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On tensor products of quasi-Banach spaces *

Markus Hansen |
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Abstract

Due to applications in approximation theory we are interested in tensor products of quasi-
Banach spaces. Though a general abstract theory seems not possible beyond basic topological
issues because the dual spaces are possibly trivial, we aim at extending some basic notions
like crossnorms, reasonable and uniform norms. In the present paper this is done for quasi-
Banach spaces with separating duals, and this condition turns out to be the (in a certain
sense) minimal requirement. Moreover, we study extensions of the classical injective and p-
nuclear tensor norms to quasi-Banach spaces. In particular, we give a sufficient condition for
the p-nuclear quasi-norms to be crossnorms, which particularly applies to the case of weighted
{p-sequence spaces.

AMS subject classification (2010): 46A32, 46B28, 46F05, 46M05

Keywords: algebraic tensor product, tensor product of distributions, quasi-norm, p-norm, injective
tensor norm, p-nuclear tensor norm.

1 Introduction

In recent years tensor product bases as well as tensor product spaces became of interest in numerical
analysis. When dealing with high-dimensional problems their properties and relatively easy imple-
mentation were extremely useful. To name only some examples we refer to the work of Yserentant
[26], who showed that eigenfunctions of the electronic Schrodinger equation belong to certain tensor
product Sobolev spaces. Moreover, we refer to [5] (in particular the contribution by Stevenson) and
2] for surveys on adaptive wavelet methods and sparse grid techniques.

The general framework for these topics is often referred to as “high-dimensional problems”. This
means, one is interested in problems (arising from PDEs or approximation theory) dealing with
functions in many variables, or families of functions with parameters coming from a high-dimensional
parameter space. In all these variants tensor product functions are of special interest since they
provide an easy access to those high-dimensional functions, and they have obvious advantages for
computation. Hence one needs to know which functions may be approximated well by tensor product
functions, i.e. one is interested in characterizations of tensor product spaces, or rather, which function
spaces can be characterized by tensor product bases.

*This work was supported by the Deutsche Forschungsgemeinschaft (DFG) Priority Program (SPP) 1324 under
grant ST 487/14-1, and by the ERC grant no. 247277.
tSeminar for applied mathematics, ETH Ziirich, ETH Zentrum, HG J45, Ziirich, Switzerland.



While for tensor products of Hilbert spaces, many of these aspects are well understood due to the
special properties of these Hilbert spaces, the theory of tensor products of Banach spaces is far more
involved.

Tensor products of Hilbert and Banach spaces and other basic notions were first introduced by von
Neumann, Whitney, Schatten and others in the 1940s. An important step in the history of this
theory was the work of Grothendieck, in particular his results on nuclear spaces [7] and his famous
Résumé [6]. We refer to the monograph [3] for a detailed treatment of this theory.

On the other hand this treatment of tensor product spaces had one shortcoming, which in the
context of numerical analysis and approximation theory turned out to be a major disadvantage.
From a purely functional analytic point of view the treatment of tensor products of Banach spaces
was extremely satisfying and produced lots of results giving a deep insight into the (local) structure
of Banach spaces. Moreover, the restriction to Banach spaces not only was quite convenient, but it
seems quite natural, as the theory makes heavy use of dual spaces and the Hahn-Banach extension
theorem. It is well-known that for quasi-Banach spaces this theorem fails to be true, and the dual
spaces of Banach spaces may be trivial.

However, in modern approximation theory quasi-Banach spaces became increasingly relevant. In
this context they often appear when characterizing so-called approximation spaces, i.e. given a fixed
approximation method one is interested in the collection of all functions with a given convergence
rate. For example, when studying the problem of nonlinear m-term approximation with respect
to wavelet-type bases and measuring the error in some L,-norm, the corresponding approximation
spaces are certain Besov-spaces which are Banach spaces or quasi-Banach spaces, depending on the
parameters involved (we refer to [4] for a survey on nonlinear approximation). However, studying the
same problem for tensor product bases, one is lead to tensor products of Besov-spaces, in particular
also to tensor products of quasi-Banach spaces, see [9, 10, §].

The aim of the present paper, which is based on earlier work by Nitsche [16] and Sickel/Ullrich [19], is
to investigate under which conditions on quasi-Banach spaces one can carry over at least some of the
important results for their respective tensor products. As regarding topological issues like existence
of Hausdorff topologies on the (algebraic) tensor product of general topological vector spaces this
has been done by Turpin and Waelbroeck, see [22, 23, 25|, but little seems to be known concerning
tensor quasi-norms.

In a first section, we look at different approaches towards tensor products, which are known to
coincide for Banach spaces, and give necessary and sufficient conditions for the dual spaces of the
respective quasi-Banach spaces. Afterwards we consider the injective tensor norm as one particularly
famous example for norms on tensor products of quasi-Banach spaces. As we shall see, there are three
different versions of injective quasi-norms. In connection with these quasi-norms we shall demonstrate
that also for other basic properties of such tensor norms several non-equivalent extensions to quasi-
Banach spaces occur.

The third part of this article is devoted to the study of p-nuclear quasi-norms. For parameters
1 < p < oo these are a well-known scale of tensor norms. Once more there are different extensions
to quasi-Banach spaces. We will prove the basic properties for these extensions as well as relations
between them. In particular we will give a sufficient condition for these quasi-norms to be crossnorms.
In the last section we apply these considerations first to weighted ¢,-sequence spaces and afterwards to
function spaces of Sobolev- and Besov-type. These spaces are well-known to allow a characterization
in terms of wavelet bases and associated sequence spaces, and we shall study the dependence of the
norm of the corresponding isomorphisms on the dimension of the underlying domain.



2 Tensor products of (quasi-)Banach spaces

2.1 Algebraic and analytic definition

In algebra tensor product constructions are known for several different structures. The starting point
for one possibility of an explicit construction for vector spaces X and Y (with respect to the same
field; here we concentrate on real or complex vector spaces) is the free vector space F(X,Y) on
X xY, ie. the set

F(X)Y):= Span{l‘®y re X,y € Y}

:{Z)\jxj@)yj:acjEX,ijY,)\jEC,jzl,...,n,nEN}.

J=1

Afterwards the algebraic tensor product X ® Y is defined as the quotient space of F'(X,Y) with
respect to the subspace

U::span({(x1+x2)®y—x1®y—x2®y:xl,:cgGX,yGY}
U{z®@ i +yp) — 20y — 2@y z,22€ X,y Y}
U{A(x@y)—(Ax)@y,A(m@y)—x@(Ay):xEX,yEY,AEC}).

In this way the canonical mapping (z,y) — z ® y from X X Y to X ® Y becomes bilinear.

The usual functional analytic approach for normed spaces X and Y is slightly different. Once more
one starts with F'(X,Y"), but this times this space is equipped with the following equivalence relation.
We say f = 2?21 Nz ®y; € F(X,Y) generates an operator Ay : X’ — Y by the determination

Apd = Ny, veX.
j=1

Then we define for f,g € F(X,Y), f=Y" Mzl® y]l, g= Z;nzl A?m? ® yj2

J=173"3
f~g <= Ar(¢) =A,0) for all v € X',

i.e. f and g generate the same operator from the dual space X’ of X to Y. Of interest now is the
quotient space X ®*Y = F(X,Y)/ ~, which is found to coincide as a vector space with X ® Y.
By this definition the connection with linear mappings from X’ to Y is made obvious right from the
beginning.

This second (analytic) approach applies to quasi-normed spaces as well, but since the dual space
is possibly trivial, this equivalence relation as well as the respective quotient space might become
trivial. To avoid this, i.e. to ensure the equivalence of both approaches, we have to impose certain

restrictions on the quasi-normed spaces. This situation is clarified by the following theorem.

Theorem 1. Let X and Y be two quasi-normed spaces. Then it holds X ® Y = X ®4 Y if, and
only if, X’ separates the points in X, i.e. for every z € X \ {0} there exists a functional ¢, € X,
such that ¢, (z) # 0.

A quasi-Banach space X with this property is said to have a separating dual.
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Proof. In order to show the coincidence of both spaces we have to show that U =V := {f €
F(X,Y): Ay =0} holds. The inclusion U C V is obvious. For the reverse inclusion we remark that
the condition on X' is equivalent to A,g, # 0 for all z # 0 and y # 0. To show now V' C U, we show
instead, that from f & U follows f ¢ V.

We shall use the fact, that for every f ¢ U there exists an (algebraically) equivalent representation
[f=>0" 2 ®uy;, where {x1,...,2,} C X and {yi1,...,y,} C Y are linearly independent (this can
be seen analogously to [14, Lemma 1.1]). The linearity of f —— Ay, the linear independency of
{y1,...,yn} and the assumption for X’ (applied to the vectors x; # 0) now yield Ay # 0. O

In a similar way, we can also consider operators

Bp:Y' — X, Bro=) oy, [f=) n@ueXaY.
i=1

i=1
We then observe that

By=DB; <= A=A, <= f~g
holds for all f,g € X ® YV if, and only if, X’ and Y’ are separating. This follows from F(X,Y) =
FY,X)and X @Y 2 X QY ¥Y ® X 2 Y ®* X, where the isomorphism is provided by the
canonical identification z®y — y®z, x € X, y € Y (for the algebraic tensor product this is always
true, and the assumptions assure that this extends to the respective (functional analytic) equivalence

relations). Due to this observation we henceforth always assume that X and Y both have separating
duals (without always explicitly mentioning it).

Remark 1. If one is only interested in equipping the algebraic tensor product X ® Y of general
topological vector spaces with just some topological structure, then one does not need information
on the respective dual spaces. For example, if X and Y are equipped with topologies which are
Hausdorff, then there exists a topology on X ® Y which is Hausdorff as well. For more information
on such topological issues, we refer to Turpin [22, 23] and Waelbroeck [25].

2.2 Tensor products of distributions

The calculus of tensor products of (tempered) distributions is based on the following result, see [19,
Appendix B] and further references given there. We shall use the notation ¢ ®7 ¢ for the usual
tensor product of functions, i.e. if ¢ : 3 — C and ¥ : Qs — C, then ¢ @ x Qy — C,
(o @ ¥)(z,y) = p(x)¥(y).

Proposition 1. Let S; € S'(R%) and T; € S'(R%®), i = 1,...,n. Then there exists a uniquely
determined distribution U € &'(R% %) such that for all functions ¢ € S(R%) and ¢ € S(R%)

Uw@w=2&w~mw

holds. In case n = 1, this distribution U = S ®” T is given explicitly by the formula
U(p(z,y)) = T,(Sulp(z.y))) = Su(T,(p(x,9))),  p€SRTT®),

and in the general case, U can be written as

U:isi@@DTi.

=1



Usually this proposition is stated for the case n = 1 only, but it extends immediately to finite linear
combinations.

This last proposition ensures, that Y ! ,.S; ®@P T; is again a well-defined tempered distribution.
Moreover, if S and T are regular distributions, generated by functions f : R%® — C and g :
R% — C, then it can be easily seen, that also S ®” T is a regular distribution, generated by
ffg:Rhtd 5 C,

At the end we intend to apply the theory to tensor products of Sobolev and Besov spaces. This
motivates a closer look on spaces of tempered distributions.

Hence, let X and Y be quasi-Banach spaces of tempered distributions. The first question to be
addressed is whether their dual spaces are rich enough to provide meaningful results for tensor
products.

Lemma 1. Let X be a topological vector space, such that we have a continuous embedding X —
S'(R™). Then X’ separates the points in X.

Proof. We consider the natural injection J : S(R") — S”(R"), which is defined by (J¢)(f) =
fl@), p € S(R"), f € S'(R™). Due to the assumed topological embedding X — S’(R") we immedi-
ately find Jy € X' for every ¢ € S(R").

Now let f € X, f # 0. Then we also have f # 0 in the sense of S'(R%). This means there is some
function ¢ € S(R%) such that f(¢) # 0. This immediately implies (J)(f) # 0, which yields the
desired functional from X' O

Thus when dealing with tensor products of spaces of tempered distributions the minimal assumption
is a continuous topological embedding into the space S'(R™). In particular, all types of (Fourier
analytical) Sobolev and Besov spaces satisfy this condition.

Another interesting aspect arises from Proposition 1. Due to the uniqueness assertion the set
X®DY: {Zfl@Dgz f’LEXJ g1€Y, 2217777‘7 nEN}
i=1

is a well-defined subspace of S'(R%*4). Moreover, Proposition 1 motivates the following definition
forall h =370 Aifi ® g and w = 77" | piju; @ v from F(X,Y):

Z/\ifi ® g = Z [t & Vj
i=1 Jj=1
= Y Nfile) ai() = > () - vi(¢) forall € S(RM) ¢ € S(R™).
i=1 j=1

The relation 2 then turns out to be an equivalence relation on F(X,Y’), and we have X @P Y =
F(X,Y)/ = via the obvious identification f ® g — f ®” g. This yields another approach towards
tensor product spaces which is applicable also for quasi-Banach spaces.

Remark 2. Note that for h =" | fi ® g; we have

n

> @) = YT g = ATe) €Y

i=1



and similarly

n

> aW)fi() = Y (TU)(@)fi = Bu(Tw) € X.

i=1

Since we do not require a dense embedding J(S(R%)) — X or J(S(R%)) — Y, we need to
investigate whether h = w implies A, = A, or By, = B,,.

Before we come to a comparison of X ® Y with X ®” Y we shall prove an auxiliary assertion.

Lemma 2. Let X be a topological vector space, such that we have a continuous embedding X —
S'(R™). Then J(S(R")) is o(X’, X)-dense in X', where J is once more the natural injection 7 :
S(R") — S"(R™).

The proof of this lemma requires some preparation. We start by recalling some notions for dual pairs

of vector spaces and weak topologies.

A dual pair of vector spaces is any pair of vector spaces X and Y over the same field (here C),
together with a bilinear form, which will be denoted by (-,-). Moreover, they have to satisfy the
compatibility conditions

Vee X\{0} JyeY: (z,y)#0,
Vye Y \{0} JreX: (z,y)#0.

The weak topology o(X,Y) on X is the locally convex topology generated by the family of seminorms
{py(2) = [z, y)| - y €Y}
For given sets A C X and B C Y the polar of A is defined as
A% = {yeY : Rz,y) <1 forallzec A},
and the polar of B is defined as
B :={zeX :Rz,y) <1 forallye B}.

The bi-polar A% is defined accordingly. If we denote by co(C') the convex hull of some set C, then
the main tool for the proof of Lemma 2 reads as follows.

Proposition 2 (Bi-polar theorem). Let (X,Y) be a dual pair, and let A C X. Then it holds
A" = co(AU{0}),

where the closure is taken in the o(X,Y")-topology.

Note that neither X nor Y a priori need to be locally convex spaces. Though the proof of this

theorem uses a version of the Hahn-Banach theorem for locally convex spaces, this is applied to the

locally convex space (X ,o(X, Y)) only, not to X itself. For further details we refer to [18] (p. 126,
Theorem 1.5) or [1] (Chapter IV, p. 53).



Proof of Lemma 2. We remind on the observation J¢ € X’ for every ¢ € S(R"), see Lemma 1.
Moreover, in view of Lemma 1 we conclude that (X', X') together with the induced dual pairing is a
dual pair.

We now consider the set A = J(S(R")) C X’. Then we immediately find A° = {0}. This follows
indirectly: Let x € A°,  # 0. Then we also have x # 0 in the sense of §’(R"), i.e. there is a function
¢ € S(R™), such that z(p) # 0. W.lo.g. assume z(¢) € R, 2(¢) > 0. Then we find x(Ap) > 0 for all
real numbers A > 0. This implies we can find some Ay, such that z(Agp) > 1. But since A\gp € S(R")
this contradicts z € A°.

Moreover, A® = {0} trivially implies A’ = X’. Then we find by the Bi-polar theorem

X' = A" =co(AU{0}) = A= T (S[R")),
where the closure is taken in the o(X’, X)-topology. This completes the proof. ]

The main result concerning the comparison of X ® Y and X ®” Y is the following theorem.

Theorem 2. Let X be a topological vector space, such that we have a continuous embedding
X — S'(R%). Moreover, let Y be an arbitrary subspace of S'(R%). Then we have X @ Y = X @Y,
and it holds X ®?Y = X ®” Y in the sense, that the canonical identification f ® g — f ®” g is a
linear isomorphism mapping the spaces onto each other.

Note that we do not need any topological structure for Y.

Proof. The identification X ® Y = X ®4 Y follows immediately from Theorem 1 and Lemma 1.
For the other assertion, let h,w € X ® Y and H,W € X ®” Y, where

h=Y fi®g, H=Y fio?¢, w=Y wav, W= ua"v.
i=1 i=1 J=1 j=1

We shall prove that h = w in the sense of X ®*Y = X ® Y if, and only if H = W in the sense of
S'(R4+42) je. the mapping f ® g — f ®P g can be extended to a well-defined linear isomorphism
from X 1Y onto X @P Y.

Step 1: h = w implies H =W.
The assumptions h = w explicitly means

Zgb(fZ)gl = Z qb(uj)vj fOI' all ¢ c X/ .
i=1 j=1
This particularly applies to ¢ = J, ¢ € S(R%). Hence we find
D filp)g =D ui(e);
=1 =1
as an equation in Y C &'(R%). But this immediately yields
D F(@gi(0) =D uilpv(w) forall ¢ e SR™), ¢ e S(R?),
i=1 j=1



which by the uniqueness assertion of Proposition 1 is equivalent to H = W.

Step 2: H =W implies h = w.
We first note that it is sufficient to prove the assertion in the case W = 0. Moreover, the assumption
H = 0 is equivalent to

Z fi(p)gi =0 for every ¢ € S(R™),
i=1

which is to be understood as an equation in §’(R%?) D Y. Using the mapping J this can be rewritten
as

n

Z(jgp)(fi)gi =0 forevery <€ SR™M).

=1

Now it is obvious from the definition of the weak*-topology, that this implies h = 0 if, and only if
J (S(R™)) is weak*-dense in X'. But this is exactly the content of Lemma 2. O

3 Injective quasi-norms

3.1 Associated norms and Banach envelopes

Tensor products arise quite naturally in the study of bilinear forms and their relation to linear
operators. Hence it is no great surprise that also the Hahn-Banach extension theorem is frequently
used in proofs, in particular the well-known identity

\munizsup{w«wizHwnﬂn31}::sup{w¢w|:H¢Wﬂuzl}, 1)

which is valid for any (real or complex) normed vector space V.

It is well-known that the Hahn-Banach extension theorem generally fails to be true for quasi-Banach
spaces. Hence a natural question when trying to transfer proofs from Banach spaces to quasi-Banach
spaces is whether at least the identity (1) remains valid. The answer is given by the following lemma.

Lemma 3. Let X be a quasi-Banach space. Then we define

wwxwzwﬁwmnwaWS@, zeX.

(i) The functional || - | X ||| defines a norm on X if, and only if, X’ separates the points in X.
(ii) It holds ||| X || = [[|z]| X ||| for all z € X if, and only if, || - | X|| is a norm on X.

(iii) We have [||z| X ||| > ¢ ||| X]|| for all x € X if, and only if, ||| - | X ||| is an equivalent norm on X.

The proof is obvious. We only mention, that ||| -| X ||| is called the associated normon X. Its properties
are consequences of the fact that the dual spaces of quasi-Banach spaces are always Banach spaces
and the observation ||z |X ||| = ||Jx|X"||, where J : X — X" is the canonical mapping used
before.



Moreover, the completion of X with respect to the associated norm is called the Banach envelope
and will be denoted by X¥. In particular, it follows X’ = (X%)'. For further details and references
we refer to [12].

Since /£, p < 1, is known not to be locally convex and hence also not normable, both conditions in
(ii) and (iii) would exclude these spaces. Thus they are far too restrictive to be feasible. This means
many proofs for tensor products of Banach spaces relying on equation (1) cannot be carried over
without changes to the quasi-Banach case, at least without exceptional additional assumptions on
the spaces involved.

Before we return to tensor product spaces, we shall recall a last well-known notion for quasi-Banach
spaces.

Definition 1. Let 0 < p < 1, and let X be a quasi-Banach space. Then X is called a p-Banach
space and its quasi norm p-norm, respectively, if

Ir+glX "<l r[xIP+ gl x| foral figex.

It is clear, that every Banach space is a 1-Banach space and every norm is a 1-norm. Furthermore,
it can be shown that for every quasi-Banach space (X, || - ||) there exists a p € (0,1] and a p-norm
|- I on X, which is equivalent to || - ||, i.e. (X, ||-||*) is a p-Banach space. We refer to [17] for details
and further references.

3.2 Injective quasi-norms and their basic properties

When studying properties of quasi-norms and tensor product spaces we shall only be concerned with
two particular aspects. The notions we are going to introduce now are immediate extensions of the
respective versions for Banach spaces. Thereby, if § is some quasi-norm on X ® Y, we denote by
X ®s Y the completion of X ® Y with respect to 9.

Definition 2.
(i) A quasi-norm § on X ® Y satisfying
dx®y)=|z|X| - |y]Y]| forallze X,y eV,
is called crossnorm.

(ii) Let T; : X; — Y;, i = 1,2, be bounded linear operators mapping quasi-Banach spaces X; into
quasi-Banach spaces Y;. We define a linear mapping 77 ® T» on F(X;, X5) (and on X; ® X5)
by the property

(Tl (%9 Tg)(l’l X IL'Q) = (Tll’l) (%9 (TQZL‘Q) , X € Xl,JTg € X, , (2)
and linear extension. Then a quasi-norm 9 is called uniform, if
0((Ty ® To)h, Y1, Vo) < || TL|L(X1, V)| - || 12| £( X2, Y2)||6(h, X1, Xo) (3)

holds for all h € X; ® X,.



(iii) For functionals ¢ € X’ and ¢ € Y, we can define a functional ¢ ® ¥ on F(X,Y) (and on
X ®Y as well) via

(pv)(zey) =) Yy), veXyeY,

and linear extension. A quasi-norm ¢ on X ® Y is called reasonable, if ¢ ® 1) is bounded on
X ® Y with respect to , and its continuous extension ¢ ®s 1 to X ®s Y satisfies

i @5 v (X @5 V)| = [l X'I] - [y

Concerning these definitions we only mention, that ¢ ® ¥ € (X ® V)" is always well-defined due to
the observation (¢ ® ¥)(z) = ¥(A,¢). Moreover, we similarly find from the linearity of 77 and T5
that two representations > .  x; ® y; and ZTzl fj ® g; are equivalent algebraically if, and only if,
Yo Ty ® Toy; and Z;"zl T\ f; ® Tog; are equivalent, i.e. Ty ® Ty is well-defined on X; ® Xo.
Every uniform quasi-norm ¢ admits for every operator 77 ® T a unique quasi-norm-preserving con-
tinuous extension 7', such that

T1X1®5X2—>Y1®5Yé and TEﬁ(X1®5X2a}/1®5Yé).

We will denote this extension T" by T} ®s T5.

As a first important example we are now going to study the injective tensor norm, which we will
denote by A. For Banach spaces, it is usually defined as

Zcb (@i)yi

where the definition is independent of the representation of z by the definition of the underlying
equivalence relation in X ® Y.
Moreover, if we define the functional ¢ @ v € X' ® Y’ C (X ® V) as above, we further find for

Z:Z?:lxi@)yi EX®Y
y (z qﬁmm)
=1

(Evor)

i=1

ANz, X,Y) = ||A.|[L(X",)Y)|| = sup

s H =S nEpeXoY,

=1

n

> o)y

=1

|A.|L(X",Y)|| = sup

el X f<1

Y H = sup sup
gl X"I<1 [lp[Y7]|I<1

= sup sup [(¢@¥)(2)| = sup sup
o1 1<1 l91Y7lI<1 ey <1 81X <1

Zw Yi)Ti

For quasi-Banach spaces this chain of equalities no longer needs to be true. Though the operators
A, and B, still generate the same equivalence relation (at least, if X and Y have separating duals),
their quasi-norms are usually incomparable. This can be easily seen for dyads x ® y, where one
immediately verifies

= sup
ly7]I<1

X H _ 1B,y X))

[Asey| LX) = 2| XN -ylY L and || Bagy LY, X)|| = [l2] X - Iy Y]

Hence the above calculation gives rise to three (generally different) versions of injective quasi-norms:
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Definition 3. Let X and Y be quasi-Banach spaces with separating duals. Then we put
Az, X,Y) = ||A.|[L(X", V)],
Ap(z, X,Y) = ||B.|L(Y', X)||,

(2, X,Y)= sup sup [(9®@9)(2)].
oI l1<1 Y7l <1

The independence of Ao of the representation of z follows from the well-definedness of ¢ ® v, and
we observe
Ae(z,X,Y)= sup  sup [(0®@¢)(2)|= sup [|A0|V][= sup [|B.y|X]|.
ol X/1<1 [[w]y’|<1 gl x"I<1 lvly’l<1

The functionals A4 and Ap define quasi-norms on X ® Y (this follows from the linearity of the
mappings z — A, and z — B, and the properties of the quasi-norms on X and Y'). Moreover, A4
is a p-Norm, if Y is a p-Banach space, and Ap is a p-Norm, if X is a p-Banach space (the p-triangle
inequalities follow from the respective ones on X or Y'). Finally, \¢ is always a norm (we remind on
the standing assumption, that X’ and Y’ shall have separating duals; the norm-properties follow by
the usual arguments for operator norms such as ||| - | X ||| and ||| - |Y'[||).

As we saw above, neither A4 nor A\g are crossnorms, and for A\¢ we find

Aoz @y, X, V) = [z X[ ly[YIl, zeX,yeY. (4)

This follows immediately from the respective definitions. Furthermore, we shall add, that neither of
these injective quasi-norms is equivalent to some crossnorm, which is a direct consequence of Lemma
3.

As a corollary of these considerations, we find

Lemma 4. Let X and Y be quasi-Banach spaces with separating duals. Then it holds
XY =X, Yi=X®,YF

The first identity follows from (4), the latter one from the mentioned observation A = Ay = Ap = A¢
for Banach spaces.

In particular, we obtain from (£,)¥ = ¢; (which holds with equality of norms)

Corollary 1. Let 0 < p,q < 1. Then it holds
gp ®/\C gq — 61 ®)\ El .

The main aspect of these considerations is the observation that the above notion of a crossnorm no
longer is the only version relevant for the study of quasi-norms, though it remains the most important
one, since often the associated norm is no easily accessible.

For the notion of a reasonable norm, the situation is quite different. This stems from the mentioned
fact that the dual space of an arbitrary quasi-Banach space is a Banach space (though possibly
trivial), and the observation that a tensor norm § on X ® Y is reasonable if, and only if, the induced
norm 6" on X' ®Y" C (X ®Y)" is a crossnorm. Hence even if X and Y are quasi-Banach spaces,
this property is concerned only with Banach spaces, so no change is necessary.

Before we return to the injective quasi-norms we add a simple criterion for some quasi-norm ¢ to be
reasonable. Its counterpart for Banach spaces is well-known (see e.g. [14]).
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Lemma 5. Let X and Y be quasi-Banach spaces, and let § be a quasi-norm on X ® Y. Further we
assume

0z @y) < [le| X[ - ly[Y], reX,yeY, ()
((0@Y)()] < lIX|| - [¥Y']]-6(2),  2€X®Y,0e X' e’ (6)

Then ¢ is a reasonable quasi-norm.

Note that this lemma only requires the weakest version of a crossnorm-inequality for .

Proof. If we denote by §* the induced operator quasi-norm on (X ® Y, d)’ the assumption (6) yields

(e@y) < [lo[ X[l Y (7)
Moreover, by definition of 0* we have for all x € X and y € YV
o(2)] - [(y)| = (¢ @)z @y)| <7 (p @Y, X, Y)i(x @y, X,Y) (8)

Using the estimate (5) and taking a supremum over the unit balls of X and Y we find

lo [ X -]y < "0 @ ¢) (9)

Combining (7) and (9) proves that §* is a crossnorm on X'®Y”’. As mentioned above this is equivalent
to 0 being reasonable. O

For the injective quasi-norms we have the following counterpart of well-known properties of .

Lemma 6. Let X and Y be quasi-Banach spaces with separating duals. Then A4, Ag and ¢ are
reasonable. Moreover, for every reasonable quasi-norm « on X ® Y we have a(z) > A¢(z, X,Y) for
all ze X @Y.

Proof. The proof follows along the lines of the one for Banach spaces. In particular, we have for
pe X andy € Y’

0w o) =1oX 11| (i @ ot ) (S on)
=1
< XY Y] - Az X.Y).

Now the reasonability of A¢ follows from Lemma 5 (the assumption (5) is a consequence of (4)). The
respective assertions for A4 and Ag follow from Ac(z) < Aa(z) and A\o(2) < Ag(z) forall z € X ®Y.
Now let a be any reasonable tensor quasi-norm. Then we have

(@ @) () < NP @YX @Y)| - alz) = [[6|X|| - [[VIY'] - al2) .

Taking the supremum over the unit balls of X" and Y’ yields Ao (2) < a(z). O
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3.3 Uniform quasi-norms

Next we try to determine whether the notion of a uniform quasi-norm needs to be modified as well.
The answer is two-fold. On the one hand, the important inequality (3) makes sense for quasi-Banach
spaces, and even the consequence about the extendability of 77 ® T remains valid. However, when
trying to determine whether the equation

ITh @5 T2l £(X1 @5 Xo, Y1 @5 Ya) || = [|T3[L(X0, Yi)| - 1 T2] £(X5, Ya) |

holds true, i.e. whether the operator quasi-norm is a crossnorm, its relation to the modified notions
of crossnorms becomes clear.

To begin with we slightly modify the classical situation of uniform crossnorms, and demonstrate how
the above identity for the operator norms can be derived in this situation.

Proposition 3. Let a be a quasi-norm on F' ® GG, and let S be a quasi-norm on X ® Y, where
F.G, XY are quasi-Banach spaces. Moreover, we assume

alf @) < IfIF|-llglGll  forall fe F,geG, (10)
Blz@y) = [z X[ - [ylY]  forallze X.yeY, (11)
B(S®@T)h) < ||S|LF, X)| - || T|L(G.Y)| - eu(h). (12)

Then it holds
|5 ®a T|L(F ®a G, X @5Y)|| = [|S|LF, X)|| - ||T|£(G,Y)|-

Proof. Immediately from the definition of the operator quasi-norm we find

|5 ®a T|L(F ®a G, X @3Y)|| = sup B((S®T)(h))
a(h)<1

> sup B(S@T)(f®g))

feF,geG:a(f®g)<1

> sup  B((Sf)®(Tg)),

IAIFISLgIGI<T
where in the last estimate we used assumption (10). Using property (11) we further find

|S @0 T|L(F @0 G.X @5 Y)| > sup sup [ISFX] - [TglY| = ||S|C(E X)| - ||T]2(c.v))].
lfIFI<1g|G|<1

Together with (12) this proves the claim. O

While the result is a final one and clearly gives a satisfying answer in the classical situation, the
assumed crossnorm-property generally no longer holds true for quasi-Banach spaces and quasi-norms
as we have seen before. Moreover, also the assumption (10) (or (3)) turn out to not sufficient when
dealing with other types of crossnorm-properties. Exemplary we will treat the injective quasi-norms
in detail.

Proposition 4. Let X;, X5, Y, Ys be quasi-Banach spaces with separating duals, and let 0 < p < 1.
Moreover, let 71 € L£(X1,Y71) and Ty € L£( X5, Y5). Then it holds

[Ty @, o] £(X1 @2, Xo, Y1 @1, Vo)|| = || Th|£(X0, YF) || - || 12| £(X2, Ya) ||
|17 @2, To| £(X1 ©ay Xo, Y1 @1y Ya)|| = || TV £(X0, Y0 || - || 2] £(X5, Y59 || (
T2 ®xe To| £(X1 @0 X, Vi @0 Ya)|| = |11 £(X1, V)| - || T | £(X2, Y37)| - (

—~
—_ =
-~ W
~— —

—_
ot
~—
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As a first step, we shall determine the operator quasi-norm of the usual dual operator 7" of some given
operator T' € L(X,Y). For Banach spaces || T'|L(Y', X")|| = | T£(X,Y)|| is well-known, but clearly
this no longer needs to be true for quasi-Banach spaces, in particular since the dual spaces might be
trivial. However, for quasi-Banach spaces with separating duals, a precise answer is possible.

Lemma 7. Let X and Y be quasi-Banach spaces with separating duals, and let T € £(X,Y"). Then
it holds

|7 2v, X0 = | 7 £, ¥ B) | = || T e, v

I

where T is extended by continuity to the whole of X,

Proof. By straightforward calculations, inserting the relevant definitions, we find

T (Y, X")||= sup |TW|X'|= sup sup [(T'¢)(z)|

lely7]I<1 llY7)I<1 =] X[I<1
= sup sup [Y(Tx)|= sup [[Tz[Y[|= sup [Tz|Y"|
] X[I<1 Jly[Y7]I<1 [l XI<1 [l XI<1
=||T|£(X,Y").
This proves the claim. ]

Proof of Proposition 4.

Step 1: Treatment of \o.
Let z € X1 ® X, be given by z =>"" | 2; ® y;. Then we find

M (T @ To)(2),Y1,Ys) = sup  sup ‘((ﬁ @) (T ® Tg)(z))’

1YY II<1[[¢[Y3]I<1

n

> (1) (@) (T3 (:)

=1

= sup sup
¢lYYlI<1[leyz]I<1

n

> o) d(y)

=1

< |y x| - T2 xp| s sup
ll| X I<1 [l¥|X5]I<1

= ||, XD T2, X)) - Ac (2 X1, Xa)

This implies the first inequality needed to prove (15). The reverse inequality follows in the same way
as in the proof of Proposition 3, using property (4) in the second part of the calculation. We end up
with

171 @r0 To|L£(X1 @0 Xo, Y1 @ Yo)|| 2 [| T3] L(X0 YP)|] - | T | £(X2, Y27) ||
In view of Lemma 7 this proves the claim.

Step 2: Treatment of A4 and \g.
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Directly from the respective definitions we find for z € X; ® X,

M((Th ® Ty)(2),Y1,Y2) = sup U(Thzj)Toy;|Ya|| = sup T2<Z¢(T1$j)yj> Y
IIY7II<til’; = ll1YY]I<1 =1
< ||| L(Xa, Ya)|| sup || (T{0) (x5)y;| Vs
vyl
< HTQ}ﬁ(Xz,Yé)H ' HT{‘ﬁ(Y{, sup Zgb x;)y;| Y
H¢|X’H<1

= [| 2| £(X, Vo) || - | T LY, XD Aa Z>X1>Xz> 7
which immediately yields
T2 @, Tl £(X1 @1, Xo, V1 @0, Yo)|| < [|THL(Y], XD - (| 2| £(X, Vo) |
The reverse estimate once more follows as in the proof of Proposition 3. In particular we find

HTl OV TQ“C(Xl R, X2, Y1 @y Y2)H > sup AA((T1$) X (TQy)z Y1, Y2)
llz| X1 [|<1,[ly[ X2]|<1

> sup sup [ ToYy | [[ToylY]]
lal X1 I<1 1yl Xz <1

= ||| L(X0, YO || - [| T2 £(X2, Vo) -
In view of Lemma 7 this shows the claim. The proof for Ag is completely analogous. O

Remark 3. Note that these results correspond to the assertion in Lemma 4 and the respective
counterparts

X@,Y=X®, Y and X®,Y=X®,,Y".

Starting with these identifications, Proposition 4 can be obtained either from Proposition 3 or in the
same way as for A in the case of Banach spaces.

4 p-nuclear-norms for quasi-Banach spaces

For Banach spaces X and Y, the p-nuclear tensor norm o, (-, X, Y) is well-known, where 1 < p < oo,
see e.g. [14]. Its definition can be extended to values p < 1 in different ways, which are seen to
coincide for Banach spaces (for completeness we shall repeat those arguments below). However, they
are generally different for quasi-Banach spaces.

Definition 4. Let X and Y be quasi-Banach spaces, and let f € X ® Y.

(i) Let 0 < p < 1. Then we define the p-nuclear norm -, by

st 2y (Sl i) = o .
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(ii) Now let 0 < p < oo and % =(1- %)Jr. Then we define
1/q n
o (f, X,Y) mf{ (ZH%P(” ) ||¢S;ﬁ<1<z 1U(y;) ) ZfZZ%@?/j}a
j=1

with the usual modification in case ¢ = oo (i.e. p < 1).
(iii) Finally, let again 0 < p < co. Then we define

) e (S elelr)

IAlez]|<1

Z AjY;

H:fzzxj®yj},
j=1

. n . . . n n 1/
where (7 is the vector space C", equipped with the usual (quasi-)norm [|A|£} || = <Zj:1 By |p>

The version (i) was used already by Grothendieck in [6]. It can be shown that for Banach spaces the
projective norm 7, = 7y is always equal to the 1-nuclear norm «; as defined in [14] (which justifies
the above notion in case p = 1). On the other hand, (ii) and (iii) are more immediate extensions of
the usual formulations of the p-nuclear tensor norm.

4.1 Properties of v,

In this subsection, we are concerned with some basic properties of the quasi-norms -, defined above
(among others that they are indeed p-norms).

Lemma 8. Let X be a quasi-Banach space with separating dual, and let Y be a p-Banach space.
Then 7,(-, X,Y), 0 < p <1, is a reasonable p-norm on X ® Y.

Moreover, let X; and X5 be quasi-Banach spaces with separating duals, and let Y; and Y5 be further
quasi-Banach spaces. Then it holds (3) for every 77 € L(X1,Y7), Ty € L(X5,Ys) and h € X; ® Xo,
i.e. 7, is uniform.

Proof. We shall follow closely the corresponding proofs for 3 =« in [14].

Due to the assumptions Theorem 1 is applicable, hence the functional analytic tensor product coin-
cides with the algebraic one. In other words, given z € X ® Y, z # 0, there is a functional ¢ € X',
|| X'|| <1, such that we have A.¢ # 0, where A, : X’ — Y is the operator associated to z. Then
we find

0<|[40]Y] <

Zﬁb(%’)yi Y
n 1/p n
< (St Ly IP) < (Sl )

Taking the infimum over all representations of z yields 7,(z, X,Y’) > 0. The other p-norm properties
for ~, are obvious.
For the proof of the reasonability, we first observe

1/p

W@y, X,Y) < |z|X|| - |ly]Y], =zeXyeY. (16)
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Nowlet p € X', p €Y and z=>" 2, ®y; € X ® Y. Then we find
(p@u)(2)| <D (@@ ¢) (i @y =Y |o(x:)] - [b(w)]
i=1 =1

<[l Xl 1Y D s XAl [ Y]

=1

Taking the infimum over all representations of z we obtain

where we additionally used the monotonicity of the £,-quasi-norms. Now Lemma 5 shows that -, is
reasonable.
Finally, let Ty € £L(X1,Y7), T € L(X5,Y3) and z = Y"1 u; ® v; € X7 ® Xo. Then it holds

n n 1/p
(3T T ) < (0 T | a2 )
=1

i=1

n 1/p
<m0 o)l (32 ol el

i=1
Taking the infimum over all representations of z yields (3). O

Remark 4. Note, that the assumption of Y being a p-Banach space can be slightly weakened to Y
being p-normable, i.e. there has to be some p-norm on Y equivalent to || - |Y]|, since this condition
was used only to show that 7,(z, X,Y) > 0 for z # 0.

The following corollary is a consequence of the uniformity. Its proof is analogous to the one for the
normed case in [19, Appendix B].

Corollary 2. Let X7, X5, Y], Y5 be quasi-Banach spaces, which fulfil the assumptions of Lemma 8,
and let 0 < p < 1. Suppose that 77 € L(X;,Y]) and Ty € L£(X3,Y3) are isomorphisms. Then also
Ty ®,, Ty is an isomorphism from X; ®,, X, onto Y; ®,, Y5.

A particular application for this corollary will be discussed in the last section.

4.2 Properties of o, and j,

Lemma 9. Let X and Y be quasi-Banach spaces with separating duals. Furthermore, let X be a
p-Banach space, where 0 < p < 1. Then a,(-, X,Y) is a p-norm.

Proof. The homogenity is obvious. We remind on the operators B, and the observation, that the
quotient spaces with respect to the corresponding equivalence relation coincide with X ® Y. Now
let z€e X®Y, z=3" 2,y # 0. Then due to the assumption on Y’ we find some ¢, € Y’,
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llo.|Y'|| <1, such that B,¢. # 0, and hence

p n
<N 1 (o) Pl X P

= i=1

< 2| X|[7) max ¢zy'p§( xz‘Xp> sup - max Y(y;)["
(St ) o outw)b < (S edx1) swp s ot

Taking the infimum over all representations of z and afterwards the supremum over the unit ball of
Y’ yields

0 < ||B:| LY, X)| < (2, X,Y).

We finally prove the p-triangle inequality. Let € > 0, and choose a representation of z € X ® Y, such
that

ZHx X[ sup  max [o(w,)l < oz, XYY+,

lply|i<1d=1

where we additionally may assume

Zij‘XHpg&g(z,X,Y)—i—e, sup  max |P(y;)] < 1.

im1 lpfy7[|<1 I=Lem

Moreover, we choose a representation of w € X ® Y,
m
w = Z T & Yi
i=n+1
with analogous properties. Then we have in particular
[YP(y;)] <1, j=1,....,m, veY' |uY'| <1,

and hence

sup  max [¥(y;)| < 1.
[y 7]|<1 I=1em

Moreover, we easily find
Z |25 X||” < ap(z, X, V)P + oy (w, X, V)P + 2.
j=1
Combinig the last two estimates yields (upon taking the infimum over all representations of z + w)

ap(z +w, X,V <) |l | X7 sup - max [o(y;)] < ap(z, X, Y7+ ap(w, X, V)P 4 2¢.

o oy <1 7=t

For ¢ — 0 we obtain the desired inequality. O]
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Remark 5. Note, that the assumption of X being a p-Banach space is only used to show
|B.|L(Y", X)|| < ap(2,X,Y),

in particular, the p-triangle inequality did not need any additional assumption. Hence, this assump-
tion once more can be weakened to X being p-normable.

Lemma 10. Let X be a quasi-Banach space with separating dual. Furthermore, let Y be a p-Banach
space, where 0 < p < 1. Then ,(-, X,Y) is a p-norm.

Proof. The homogenity is obvious. For the p-triangle inequality we refer to Nitsche [16].
Nowlet z € XY, z=3" 2; ®y; # 0. Moreover, let ¢, € X', ||¢.|X’|| < 1, such that A,¢, #0
(such a linear functional exists due to the assumption). Then it follows

"< (Z o)) s Zw

IAlEn]I<1
This is an immediate consequence of the homogenity of the quasi-norm on Y. Hence we find (as

before taking the infimum over all representations of z and afterwards the supremum over the unit
ball of X’)

0 <[ A0V =

Yi

0 < ||A|L(X", V)| < By(2, X, Y). O

Lemma 11. Let 0 < p < 1. Then «, is reasonable and uniform.

Proof. Let X and Y be arbitrary quasi-Banach spaces. Furthermore, let ¢ € X', ¢ € Y’ and
f=Y",7,®y € X®Y. Then it holds

(@ P)(f U(ys)

.....

1/p
§||¢|X'||(Z|Ixi|Xl|”) O] s e (o)
=1

Inly || <1 =1

where we used the monotonicity of the £7-quasi-norms. Taking the infimum over all representations
of f we obtain

(@ @) (N < DX - 1LY - a(f, X, Y)

Since the inequality (5) is obvious, from Lemma 5 now follows that a,(-, X,Y") is reasonable.
Concerning the uniformity, let X;, X5, ¥7 and Y3 be quasi-Banach spaces, and let T; € L£(X;,Y;),
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t = 1,2. Then we find for z = 2?21 [i®g e X1® X,

@p((Tl ® T2>Za Yia }/2)

n 1/p
< (Z ||T1fjmup) sup  max [(Tagy)
j=

Hw'y/H<1] 1,..., n

< ITL(x, )] (Z!If]\Xal) sup  max |(T30)(g,)]

vzl <1 I=em

< |TLCe )| - ITlL (v, X ||(Z|!fg|X1||”) sup max

| Yy || <1 I=1eem

(||T2’|£(T12//?, Xé)”)(gﬁ')

1/p
< |13 [L£(X0, YA) | - ||T2\C(X2,Y2)||<Z||fj!X1Hp) sup  max }925 95)] -
j=1

ol X5 <1 I= 1

Concerning the dual operator T3 we only need the inequality ||T5|L(Yy, X5)|| < [|[T2]L£(Xs,Y2)|| at
this point. Taking the infimum over all representations of z, we end up with the inequality (3). O

4.3 Equivalence of these norms for Banach spaces

For Banach spaces and 1 < p < oo it is well-known that we have o, = ,. Moreover, we find
a3 = 71 = 7, the projective tensor norm. For a proof of the former assertion, we refer to [14], the
latter one is covered by the following lemma.

Lemma 12. Let X and Y be Banach spaces and 0 < p < 1. Then o, = 7,. Moreover, these norms
are crossnorms, i.e. 1,(x @y, X,Y) =a,(z @y, X,Y) = ||z|X]| - ||ly|Y] for all z € X and y € Y.

Proof. Since every Banach space is also a p-Banach space for every value p < 1, we immediately
obtain from Lemmas 9 and 14 (the required inequality for this lemma is obvious) the estimate
a, < 7,. Hence it remains to prove the reverse relation.

Let z =>"", 2; ® y;, then we find

Yol XY PP <Y Nl XIP -yl YIP = Yl X7 - sup [(ys) [P
i=1 =1

[y <1

< (S lelxip) swp mx [wP,
=1

lply || <1 =1

Taking the infimum over all representations of z yields the desired estimate.
For the crossnorm-assertion we first find forallz € X, y €Y, o€ X', ¢y € Y’

()] - 1) = (¢ @ ¥)(x @ y)| < 7, (¢ @)Wz @ y) = || X - [[PIY]] - yp(z @ y)

where we used Lemma 8 (7, is reasonable). Now using (1) we find by taking the supremum over the
unit balls of X’ and Y’

(e @y, X,Y) > [lz|X]| - y[Y]].

Since the reverse inequality is obvious, this proves the crossnorm property for 7, and hence also for
a, (this could be proved directly as well, using analogous arguments). O
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Lemma 13. Let X and Y be Banach spaces and 0 < p < 1. Then «, = f3,.

Proof. Using the usual identifications (E?)/ = (" and (EQO)I = (7 we observe first

sup - max [U(y;)| = sup [|U]en] = sup sup |u(®)
[ply7||<1 =1 lply7||<1 ]y [I<1 [|ul(en,)]1<1

Z/\¢yj

= sup sup = sup sup

Pl lI<tAler(I<tl; [AlET (<1 [y ]I<1
> v,

where the last step is a consequence of the ¢,-monotonicity (for decreasing values of p the unit
balls of £ become smaller). Inserting this into the respective definitions for the tensor norms yields
a,(z, X,Y) > B,(2, X, Y).

The reverse inequality is a special case of Lemma 16 below. O

o)

= sup
A7 <1

A3 <1

H > sup

Remark 6. Note that neither Lemma 12 nor Lemma 13 use any information on the space X, i.e.
the assertions and the corresponding proofs remain valid in case X is only a quasi-Banach space.

4.4 Relations in case of Quasi-Banach spaces
The first relation is based on the p-norm property of all the variants of the p-nuclear quasi-norm.

Lemma 14. Let 0 < p < 1, and let X and Y be two quasi-Banach spaces. If o is some p-norm
satisfying

alz®@y) < |lz|X] - |ly|Y] forall z€ X,yeY,

then a(z) < v,(z, X,Y) forall z€e X ®@Y.

Proof. The proof follows along the lines of the one for the projective tensor norm v, = ~. Let
z=>" 2,0y € X®Y, then

2P <Y alm@y) < al X7 Y|P
i=1 i=1

Taking the infimum over all representations of z yields the desired estimate. O
In particular, we find o, <y, and 8, <, forall 0 <p < 1.

Lemma 15. Let X be an arbitrary quasi-Banach space, and let Y be a p-Banach space, 0 < p < 1.
Then it holds 5,(-, X,Y) = v,(-, X, Y).

Proof. Since we have [[e/|(7]| =1, j = 1,...,n, for the canonical basis vectors, it follows
y; Y| < sup Ayl Y H, j=1....n,
vl sy 3

21



for all y1,...,y, € Y. This immediately yields

n ) » 1/p n ) 1/p
(Sl x I 1) < (S hlxlf)  sup
j=1 j=1

S

for all x1,...,z, € X and v1,...,y, € Y. Taking the mﬁmum over all representations of 2z € X ® Y
we obtain (,(z, X,Y) > v,(2, X,Y) for all z € X ® Y, which in view of the remark above completes

[AlEpII<1

the proof. O
Remark 7. IfY is a p-Banach space, one can verify
max V= sup ([ S a]v H .
""" Az <1 Z

To see this, one uses the same estimate as in the proof above, and subsequently one applies the
p-triangle inequality.

Since the definition of o, involves duality more directly, its comparisons to the other quasi-norms
are more subtle.

Lemma 16. Let X and Y be quasi-Banach spaces, and let 0 < p < 1. Then it holds
a/p(f7XaY)§/Bp(f7XaY)7 feX@Y

Proof. The observation ||y|Y ||| < |ly|Y|| yields for arbitrary y1,...,y, € Y

(8 (Z )\iyi> ‘ = Ssup  sup
i=1

H > sup  sup

sup Aili N (i)
A5 I<1 Z AL II<1 llepY7]I<1 Y/ I<T A I<1]7 Z
Now we choose an index j € {1,...,n}, such that [ (y;)| = max;—; __, [¥(y;)|. We further choose
p =€’ € (7, the jth canonical unit vector. Then we have ||u|¢7|| = 1 and hence
sup  sup Zw y)| = sup |y pib(y)| = sup  max [d(y;)].
PIY 7 I<T A< |\¢|Y’H<1 i—1 ]y 7)< #= L "
Inserting this into the respective definitions finally yields the assertion. m

Corollary 3. Let 0 < p < 1. Then 3, is reasonable and uniform.

Proof. The assumption (6) of Lemma 5 now follows immediately from the one for «,, and the
inequality B,(z @y, X,Y) < [|z|X|| - [|[y|Y] is obvious.

Furthermore, by linearity we always have T5(> " | \iyi) = iy AiT2y;, hence the estimate (3) follows
directly by applying the definition of /3, to the representation Tz = > (Tiz;) @ (Tohy;). O

In order to establish oy, = /3, = 7, it now would be sufficient to show «;, > 7,. However, even for
the prominent (and particularly simple) example X =Y = ¢, this fails to be true. In [19] it was
shown €,,(I) ®., €,(I) = £,(I*), 0 < p < 1, which holds with equality of quasi-norms. In particular,
this implies v,(z @ y) = ||z|€, (D) - [|y|€p(1)|| for all z,y € €,(I). Since (@(I))E = (1(I), we have
ap(z®@y) = ||z|€,(1)] - [|ly|1(1)|| (see Lemma 17 below), which yields a,(z ® y) < 7,(x ® y) already
for all those dyads, where y is different from multiples of the unit vectors e, i € I.

Hence, in general the quasi-norms «,, and v, are different, and even non-equivalent. More precisely,
they are equivalent if, and only if, Y is normable, see Lemma 3.
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4.5 Crossnorm-properties

In this section we shall investigate the p-nuclear tensor norms from Definition 4 regarding possible
crossnorm-properties. To begin with, we observe that c«,, generally is neither a crossnorm, nor
equivalent to one. Instead, we have the following assertion.

Lemma 17. Let X and Y be quasi-Banach spaces, and let 0 < p < 1. Then it holds
a,(2, X, Y) > Ag(z, X,Y), 2eX®Y,
and furthermore

(e @y, X,Y) = |z| X[ -ly[Y]], reX,yeY. (17)

Proof. The first assertion can already be found in the proof of Lemma 9, where we have shown
(2, X,Y) > || B L(Y', X)|| = Ap(2, X, Y).
Applying this to z = = ® y, we find

p(z ® Y, X,Y) > || Bugy | L(Y, X))

= sup |[P(y)z|X]| = [[z|X]| sup [¥(y)] = [lz[X] - [ly[ Y]] -
lp|Y']|<1 I Y]|<1

Since the reverse estimate simply follows by inserting z ® y into the definition of «,, the proof is
complete. O

From (17) we immediately obtain results for X ®,, Y similarly as in Lemma 4.

Lemma 18. Let X be a p-Banach space, 0 < p < 1, and Y a further quasi-Banach space, both
with separating duals. Then it holds

X®a Y =X®, Y =X Y'=Xe,Y".

The latter identities follow from the observation a,(-, F,G) = B,(-, F, G) = 7v,(+, F, G), whenever G
is a Banach space (see Remark 6).

For «, we obtain no final result for general spaces X and Y.

Lemma 19. Let X and Y be p-Banach spaces, where 0 < p < 1. Then it holds
(2, X,Y) Zmax()\A(z,X,Y) , /\B(Z,X,Y)), zeX®Y.
In particular, we find
maX(IIIIXH My YA [ X 'HyIYH) < Wz @y, X, Y) < [l X[ - [lylY]] (18)

forallz € X and y € Y.
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Proof. In the proof of Lemma 8 we have shown
A0 | Y| < (2 X,Y), 2eX®Y, pe X',

This yields v,(z, X,Y) > (2, X,Y) for all z € X ® Y. The proof of v,(z, X,Y) > Ag(z, X,Y)
follows by analogous arguments. This yields the first assertion. Applying this result to z = z ® y
one immediately obtains the second one. O]

Also the estimate (18) can be reformulated in terms of Banach envelopes.

Corollary 4. Let 0 < p <1, and let X and Y be p-Banach spaces with separating duals. Then it
holds

X®,Y=2X"®, Y NX®, YiesX 0, Y7

Remark 8. Without any additional assumption on the quasi-norms of X and Y we still get
[ XN - My Y < e @y, X,Y) < flaf X - lylY]

based on the reasonability of v, (see Lemmas 8 and 17). This corresponds to the trivial embedding
X®,Y =X, YE

However, sharper estimates for v,(z ® y, X,Y) or 5,(z ® y, X,Y) hold true, at the cost of stronger
assumptions on the space X. Then we can prove that /3, or 7, are (almost) crossnorms.

Theorem 3. Let X be a quasi-Banach space with separating dual, and let Y be another quasi-
Banach space. Assume that for arbitrary =, zy,...,z, € X and y,y1,...,y, € Y, such that z®y # 0
and

i=1
the following condition is fulfilled:

"l X P
wp S lmXP @l
sxvio) i @l Tl X[

Cl > 07 (19)

where X* denotes the algebraic dual X* of X, and C; does not depend on z,zq,...,z, € X and
n € N. Then it holds

Bplr®y, X, Y) > Pz X - lylY ]| forallz € X andy €Y.

Note that the restriction on z,zy,...,z, € X implies that Y ", |¢(z;)[” is non-vanishing for all
functionals ¢ € X*\ {0}.

Clearly, we always have C; < 1 (take n = 1 and = z1). The proof is based on an argument by
Nitsche [16]. We further remark that for Banach spaces and ¢,-spaces we have C; = 1 (even upon
replacing X* by X').
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Proof. Let x,xy,...,2, € X and y,y1,...,y, € Y be given as required. Moreover, consider an
arbitrary functional p € X*\ {0}. We put n* = ¢(z')/M. Then it follows

Zm 1 (Z Jofx17) " zn:myi YH
(Z\mxup)

- () oo
)"

- (ST e

Taking the supremum over all such functionals and afterwards taking the infimum over all equivalent
representations of x ® y yields the claimed result. O]

1/p

(Z ||x"|X||p) sup
=1

llulepll<1

]

To finish this subsection we adapt another result of Nitsche, giving an example of spaces satisfying
condition (19). We suppose

e X is a p-Banach space,
e X contains a Schauder basis B = (b;);cs, where I is a countable index set,
e the mapping J : f — (N(f)|bs ]XH) is bounded from X to ¢,(1).
Theorem 4. Under these assumptions it holds
Bplr @y, X, Y) > Cp ||lz| X - |ly|Y| forallz € X and y €Y,
where the constant Cy is given by Co = || J|L(X, 6,(1))] "

Proof. We shall show that every space X with a basis as assumed satisfies the condition (19) with
C; = CF. Throughout the proof ()\;);e; C X' denotes the system of the correponding coefficient

functionals. Now let x,zq,...,x, € X, be given as in the last theorem, which particularly implies
x # 0 and
n i 1/p
I\ ()P
M; = (ZiaPi@P) >0 foralliel.

(S0, | X|[P) 7

The assumption on the mapping J then yields

> MEbl X < T

el

Now consider the set

(2

O = {gpi = M 'sgn(\i(2))\; i € [} c X'
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By construction we find for all ¢ € ®

Y le@)lr =Yl IX|P.
j=1 j=1

Now assume that there is no ¢ € @, such that p(z) > Cyl|z|X|| (observe that ¢(x) is real for all
¢ € ®). This implies p;(z) < Cpljz|X|| for all ¢ € I and hence (summing up over i € I)

ot e S (@ 1 :
S arzindxlr = 3 (20 o DI Al

i€l i€l

Moreover we find from the p-triangle inequality

o x@bi| X[ <Y @b X[ =D ) Plel X1

iel el iel

[ X7 =

Altogether we find
117 = M|l X|1P > G5
el

Hence in case Cy = [|J|L(X, £,(I))]|~" this is a contradiction, thus a functional ¢ € ® with ¢(z) >
Co||z| X || does exist. This functional then yields condition (19) with C; = C¥, what proves the
claim. 0

5 Applications

As a first application of the results of the last section we will have a closer look at ¢,-type sequence
spaces. In particular, we consider weighted spaces ¢,(w, I'), defined via the norm

1/p
lalt, (w, D) := (Zrai\pwi) . 0<p<oo.

iel
where w = (w;);e; is an arbitrary sequence of positive real numbers.

Theorem 5. Let X = (,(w',I), Y = {,(w? J), 0 < p <1, where I and J are arbitrary countable
index sets. Then condition (19) holds with C; = 1, and the canonical basis satisfies all conditions
in Theorem 4 with Cy = 1. In particular, 3,(-, £,(w', I), {y(w?, J)) = ~,(-, €p(wt, T), £,(w?, J)) is a
crossnorm.

On the one hand this theorem extends the main results of Nitsche to the case of weighted sequence
spaces, on the other hand this corroborates the findings in [19], where it was proven

Cp(wh, I) ®5, Up(w?, J) = L(w' @ w?, I x J), 0<p<oo,

with equality of quasi-norms, which implies the crossnorm-property for 7,. Here §, =, if 0 <p <1
and 6, = a,, if 1 < p < o0.
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One particular application for these tensor product techniques is given by wavelet transformations
with respect to tensor product wavelet systems. More precisely, if X and Y are spaces of tempered
distributions with wavelet bases ® = {¢; };e; and ¥ = {9}, respectively, and if Tx : X — X and
Ty : Y — ) are isomorphisms mapping the distribution spaces onto associated sequence spaces,
then the system ® ® ¥ = {¢; ® 9, } (i j)erxs is a basis of X ®, Y (which itself is a space of tempered
distributions as well), and Tx ®,, Ty maps X ®,, Y onto the sequence space X ®, ). By Corollary
2 this mapping is again an isomorphism.

In this way, the knowledge about tensor products of sequence spaces can immediately be transferred
to function spaces. Particularly, this applies to Besov spaces B, ,(R") and Sobolev spaces H,(R")
and variants thereof, which can be characterized (at least for a certain range of parameters) using
Meyer or Daubechies wavelets (to name only some possible bases). For details regarding to the
wavelet characterization we refer to the literature, see e.g. [15, 11, 21].

Further applications of these facts are due to the following results, which provide a characterization
of tensor products of some prominent function spaces. To this purpose, we define the Sobolev space
Wi R™), m € N, 1 < p < oo, as the collection of all functions f € L,(R"), such that

AW @) = > ([P Ly(®))]
|a|<m

is finite. Here we used the usual multiindex notation, and D®f denotes the weak derivative of f of
order . These spaces can be generalized using Fourier analytic means. Defining spaces H;(R"),
s€R, 1< p< oo, as the collection of all tempered distributions satisfying

| FIHSRY)|| = || F 11+ 1€2) 2 F | Lp(R™)|| < o0,

it holds W)*(R") = H*(R"), m € N, 1 < p < 00, in the sense of equivalent norms.
For tensor products of these spaces it has been shown (see [19, 8])

HY(RY) @, H?(R™) = S H(R" x R™),  1<p<oo, si,s €R,

which generalizes the well-known Hilbert space identity H*(R) ® H*(R) = HE, (R?). Moreover, this

can be extended to more than two factors in the sense of iterated tensor products,
s d s d s d s d s d
le(]R 1) ®ap .. ®ap HpN(R N) = le(]R 1) ®ap (Hp2(R 2) ®ap ®a,, HpN(R N))
— Sz()sl,...,sN)H(Rdl X oo X RWVY l<p<oo, 81,...,5nv € R,

and it has been shown, that the outcome is independent of the order of iteration. The spaces on
the right hand side of these identities are called (fractional) Sobolev spaces of dominating mixed
smoothness. These are again defined Fourier analytically via the norm

[ FISSr ) H(R® < R™) || = || F 1+ 1€) 21+ [nf*) > 2F f|LyR™™)|| <00, (&) € R"xR™.

Particular cases of this scale of spaces can once more be described using weak derivatives of functions
from L. It holds Sy H(R" x R™) = SR W (R™ x R™), (ky, ks) € N2, where

[FISFRIW R x R™)|| = > > ||De Dy f(a,y) | Ly(R™™)]|.

|| <ky |B|<k2

In particular, this yields the identity
WH(R") ®q, WR(R™) = SFHRIW(R x R™),  1<p<oo, ki,k €N,
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which holds with equivalence of norms. For details we refer to the cited literature. Moreover,
counterparts of these results are known for spaces on [0, 1] and [0, 1]?, respectively, see [20].

As a last example we shall discuss Besov spaces B;jp(R”). Instead of giving their definition we state
that they can be characterized using Meyer wavelets or Daubechies wavelets of sufficiently high order
(to name only some possible choices). If U is such a wavelet system (in particular we assume it to
be an orthonormal basis of Ly(R™)), then the corresponding wavelet transformation J, i.e. the
mapping associating to a tempered distribution f € S’(R™) the sequence of its wavelet coefficients

(Ajwo(f))jeNowev, is an isomorphism mapping B, (R") onto the sequence space by ,, defined by

oo

1/p
Ha}b;pH = <22j(s+d/z—d/p)pz|aw,p) : sER, 0<p<oo.

7=0 vev

We note that these sequence spaces fit in the framework of the weighted /,-spaces discussed above.

In this way we can identify their tensor product byl ®s, b2, with the space sz(f},’”)b, which is given

for parameters sq,s9 € R and 0 < p < oo by the norm

Ha}sz(le:&)bH — <§: i 9J1(s1+d1/2=d1 /p)pgj2(s2-+d2/2—d2/p)p Z |a(j1 i) V|p> i )

j1=0 j2=0 vev

On the other hand this kind of sequence space is known to arise in characterizations of function
spaces of dominating mixed smoothness using tensor product wavelets. In particular, let ¥; be a
wavelet basis for B! (R") as described above, and let W, be a wavelet basis of Bj?(R?%). Then
the tensor product basis ¥, ® Wy, consisting of all pairwise tensor products of basis vectors, turns
out to be a basis for the Besov space of dominating mixed smoothness S$5** B(R% x R%), and the
mapping Z associating to a distribution f € S'(R%+%) the sequence of its wavelet coefficients with

respect to Wy ® W, is an isomorphism from S$5*” B(R% x R%) onto si3**b. For further details we
refer to [24, §].
The outcome of these considerations is the identity

Bl (RM) ®5, B2 (R”) = SP=) B(RY x R?),  0<p<oo, s1,5 €ER,

which now is an immediate consequence of Corollary 2, see also [19]. Moreover, we find for the
wavelet isomorphisms the following result.

Theorem 6. Let W be a wavelet basis for By (R), where s € R and 0 < p < oo. Denote by J
the corresponding isomorphism mapping B, ,(R) onto the associated sequence space b, . Moreover,
let U4 be the d-fold tensor product of ¥, and denote by J? the corresponding isomorphism mapping
S,()‘;;""S)B(Rd) onto s},‘fg"’s)b

e Let 0 < p < 0co. Then it holds J¢ = J ®s, -+ ®s, J, and
|72 S5 BRY) — sz = 172 By, (®) — 53, ]|
e Let 1 < p < oco. Then it holds (J*) ™ = J ' ®,, -+ ®a, J 1, and

J77 s s b — S BRY| = 77 8y, — By, (R

PP
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This means whenever the quasi-norm of the “one-dimensional” mappings is greater than one, the
quasi-norm of the tensor mapping grows exponentially in the number of factors (variables), and
hence suffers from the curse of dimension. That observation has some immediate consequences for
estimates of certain approximation quantities like approximation, Kolmogorov and entropy numbers
or m-term approximation. More precisely, one is interested in their asymptotic behaviour. To this
purpose one transfers these problems from function spaces to the corresponding sequence spaces,
and afterwards solves the task for the sequence spaces. Afterwards, the results are transferred back
to function spaces. The key point in this discretization technique is that the asymptotic order of
the estimates is preserved. However, for practical implementation also the constants involved in
these estimates became increasingly relevant, in particular their dependence on the dimension of the
underlying domains. Here the norm of the above isomorphism comes into play, as in the resulting
estimates for the function spaces the constants are the product of the constants for the sequence
spaces and the norm of the isomorphism.

In other words: Even if the dependence on the dimension on sequence space level is moderate (i.e.
polynomial dependence or even independent of the dimension), this positive behaviour gets lost on
function space level.

The proof of Theorem 6 follows immediately from Proposition 3, keeping in mind that for p > 1 the
spaces B;p(]R) and b, , are Banach spaces and , is a uniform crossnorm, and for p < 1 we still know
that ~, is uniform and a crossnorm on b, , ® by ..
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