BANACH SPACE TENSOR PRODUCTS AND NUCLEAR OPERATORS
ANDREJ VUKOVIC

ABSTRACT. We begin by defining tensor products as certain linear functionals on spaces of
bilinear forms and by proving several elementary properties about them. We recall some
basic results from Banach space theory, then proceed to define the projective tensor norm
on the tensor product of two Banach spaces and to calculate an example of it. After that, we
prove a useful duality theorem that gives another characterization of the projective norm,
which is often easier to work with. Finally, we define nuclear operators and discuss the
approximation property.

1. NOTATION

Our notation is almost identical to that of [1], but in the interest of keeping this article rela-
tively self-contained, I go over the notation again. We use X, Y, Z to denote Banach spaces
over the fields R or C. We denote the closed unit ball of a Banach space X by Bx. We
use the word operator to mean a bounded linear map, and we denote the space of operators
from X to Y by L(X,Y).

We denote the continuous dual space (or dual space for short) of X by X*. This is the space
of continuous linear functionals on X, and is a subspace of the algebraic dual space, which
is the space of all linear functionals on X and which we denote X7.

Given two Banach spaces X, Y, we denote the space of bounded bilinear forms on the prod-
uct X x Y by B(X,Y) and abbreviate this to B(X) when X =Y. B(X,Y) comes equipped
with the usual norm ||B|| = sup{|B(z,y)| : * € Bx,y € By }.

Familiarity with standard examples of Banach spaces, particularly c¢o(X) and (X)) for
1 < p < o0, is assumed.

2. PRELIMINARIES

In what follows, we define the tensor product of vector spaces V and W as a certain subspace
of B(X,Y)#. This approach is convenient because it works in both the finite- and infinite-
dimensional settings.

Definition 2.1. Given vector spaces V, W and elements v € V,w € W, v @ w € B(X,Y)#
is the unique linear functional given by evaluation at (v,w), i.e., (v ®@ w)(A) = A(v,w) for
every A € B(X,Y). V. ® W is the subspace of B(X,Y)# spanned by elements of the form
VR wW.

Remark 2.2. Even for finite-dimensional vector spaces, a given representation u = » . | v;®
wy of u € V. ® W is not unique. For example, taking C* with standard basis {e, €2, €3}, we
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have
(e1+e2)®(e1—es)+(eate3)R(ea—ez)+(e3+er)R(es—er) = e1®(e3—ea)+ea®(e1—e3)+e3@(ea—ey).

This shows that there is not even a unique representation consisting of exactly three terms
in this case.

The following two propositions will be useful to us in the following section, but are also
important in their own right.

Proposition 2.3. Let X,Y be vector spaces. We have the following.

(a) If E and F are linearly independent subsets of X and Y respectively, then {z ® y|z €
E,y € F} is a linearly independent subset of X @ Y.

(b) If {e;li € I} and {f;|j € J} are bases for X and Y respectively, then {e; ® f;|i €
I and j € J} is a basis for X @ Y.

Proof. We prove (a); (b) clearly follows. Let u =Y "  \jz; ® y; = 0, where z; € E, y; € F
for all 7. Suppose ,1 are linear functionals on X and Y respectively, and let A be the
bilinear form given by A(x,y) := ¢(z)1(y). Then, since u(A) = 0,

Z (@) (i) = ¢(Z Xip(x;)y;) = 0.

As 1 was arbitrary, we conclude that Y | A\;o(z;)y; = 0, so because F is a linearly indepen-
dent set, we have \;p(x;) = 0 for every ¢ € X#. However, since E is a linearly independent
set as well, each x; is nonzero so A\; = 0 for all i. Therefore, {z ® y|z € E,y € F} is also
linearly independent. [J U

Proposition 2.4. (We retain the notation from the previous proposition.) If
UZZ%@)% EX®Y,
i=1
then the following are equivalent:
(i) u=0;
(ii) S0y oz () = O for every € X#,0 € Y#;
(ii1) S (@) — 0 for every ¢ € X#;
(iv) S0 (y)z; = 0 for every i € Y.

Proof. (i) = (ii): Simply define the linear functional A(x,y) := ¢(z)¥(y), and this follows
as in the proof of the previous proposition since u(A) = 0.

(i) = (iii): Write
> e(@)v(y) =) ela)y)
i=1 i=1

and the result follows.

(ili) = (iv): Apply 9 to both sides of the equality in (iii) to get

> el )(m) = 0= o3 i)
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and the result follows.

(iv) = (i): Let A € B(X xY) be arbitrary. Let E, F' be the subspaces of XY spanned by
{1, ...,z } and {y1, ..., y } respectively. Let B := A|gxp. As E, F are finite-dimensional, we
may choose bases for them and expand B relative to these bases to obtain a representation

r.y) = > 0w (v)

where 0; € E# w; € F#. We may choose algebraic complements G, H for F, F' respectively
and set 6;|¢ := 0,w;|y = 0; in this way we extend 6; and w; to X and Y respectively. Now
B can be thought of as a bilinear form on X x Y. As A and B agree on F x F, we have

— ZA(iCi,yi) = Z B(zi,y:)
i=1 =1
n M

=3 0(wi)w;(y:) ZHJ > wjlyi)a) =0,
=1 i=1

=1 j=1

by (iv). Therefore, u(A) = 0 for every A € B(X xY). O

Definition 2.5. A subset S of the algebraic dual X# of a Banach space X is called separating
if for any z,y € X such that x # y, there exists ¢ € S such that p(x) # ¢(y).

Remark 2.6. It is clear that instead of considering ¢ € X# 1 € Y# in Proposition 2.4, we
may take ¢ € Xf VNS Yl# where ng C X#, Yl# C Y# are separating subsets. The proof
of Proposition 2.4 remains essentially unchanged because the following statement still holds,
carried over from X# to X/ and from Y# to Y;*: if f(u) = 0 for all f € X{*,u € X, then
u = 0. This fact is used several times and is the only part of the proof that directly relies
on the structure of our spaces of functionals.

The next two propositions are well known. The proof of the first will be omitted as I believe
we have used it earlier in the course, but I will prove the second.

Proposition 2.7. Given Banach spaces X,Y,Z and a bilinear map B : X XY — Z, there
exists a unique, well-defined linear map A : X @ Y — Z such that A(z,y) = A(x ®Y) for
allx € X,y € Y. This linear map is called the linearization of B.

Proposition 2.8. Given a bounded linear transformation T from a normed vector space V
to a a Banach space X, T can be uniquely extended to a bounded linear transformation T
from the completion V' of V to X.

Proof. Suppose (v,,) is a Cauchy sequence in V. Then ||Tv, — Tv,| < [|T||||vn — vm|| and
IT]| < oo as T' is bounded, so (T'w,) is Cauchy, and by completeness of X it converges.
Define T := lim,, T'v,, where (v,,) is an arbitrary Cauchy sequence converging to v € V.

T is well-defined because if v, — v as well, then ||Tv, — Tv,|| < |T|||lvn — v,|| — 0 as
n — oo, so lim, Tv, = lim, TU;L = Tw. Taking constant sequences shows that T|V =T.
Also,

To = lim T, < |7 i, | = [T timfo, |
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by continuity of the norm,
= [[Tl[vll,

so T is bounded. Finally, if S is another bounded linear extension of T tof/, then Tv,, = Sv,
for all n, so as T'— S is bounded and linear, and therefore continuous, (T'— S)v =0 for any
v € V, which establishes uniqueness. O

Suppose X, Y are Banach spaces. If we want to make X ® Y into a Banach space, we will
need to impose a norm on it. But given that the representation of a given element in X ® Y
is not unique, as described in Remark 2.2, we must define the norm on X ® Y in a way that
is independent of the representation chosen for any element of X ® Y. We now present one
way of doing this.

3. THE PROJECTIVE TENSOR NORM AND DUALITY

3.1. The Projective Tensor Norm. We impose an additional algebraic condition to sim-
plify the problem of determining a suitable normon X ® Y. If v € X,y € Y, we impose the
condition
lz @yl < =yl

Let u € X ® Y so that u = Z?:l x; ® y; for some x; € X,y; € Y. (We can represent u in
this way because if an element of the form A\z; ® y; appears in the sum, we may rewrite z;
as A\x;, which is still in X.) Then, as ||| is assumed to be a norm, we have by the triangle
inequality that

n
ul| < inf 0> [l l]]y:]l}-
i=1
This motivates our next definition.

Definition 3.1. Given Banach spaces X and Y, the projective norm on X ® Y is given by

n n
w(w) = it {3 il s = 3w @y},
i=1 i=1
where the infimum is taken over all possible representations of .

Proposition 3.2. 7 is a norm on X ® Y and w(x @ y) = ||z||/||y|| for every z € X,y € Y.

Proof. Let A be a scalar. We will first show that 7(Au) = |A|m(u). This clearly holds when
A =0, so suppose A # 0. Suppose also that u = >"""  x; ® y; is a representation of u. Then

() < Yl i)
i=1

= A llalllyll,
i=1

and since this holds for every representation of u, m(Au) < |A|m(u). For the same reason,
m(u) = T A7 u) < A "tr(Au), so |Alm(u) < w(Au). Therefore, m(Au) = [N (u).

Next, let u,v € X ®Y and € > 0. We will show that 7 satisfies the triangle inequality. From
the definition of , we may choose representations u = » i | 7; ® y; and v = 37" | w; ® z;
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such that

D lailllyill < wlu) +e/2 and Yl < w(v) + /2.
i=1

j=1
As 30 (2 ®@yi) + 070, (w; ® 2z;) represents u + v, we have

m(u+0) < Y llzallllvill + Y lwslllizl < wlu) +7(v) +e.
i=1 j=1
As € > 0 was arbitrary, m(u + v) < w(u) + 7(v) as desired.

Finally, we show that m(u) = 0 implies u = 0. Suppose m(u) = 0. Then for every € > 0 there
is a representation u =Y | x; ® y; such that

n
S il < e
=1

It follows that for every ¢ € X* ) € Y*,

D ezl < ellelllvl
i=1
by definition of ||¢||, [|¥]|-

The value of > 7" | ¢(x;)1(y;) is independent of the representation of u, so we have

S lailn) = 0.

By Remark 2.6 and the fact that X* C X#,Y* C Y# are separating subsets, we may apply
Proposition 1.2 to obtain u = 0.

Finally, we will show that 7(z ® y) = ||z||||y||. We have w(x @ y) < ||z||||y|| by definition of
7. To prove the other direction, let ¢ € Bx+, 1) € By« satisfy ¢(z) := ||z|| and ¥(y) := ||y||-
Let B(w, z) := p(w)i(z), which is a bounded bilinear form on X x Y. Let B denote the
linearization of B, so that

BO_wi @l < 3 1Bl @ )l = Y el < 3ol

Then |B(u)| < w(u) for every u € X @ Y, so ||z|||lyl| = B(z ® y) < 7(z @ y), and we are
done. 0

Definition 3.3. Let X ®, Y := (X ® Y, 7) be the space X ® Y equipped with the norm 7.
This space is not complete, so let X®,Y denote its completion. We call this completion the
projective tensor product of X and Y.

Remark 3.4. Recall that if X, W)Y, Z are Banach spaces and S € L(X, W), T € L(Y, Z)
are operators, then there is a unique linear map S ® 7T : X ® Y — W ® Z satistying
(ST (z®y)=(Sz)@ (Ty) forevery r € X,y €Y. fue X @Y andu=>3 . z;®y,
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then

n

T((S©T)(w) =7(Y_(Sz;) ® (Ty:))

i=1

<Y Szl Tyl < USIITND llalllall,
i=1 i=1

so (S @ T)u) < ||S||||T||w(u). Hence, when we take the projective norms on X ® Y and
W®Z, S®T is an operator and ||[S@T|| < ||S||||T||. However, taking norms of both sides of
the equation (S®T)(z®y) = (Sz)®(Ty), we obtain the other inequality ||[SQT|| > ||S|||7||-
Therefore, ||S @ T|| = ||S|||IT]]. Finally, by Proposition 2.8 there exists a unique bounded
linear extension of S ® T to X®,Y and W®,Z. Denote this operator by S ®, T. We
summarize this procedure in the following result.

Proposition 3.5. Let S: X = W and T : Y — Z be operators. Then there exists a unique
operator S @, T : X®,Y — W @, Z such that (S @, T)(z ® y) = (Sx) @ (T'y) for every
z e X,y €Y. Moreover, |S®:T| = ||SIIT]-

Example 3.6. We will construct the space ¢;©,X for an arbitrary Banach space X. Given
a = (a,) € (', z € X, we associate the elementary tensor a ® x with the sequence (a,z) €

¢(X). Notice that
S lawall < (3 Janllell < .
n=1 n=1

We equip ¢'(X) with the usual norm

@)l =l

Then we may extend the construction above linearly to all of /! ® X to obtain a map
J ' ® X — ((X) given on elementary tensors by J(a ® z) = (a,z). Now, if u =
Yot a; ®@a; € ('@ X, where a; = (a;,,), for each 4, then

17 ()]l = 1I( Zamfvz nlh = Z\I(Zaz,nl‘i)n!\
< ZZH%MH Z Z|am| el = ZII%IIH%H

n=1 i=1 i=1 n=1
and, since we chose an arbitrary representation of u, we have HJ (w)]1 < 7(u).
Next, we will prove that ||J(u)||; > m(u). As before, let uw =>".", a;®x;. Then J(u) = (u,),
where u, = >, a;nx;. Weclaim Y 07| e,®u, — uin ('®,X; here (e,) is the standard basis
for ¢1. Let IT; be the projection onto the first k coordinates, so that II;(a) = 22:1 Ap€n — Q

as k — oo. Then
k

W(U—Zen@)un):ﬂ' ZCL@@Z‘Z ZZen@)amx

n=1 n=1 =1

m k

= W(Z(ai Qx; — Z Wi nen @ T;)) Z — ya;) ® x;)

=1 n=1 =1
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m
<Y llai — Teas | [l
i=1

Hence, 7(u — Y2 _, e, ® u,) as k — oo and

=7(>_en@up) <Y _[lunll = 17 ()1,
n=1 n=1

as desired. This proves that J is an isometry. As ¢*(X) is complete, J extends to a unique
isometry from ('®,X into ¢1(X). Indeed, I claim this extension is surjective. Given a
sequence (z,,) € (*(X), it suffices to show that > > e, ® x, converges in '@, X. (Recall
that u = Y.7" a; ® ;.) It is then clear that J will map this series to u. As ('®,X is a
Banach space, it is enough to show the series is Cauchy, that is that its tail can be made
arbitrarily small. But we have

k

(Z en ® Tpn) < ZHxn”

n=j

so this holds. Therefore, '@, X and }(X) are 1sometrlcally isomorphic, so we may identify
them.

3.2. Duality. The following theorem will give us a simpler characterization of the projective
norm.

Theorem 3.7. Given a bounded bilinear map B : X XY — Z, there exists a unique operator
B: X&,Y — Z such that B(x ® y) = B(z,y) for every z € X,y € Y. The correspondence
between B and B is an isometric isomorphism between Banach spaces B(X xY,Z) and
LIX®,Y,Z).

Proof. By the universal property of tensor products, there exists a unique linear map B :
X ®Y — Z such that B(x ® y) = B(z,y) for every z,y. Let us show B is bounded under
the projective norm. Let u =" 2, ®y; € X ® Y. Then

1B = IIZB i yi) || < IIBIIZIIxZIIIIszI

As the representation of u was arbitrary, it follows that |B(u)| < ||B||«(u). Thus B is
bounded and [|B]| < [|B]l. Also, [ B(z,y)ll = 1Bz @yl < [Bll=llllyll so 1B < I3
Therefore, B : X ®, Y — Z has a unique extension to X ®,,Y with the same norm; we
we will also denote this map by B. Tt is clear the map B — B is a linear 1sometry, SO we
just need to show it’s surjective. If L € L(X®,Y,Z), then B(z,y) := L(z ® y) is bounded
bilinear and satisfies B = L. Therefore, we have an isometric isomorphism, so we may make
the canonical identification

B(X xY,Z) = L(X®.Y,Z).
0

Remark 3.8. Taking Z to be a field of scalars in the canonical identification above, we
obtain B(X xY) = (X®,Y)*. This means we may consider the action of a bounded bilinear
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form B as a bounded linear functional on X®,Y given by

(Z T ® yi, B) = Z B(z;, y:)-
i=1 i=1
This immediately gives the formula
m(u) = sup{[(u, B)| : B € B(X xY), | B|| < 1}.

We give an example that showcases the utility of this equivalent definition of 7.

Example 3.9. We will calculate the tensor diagonal, D, of (?®.¢2, which is the closed
subspace generated by the tensors e, ® e,,, where (e, ) is the standard basis for 2,
Let u € D have the representation u = 3¢ _ ane, ®e,. Then m(u) < 32*_. |a,| by the usual

n=1
definition of . Now consider the bilinear form on % x ¢ given by

k
) = Z Sgn(an)mnyna
n=1

where sgn(a) is a scalar of absolute value 1 such that sgn(a)a = |a|. It’s then clear that
|B|| = 1. Therefore, by our new formula for 7,

k
m(u) > (u, B) Zan €n,y En) Z|an|.
n=1

Therefore, 7(u) = S2F_ |ay|, so D is isometrically isomorphic to £'.

4. NUCLEAR OPERATORS AND THE APPROXIMATION PROPERTY

4.1. Nuclear Bilinear Forms. Given a tensor of the form u = >"" | ¢; ®¢; € X# @ Y#
we can associate to it a bilinear form given by

= Z%’(ﬂ?)iﬂ (y)

In particular, elements of X* ® Y* define bounded bilinear forms in this way, so we obtain
an injective operator of unit norm from X* ®, Y* into B(X x Y'). Extending this to the
completion gives an operator

J: X*®,Y* = B(X xY)

of unit norm. This map is not necessarily surjective, so we have the following definition.
Definition 4.1. A bilinear form on X x Y is said to be nuclear if it lies in the range of J.

Thus a bilinear form B is nuclear if and only if there exist bounded sequences (¢,) C
X*, (¢,) CY* with Y27 |lonlll|thn]] < oo such that

= on(@)tn(y)

for every x,y. This leads to another definition.
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Definition 4.2. We call an expression of the form >~ ¢, ® 1, a nuclear representation
of B. We define the nuclear norm of B to be

1Bl = mf{d_llenllllnll : Blz,y) =D enl@)iu()},

where the infimum is taken over all nuclear representations of B.

That this is indeed a norm can be seen by analogy with the proof that 7 is a norm. Let
By (X x Y) denote the space of nuclear bilinear forms equipped with the nuclear norm. As
Bn(X x Y) = range J, it is a vector space, and it is also not difficult to see that it is a
Banach space. Indeed, initially we might suspect By (X x Y) is simply X*®,Y*, as it would
be if the linear map J : X*®,Y* described earlier were injective.

However, J can fail to be injective for the following reason. Let u € X*®,Y* be repre-
sented by Y >, ¢, ® 1,. If the bilinear form B corresponding to u is 0, then B(z,y) =
Yo on(x)y(y) =0 for all z € X,y € Y. But to deduce from this that v = 0, we must
have (u, A) = Y°°° | A(pn, ¥,) = 0 for every A € B(X* x Y*) = (X*®,Y*)*. These condi-
tions are not equivalent in general.

Because the nuclear norm is the quotient norm of X*®,Y*, we have
By(X xXY) = X*®,Y"*/ ker J.

Here
ker J = {u € X*@,Y*|B,(r,y) =0Vz € X,y € Y}.
We will return to this problem in the next subsection.

4.2. Nuclear Operators. We can define nuclear operators in a similar way to nuclear
bilinear forms. We have an operator J : X*®,Y — L(X,Y) that takes u = >>7 v, @y,
as input and outputs the operator L, : X — Y given by

Lu(@) = 3 gul@)ya.

Definition 4.3. A nuclear operatoris an operator in range J. The nuclear norm of a nuclear
operator 1" is given by

1T == if > llenllllgnll : T(x) =) "y},
n=1 n=1

where the infimum is taken over all representations of T' of the form T'(x) = > 7 | ¥, (2)yn,
where (¢,) C X*, (y,) C Y* are bounded sequences such that Y > |lonl/[|yn]| < co. The
(Banach) space of nuclear operators is denoted N (X,Y") and we have

N(X,Y) = X*@, Y/ ker J.

4.3. The Approximation Property. In our discussion of nuclear operators, the question
arose of when, given two Banach spaces X,Y, we have the equality

N(X,Y) = X*®,Y".
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We saw that this reduced to the question of when, given u € X*®,Y* with representation
> Ty ® Yp, we have u = 0. For finite rank tensors we have that "  z; ® y; = 0 if
and only if > " | o(z;)y; = 0 for every ¢ € X*, but it is not so clear in the case of the
completed tensor product that the implication goes both ways. We do know that, in the
case of X*®,Y*, since the dual of X®,Y is B(X xY) = L(X,Y*) we have that u = 0 if and
only if Y > (y,,, Tx,) = 0 for every T' € L(X,Y™). For a finite-rank operator T' € L£(X,Y™),
the map ¢(z,) == (-, Tx,) € X*, so the condition

Z o(xn)y, =0 Vp € X~
n=1

does imply the condition

> (yn, Tn) = 0VT € L(X, V7).

n=1
But if X and Y are infinite-dimensional, we have operators that are not finite-rank. Thus we
want to approximate infinite-rank operators by finite-rank ones. This motivates the following
proposition.

Proposition 4.4. For a Banach space X, the following are equivalent:

(i) If K C X is compact and € > 0, there exists a finite-rank operator S : X — X such that
|z — Sz|| < € for every x € K.

(i) If Y is a Banach space, T : X — Y is an operator, K C X is compact, and € > 0, then
there exists a finite-rank operator S : X — 'Y such that |Tx — Sz|| < € for every x € K.

(iii) If Y is a Banach space, T :' Y — X is an operator, K CY is compact, and € > 0, then
there exists a finite-rank operator S 1Y — X such that ||Ty — Syl|| < € for every y € K.

Proof. First we will show that (i) implies (ii). Let T': X — Y be a nonzero operator, let
K C X be compact, and let € > 0. Then there exists a finite-rank operator R : X — X such

that ||z — Rx| < ¢/||T|| for every x € K. Let S := TR. Then S : X — Y is a finite-rank
operator and ||[Tx — Sz|| < € for every x € K.

Now we will show that (i) implies (iii). Let 7' : Y — X be an operator, let K C Y be
compact, and let € > 0. We may apply (i) to T'(K), which is a compact subset of X, to
obtain that there exists a finite-rank operator R : X — X such that ||z — Rx| < € for every
r€T(K). Let S:=RT. Then S:Y — X and ||Ty — Sy|| < € for every y € K.

(ii) clearly implies (i), so we are done. O

Definition 4.5. We say a Banach space X has the approzimation property if it satisfies any
of the conditions in Proposition 4.4.

Our concluding theorem shows that the approximation property is precisely what’s required
to make statements such as V'(X,Y) = X*®,Y ™.

Theorem 4.6. If X is a Banach space, then the following are equivalent:
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(i) X has the approximation property.

(ii) If u € X*®,X is represented by > >7 | ¢, ® T, where (,) C X*, (x,) C X are bounded
sequences with >~ [|en|l||lznll < 0o and if Y~ 7 on(x)x, =0 for all x € X, then u = 0.

(iii) For every Banach space Y, if u € X®,Y is represented by > oo | &, @ Yy, where (x,) C
X, (yn) CY are bounded sequences with Y - ||zn|ll|ynll < 00 and if 07, o(xy)y, = 0 for
every p € X*, then u = 0.

(iv) For every Banach space Y, if u € X®,Y is represented by Yo" | T, @ yn, where (x,) C
X, (yn) CY are bounded sequences with Y~ ||z, |||lynll < o0 and if Y°07 ¥(yn)z, = 0 for
every Y € Y*, then u = 0.

Proof. First we show that (i) implies (iv). Let u = Y °° z, @ y, € X®,Y satisfy the
conditions in the first two lines of (iv). We will prove that u = 0. Without loss of generality,
assume that (z,) and (y,) are chosen so that z, — 0 and > >~ [|ys|| < co. Let T : X —
Y™ be an operator and take ¢ > 0. By assumption, X has the approximation property.
Therefore, there exists a finite-rank operator S : X — Y* such that || Tz, — Sxz,| < € for
every n € N. Then

Sz = Z ©i(2);
i=1
for some @; € X* 1, € Y™,

Z% )i (Yn) Z% sz Yn)Tn) =

n=1 i=1
Thus we have the bound

[(u, T)| < (w0, T = S)| + [(u, S)| <D 1T — Sallllynll < €Y _llynll,
n=1 n=1
so since € was arbitrary, (u,T) = 0. But T was also arbitrary, so u = 0.

Now we show that (iv) implies (iii). Suppose v = Y, z, ® y,, once again and that u
satisfies the conditions in (iii). Then, if ¢ € X* ¢ € Y* are arbitrary, we have
0= ¥( ©(Tn)Yn) Z (zn)(Yn) = SO(Z V(Yn)Tn)-
n=1 n=1
It follows that ">, ¥(y, )z, = 0, so since @/} was arbitrary we may apply (iv) to obtain u = 0.

Next we show that (ii) implies (i). Suppose for the sake of contradiction that X does not
have the approximation property. Let E = £(X, X), which we know to have the topology
of uniform convergence on compacta. This topology is generate by continuous seminorms of
the form
pr(T) =sup{||Tz| : x € K, K compact}.

If F' be the subspace of finite-rank operators in E, then stating that X does not have the
approximation property is equivalent to stating that the identity operator, I, does not belong
to the closure F. Then, by the Hahn-Banach Separation Theorem (a good source for this
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theorem is [3] in the References), there exists a continuous linear functional ® € E* such
that ®(7') = 0 for every T' € F and ®(/) = 1. There exists, by continuity of ®, a compact
subset K C X such that for every T' € E, |®(T)| < px(T). Since K is compact, we may
choose a sequence (z,) such that x, — 0 and K is contained in the closed convex hull of
(). Then we have |®(T")| < sup,||Tz,|| for every T" € E. As Tz, — 0 as well, we may
consider (T'x,) as a subset of ¢o(X). Let Z be the subset of ¢o(X) consisting of all elements
of this form as 71" ranges over E; then we may think of ® as a bounded linear functional on
7. By the Hahn—Banach Separation Theorem again, we may extend this functional to all of
co(X). Since cp(X) is dual to £1(X*), there exists (p,) € £}(X*) such that for every T' € E,
O(T) =>"7" p(Tx,). But this gives us

even though ®(T) = 0 for every finite rank operator 7" and thus Y >, ¢,(z)z, = 0 for
every x € X. As this is a contradiction, we conclude that X must have the approximation
property. [l
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