming A to be
an interior node with successors (N1, N3) = succ(N) allows us to bound

ij (U (1) o U (7)) (U (1) 0 T2 (7) |

<2 0 evee)

2

< 2[|UM (r) @ UM (7)o + 2 UM (r) @ UM (1)
< 2N (7)o + 2 UM (7))

_ 25 N 20

Tl -t—en)  pn(l—c—cn)

Hence, the inequality
d | (e NS N? AT BWe. (D) 20 20
’ <
Hd’]’ |:(]U (1) O UMz (7‘)) ([U (1) @ U2 (7')) B = leo(l — C/\/f) | Bl r+

1Bllr

pag (L —¢—cpp)

(48)
holds for all tensors B € RN1%---xNa,

Next, we consider (46). Assuming N # N allows us to deduce the estimate

Hdd |(UY(1) @ UM (1) (UM (1) © UM (1) T PN (1) BN ) (¥ (m)sV (1)) |

F

DM (r) © TN (7)) (0V () © T2 ()7

<
_‘dT

1Bl ¥

2
d

+ WV (1) © UM () (UN () 0 U ()T ||

[PV (7)] ;

1Blx ||V sV )|

2

I () o V)WY (1) o V), 1Bl | 5 [ 08V ()]
26 20 60

< = Bllr + = B|r+
le(l_C_CN1) || H pNZ(l—C—CN2) H || PN

2

o 1Bl (49)

Finally, let £ be a leaf of the dimension tree. Then, for the term in (47) we obtain the estimate

[Py Bee) (s

d e 1
FSHdT [P ") ]
4
dr

1Bl || (s‘rs@t)|
F

+1Blr

2

(s (st )]
66

< l—t—c) 1Bl (50)
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Part 5: Substituting (48),(49),(50) into (45),(46),(47) yields the first assertion (34):

26 20
T B F + TR
pao(l —¢—cpo) pag (1 —¢E—cnp)

20 20 69
+ 1BlF + ||B||F+—p = 1B|lr

pny (1 —¢—cpy) PN, (1 —C—cp) Nv(l—c—cy)
NeZ(T)\{No}

(N1,N2)=succ(N)

66
+ Y ————— |Blr
teL(T) pe(l—c—c)

84
= > ol —F—cn) IBllF,
NeT\{No} PN N

I(P(Y) = P(Y)) Bl <

1Bl

where (N2, N9) = succ(Ny). The proof of the second assertion (35) is much shorter. With P(X (7)) X (1) = X (1)
we obtain

P (7 =¥) = [0 =P Xy dr = [ (PX(7) = POY) X () ar
and with (34) and (40) the error bound

[P0 7 =7, < max IPGEE) = PO - [ X (7))

80
< Y — 2 sa-e)
NN} pn (L —¢—cn)
862
I—c—cn)(l—2)

Netvingy PN

follows.

Part 6: Finally, we can prove inequality (39) which had been used in part 1 of the proof. Assume (39) does
not hold. Since M is a smooth manifold, there exist 0 < 7* < 1 and a tensor B* € RN1X-xNa gych that

IP(X(s)) = P(Y)[| <e<1
and || (P(X(7%)) = P(Y)) B[l = & || B"[|F (51)
hold for all s € [0,7*]. Under these conditions all the estimates of the proof remain valid for 7 € [0,7%].

However, in (44) we take the integral over the interval [0, 7*] instead of [0, 1] and obtain with similar arguments
the estimate 85
I(P(X(m*) = P(Y)Bllr <7 Y ————— B¢
Nering PN —E—cn)

for any tensor B € RN *--XNa_ This results in a contradiction to (51) since

* * * 86 * * o~ * ~ *
[ (P(X (7)) = P(Y))B*||lr < 7 Z ﬁ |1B*|r < 7" ¢ ||B*||p < €[|B*|F.
nervno} PV N

In order to simplify the previous theorem, we assume cpr = ¢ for all N € T'\ {Np} and maximize this constant
under the constraints of Lemma 10, i.e.

> Ben(@(1-C—cn))t €1 and E+ey < L
NET\{No}
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Let |T'| denote the number of nodes in the dimension tree. Then, the maximum will be attained in

-+

¢ = =8(T|—1)++/64(T| - 1)> +8(|T| 1) and ¢ = S(T=1) ¢

Since ¢ —  for |T| — oo, we let

-~ 1

e=3 and c¢= (32|T| —30)"!
and obtain the next corollary.

Corollary 11 (curvature bounds). LetY,Y € H-Tucker ((rx)xer) be tensors in the hierarchical Tucker format
and p > 0 such that

O (YNHNOY > > 0 and  ||Y =Y||p < (32T —30)"1p
is satisfied for all N € T\ {Ny}. Then
I(P(Y) = P(Y)) Bllr < (16/T| = 15) p~" |V =Y |[r | Bl|r (52)
[P (7 =1)|| | < B2AT=30) o7 Y ~ T3 (53)

for any tensor B € RN1X--xNa,

Proof. Inserting ¢ = ¢y = (32|7| —30)~! for all M € T'\ {Ny} and ¢ = 3 in the bounds (34) and (35) of
Lemma 10 leads to the assertion. |

6 A posteriori error analysis

We are finally ready to analyze the accuracy of the variational approximation Y (t) € H-Tucker ((ra)aer) to
the solution of (9). The a posteriori error bound presented in Theorem 12 is the main result of this article.

Let Y., (t) € RM1XxNa he the solution of the differential equation (9), i.e. Y., = AY,, forall t € [0, tena] With
initial value Y, (0) € RN >*-xNa  Let Y(t) € M = Ty M be the variational approximation defined by (10),
ie. Y = P(Y)AY. For simplicity, it is assumed that Y., (0) € M and that Y (0) = Y.,(0). (Otherwise, an
additional error term for the initial error has to be included in Theorem 12.) Moreover, let X (t) € M be the
best approximation of Y., () on M defined by

X(t) - Y. ()|p = min !
| X () Ol F ciin

for all ¢ € [0,%.,q4]. Since by definition and by the triangle inequality we have
1X(t) = Yeu (D)l < Y () = YealD)lp < IV (E) = X(O)[r + [ X (1) = Yeu (t)]|

it makes sense to prove a result which bounds the error ||Y(¢t) — X (¢)||F in terms of || X (¢) — Yeu(¢)||r. The
following assumptions are made for all ¢ € [0, ¢,,4]-

(A1) X(t) is continuously differentiable.
(A2) There is a constant p > 0 such that ||AYe,(t)||r < p, [[AX(t)||F < p and [JAY (2)||F < p.
(A3) There exist constants L, A > 0 such that the Lipschitz conditions
[AYeo (t) — AX (t)]|F < L [[Yea(t) — X(8)[I 7
and  (AY(t) — AX (1) , Y(t) = X(8)) < M [Y(1) = X ()|

are fulfilled.

23



Approximation in hierarchical Tucker format

(A4) The singular values of the matricizations of the best approximation are bounded from below by

Oy (X(N’NC)(t)) >p>0forall MV € T\ {No}.

(A5) The distance from the best approximation X (¢) to the exact solution Y, (t) is bounded by
1X(t) = Yeu()|r < (32T = 30)7" p.

Similar assumptions have been made in [6] where the approximation error of the non-hierarchical Tucker format
has been analyzed.

Theorem 12 (A posteriori error estimate). Under the above assumptions the difference between the variational
approximation and the best approximation is bounded by

t
Y (t) = X(®)llr < (L+2p5) / Yeu(s) = X (s)llp e®HPHNE) ds. (54)
0
as long as the right-hand side of (54) is bounded by % where 3 = (16|T| — 15)p~ L.
We remark that Theorem 12 can be extended to nonlinear differential equations in a straightforward way.

Proof of Theorem 12. Because of X (t) being the best approximation, the deviation Y, () — X (¢) is orthog-
onal to the tangent space Tx M,

differentiating yields

d
= = |PX() (Yeu(t) — X(2))

= (P'(X(1) - (Yeut) = X (1)) X(t) + P(X(t)) (Yeult) = X(1)).

0

With X (t) = P(X(t)) X(t) we obtain

X(t) = P(X(t) Yeu(t) + D(t) with D(t) = P'(X(t)) - (Yeu(t) — X (1)) X (2). (55)

Next, we derive an estimate for D(t). For an arbitrary tensor B € RN *-N¢ the bound (52) yields

I(P(X(0) - B) X0l = | § IPX(0) B

F
!
= lim = [|(P(X(t + h)) = P(X(1)) B|lp

IN

lim 261X (¢t 4+ 1) — X(0)lp 1Bl
= 5 ||X(t)||F ||B||F7
and for B := Y., (t) — X (t) this yields
ID®)lr < BIXO| 5 [1Yealt) = X Bl - (56)
In the following we let §(t) := ||Yer (t) — X (¢)|| and (2) := ||V (t) — X (¢)||F . Inserting (55) into (56) leads to
ID®Ile < 85(t) ([PX®) Yeald)]| - + 1D )-

With Assumption (A5), i.e. ||[6(t)]F < %, we obtain the estimate

ID@)e < 850 [ POXW) Yerlt)] + 3 1D
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and with Assumption (A2)
ID@)llr < 286(t) [|[P(X(1) Yeu )] p < 28 6(1) p.

Subtracting (55) from Y (t) = P(Y (t)) AY (t) gives
Y(t) = X(t) = P(Y(1)) AY (1) = P(X (1)) AYeu () — D(1)
= (P(Y(1)) - ( (1)) AX(t) + P(X (1)) (AX(t) — AYer (1)) (57)
(AY(¢) - *

Next, we want to find an estimate for the inner product (Y (t) — X(¢) , Y (t) — X(t)). For this purpose we
consider the single terms on the right hand side of (57) and, via Corollary 11, obtain the following estimates:

L ((PY()) - PX@) AX, YO - X)) < [(POY(®) = PX®)) AX W) Y (6) — X(@) e
< pIYE) - X( )||F | AX (t)]|F
< pBe(t),
2. (PX(1) (AX(D) ~ AVeul0) . Y() = X)) < AX () ~ A¥ee() ¢ [Y (1) — X (D)5
< LX) =Y 1Y () - XOr

L6(t) (),
3. (AY() - AX(1), Y() - X)) < AY() - X(0)F =22,

1 (PHY)(AY () = AX(D) , Y() - X(1) = (AV() = AX(t), PLY)(Y (1) — X (1))
JAY (£) = AX@)r [|PHY (0) (Y (5) = X))
(LAY )l + |AX Bl 7) 28]Y (1) = X @)}
4uBe(t),

5. (D), Y(t) =X () < [DO|r [IY(#) = X(O)llr <261 0(t) ().

With these inequalities, we obtain

IANIN A

e(t) () = [V () = X (D)l %IIY(t) - X(®)|r

1d

=3 %HY( ) — X (@)%

=(Y() - X(t), Y(t) - X(t))
< uBeX(t) + L 5(t) e(t) + Ae(t) 4+ 4uBe®(t) + 28 6(t) p e(t)

and hence
e(t) < (buf+ ) e(t)+ (L+2upB) 6(t).

Finally Gronwall’s inequality leads to the assertion

t
() < (L+2u8) [ 8(0) PN s
0
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