Max-Planck-Institut
fiir Mathematik

in den Naturwissenschaften
Leipzig

On Minimal Subspaces in Tensor
Representations

by

Antonio Falco, and Wolfgang Hackbusch

Preprint no.: 70

2010







On Minimal Subspaces in Tensor Representations

Antonio Falcé! and Wolfgang Hackbusch?
! Universidad CEU Cardenal Herrera,
San Bartolome 55, 46115 Alfara del Patriarca (Valencia), Spain
2 Max-Planck-Institut Mathematik in den Naturwissenschaften
Inselstr. 22, D-04103 Leipzig, Germany

Abstract

In this paper we introduce and develop the notion of minimal subspaces in the framework of algebraic
and topological tensor product spaces. This mathematical structure arises in a natural way in the study
of tensor representations. We use minimal subspaces to prove the existence of a best approximation,
for any element in a Banach tensor space, by means a tensor given in a typical representation format
(Tucker, hierarchical or tensor train). We show that this result holds in a tensor Banach space with
a norm stronger that the injective norm and in an intersection of finitely many Banach tensor spaces
satisfying some additional conditions. Examples by using topological tensor products of standard Sobolev
spaces are given.
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1 Introduction

Recently, there is an increased interest in numerical methods which make use of tensors. In particular, for
high spatial dimensions one must take care that the numerical cost (in time and storage) is linear in the
space dimension and does not increase exponentially. Even for three spatial dimensions, these methods can
be implied with great success.

A first family of applications using tensor decompositions concerns the extraction of information from
complex data. It has been used in many areas such as psychometrics [22, 5], chemometrics [2], analysis of
turbulent flows [3], image analysis and pattern recognition [24], data mining.... Another family of appli-
cations concerns the compression of complex data (for storage or transmission), also introduced in many
areas such as signal processing [15] or computer vision [26]. A survey of tensor decompositions in multilinear
algebra and an overview of possible applications can be found in the review paper [14]. In the above appli-
cations, the aim is to compress the best as possible the information or to extract a few modes representing
some features to be analysed. The use of tensor product approximation is also receiving a growing interest
in numerical analysis for the solution of problems defined in high-dimensional tensor spaces, such as PDEs
arising in stochastic calculus [1, 4, 9] (e.g., Fokker-Planck equation), stochastic parametric PDEs arising in
uncertainty quantification with spectral approaches [18, 8, 19], and quantum chemistry (cf., e.g., [25]).

Let d vector spaces V; be given (assume, e.g., that V; = R™ ). The generated tensor space is denoted by

V=, ®;l:1 V; . A typical representation format is the tensor subspace or Tucker format

d
u:Zai®bg), (1.1)
iel  j=1
where I = I1 x...x I is a multi-index set with I; = {1,...,7,;}, r; <dim(V}), bl(-j_) € V; (i; € I;) are (usually
orthonormal) basis vectors, and a; € R. Here, i; are the components of i = (i1,...,44). The data size is
determined by the numbers r; collected in the tuple r := (r1,...,7¢). The set of all tensors representable
by (1.1) with fixed r is

(1.2)

T = {v cV - there are subspaces U; C V; such that }

dlm(UJ) =Tj and v e U := a®?:1 Uj .



Here, it is important that the description (1.1) with the vectors bl(-j ) can be replaced by the generated subspace

U; = span{bgj) .4 € I;}. Note that 7 is neither a subspace of V nor a convex set.

The question about minimal subspaces arises naturally from (1.2): Given a tensor v € V, what are the
subspaces U; C V; with minimal dimension 7; such that v € ®;l:1 U;? In that case, v € 7, holds.

Another natural question is the approximation of some v € V by u € 7, for a fixed r: Find upest € 7y

such that ||v — upess|| equals
inf{[[lv—ul:ueT} (1.3)

for a suitable norm. In the finite dimensional case, compactness arguments show the existence of a best-
approximation. In this paper we discuss this question in the infinite dimensional case (i.e., dim(V}) = oo,
while still dim(U;) = r; < 00).

Here, one should note that tensors have properties which are unexpected compared with matrix theory.
For instance, one can define another tensor format (r-term or canonical format) as follows. Fix an integer
r € Ny and set

r d
R, = V:Z@uy):ug])erforlgigr

i=1 j=1

For d = 2, R, corresponds the matrices of rank < r. Asking for a solution of inf {||v —u|/: u € R, }, one
finds examples of v € V even for finite dimensional V, but d > 3, such that there is no minimiser upest € R
(ct. [6]).

There are other formats with even better properties than (1.2) (cf. [12], [20]), which are again related
to subspaces. In these cases, further subspaces like, e.g., U1a C Uy ® U, appear. The representation by the
hierarchical format from [12] allows all subspaces with dimension not exceeding a given bound. Also for
these formats, the results of this paper apply, e.g., they ensure the existence of best approximations.

The formats from [12] and, in particular, the approach in [20] using a linear tree correspond to the
so-called matrix product systems used in quantum chemistry (cf. [25]), provided that the underlying graph
structure is a tree. As soon as loops appear, the parameters of the representation cannot be described by
dimensions of certain subspaces and the results of this paper do not apply.

In the sequel, we define minimal subspaces U; min(v) for algebraic tensors v € 4 ®;l:1 V; (cf. Theorem

3.15) as well as for topological tensors v € | ®§.l:1 V; (cf. Definition 4.11). In Theorem 4.13 we show that
even for weakly convergent sequences v,, — v, the dimension of the limiting minimal subspace is bounded
by

dim Uj min(v) < liminf dim Uj min (V) forall 1 <j <d.

n—oo

-1,

Finally, we discuss the nature of the closed subspace | ®?:1 Uj min(V) . In the algebraic case, we

have by definition that v € , ®§.l:1 U, min(v) . This property seems not to be obvious for a general topological

tensor v € ®;l:l V; , but we give sufficient conditions for this property. In particular, it holds for Hilbert
tensor spaces.

The paper is organised as follows. The next section shortly recalls the properties of tensors which are nec-
essary for our conclusions. Furthermore, we recall well-known results from functional analysis. In Section 3,
we introduce the concept of minimal subspaces of an algebraic tensor and describe a characterisation. Next,
in Section 4, minimal subspaces are defined and characterised for Banach tensor spaces. Finally, Section 5
is devoted to the proof of the existence of best approximation tensors in 7, in a Banach tensor space.

2 Definitions and results about Banach spaces

In the following, X is a Banach space with norm ||-||. While X’ denotes the algebraic dual, X* is the dual
space of functionals with bounded dual norm ||| y.:

lellx- = sup {lp(@)| : x € X with [|z]|x <1} = sup {|p(2)]/[[]lx : 0 # 2 € X}. (2.1)
This implies that we recover the ||-|| y norm from the dual norm via
2] x = max{le(@)] : ollx. =1} = max{|p@)] / l¢]x. : 0 # ¢ € X*}. (2:2)



By L(X,Y) we denote the space of continuous linear mapping from X into Y. The corresponding operator
norm is written as ||-[|y_y . £(X,Y) is a subspace of the space L(X,Y’) of all linear mappings (without
topology).

Remark 2.1 Let {z, € X : 1 <v < n} be linearly independent. Then there are functionals ¢, € X* such
that ¢, (x,) = Oy, The functionals (p,),_, are called dual to (z,)!_, .

The following result is known as the Lemma of Auerbach and is proved, e.g., in Meise-Vogt [17, Lemma
10.5].

Lemma 2.2 For any n-dimensional subspace of a Banach space X, there exists a basis {x, : 1 <v <n}
and a corresponding dual basis {p, : 1 <v <n} C X* such that ||z,| = [|e.]|" =1 (1 <v <n).

Another statement about an n-dimensional subspace of a Banach space is proved, e.g., in DeVore-Lorentz
[7, Chapter 9, §7] or Meise-Vogt [17, Proposition 10.6].

Theorem 2.3 Let Y C X be a subspace of a Banach space X with dim(Y) < n. Then there ezists a
projection ® € L(X,X) onto Y such that

1@l xx < V.
The bound is sharp for general Banach spaces, but can be improved to ||®|| . <n/27VP for X = LP.

We recall that a sequence x,, € X is weakly convergent, if lim,,_, . ¢(x,) exists for all ¢ € X*. We say
that (), ey converges weakly to x € X, if lim p(z,) = @(z) for all ¢ € X*. In this case, we write x,, — x.
A well-known result is the following bound.

Lemma 2.4 If z, — z, then ||z| < liminf ||z,]| .

Lemma 2.5 Assume N € N and ng) — x(()lo) for 1 < i < N with linearly independent x((fo) € X. Then there

is an ng such that for all n > ng the N-tuples (:vgf) :1 <i < N) are linearly independent.

Proof. There are functionals ¢) € X* (1 < j < N) with 900')(;5&?) = 0;; (cf. Remark 2.1). Set

A, = det (09 @) ) -
PO implies gp(j)(ng)) — @) (:1:(()2)) Continuity of the determinant proves A, — Ay =
det((&ij)f.vjzl) = 1. Hence, there is an ng such that A, > 0 for all n > ng, proving linear independence of

{2 1<i< N n

Lemma 2.6 If X is a reflexive Banach space, any bounded sequence x, € X has a subsequence x,, con-
verging weakly to some x € X.

Definition 2.7 A subset M C X is called weakly closed, if z,, € M and x,, — x implies x € M.
Note that ‘weakly closed’ is stronger than ‘closed’, i.e., M weakly closed = M closed.

Theorem 2.8 Let (X, ||||) be a reflexive Banach space with a weakly closed subset § = M C X. Then the
following minimisation problem has a solution: For any x € X there exists v € M with

|z — v|| = min{||z — w|| : w € M}.

Proof. Choose any sequence w, € M with ||z — wy|| \, inf{[|z —w]|| : w € M}. Since (wy), ¢y is a bounded
sequence in X, Lemma 2.6 ensures the existence of a subsequence w,, — v € X. v belongs to M because
wyp, € M and M is weakly closed. Since also x—w,,, — z—v, Lemma 2.4 shows ||z — v|| < liminf |z — wy,, || <
inf{||lx —wl|| : w € M}. |



3 Minimal subspaces in an algebraic tensor space

3.1 Algebraic tensor spaces
3.1.1 Definitions and elementary facts

Concerning the definition of the algebraic tensor space , ®?:1 V; generated from vector spaces V; (1 < j < d),
we refer to Greub [10]. As underlying field we choose R, but the results hold also for C. The suffix ‘a’ in

a ®;l:1 V; refers to the ‘algebraic’ nature. By definition, all elements of

are finite linear combinations of elementary tensors v = ®;l:l v; (v; € V;). In §4, we shall discuss the
. . d
Banach tensor space obtained as completion of o Q);_, V;.

Consider a tensor product V = a®?:1 V; of vectors spaces and a fixed tensor v € V. Among the
subspaces U; C V; with

d
veU:=,QU; (3.1)
j=1

we are looking for the smallest ones. We have to show that a minimal subspace U; exists and that these
minimal subspaces can be obtained simultaneously in (3.1) for all 1 < j < d. We approach the problem in
§3.2.1 for the matrix case d = 2. In §4.1 we replace the tensor product of vector spaces by a tensor product
of Banach spaces. The interesting question is how these minimal subspaces behave as a function of v.

An obvious advantage of the formulation (3.1) is the fact that the U; are of finite dimension even if
dim(Vj) = oo, as stated below.

Lemma 3.1 Forv e , ®;1:1 V; there are always finite dimensional subspaces U; C V; satisfying (3.1).

Proof. By definition of the algebraic tensor space, v &€ a®?:1 V; means that there is a finite linear

combination
n d
_ (v)
v=> Qv
v=1 j=1
for some n € Ny and vgu) € Vj. Define

Uj; = span{vj(-y) :1<v<n} for1 <j<d.

Then v e U:=, ®?:1 U, proves (3.1) with subspaces of dimension dim(U;) < n. ]

The following well-known result is formulated for d = 2.

Lemma 3.2 For any tensor v € V ®, W there is an r € Ny and a representation

T

=Y neu (3.2)

i=1
with linearly independent vectors {v; : 1 <i<r} CV and {w; : 1 <i<r}CW.

Proof. Take any representation v =3 " v; w;. If, e.g., the {v; : 1 <4 < n} are not linearly independent,
n—1
1=

one v; can be expressed by the others. Without loss of generality assume v, = > .| a;v;. Then

n—1 n—1
Uy, @ Wy, = (Z aivi> Q wy, = Z v; @ (awy,)
i=1 i=1



shows that x possesses a representation with only n — 1 terms:

n—1 n—1
v = E Vi @w; | +vp @ wy = E v; ® W) with  w} = w; + cwy,.
i=1 i=1
Since each reduction step decreases the number of terms by one, this process terminates, i.e., we obtain a

representation with linearly independent v; and w;. [

In accordance with the usual matrix rank we introduce the following definition.

Definition 3.3 The number r appearing in Lemma 3.2 will be called the rank of the tensor v and denoted
by rank (v).

The following notation and definitions will be useful. We recall that L(V, W) is the space of linear maps
from V into W, while V' = L(V,R) is the algebraic dual. For metric spaces, L(V, W) denotes the continuous
linear maps, while V* is the topological dual.

Let 7 := {1,...,d} be the index set of the ‘spatial directions’. In the sequel, the index sets Z\{j} will
appear. Here, we use the abbreviations

Vi = a®Vk , where ® means ® , (3.3a)

k#j k#j keT\{j}
ViK'= a ® Vs, where ® means ® . (3.3b)
s#j.k s#j,k sEZ\{j,k}

Similarly, elementary tensors &), j v) are denoted by Vij]-
For vector spaces V; and W; over R, let linear mappings A, : V; — W; (1 < j < d) be given. Then the
definition of the elementary tensor

d d d
A=QA4;: V=0QV, — W=, W,
j=1 j=1 j=1

is given by
d

A év(j) = ® (Ajv(j)> . (3.4)
j=1

j=1
Note that (3.4) extends uniquely to a linear mapping A : V. — W.

Remark 3.4 (a) Let V := a®?:1 Vi and W := a®?:1 W;. Then the linear combinations of tensor
products of linear mappings A = ®;—l:1 A; defined by means of (8.4) form a subspace of L(V,W):

o) L(V;, W;) € LIV, W).

j=1

(b) The special case of W; =R for all j (implying W = R) reads as a®?:1 Vicv.
(c) If dim(V;) < oo and dim(W;) < oo for all j, the inclusion ‘C’in (a) and (b) may be replaced by =".

Often, mappings A = ®?:1 A; will appear, where most of the Aj are the identity (and therefore
Vie =Wy). If A; € L(V;,W;) for one j, we use the following notation:

idjj@A4;:=id®.. QidA;Rid®...®id € L(V, V) @, Wj), (3.5a)
j—1 factors d—j factors

provided that it is obvious what component j is meant. By the multiplication rule (®§l:l Aj) o (®§l:l Bj) =
®;l:1 (A; o B;) and since ido A; = A; o id, the following identity holds for j # k:
id®...®id®Aj RIAR ... QIdR A, RIdR® ... id

= (id[j] ® Aj)o (id[k] ® Ag) (3.5b)
= (id[k] & Ak) o (id[j] & Aj)



(in the first line we assume j < k). Note that the meaning of id}; and idj) may differ: in the second line

of (3.5b), (id[k] ®Ak) € L(V,V[k] ®aWk) and (id[j] ®Aj) €L (V[k] Qq Wkav[j,k] Ra W ®q Wk) (Cf. (3.3b)),

whereas in the third one (id[;;®A;) € L(V, V[;;®,W;) and (idj®Ax) € L (V] ®a W, Vi @a Wi @ W) .
Proceeding inductively with this argument over all indices, we obtain

A=QA; = (idy @A) oo (idjg ® Aq).

If W; =R, ie, if Aj = ¢; € V] is a linear form, then id ® ¢; € L(V,V|;)) is used as symbol for
d®...01dQ¢; ®id® ...Q id defined by

(idp; ® ¢5) <® vs> = 0j(v;) - QR vk (3.5¢)

k#j

Thus, if ¢ = ®9_,p; € ®;l:1 V/, we can also write
p = ®§l:1g0j = (id[l] ®p1)o---0 (id[d] ® ©d)- (3.5d)

Consider again the splitting of V. = ®;l:1 V; into V = V; ®, V; with Vj; := 4 ®k¢j Vi.. For a linear
form ;) € ij], the notation id; ® ¢; € L(V,V;) is used for the mapping

d
(id; @ ¢y;)) <®v(k)> =y | Qv | 0¥, (3-5¢)

k=1 ktj

If o) = Qprzj Pk € o @y Vi Is an elementary tensor, ¢ (@Zzl ’U(k)) = ), ¢; (vx) holds in (3.5e).
Finally, we can write (3.5d) as

p= ®?:190j = ;o (id; ® Lp[j]) (3.5f)
for1 <j<d.

3.1.2 Matricisation
Definition 3.5 For j € T ={1,...,d}, the map M is defined as the isomorphism

Mi: aQupi Ve —  Vi®aV,
®k;£j Vg = v Q@ V| with vy = ®k;ﬁj V-

In the finite dimensional case of V;, = R™*, the tensor space V; ®q T of order 2 may be considered as
a matrix from R"™ %", where ny) = Hk;é] ng. Then, M; maps a tensor entry vi, . 4 ..., into the matrix
entry (M; (V))ij,(il,...,ij,l,ijﬂ,...,zd) As long as we do not consider matrix properties which depend on the
ordering of the index set, we need not introduce an ordering of the (d — 1)-tuple (i1,...,%j-1,%41,...,%d)-

Example 3.6 Consider a tensor v.= Z?:l 25:1 22:1 aijpv; @ w; @ vy, € R3@R? @ R3, where {v1,v2,v3}
is a basis of R® and {wi,wa} a basis of R%. Then Ma(v; @ w; @v) = wj @ (v; @ vg,) € R? @ R, The
lexicographical ordering of (i,k) leads to the matriz

./\/lz(v)* aii11 Aa211 4asi1 Aaii2 Aaz12 asi2 aii3 a213 asis
G121 (G221 (G321 ai22 222 G322 G123 G223 (4323

Next, we restrict the considerations to finite dimensional V. Since tensor products of two vectors can
be interpreted as matrices, the mapping M; is named ‘matricisation’ (or ‘unfolding’). The interpretation of
tensors v as matrices enables us to transfer the matrix terminology to v. In particular, we may define the
rank of M;(v) as a property of v.



Definition 3.7 Let dim(Vy) < oo (k € Z). For all j € T we define
rank;(v) := rank(M;(v)). (3.6)

Hitchcock [13, p.170] (1927) introduced rank;(v) as ‘the rank on the j'" index’. For infinite dimensional
vector spaces Vj, the generalisation is given by rank,;(v) := dim Uj min(v), where the minimal subspaces
Uj min(v) will be defined in §3.

The next result extends Lemma 3.2.

Lemma 3.8 Assume that v € a@?lej with rank (v) = r and v = > _| ®;l:1 ’UJ(-V). Then for each
1 <5 <d, the elementary tensors

v[(ﬁ) ::®v,(cv)€a®V;C 1<v<r)
k#j k#j

are linearly independent in ®k7§j Vi .

Proof. Consider, without loss of generality, the case j = 1. If the tensors {V[(i,]) : 1 < v < r} are linearly

dependent, we also may assume, without loss of generality, that v[(lr]) may be expressed as V[(lT]) = EZ: ﬁ,,v[(f]).

Then

r—1
v = ngy) ® v[(f]) +o{"® v[(f]) = Z (’UY/) + ﬁuvy)) ® v[(f])
v=1 v=1

implies that rank (v) < r in contradiction to the minimality of r. ]

3.2 Minimal subspaces

3.2.1 Cased=2

The matrix case d = 2 will serve as start of an induction. To ensure the existence of minimal subspaces
Uy, Us with v € U; ® Us, we need a lattice structure, which is subject of the next lemma.

Lemma 3.9 Assume that X; and Y; are subspaces of V; for i = 1,2. Then
(X1 ®q X2) N (Y1 ®a Y2) = (X1NY1) Qg (X2NY2).

Proof. Tt is clear that (X1 NY1)®, (X2 NYa) C (X1®,X2)N (Y1 ®,Y32). It remains to show that v € X1 ®, X»
and v € Y] ®, Y2 imply that v € (X1 NY7) ®, (X2 NYa). By assumption, v has the two representations

V= ngy) ® xé’j) = ZyY’) ® yéy) with ,Tl(-y) € X, yiy) €Y.
v=1 v=1

Thanks to Lemma 3.2, we may assume that {z{"}, {z{")}, {y\"’}, {y{"'} are linearly independent. The dual
basis féy) € Xy of {xéy)} satisfies {éy) (xgﬂ)) = 0,y (cf. Remark 2.1). Application of id; ® é“) to the first
representation yields (idy ® £”))(v) = z{*), while the second representation leads to 31, &2 (y$) .
The resulting equation xi“) =3, 55“) (yéy)) y%y) shows that xgy) € Y. Using the dual basis 5;“) of {xgy)}
and applying §§“) ®idy to v proves ,ng) €Y. Hence xgy) € X;NY; is shown, i.e., ve (X1 NY)®, (X2NYa).
[

Definition 3.10 For a tensor v € Vi ®, Va, the minimal subspaces are denoted by Uy min(v) and Uz min(V)
defined by the property that v € Uy ®, Uz implies Uy min(v) C Ur and Uz min(v) C Usa, while v € Ut min(V) Qq
U27min(v).



For each v, we introduce the family F(v) as set of pairs (U, Us) of subspaces with the property
veU; ®, U CVi®,Va. By Lemma 3.9, we can write

N U1®aU2_< N U1>®a< N UQ).

(Ul,Uz)EJ:(V) (Ul,Uz)EJ:(V) (U1,U2)€.7:(V)

Ul,min(v) U2,min(v)

Hereby, existence and uniqueness of minimal subspaces Uj min(V) is guaranteed.

Lemma 3.11 Assume that v =73 _, U§U) ® wéy) with linearly independent {vy) 1 <v<r} and {wéy) :
1 < v <r}. Then theses vectors span the minimal spaces:

Ul min(V) = span {vgy) 1<v < T} and Uz min(Vv) = span {wgy) 1<v < T} .
In particular, both spaces have equal dimension: dim(Uy min(v)) = dim(Uz min(V)) = 7

Proof. Apply the proof of Lemma 3.9 to X; = span{véy) 1< <r} X = span{wéy) :1<v<r}and
Y; = Ujmin(v). It shows that X; C Uj min(v). Since a strict inclusion is excluded, X; = Uj min(v) proves
the assertion. [ |

Proposition 3.12 Let v € V1 ®, V2. Then the minimal subspaces Ut min(V) and Uz min(V) are characterised
by

Ulﬁmin(v) = {(Zdl & (/72) (V) 2] S VQ/}, (37&)
Uz,min(V) = {(p1 @ id2) (v) : p1 € V{}. (3.7b)

r
v= 1

Proof. We use the characterisation from Lemma 3.11, v = > (V) ® wé ) with linearly independent

{’Uiy) :1<v<r}and {wéy) :1 <wv <r} spanning the minimal subspaces. Then for each @2 € V5 we have
(id1 ® p2)( Z p2(wi" Yo" € Ut min(v).

From the proof of Lemma 3.9, there are mappings (id; ® ¢2) yielding vlﬂ) for any 1 < p < r; thus,
{(id1 ® p2) (v) : 02 € V3} = Ut min(V).

Analogously, {(p1 ®id2) (V) : 1 € V]'} = Uz min(v) is shown, proving (3.7a) and (3.7b). [

For Vi = R™ and V5 = R™2, when V; ®, V3 is isomorphic to matrices from R™*"2_definition (3.7a) may
be interpreted as Uy min(v) = Col M1 (v) = span{M;(v)x : x € Vo} (M1(v) is the matrix corresponding to
v, cf. Definition 3.5). Similarly, (3.7b) becomes U min(v) = Col M1 (v)T = Col Ma(v).

Corollary 3.13 The following statements hold.

(a) Once Uy min(v) and Uz min(v) are given, one may select any basis {v(”) 21 <v<r} of Umin(Vv) (re-

spectively, {w® 11 <v <7} of Upmin(V)) and finds a representation (3.2) with these v") (respectively,

w®)) and some other basis of Uspomin(V) (respectively, Uy min(V)). Otherwise, if {v®) : 1 < v < r}

is a basis of a subspace U; 2 2 Ui min(V) (respectively, {w(” 1<v<r}of U2 U2 min(V)), @
representation (3.2) still exists, but the v®) (respectively, w ”)) are linearly dependent

(b) If we fir a basis {w") : 1 < v <1} of a subspace Uy C Va, there are mappings {o™) : 1 <v <r} C U}
such that (id; ® o)) (W) € Uy min(W) and

w = Z(idl ® ) (w) @ w®) for all w € Vi ®, Us.
v=1



Proof. For statement (a) consider the representation of v by (3.2) with bases {v; }I_; and {w;}!_;. Applying
a basis transformation {v;}I_; — {&;}/_,, we obtain v =", % ® w; with another basis {w;}!_;.
To prove (b) take a basis {gaéy) 1 < v < r} oof Uj dual to {wgy) 1 < v < r} and set

{idy ® cpg') :1<v<r}Cc L(V1 ®, Uz, V7). By statement (a), any w € V; ® Uy has a representation
given by w=3>""_, v%”) ® wé“), here {vg”) :1 <wv <r}is a basis of Uy min(W). Then

(Zd1®<%7 Z<Pu U 25 (“)*v

holds, proving the assertion. ]

3.2.2 Definition in the general case

In the following, we assume that d > 3, and generalise some of the features of tensors of second order.
By Lemma 3.1, we may assume v € U := ®?:1 U; with finite dimensional subspaces U; C V. The
lattice structure from Lemma 3.9 generalises to higher order.

Lemma 3.14 Assume that X; and Y; are subspaces of V; fori=1,...,d. Then the identity

d d
QXN ®Y =. Q) (X;nY;)
j=1 j=1
holds.

Proof. For the start of the induction at d = 2 use Lemma 3.9. Assume that the assertion holds for d — 1 and
write o ®1_; X; as X1 @, X[y with X[y := o @7_, X; . Similarly, use o ®¢_, ¥; =1 @, ¥};). Lemma 3.9
states that v € (X1 NY1) ®, (X[l] N Y[l]) . By induction hypothesis, XN Yy = 4 ®?:2 (X;NY;) is valid,
proving the assertion. [ |
Again, the minimal subspaces U; min(V) are given by the intersection of all U; satisfying v € 4 ®;l:1 U
The algebraic characterisation of U; min (V) is similar as for d = 2. To this end, we introduce the following
two subspaces (recall (3.5¢)):

Ujl(v) = {(zdk ® @) (V) 1 @) € ®k# s }, (3.8a)
Ujt(v) = {(zd @) V) : ey € (a@k# Vk)/} (3.8b)

In the case of a normed space V;, we may consider the subspace
UjIII(v) = {(zd e (V) ey € ®k;ﬁ i } . (3.8¢)

Finally, if V[; = 4 ®k# Vi is a normed space for each 1 < j < d, we can define

UIV( ) {(’Ld ®‘p[]])( ) : 90[]] S (a ®k7§] Vk) } (38d)
Note that, in general, the four spaces 4 ®k¢j Vi, (a®k7£j Vi), a ®k¢j Vi, (a®k7€j Vi)* may differ.

Theorem 3.15 For any v € V = , ®;1:1 Vj , there exist minimal subspaces Ujmin(v) (1 < j <d), whose
algebraic characterisation is given by

Ujmin(V) = UJ»I(V) = UjH(v).
Furthermore, if V; and V[j] =g ®k7§j Vi are normed spaces for 1 < j < d, then
Ujmin(Vv) = Uj](v) = UJ-II(V) = UJ-III(V) = UJ-IV(V).

Moreover, v € , ®;l:1 Ujmin(v) and dim(Uj min(v)) = rank,;(v) holds with rank; from (3.6).



Proof. Since the mappings id; ® ¢;; are applied to v € U:= , ® Uj,min(V), only the restrictions ¢; to

@ ®k7§] Uk min(v)" and (g, ®k7ﬁ] Uk min(V))’ are of interest. Since the subspace Uk min(v), for all k, has finite

dimension, Remark 3.4c states that o @; Uk,min(Vv)" = (a®)}; Ujmin(v))". This proves Ujl (v) = UJ-II(V).
. . . d

Clearly, Ufll(v) C U{(V). Now, let u; (1 < i < N) be a basis of U/ (v). Since v € a @1 Ujmin(V)

there are cp&) = Qi) gpgj) with gagcl) € Uk.min(V)" = Uk min(v)* (note that the minimal subspaces are finite

dimensional) and u; = cpfj]) (v). By the Hahn-Banach Theorem, the algebraic functionals gpé) can be extended

to Vi such that <p(z € V;¥. This proves Ujl (v) C UjI I(v) and, in consequence, equality holds.
Next, we show that U/’(v) = U/ (v). The inclusion (e@psj V)" C (a@p; Vi)' implies UfViv) c

UfT(v). Consider v; := (id; @ p(;)(v) € U (v) for some ;) € (a®k¢j Vi)'. Since v € a®j:1 Ujmin(V) ,
we may restrict ;) to ¢ ]] € (4 ®k# U mm( ))'. Since 4 ®k# %,min (V) is a finite dimensional subspace of
the normed space , ®k7& %, by the Hahn-Banach Theorem, the algebraic functional ¢ can be extended

t0 o @j; Vi such that B7 € (u@y; Vi)*, and by v; = (id; @ B[;})(v) € UV (v) the opposite inclusion

Ulf(v) c UJIV( v) follows.
To prove that these space coincide with Uj min(V), we apply the matricisation from §3.1.2. The isomor-

phism M from Definition 3.5 maps 4 ®Z:1 Vi into Vj ®4 V}; (cf. (3.3a)). Proposition 3.12 states that
Ujmin(Vv) = Uj”(v) is the minimal subspace. So far, we have proved v € Ujmin(V) Qq V- Thanks to

Lemma 3.14, the intersection over all 1 < j < d yields v € , ®;l:l Uj min(V). n

Remark 3.16 While for d = 2, dim (Ui min(v)) = dim(Uz min(V)) holds, the dimensions of Uj min(V) may
be different for d > 3.

Since Uj min(V) is a subspace of V; generated by elementary tensors from

a®Vé =span{(p1 ® - @ ;1 @ P11 @~ ®pa) : pr € Vi, k# 5}
k£

for 1 < j < d, we can write

Ujmin(v) = span{(p1 ® -+ ® pj—1 ®id; ® pj11 ® - ® a)(v) : o € Vi, k # j},
and, if V}, is a normed space for 1 < k < d, also as

Ujmin(v) = span{(p1 ® - - @ @1 Q@ id; @ pj1 @ @ wa)(v) : o € V', k # j}

for1 <j<d.

3.2.3 Hierarchies of minimal subspaces

We have introduced the minimal subspace Uj min(v) C V; for a singleton {j} C Z = {1,2,...,d}. Instead we
may consider general disjoint and non-empty subsets of Z. For instance, let v € , Q) ieg Vi =Vn @V Vg,
where J; = {1,2}, J2 = {3,4}, and J5 = {5,6,7}. Then we can conclude that there are minimal subspaces
Uz, min(v) for j = 1,2,3, such that

3
VE, ® Ujj,min(v)
j=1

The relation between Uj min(v) and Uz, min(v) is as follows.

Proposition 3.17 Let v e V = ;&
Ujmin(V) for j € J are related by

ez Vi and O # J C Z. Then the minimal subspaces Uy min(Vv) and

UJ mm ® U; 7mm . (39)
JjeT
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Proof. We know that v € U = a®gez Ujmin(v) . We may write U = Uy ®, Uge, where J°=7Z\J
and Ux = a®]6,< Ujmin(v) for any subset £ C Z. Thus, Uy min(v) must be contained in Uy =

a®jej ijmin(v) . ]
An obviously generalisation of the previous results is given below.

Corollary 3.18 LetveV =, ®J€I V; . Assume that § # J; C T are pairwise disjoint for j =1,2,.
The minimal subspace for J := U]: J; satisfies

UJ mm ® U.Z,mm . (310)

The algebraic characterisation of Ug min(V) is analogous to that given in Theorem 3.15. Formulae (3.8a,b)
become

Uy min (V) = {(Zdj@(,o IM e, ea® j} (3.11)
:{(idy®¢jc)(V):sojc€(a®j€jc‘/j)l},

where (idgy @ e, .) (®4 ®?_jv;) = (gojc (®jegev;)) @reg vi. The analogues of (3.8¢,d) apply as soon as norms

are defined on V and’ 0 Qjcre Vi

4 Minimal subspaces in a Banach tensor space

In this section we assume the existence of a norm, namely ||-||, defined on a tensor space V. More precisely,
we introduce the following class of Banach spaces.

Definition 4.1 We say that V.| is a Banach tensor space if there exists an algebraic tensor space V and
a norm ||| on V such that V. is the completion of V with respect a given norm |-, i.e.,

— I

Vi = - ||®V = a® Y

If V). is a Hilbert space, we will say that V.| is a Hilbert tensor space.
Next, we give some examples of Banach and Hilbert tensor spaces.

Example 4.2 For I; CR (1< j <d) and 1 < p < oo, the Sobolev space HY"P(I;) consists of all function
f from LP(I;) with bounded norm !

£, = §j/

whereas the space HN=p(I) of d-variate functions on I =11 x Iy x ... x Iy C R? is endowed with the norm

lyy=( 3 /ﬁW|ﬂm ” (4.1b)

0<|n|<N

1/
p, (4.1a)

d:c”

with n € N¢ being a multi-index of length |n| := Zj L\ nj. It is well-known that HN?(I;) and HN?(I) are

reflezive and separable Banach spaces. Moreover, for p = 2, the Sobolev spaces HY (I;) := HN:2(I;) and
HN(T) := HN2(I) are Hilbert spaces. As a first ezample,

d
HNP() = 1y QHNP(I))
j=1

Tt suffices to have in (4.1a) the terms for n = 0 and n = N. The derivatives are to be understood as weak derivatives.

11



is a Banach tensor space. Fxamples of Hilbert tensor spaces are
d d
LM =y, QL) and HY@) =y, QHY(I;) for N €N.
j=1 =1

We recall that for the set of norms over a given vector space V, we can define a partial ordering ||-||; < |||l
(in words: [|-||; weaker than |-||,), if there exists a constant C' such that ||v||; < Clv||2 for all v € V.
Given a vector space V, its completion with respect to a norm ||-|| yields a Banach space which we denote

SvdlAl . .
by Vi :== V" . Note that ||-[|; < ||, implies that Vj. . C Vj,.

4.1 Tensor product of Banach spaces

Let [|-[|;, 1 < j < d, be the norms of the vector spaces V; appearing in V = , ®§.l:1 V; . By ||| we denote
the norm on the tensor space V. Note that ||-[| is not determined by ||-[|;, but there are relations which are
‘reasonable’.

Any norm ||-|| on a®(j:1 V; satisfying

d , d , ,
H@_ v | = H}_ o] for all v € V; (1 <j <d) (4.2)
j=1 =1
is called a crossnorm. As usual, the dual norm to ||-|| is denoted by ||-||". If ||-|| is a crossnorm and also ||-||*
is a crossnorm on ®;l:l Vi, ie,
t ol @ forallg@evy (1<j<d 4.3
Qe =1L_ Ie?l;  foral? evy (1<j<ad), (4.3)

[I]| is called a reasonable crossnorm.

Remark 4.3 Eq. (4.2) implies the inequality || ®§.l:1 v < H;l:l v ||; which is equivalent to the conti-
nuity of the tensor product mapping

d d
Q: X (ViilHlly) — [ « @ Vi (1.4)
j=1 j=1

given by @ ((v1,...,v4)) = @4, v;.
By standard arguments, continuity of the tensor product implies the following result.

Lemma 4.4 Let Vjo be dense in Banach spaces (Vj,||-||;) for 1 < j < d. Assume (4.4) to be continuous for
——l
some norm ||-|| defined on 'V =, ®?:1 V. Then , ®?:1 Vio is dense in 'V, so that , ®?:1 Vio =V

Example 4.5 It is well-known that the norm |[-||, , is a reasonable crossnorm on ®;l:1 L3(I;), whereas
II|| v o for N > 1 not is a reasonable crossnorm on a®?:1 HN(I;) (cf. Ezample 4.2).

Note that any functional ¢ = ®;-l:1gpj € a ®;l:l V' is also a linear map , ®;l:l V; — R, which is defined
for elementary tensors by

d d
Qs | (@1v)) = [ @i(v)).
j=1 j=1

Thus, 4 ®;l:l Vi C(a ®;l:l V;)', because continuity is not ensured. If ||-|| is a reasonable crossnorm, then
by (4.3) the map

d d
®: X (VilH) — | @Vl
j=1 =1

. . d 1 d «
is also continuous. In consequence, , @;_; V;" C (« @)=, Vj)"
Grothendieck [11] named the following norm ||-||,, the injective norm.

12



Definition 4.6 Let V; be a Banach spaces with norm ||-||, for 1 < i < d. Then for v.e V = a®?:1 Vi
define ||, by

- [(P1®p2®...8 ¢a) (V)|
IVl = sup SEuL
Hj:l ||90jHj

It can be shown that the injective norm is a reasonable crossnorm. Further properties are given by the
next proposition.

10#%0j€‘/j*,1§j§d}- (4.5)

Proposition 4.7 The following statements hold.

(a) The injective norm is the weakest reasonable crossnorm on V, i.e., if ||| is a reasonable crossnorm
over V, then |||, S|l -

(b) For any norm ||-|| on 'V satisfying ||-||, < |||, the inclusion 4 ®§.l:1 Vi C (a®?:1 V;)* holds.

Proof. Statement (a) is a classical result (cf. [16]). To prove (b), we use that [-||, < ||| implies that
15 = [I-I” (see again [16]). Then

I @il < Cl @iy el (w5 €Vy,1<j<d)

for some C' > 0 and the proof ends using that ||-]|{, is also a crossnorm. |

4.2 Minimal subspaces in a Banach tensor space

Let V be a tensor product of Banach spaces (V;, ||||;) for 1 <4 < d. Then, considering the injective norm
on Vy; for 1 < j <d, for each v € V, we conclude from Theorem 3.15 that?

Ujnin(v) = Uj (v) = U (v) = U (v) = U]V (v)
(cf. (3.8a-d)). Assume that there exists a norm ||-|| on V satisfying

-z -l (4.6)

(cf. Proposition 4.7a). This assumption ensures that the Banach tensor space V| is always a Banach
subspace of the Banach tensor space V| . This fact allows to extend the definition of minimal subspaces
to a Banach tensor space V. with a norm |[|-|| satisfying (4.6). To this end, the following lemma will be
useful.

Lemma 4.8 For 1 <i < d, let (V;,|[|;) be a Banach space. For fived j € {1,...,d} and a given pp;) =
®k7§j Yk € a ®k7§j Vi, the map id; @ ;) belongs not only to L(V,V;) but also to L(V,V}), i.e., id; ® 7
is continuous on (V,|-||,). Hence, there exists a unique extension id; @ ;) € LIV ,V;). Moreover,
id; @ pp; € L (V|1.1,V;) holds for any norm ||-|| on 'V satisfying (4.6) with the operator norm

[ Een, = s |@Eemm)| <cTI,, e (4.7)

ViV vi=t
where the constant C is determined by the estimate in (4.6).

Proof. Let @; € V" and use p; o (id; @ @) = ®Z:1 vk (cf. (3.5f)). Hence, continuity follows from

(5 0 (id; @ ) (V)]

<( *)v
< (IT,,., leelic) Ivl

(4

(id; @ ) (V)|

= max
3 (2:2) pieVy, llesll5=1

d

el (®k—1 %) )
< (I, lecli) Iv1-

2We recall that the definition of U;V(v) requires the definition of a norm on V{;. The following arguments will be based
on U JI T (v).
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The last inequality holds for any norm on V satisfying ||-|| > (1/C)|-||, and proves (4.7). The statement
about the extension id; ® ;) is standard. ]

An immediate consequence of Lemma 4.8 and Theorem 3.15 is the following.

Corollary 4.9 For1 <i<d, let (V;,|]-||;) be a Banach space and assume that ||-|| is a norm on 'V satisfying
(4.6). Then for each algebraic tensor v € V the representation

Usin) ={ (T 501) () 01 € QWi |

k#j

holds for 1 < j < d. Moreover, we can write

Ujmin(v) =span{(p1 @ -+ ® ;-1 Qid; ® pj41 @ ®@pq)(v) : o € Vi, k#j}.

For the hierarchical format from [12] we need to extend the results to a minimal subspace in the tensor
space V7 := Q,.cs Vi, where J C {1,...,d} contains more than one index. Then the splitting V; @ V;
from above becomes V7 @ Ve, where Vze := @cqq, ap 7 Ve- The definition of, e.g., Uj](v) in (3.8a)
becomes

I - ; . /
Ul (v) = {(zdy@gojc)(v) D Qe € a®kejvk} CcVy
involving the identity idy € L(V 7,V 7).

Remark 4.10 By analogous arguments as above, we can show
UL (v) =0 (v) = {(idj Q@ )(V): @ge € a®kej Vi } .

In particular, id7 @ p 7. € LIV ,V7) C L (V”.”,Vj) holds.

4.3 Minimal closed subspaces in a Banach tensor space
4.3.1 Definitions

So far, Ujmin(v) has been defined for algebraic tensors only. Because of id; ® ey € L (VH,”,VJ—) , We can
extend the definition of Uj yin(v) in Corollary 4.9 even to topological tensors v € V| \ 'V as follows.

Definition 4.11 For a given Banach tensor space V. with a norm ||-|| satisfying (4.6) we define the set

Usin) = { (5 03) () 15 € o @V }

k#j
Jor each v € V| and 1 < j <d.

Observe that (id; ® <p[j])(v) is well-defined, because id; ® ;) is continuous and coincides with the
standard definition when v € V. Thus, for each v € V|, we can define its ‘minimal subspace’ by

UWV) = o Q) Ujmin(v) - (4.82)

j=1

If we take into account the topological properties of V|||, we may consider its closure with respect the norm

Il
d d
U(v) = ®Uj.,min(V)“'”j = I ®Uj,min(V) - (4.8b)

The second identity is a consequence of Lemma 4.4. If v € V| the set U min(v) is a finite dimensional

subspace in V; and therefore closed, i.e., m”'”j

subspace Uj min(v) may be not closed.
Before we discuss the Banach subspace Uy (v) in §4.3.3, we first analyse the properties of the subspace
Ujmin(V)-

= Ujmin(v). In the general case of v € V|, the

14



4.3.2 Dependence of U ,in(v) on v

The properties of the maps id; ® ;) involved in the definition of Uj min(v) are discussed in Lemma 4.12.
As a consequence, we shall establish our main result in Theorem 4.13 about the dimensions of Uj min(Vy)
and Uj min(v) for a weakly convergent sequence v,, — v.

Lemma 4.12 Assume that the norm of the Banach tensor space V.| satisfies (4.6). Let ¢p;) € o ®k7§j Vi
and v, v € V| with v, = v. Then weak convergence (id; @ ¢(;)(vn) — (id; @ ¢;))(v) holds in V;.

Proof. Let Pl = Ok#jPk € a ®k# V¥ be an elementary tensor. We have to show that
@i |@d; B o) (va)| = o5 [ B e (v)]

holds for all ¢; € V. By Lemma 4.8, id; @ ¢y
;o (id; ® cp[j]) : V|| — R is a continuous functional belonging to Vﬁ_”, and hence v,, — v implies

: V)i — Vj is continuous. Therefore, the composition

(¢i 0 @@ o) (va) = (50 (& @ op)) (V).

This proves the lemma for an elementary tensor ;. The result extends immediately to finite linear combi-

Theorem 4.13 Assume that the norm of the Banach tensor space V. satisfies (4.6). Let v, € V| be a
sequence with v, — v € V. Then?

dim Uj,min(v)”'”j = dim U min(v) < liminf dim Uj min(ve)  for all 1 <j <d.

n—oo
Proof. Since Uj min(v) is dense in Uj,min(v)”'”j, the dimensions are identical in the sense of Footnote
3. We can select a subsequence (again denoted by v,,) such that dim Uj in(vy,) is weakly increasing. If
dim U; min(vn) — oo holds, nothing is to be proved. Therefore, assume that lim dim U; min(vs) = N < oco.
For an indirect proof assume that dim U min(v) > N. Then, there are N + 1 linearly independent vectors

b = (idj ® gogi])) (v)  with gl €, X, Vi for1<i< N+

By Lemma 4.12, the sequence b = (id; ® <p&))(vn) — b converges weakly. By Lemma 2.5, for large

enough n, also {be’ :1 <4 < N+1} is linearly independent. Because of b = (id; ® <p8]))(vn) € Ujmin(Vn),
this contradicts dim Uj min(vn) < N. [

For the hierarchical format from [12], id; ® ¢; has to be replaced by idy @ ¢ . (cf. Corollary 3.18 and
Remark 4.10). Similar lines as above show the following generalisations:

vp=vinV = (idy® QOJC)(VH) = (idy ® QDJC)(V) in ||.||V® (4.9a)

V.
jeg P

dm Ty o) ™ < liminf dim Uy pin(ve)  forall 0 £ 7 C {1,...,d). (4.9b)

n—oo

Here, we equip the tensor space V7 = o @ ,c 7 V; with the injective norm ||-[|,, from (4.5).

4.3.3 dim(U;min(v)) < 00
Consider U(v) and U (v) from (4.8a,b). For algebraic tensors v we know that v € U(v). However, the
corresponding conjecture v € U (v), in the general case, turns out to be not quite obvious. The statement

v € Uy (v) requires that there is a sequence of v, € 4 ®j:1 ijmin(v)H.Hj with v = limv,,. We do not
have a proof that this holds in general. A positive result holds for the Hilbert case (see §4.4) and if the

3Here, infinite dimensions are identified and not considered as possibly different infinite cardinalities.
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subspaces Uj min(v) are finite dimensional (see Theorem 4.14). In the general Banach case, we give a proof
for v = lim v,,, provided that the convergence is fast enough.

For practical applications, the finite dimensional case is the most important one, since this follows from
Theorem 4.13 with bounded liminf,, o dim Uj min(vp)-

Theorem 4.14 Assume that V.| is a Banach tensor space with |-|| satisfying (4.6). For v € V|
and all 1 < j < d assume that dim(U;min(V)) < o0o. Then v belongs to the (algebraic) tensor space

d
o« @i Ujmin(v) = Uy (v).
Proof. Let {b;i) :1 <4 <r;} be a basis of Ujmin(v). There are functionals <p(i) € V;* with the property
w(b(k)) = ;5. Define a; := ®;l:1 30;”) c a®‘;:1 Vr and by := ®J 1b§“) € a®?:1 Ujmin(v) for
i=(i1,...,7q) with1 <i¢; <r;. Anyue, ®?:1 Ujmin(v) is reproduced by

u= Zi a;(u)b;.

d

Uy 1= Zi a;(v)b; € G®Uj)min(v) . (4.10)

Jj=1

We set

Thus, the theorem follows, if we prove that v =u, € 4 ®‘j 1 Ujmin(v) . Observe that the norm ||[v — uy ||, is

described by a(v — uy) with normalised o = ®j_1 o € 4 ®J Vi If we can show (v — uy) = 0 for all
a, the norm ||v — uy||,, vanishes and v = u, follows. Thus we need to show the following,.

Claim. a(v —uy) = 0 holds for all & = ®J 105 € ¢ ®J Vi

To prove the claim, split each a; into ag» ) 4 Do cigog»z) with ¢; := ozj(b;i)) and a(o) a;— >, cl-np;i). It
follows that a;o) (b;i)) =0 for all 4, i.e.,

a;o) (u)=0 for all u € Uj min (V). (4.11)
We expand the product
d
=@ -8 (v <°>+2w;)=®(zcz-so;“)+f4’
j=1 j=1 Jj=1 [

where all products contained in A have at least one factor a . Consider such a product in A, where, without

loss of generality, we assume j =1, i.e. ag ) ® Yy with gy € Vigy. We conclude that (ag ) ® Y (uv) =0,

since (idp; ® ag ))(uv) =0 and ag ) ® Y =Yy o (idp ® ago)). Furthermore,

( © ®@Yn ]) (v) = ozgo) (w) for w := (id1 @ yp7)(v)-
By definition of Uy min(V), w € Ui min(v) holds and ago) (w) = (ago) ®7[1]) (v) = 0 follows from (4.11).
Together, (ago) ® '7[1]) (v —uy) = 0 holds.
It remains to analyse (®?:1 (ZZ cicpg-i))) (v—uy) = (> ;cay) (v —uy) for ¢ := Hjl 1 ¢i;- Application

to uy yields
(Zi ciai) (uy) = Zi cGa(v) R
(cf. (4.10)). Since this value coincides with ()~ cia;) (v) = >_; c;ai(v), we have proved

d
R (S et} | v-ui=o
j=1 [
Thus the claim follows and thereby v =u, € 4 ®;l_1 Ujmin(V) ]



4.3.4 dim(U;min(v)) = 00

For the next theorem we need a further assumption on the norm |[-||. A sufficient condition is that ||| is a
uniform crossnorm, i.e., it is a crossnorm (cf. (4.2)) and satisfies

<IUMWVvaW| (112)

forall A; € L(V;,V;) (1<j<d)andallve, ® -1 V; . The uniform crossnorm property implies that ||-||
is a reasonable crossnorm (cf. [21]) Hence, condltlon (4.6) is ensured (cf. Proposition 4.7a). A further
consequence will be needed.

Lemma 4.15 Let ||-|| be a uniform crossnorm on V. Note that V = Vg ®, Vg, where Vg := a®d ! V.
(a) The map defined by

1%l1q = llx ® vall, where vg € Vy, ||vdlla = 1,

does not depend on the choice of vq. Therefore, it defines a norm on V.
(b) The norm ||-|| is a reasonable crossnorm on Vg @ Vg, i.e.,

Ix @ wall = [Xll@llvalla and e @ eall™ = llelialleada (4.13)

Jor x € Vg, vqg € Va, Pl € Vfd]’ and pq € V5.
(¢) For pq € Vi and ppq € Vi the following estimates hold:

i @ ¢a) 0|y < leallilivl - and | (ida @ ea) )|, < lppalia V1L (4.14)

Proof. a) Let ¢g4 € V be the functional with [j¢q4|; = 1 and pq(va) = [Jvalla (cf. (2.2)). Choose any

wq € Vg with [Jwgl|lg = 1 and set Ay := wapq € L(Vy, Va), i.e., Aguv = pq(v)wy. Because of ||Aq4llv,—v, =

[leallsllwglla = 1, the uniform crossnorm property (4.12) with A; =id for 1 < j < d — 1 implies ||x ® wq|| =

| (idjg ® Aa) (x ® va)|| < [|lx ® v4||. Interchanging the roles of wy and vy, we obtain ||x ® vq| = ||x ® wal.
b1) [|x ® va = [[x[|(g/|valla in (4.13) follows from the definition of |||, -

| (era®¢a) (V)]

b2) For any elementary tensor v = X[gqy ® vg # 0 we have I < ||‘P[d}||rd]”<%’d||z- Taking the

supremum over all v = xg] ® vg, we obtain

’(So[d] ® Sﬁd) (V)’ - ’(Qo[d] ® Sﬁd) (V)’

= llep Iy ally-
T B S et lialledla

¢ @ eall” = sup
v#0

Define A := ®?:1 A, e LV, V) by A; =id (1<j<d-1)and Ag = Oqpq with 0 # 94 € V4. Then
Av is an elementary vector of the form x[q ® 94 and ||Aq4|lv,—v, = [[9allall®all} holds. This fact and the
crossnorm property ||Av|| < ||9q4]lalleall}llv] lead us to

lemallialledla > ‘(g)[d] ® st) (Av)‘ ‘(‘P[d} ® sod) (Av)‘
¥ ©Ydllg = | :
[d] 1] d [|Av]] Hvde”@d”dHVH

Since (cp[d] ® cpd) (Av) = (So[d] ® (cpdAd)) (v) = a(tq) - (So[d] ® cpd> (v), the estimate can be continued by

patin)] | (20 ®0a) )]
tallalpalls vl

le1allfalleallz = T for all 0 # 94 € V.

|(ra®ed) (V)|

lpa ()l _ = ||all}, it follows that S v I e llfglleallz for all v € V, so that [[¢ ®

Moalla
eal* < |l Pl I E‘ 4] l|pall’. Together with the opposite inequality from above, we have proved the second equation

n (4.13).

As sup; 420
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c) Any g € V () satisfies g @ pq = Vg (id[d] ® cpd) . For vig := (id[d] ® sod) (v) there is a ¥y € Vfd]

with [|¢q)l[j; = 1 and |y (Via ‘ = [|viglla (cf. (2.2)). Hence,
[Gdiar @ ea) [y = [V (i @ pa) )| = | (10 @ pa) (V)]
< g @ eall* VI = ¥ liigleallz VI = llealz vl
proves the first inequality in (4.14). The second one can be proved analogously. [
Theorem 4.16 Assume that V| is a Banach tensor space with a uniform crossnorm |-||. If v.e V| is

the limit of v, = > 1, ®J 1 Z(Jg with the rate
Ve = vl < o(n=%/?),
then there exists a sequence {uy, }nen C o ®?:1 Ujmin(v) such that v = limu,, ie., v.€ U (v).

Proof. Use the setting V = V[d] ®q Vg from Lemma 4.15. Thus, each v,, € V has a representation in

Uld),min (Vi) @ Ugmin(ve) with r = d1m U[d] min(Vn) = dim Uy, mm(vn) < n. Renaming r by n, we obtain
the representation v,, = >, v[(;% ® vd Accordmg to Corollary 3.13b, we can fix a any basis {vd } of

Ud,min(Vn) and recover v, = 7" (idjg ® 1/) )( n) ® (Z) from the dual basis {z/;d }. We choose vé) and
1/)51 according to Lemma 2.2 with ||v ||d = del)Hd =1. Deﬁne

Z (ld[d] ® "/J ) ( ) & ’UE;) S U[d]ﬁmin(v) Ra Va.

i=1

The triangle inequality yields

S () e )

1=1
< Z H (id[d} ® 1/15)) (v—v,)® ’Uy)

[uy, = vall =

Y (1d[d] ®¢d ) (v—vp) o

i=1

n

= ﬁ) . (i)
(4.13);”(1 @ @%g” ) (V= Va) i vy lla
=1
< ST Il = vall = nllv = vall- (4.15)
(4.14) ile

Note that
u,IL € U[d],n ® Vg with U[d],n 1= span {(id[d] ® lﬂ(gl)) (v):1<i< n} C U[d]ﬁmin(v),

where dim Upg) ,, < n.
On the other side, accordmg to Lemma 2.2, we can choose a basis {v )} 'y of Ug)min(vn) and its

corresponding dual basis {X[ 4] }7 ;. An analogous proof shows that

Z"[d} (’dd@XH)( )

satisfies the properties
[uy" = vl < nllv = val| (4.16)

and ul! € V14 ®a Ug,n, where Ug,, := span {(idq ® XE;?)(V) :1<i<n}has dimUy, < n and is a subspace
of Ug,min(V).
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From Theorem 2.3 we choose the projection ®4 onto the subspace Ug,,, and define

u, = (idg ® @) ul € Uiy ®a Ugn C Ulgmin(V) ®a Ud,min (V) S e & Ujmin(v) -

The uniform crossnorm property (4.12) with A; =id (1 < j < d—1) and Ag = ®4 implies the estimate
lidg ® ®allvev = [|®dallv,—v, < v/n, where the latter bound is given by Theorem 2.3. Therefore,

I ) v, | = (i © ) (v, = w1} | < Vil =l < Cu¥2v = val,

la, — (id[d] ® <I>d) vl = || (id[d] ® @d) (ufl — Vn) | < \/ﬁHqu — vl (4§15) Cn3/2||v — v

Altogether, we get the estimate

[u, —v| = || (0, — (idg @ ®a) vi) + ((idg @ ©a) v —ul’) + (ulf = v,) + (v = V) |

< (2Cn3/2 +n+ 1) (lv — vy

The assumption ||v — v, || < o(n~3/2) implies ||u, — v|| — 0. [

4.4 Minimal closed subspaces in a Hilbert tensor space

Let (-, -); be a scalar product defined on V; (1 < j < d), i.e., V; is a pre-Hilbert space. Then V =, ®?:1 V;
is again a pre-Hilbert space with a scalar product which is defined for elementary tensors v = ®§.l:1 v and

w = ®;l:1 w@) by

d

d d
(v,w) = <®v(j),®w(j)> ::H<v(j),w(j)>_ for all v w0 € V. (4.17)
j=1 j=1

=1 !

This bilinear form has a unique extension (-,-) : V. x V — R. One verifies that (-,-) is a scalar product,
called the induced scalar product. Let V be equipped with the norm ||-|| corresponding to the induced scalar

product (-,-). As usual, the Hilbert tensor space V.| = | ®;l:1 V; is the completion of V with respect
to ||-||. Since the norm ||-|| is derived via (4.17), it is easy to see that ||-|| is a reasonable and even uniform
CroSsSnorm.

We recall that orthogonal projections P € L(V,V) (V Hilbert space) are selfadjoint projections. P
is an orthogonal projection onto the closed subspace U := range(P) C V, which leads to the direct sum
V = U @ U*, where Ut = range(id — P). Vice versa, each closed subspace U C V defines an orthogonal
projections P with U = range(P).

Lemma 4.17 Let V; be Hilbert spaces with closed* subspaces U; C V;. The norm ||-|| of the Hilbert tensor
space |.| ®‘j:1 V; is defined via the scalar product (4.17). Then

d
N Ui Vig) = 1 QUi where V= o« Q) Vi -

1<;j<d j=1 i

Proof. We consider the case d = 2 only (d > 3 can be obtained by induction). Then the assertion to be
proved is
(U1 @y V2) 0 (Vi @) Uz) = U1 @) Ua.

4Because of Lemma 4.4, the closedness of the subspaces U; is not required for the statement. The assumption allows to
state that V; = U; @ U~
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The analogous statement for the algebraic tensor spaces holds by Lemma 3.9. The generalrule X NY € XNY
(- is the closure with respect to ||-||) implies that

Ui @) Uz = U1 @q Uz = (U1 ®q Vo) N (Vi @4 Ua)
CUL @ VanVi®u Uz = (Ul Q-1 Vz) N (Vl Q| UQ) .

The lemma is proved, if the opposite inclusion holds:
(U1 @) V2) N (Vi @) U2) € Uy @) U, (4.18)

Let v e U1 ®). Va. By definition, there is a sequence v,, € Uy ®, V2 with v,, — v. Let P; be the orthogonal
projection onto U;. Then (P ® ids) v, = v, proves P;v = v for the extension P; := P; ® idy. Similarly,
Pov = v follows with Py := idy ® P5, where P, is the orthogonal projection onto Us. Since P; ® idy and
1d1 ® P, commute, also the product P @ P, is an orthogonal projection. Its range is U1 ®, Uz, while U1 ®). U2
is the range of its extension P := P, ® P, = PPy = PyP;. Hence, P1v = Pov = v implies Pv = v, i.e.,
v € Uy ®. Uz. This ends the proof of (4.18). ]

Lemma 4.18 Let V; (i = 1,2) be Hilbert spaces, and Uy C Vi a closed subspace. Then the direct sum
Vi=U & Ull implies
Vig Ve = (Ui @) Va) & (Ui @) V2) -

Proof. Consider the ranges of P; = P, ® ids and id — P, where P; is the orthogonal projection onto U;. m

Different from Theorem 4.16 for the Banach tensor space setting, we need no assumption on the speed
of the convergence v,, — v to obtain the result v € Uy (v).

Theorem 4.19 Assume that V; are Hilbert spaces and that V is equipped with the norm ||-|| corresponding
to the induced scalar product. Then for all v € V|| it follows that v € U (v).

Proof. 1) In order to simplify the notation, we set U; := Uj min(V )” 5 for 1 <j<d Forall<j<dwe may

write V. as V; @), V];- If we succeed to prove v € U; ®. V|;), Lemma 4.17 implies v € | ®
U (v)-

2) According to V| = (Uj Q- V[j]) ® (UJL 1 V[j]) from Lemma 4.18, we split v into
vV=v|+VvyL with v € U; @), V[ and v € UJ-J‘ 1 Vig-

For an indirect proof we assume v # 0. Then there are v; € UjJ- and vi; € Vi with (v; ® vj;),vL) =

<’Uj ® v[j],v> # 0 (otherwise there are no algebraic tensors converging to v, ). For Pl = <V[j], > € V[J]

(v ® vy, v) = <Uja (idj ® <P[j]) (V)> :

The definition of Ujmin(v) yields (idj ®g0m) (v) € Uj. Since v; € Uj-, we obtain the contradiction

[4]
one verifies

(v; @ vy, ve) = (v; @ v, v) = 0. Hence v, = 0 proves the statement v € U; ®. V|;) needed in part
|

So far, we have assumed that the norm ||-|| of the Hilbert space V corresponds to the induced scalar
product. In principle, we may also define another scalar product (-,-)y, on V together with another norm

C(H?Zl | Ajllv; —v;)||v|| must hold for some constant C'). This ensures that the projections P; (as defined in
the proof of Lemma 4.17) belong to £(V, V). Furthermore, (4.6) holds. Scalar products like (v; ® v;),v) in

the proof above are to be replaced (gpj ® @y

I-[[y - In this case, we have to assume that |-||y, is a uniform crossnorm (at least,

j=1

) (v), where, as usual, p; € V" is defined via ¢;(-) = (v;, ), -

Then we can state again that v € U (v).
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5 On the best 7, approximation in a Banach tensor space

5.1 DMain statement

Theorem 5.1 Let V.| be a reflexive Banach tensor space with a norm satisfying (4.6). Then for each
v € V| there exists w € Ty such that

[v —wi| = min [|v —ul.
ue7,

Proof. Combine Theorem 2.8 and Proposition 5.2 below. [ ]

Proposition 5.2 Let V. be a Banach tensor space with a norm with a norm satisfying (4.6). Then the
set Ty is weakly closed.

Proof. Let {v,} C 7 be such that v,, — v. Then there are subspaces U;, C V; such that v,, € U,
with dim Uj,, = ;. Since Uj min(Vn) C Ujpn, dimUj min(vn) < 7; holds for all n € N. In consequence, by
Theorem 4.13, dim U min(v) < rj. Thus, U; min(v) is finite dimensional. From Theorem 4.14 we conclude
that v € ®?:1 Ujmin(v) and, thereby, v € T. [

Corollary 5.3 A statement analogous to Theorem 5.1 also holds for the set H. appearing for the hierarchical
format from [12] and the format from [20]. The proof uses the fact that H, is weakly closed.

5.2 Generalisation to the intersection of finitely many Banach tensor spaces

We recall that the assumption (4.6) implies , ®;l:1 Vi C(a ®;l:1 V;)* (cf. Proposition 4.7b). For certain
Banach tensor spaces this property does not hold. Therefore, we have to check whether some of the results
given in the previous section can be extended to this case. Thus, in this section we introduce the so-called
Intersection Tensor Spaces. Also we study the sequences of minimal subspaces in this framework in order to
prove the existence of the best 7, approximation. To illustrate this situation we give the following example.

Recall that || f||c1 ;) = maxzer {|f(2)[,|f'(2)[} is the norm of continuously differentiable functions in
one variable z € I C R. The naming ||-[|; ;. of the following norm is derived from the mixed derivative
involved.

Example 5.4 Let I and J be compact intervals in R and consider V = (Cl(I),H-HCl(I)) and
W = (CY(J), [llc1y)- For the tensor space V ®, W we introduce the norm
ol el = max Lol | S || Zow )| |2 @]} 61
2 Cé]ix(]xj) = ||p 1,mix "~ (zy)elxd P\T,Y)| axw yY) | ay(p YY)l 6$8y¢ Y . .

It can be shown that ||-||; ... s a reasonable crossnorm. However, the standard norm of C*(I x J) given by

)

%w(%y) (%s@(:v,y)‘} (5.2)

||90||Cl(1><,]) = (z.,.{;r)lg?x,] {|(p(x7y)| ’

18 no reasonable crossnorm.

We have seen that the space C*(I x J) is not the straightforward result of the tensor product C1(I) ®
C1(J). The norm [[[I1 mix from (5.1) turns out to be a reasonable crossnorm, but then the resulting space
Cl. (I x J) is a smaller space than C'(I x J). Vice versa, the dual norm ||'H*cl(1xJ) of C1(I x J) is not
bounded for v* ® w* € V* @ W*. Therefore, it is not a reasonable crossnorm.

The family of Sobolev spaces H™P(I;) for m = 0,1,..., N is an example for a scale of Banach spaces

which we introduce below. From now on, we fix integers N; and denote the j-th scale by

V; =V 5 v 5 5 v with dense embedding, (5.3)
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which means that Vj(") is a dense subspace of (Vj(nfl), [[l;,—q) for n =1,...,N;. This fact implies that
the corresponding norms satisfy

Thus, without loss of generality, we assume that (after suitable scaling)
N;j>n>m>0and1<j5<d

for N;j >n>m>0on Vj("). (5.4)

||||Jn > ||HJm holds for

Lemma 5.5 Under the given assumptions for (5.3), all V; () (1 <n < Nj) are dense in (V; ) All0)-

Proof. Given ¢ > 0 and v(® € Vj(o), the dense embeddings imply that we can choose v(}) € Vj(l)7

v@ e Vj(2),... with ||v(m’1) — v(m)|\j7n,1 < ¢/Nj for 1 < m < n < N;. The triangle inequality shows
0 n n m—1 m n m—1 m

HU( )= )Hj,ogzm:1 HU( )= )Hj,OSZWZI Hv( )= )Hj 71§F5<5 u

Definition 5.6 Under the given assumptions for (5.3) we say that a subset N' C Ng s an admissible index
set, if it satisfies

n € N if and only if n; < N; for 1 <j <d, (5.5a)
0:=(0,...,0) € N and (5.5b)
N; = (0,...,0,N;,0,....00 €N for 1 < j <d. (5.5¢)
N—— ~——
j—1 d—j

For each n in an admissible index set A/, we define the tensor space
v = Qv (5.6)

All spaces V(™) are subspaces of V(© = ®?:1 V; (recall that V; = Vj(o)). Assume that the following
conditions hold:

(a) For each admissible n € N¢, a norm ||-||, on V(® exists satisfying ||-|, < |||, for n < m € N and
(b) the norm ||-|, on V(©) = a®‘;:1 V; satisfy (4.6).

Now, we introduce the Banach tensor space

d
(m) ,_ (n3)
V|\-|| = ||-IIH®VJ‘ : (5.7)
Jj=1

Note that for each n € AV, if n < m € N, then VI(IHHI) - Vﬁ H) From Lemma 3.14 one derives the following

result.
Lemma 5.7 Let N C Ng be an admissible index set. Then the following statements hold:
d
(a) V@ = N V@) for all n € N, where nj := (0,...,0,n;,0,...,0) € N¢, for 1 < j <d.
=1 —— ——
Jj—1 d—j
d N;
(0) Naen VI = VOl = @1 v

Proof. From Lemma 3.14 we have

d

ﬂwnn_ ®ﬂVJ”1 bug) = ®Vn]

j=11i=1
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and statement (a) follows. Also, by Lemma 3.14,

v

neN j=1neN
and, by (5.3), statement (b) is proved. ]
Let N/ C N¢ be an admissible index set. From Lemma 5.7b it follows that the intersection of the set
of tensor spaces {V® : n € N} is the tensor space V(ViuNa) Vﬁl """ Na) - Observe that the index

(N1, ..., Ng) not necessarily belongs to the index set N. Also, by Lemma 5.7a, we obtain the following
minimal representation

V- Na) ﬂVNJ (5.8)

Next, we introduce the Banach space induced by intersection of the set of Banach tensor spaces

{VH | TnEN}.

Definition 5.8 Let N C Ng be an admissible index set. The Banach space V||_||N induced by the intersection
of the set of Banach tensor spaces {Vl(\nl\) :n € N'} is defined by

VH'HN : Q/V” i with the intersection norm |v|| := 1;116% v, (5.9)
ne

or an equivalent one.
Next, we consider particular tensors from the tensor space V(0),
Proposition 5.9 Let N' C N& be an admissible index set. Then

VOV, = Vit

v()wzthv()ev( 7 and

holds. In particular, each v € V(@ N V||.|| has a representation v = ZZ 1 ®J 1Y;

a minimal number r of terms.

Proof. First, observe that VIViNa) « V(0) apd VWNiNa) Vi, thus VWV Na) 0 n Vidx

To prove equality, assume that v € V(0 N Vi, Note that v € M,crr H(H C VI(I ”N) for 1 < j < d. Since
(2)

j=1"Yj

Dy J(l) ® v[ i with ’U(Z) € V( ) and V[ a ®k# V(O). By Lemma 3.8, the vectors v[ i (1<i<r) are

v also belongs to V(©), we consider for any j € {1,...,d} the matricisation of v =>""_, X yielding

linearly independent. Hence, there are functionals gofj]) € Vi, with cpfj]) (V[J ) = Oki- Then (zdk ® cpf]]))( ) =

’Uj(-k) € V]_(o), follows for 1 < k < r. The assertion ’Uj(-k) € V-(Nj) is equivalent to |w( )| < oo for all

(RS (Vj(Nj))’. Then w(vj(.k)) =1 ((idj ® gpfjk]))(v)) is finite, because (id; ®<pfk]))( )€V © and 4 € ( (N )) C

(Vj(o))’. Thus we show that v e V) for 1 < j < d, ie., v e ﬂFl V™5, Finally, by (5.8), the proposition
follows. ]

Corollary 5.10 The set VWN-Na) 45 dense in V||.”N with respect to the ||-|| ,--topology.

the assertion. [ ]

Example 5.11 Fiz N > 0 and consider the Sobolev spaces V' = H™P(I;) for0<n <N and 1< j<d.
The standard choice of N is given by

N :={neN] with |n| <N} (here N; =N for all1 < j < d). (5.10)
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In this situation we have V® = H™P(11) ®q -+ ®q H™P(Iy) for each n € N, and

Vo) ® HV? (I

The choice of the norm in V® is
£l = Z /|5kf| da) ", (5.11)
0<k<n
while in VH'HN we take

1/p
Nl = (Z ||f|f1> ,

neN

which is equivalent to the usual norm ||-||y . Then, by Corollary 5.10,

M-l
I n

d
i, QHENP(IL) = () HoP(1) @, - ® H'aP(Iy) (5.12)
j=1

neN

Observe that . . Nop ® -, HVP(I;) is a Banach subspace of the Banach space HYP(I). Moreover, for each
N; =(0,...,0,N,0,...,0) € N, we have

1/p

£l = (
k=0

3 d:z:)

which is clearly a crossnorm in
v = LP(Iy) ®a -+ ®a Lp(ijl) Qa HN"p(Ij) ®Da Lp(IjJrl) ® -+ ®q LP(14),

for 1 < j <d. In particular for p =2 we obtain

d "
HY (W) = 1y, , @HY (1) = () B (D) B0 00 H(l) ™, (5.13)

neN

and in this case the norm |||y, in

V) = L2(1) ®a -+ ®a LP(Ij-1) ®a HY (I;) ®4 L2 (Ij41) ® -+~ @ L* (1)
is generated by the induced scalar product (4.17) for 1 < j < d. In consequence, it is a reasonable crossnorm.

Note that Proposition 5.9 states that all functions from the algebraic tensor space ® LC(I;) nCH(I)
are already in Vi = CL, (I) (see Example 5.1), which is a proper subspace of C*(I).

Example 5.12 Fiz N > 0 and consider V' = H™P(I;) for 0 <n < N and 1 < j < d. Now, we consider
the set
N :={neN§ with |n| < N}U{(N,N,...,N)}. (5.14)

In this situation
VW N) = gNP(L) @, - @4 HNP(Iy).

The norm in V™ is also given by (5.11). In particular, the norm

= Wl = (5 [t as)

<(N,...,N)
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in VW N) s q crossnorm. Since in V” I we take
£l = O NI,
neN

which is equivalent to the ||-|| 5, -norm, by Corollary 5.10, we obtain

mix

. II-1]
||.||mix®HN’p(Ij) = m H”hp([l) Ra - Ra H"d’p(Id) n
j= neN

g ﬂ Hm,p(jl)®a...®aHnd7p([d)
In|<N

M-l
| n

Thus,
d d
e QHYPIL) G iy, QHYP (1)
=1 i=1

In particular, for p = 2, we have

d d
1l ®HN(Ij) S Ny ®HN(IJ') = HY(I). (5.15)

Moreover, it is easy to see that the ||-|| ;. -norm is generated by the induced scalar product (4.17) of HN (I;)
for 1 < j < d and satisfies condition (4.6). This fact implies that Theorem 5.1 holds for the Hilbert tensor

d
®j:1 H N(Ij) :
Thus, a natural question arising in the above example is, whether Theorem 5.1 holds for the Hilbert

tensor space HY (I) characterised by (5.13).
From Proposition 5.9, there are different equlvalent versions how to define the minimal subspace

space []-1]

mix

Ujmin(V) = span{vj(- 1<i<rpforv=>"_, ®J 1 J . Here, we can state the following.

Corollary 5.13 Let N C N& be an admissible index set. For each v € VN1, Na)

Ujmin(V) = {(idj @) (V) ey € ( Qi - ) } v

k#j
holds for 1 < j <d.
Corollary 5.13 cannot be extended as Corollary 4.9 for the Banach space case. A simple counter-example

is f € CY(I x J) with f ¢ C'. Choose ¢ € C'(J)* as ¢ = §;. Then o(f)(x) = —f'(x +n) € C°(I), but
©(f) is not in C*(I) in contrast to Corollary 5.13. While, in Corollary 5.13, we could take functionals from

li
(a ®k¢j Vk(”k)) for any n bounded by ny < Ni, we now have to restrict the functionals to n = 0. Because

of the notation Vk(o) = V4, the definition coincides with the usual one:

H'Hj,()

Uj,min(V)||.llj’0 = { (id; ® @) (V) = @15 € (a®k;ﬁj Vi )*} ’

where the completion is performed with respect to the norm ||| o of Vj(o).

In the following we show that the same results can be derived as in the standard case. Condition
(4.6) used before has to be adapted to the situation of the intersection space. Consider the tuples
N; =(0,...,0,N;,0,...,0) € N from (5.5¢) and the corresponding tensor space

VD = Vi @4 ... ®0 Vjm1 @0 VO 0 Vip1 © ... ®a Va

endowed with the norm [|[[x,. From now on, we denote by ||-[| ;) the injective norm defined from the

Banach spaces Vi,...,V,_1, Vj(Nj)7 Vitt, ..., Va.
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Theorem 5.14 Assume that Vi1 i a reflezive Banach space induced by the intersection of the set of

Banach tensor spaces {Vﬁnﬂ) :n e N} and
oy Sy, foralil <5 <d. (5.16)
Then, for each v € VH.”N, there exists w € 1. such that

v = wi| = min [lv — ul].
ue7,

Lemma 5.15 Assume that VH'HN is a Banach space induced by the intersection of the set of Banach tensor
spaces {Vl(\nl\) :n € N} satisfying assumption (5.16). Let ;) € o Qy; Vi and vy, v € Vi with v, = v.
)(v) holds in Vj(Nj).

Then weak convergence (id; @ ¢;1)(vn) — (id; ® ¢y

Proof. Repeat the proof of Lemma 4.12 and note that ¢; € (VJ-(Nj ))* composed with an elementary tensor

P = Qss o1 (9 € Vi) yields ¢ = @i, vr € o @y (V"™))* with ng = 0 for k # j and n; = N;. By
(5.16) and Proposition 4.7b, ¢ belongs to (V(NJ))*. [

Corollary 5.16 Under the assumptions of Lemma 5.15, Uj_,mm(v)H.Hj’0 - Vj(Nj) holds for all v € VH'HN
and 1< j<d.

Proof. Let v,, € VIV1:uNa) he a sequence with v,, — v € V. By definition (5.9) of the intersec-
tion norm, vy, — vy, — 0 holds for all j. Then (4.7) shows that ||(id; ® ¢(;))(v = vim)llj,n, — 0. Since

(id; @ pp;)(Vin) € VJ-(NJ') by Proposition 5.9, also the limit of (id; ® ¢;)(v) belongs to Vj(Nj). [
Lemma 5.17 Assume that V.1 8 a Banach space induced by the intersection of the set of Banach tensor

spaces {Vl(lnll) :n € N} satisfying assumption (5.16). For v,, € VINV1oNa) gssyme v, — v € Vi, Then

dim Uj pin(v) = dim Uj,min(v)”'”j‘o < liminf dim U; min (Vi) forall1 < j <d.

m—00

Proof. We can repeat the proof from Theorem 4.13. ]

Finally, in a similar way as Proposition 5.2, we can also obtain the following statement.

Proposition 5.18 Assume that V||.”N 18 a Banach space induced by the intersection of the set of Banach

tensor spaces {Vl(\nl\) :n € N} satisfying the assumption (5.16). Then the set Ty is weakly closed.
Proof of Theorem 5.14. Is a consequence of Theorem 2.8 and Proposition 5.18. ]

Example 5.19 Now, we return to HY (I) characterised as an intersection of Hilbert tensor spaces by (5.13).
Recall that ||||NJ is a reasonable crossnorms in

VD = 12(1) @4 - @4 L2(Ij—1) @ HYN2(I;) @4 L2 (Ij11) @ - - ®4 L (1a)

for 1 < j < d. Then condition (5.16) holds and we obtain the existence of a best T, approzimation in this
spaces.

For Hilbert spaces, Uschmajew [23] has proved the existence of minimisers of (1.3) using particular
properties of Hilbert spaces.
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5.3 Some consequences of the best 7, approximation in a Hilbert tensor space

In this section we assume that the Hilbert space V. = | ®;l:1 V; , which is the completion of V :=

a ®;l:1 V; with respect to ||-||, has the property that the set 7. is weakly closed. Then for each r € N¢ with
r > 1, we are to be able to define a map from V| to [0, 00), by means of

[[ully := max{[(v,u)| : v € Ty, ||v|| = 1}. (5.17)

Observe, that if ||| is induced by the scalar products of V;, then [|-||; = ||-||,, . Now, we obtain the following
result.

Theorem 5.20 Assume that in the Hilbert space V). the set T, is weakly closed. Then for each r € Nd
with r > 1, the following statements hold.

(a) For each u € V.| the equality
Fafly = f[ulf* = min fu—v|* (5.18)

holds.
(b) If s € N satisfies v <'s, then ||uly < |lul|s for allu e V.
(c) I, is a norm on V.

Proof. To prove (a) let D ={w:w € 7, and ||w| = 1}. Then

min [lu—v||= min |Ju—Aw|.
veT, weD,N\eR
Note that ||u — Aw||? = [[ul|? — 2\(u,w) + A%, The minimum of |u — Aw||3 for w € D is obtained for

A= (u,w) > 0 and equals ||u — Aw||3 = ||u||3 — [(u, w)|?. Thus,

min [u—v||*=_ min _||u—Aw|? = min |u - (u,w)w|? = ||ul|* — max|(u, w)|?
veT: AER, weD weD weD
and from (5.17) statement (a) follows.

Since r < s implies 7, C 7g, statement (b) follows from (5.17).

To prove (c¢) note that the norm axiom ||Au|l; = |A|[|ulls and the triangle inequality are standard. To
prove that u # 0 implies ||u|, > 0, note that if ||ul|; = 0 we have (u,v) = 0 for all v € 7. Since span 7y is

dense in V|, we obtain that u = 0. [

Let V43 = R™ and V5 = R™ be equipped with the usual Fuclidean norm. Then V; ®, V5 is isomorphic
to matrices from R™*"2 with the Frobenius norm |[|-||. It is not difficult to see that |[ul|(1,1) coincides with
o1, the first singular value of the singular value decomposition of u.
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