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Introduction

In 1956 Grothendieck published the celebrated ”Résumé de la théorie métrique des
produits tensoriels topologiques”, containing a general theory of tensor norms on tensor
products of Banach spaces, describing several operations to generate new norms from
known ones and studying the duality theory between these norms. Since 1968 it has had
a considerable influence on the dvelopment of Banach space theory (see, e.g, [7]).

The Résumé ends with a list of six problems which are linked together, and revolve
around the following two fundamental questions: Given Banach spaces X and Y, when
does a bounded linear operator v : X — Y factor through a Hilbert space? For which
Banach spaces X and Y does this happen for all such operators u?

The purpose of this thesis is to discuss one of the fundamental results from the
Résumé, known as ”The little Grothendieck inequality”, both in its classical and non-
commutative version.

The material is organized as follows: The first chapter is devoted to the classical little
Grothendieck inequality, which asserts that any bounded linear operator T : C(K) —
H, where K is a compact topological space and H a (separable) Hilbert space, does
factor through a Hilbert space. We will give the proof of this result in the real case,
following Pisier’s approach from [7].

The proof uses a refinement of the Grothendieck-Pietsch factorization theorem for
p-absolutely summing operators from C(K) into H, which is discussed in section 1.2.
The section 1.1 contains the necessary background on p-absolutely summing operators.

We end chapter 1 with a proof of the fact that the best constant in the little
Grothendieck inequality in the real case is \/g .

The second part of the thesis is devoted to the non-commutative little Grothendieck
inequality, as proved by Haagerup in [4]. The non-commutative analogue to of C'(K) is
a C*-algebra A, while the non-commutative analogue of a probability measure on K is
a state on A.

The non-commutative version of the little Grothendieck inequality asserts that if A is
a C*-algebra and H is a (separable) Hilbert space, then given a bounded linear operator
T : A — H there exist states ¢ and ¥ on A such that

IT@)* < ITI*(p(2"2) +9(22"), =z €A

The proof, for which we will follow the presentation in [4], is achieved in several steps.
First we show that the assertion holds under the assumption that there exists a unitary
U in A such that 1 = ||T'|| = ||T(U)||. The passage from here to the general case requires
a result from operator algebra, namely the fact that the convex hull of the unitary
elements in A is dense in the closed unit ball of A, which we will discuss in section 3.1.

We end chapter 3 with few corollaries of the non-commutative little Grothendieck
inequality.

In the proof of the non-commutative little Grothendieck inequality, techniques of
ultraproducts of Banach spaces are needed. As this theory was new to me, I have chosen
to devote chapter 2 to a brief oveview on ultrafilters and ultraproducts.
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1 The Classical Little Grothendieck Inequality

Theorem 1.1 (The Little Grothendieck Inequality). Let H be a (separable) Hilbert
space over F = R or C and K a compact topological space. Let T : C(K) — H be a

bounded linear operator. Then there exists a probability measure p on K such that
1
2

51 < colrl [ 15Pau)
for all f € C(K), where Cy is a universal constant.

The best value of Cp is \/g when F = R, and \/% when F=C

We will present the proof of the little Grothendieck inequality in the real case. For
the exposition we will follow Pisier’s approach from [7].

First we will need some preliminaries on p-absolutely summing operators.

1.1 p-Absolutely Summing Operators

Definition 1.2. Let V and W be Banach spaces, 1 < p < oo. A linear operator
T:V — W is called p-absolutely summing if there exists K > 0 such that for alln € N
and all x1,...,x, €V we have

P

1
n P n
(E !!sz-\\p) < Ksup (E \:c*(wmp) et <1
i=1 =1

We define m,(T) to be the infimum over all such K’s, and use the notation
IL,(V,W) :={T € B(V,W) : my(T) < oo}

Remark 1. Note that if T € IL,(V, W) then T is bounded with |T| < m,(T).
Indeed, for all x € V we have

[Tz|| < mp(T) supfla®(z)] « [|2¥|lv- < 1} = mp(T)||z],
which proves the assertion.

Proposition 1.3. Let V and W be Banach spaces, 1 < p < co. Then (IL,(V, W), mp(-))
1s a Banach space and

mp(STU) < ||S||lmp(T) U |
for allT € B(V,W), S,U € B(W,V).

Proof. We will omit the proof of the fact that (II,(V, W), m,(-)) is a Banach space. The
last statement follows from the definition. Indeed, for any n € N and any z1,...,z, € V,



we have that

(Z HSTUmz-Hp) '

=1

< |8 (Z ||T<sz->||p> :
=1

IN

1
n P
151y (T') sup (le*(U%)l”> v <1

U
x* o & <1, so we get
HUHHW*— ’ &

IA
=
s
3

0

=

T
i-

Butac*oLEW*and‘

(1) < [|S]jmp(T) sup <Z|y*(:ﬂi)|p> - ly*[lw+ <1 p [IU]-
1=1

This implies that STU is p-absolutely summing and
mp(STU) < [|S]|mp (T) U,

as wanted.

1
P\ p
> Hlatlve <15 U] (1)

O]

Remark 2. To give an example of a p-absolutely summing operator, let Q be a compact
topological space and ji a probability measure on Q. Then the identity map I, : C(Q) —

L,(2, ) is p-absolutely summing for all 1 < p < oo, with m,(I,) < 1.

1.2 The Grothendieck-Pietsch Factorization Theorem

The following fundamental result, known as the Grothendieck-Pietsch factorization the-

orem, is a characterization of p-absolutely summing operators:

Theorem 1.4 (The Grothendieck-Pietsch Factorization Theorem). Let 1 < p < oo and
V,W be Banach spaces. A linear operator T : V — W is p-absolutely summing if and
only if there exists a probability measure p on By«(0,1) (the closed unit ball of V*) and

a constant K > 0 such that for allz € V

1

P

|7z SK( / Ix*(m)pdu(l‘*)> |
BV*(O’l)

Moreover, inf{K : Kas above} = m,(T).



For the proof, see for example [7] or [9)].

The following is a very useful refinement of the Grothendieck-Pietsch factorization
theorem for linear operators on C(K). We will also include a proof.

Theorem 1.5. Let K be a compact topological space and W a Banach space. If the
operator T : C(K) — W s p-absolutely summing for some 1 < p < oo, then there
exists a probability measure p on K such that

11 < m) (| |f<x>|Pdu<x>)’l’

for all f € C(K).

Proof. This proof follows the stategy of the proof of the Grothendieck-Pietsch Theorem
in the general case, but with some appropriate modifications. We consider F = R. The
proof in the complex case is similar.

Since the p-absolutely summing norm of an operator is homogeneous, i.e., if ¢ > 0
then m,(cT’) = cmp(T'), we may assume without loss of generality that 7,(7") = 1. Let

Fr={feC(K): Sél[};f(x) <1}

For every v € C(K) we define f, : K — R by

for all x € K. Then f, € C(K). Set
Fy :=conv{f, :v e C(K),||Tv| = 1}.

It is obvious that F; and F, are convex sets in C(K). Also, F} is seen to be open since
it contains the open unit ball of C(K). Furthermore, we claim that Fy N Fy, = @. To
see this, let f € Fy. We will show that f ¢ Fj. By definition of F, there exist n € N,
at,...,on >0with) ! oy =1andwvy,...,v, € C(K) with | Tv|| = 1 forall1 <i <mn,

such that .
f = Z aifvi‘
i=1

The goal is now to show that

sup{Zaifvi(:c):xeK} >1, (2)
i=1

which shows that f ¢ Fj, as claimed.
We observe that

n 1

S aifu(e) = 3 aalu@)P = Y Jaf v,
=1 =1

i=1
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so showing (2) is equivalent to showing

Sup{Z|a vi(z)[P - xGK} (3

~—

1
To simplify notation, set w; := o v; for all 1 < i < n. Then (3) becomes

sup{Z|w2 )P :L‘GK} (4)

Now, since m,(T") = 1 we have by definition

<Z HTwz'Hp> " <sw (Z!x*(wz')!p> et e O et <1} (5)
i=1 =1

and we will proceed to show that we in fact have

gm{Ejﬁ@wwmfec<>|mw<1}—am{§]% !pxek} (©)

i=1 i=1

For any = € K, define 0,(f) := f(z) for all f € C(K). Note that ||J,|| = 1 and
therefore &, € Be(k)(0,1). It is not difficult to show that £d, are extreme points in
By K)(& 1), for all x € K. It is significantly more difficult to prove that any extreme
point of Be(xy«(0, 1) is of this form. (See, e.g., [2]). Then, by the Krein-Milman Theorem
(see, e.g., Theorem 3.23 in [8]) it follows that

By (0,1) = conv{+d,,z € K}.

Hence, the lefthand side of (6) can be rewritten as
ﬂm{EZm %|Pa:ec<>ﬂwﬁH51} (7)
= sup {Zu )P 2* € Bogey- (0, 1)}
= sup{Z|x )P x* € conv{+d, xEK}},

and since the supremum of a continuous function over a set is equal to the supremum
over the closure of that set,

(7) = sup {Z|x*(wz)\p cx* € conv{td, 1z € K}} .

=1



For f € C(K) the function z* — |z*(f)P is easily seen to be convex, so since the
supremum of a convex function over a set A is equal to the supremum over conv(A) we
obtain

(7) = sup {Z|x*(wl)|p cxte{tdyx € K}}
=1

sup {Z|5m(wi)|p tx € K}

=1

= sup {Z]wz(x)\p tx € K} ,
i=1

which proves (6).
Now we put together (5) and (6) to obtain

sup {Z\wz(m)]p cx € K} = sup {Z!w*(wz)]p szt e C(K), ||z < 1}
i=1 =1
> lITwil”
i=1
= > ailTul?
i=1

n
=1

= 1,

Y

which proves (4). So indeed F; N Fy = @, as wanted. Now we can apply the Hahn-
Banach Separation Theorem (see, e.g., Theorem 3.4 (a) in [8]) to conclude that there
exists a functional ¢ : C(K) — R and a A € R such that

e(f1) <A <e(f2) (8)

for all f1 € F} and all fo € F5. Note that A > 0 because f; = 0 belongs to Fj.
We now show that ¢ € C(K)* is positive. For this, let f € C(K);. Then —f € Fi,
so ¢(—f) < A, whence ¢(f) > —A by linearity. Further, since

tfeC(K)y forall t>0

it follows that
o(tf)> -\ forall t >0

which implies
1
o(f) > —;)\ for all ¢ > 0.

9



By letting t — oo we get ¢(f) > 0, which shows that ¢ is positive.
Now we can apply the Riesz Representation Theorem (see, e.g., [2], Appendix) to
get the existence of a positive measure  on K such that

o(f) = /K f(@)dp(z)

for all f € C(K). Note that u(K) = ¢(fo) where fo = 1, so if we normalize p to become
a probability measure on K, this will correspond to taking A = 1 in (8). Indeed, by
what we showed before we can conclude that ¢(f2) > 1 for all fo € Fy. Moreover, under
the assumption that p(K) = 1 it follows that ¢(f1) < 1 for all f; € F}.

Now that we have proved that (8) holds with A = 1 we are ready to finnish the proof
of the Theorem. Let f € C(K). It suffices to assume that | Tf|| = 1, otherwise we can
just rescale. An application of (8) gives us

ITfl =1< /K (@) Pdu(z),

which implies that

sl =1 ([ wrd )’

for all f € C(K), and the proof is complete. O

In particular, if W is a Hilbert space we obtain the following result, which will be of
great use to us in proving the Little Grothendieck Inequality.

Theorem 1.6. Let H be a (separable) Hilbert space and K a compact topological space.
If T : C(K) — H is a 2-absolutely summing operator, then there exists a probability
measure p on K so that

ITFl < mo(T) ( / rf<t>2du<t>)2
for all f € C(K).

1.3 Proving the Little Grothendieck Inequality in the Real Case

Having Theorem 1.6 at hand, in order to obtain the little Grothendieck inequality in the
real case it will suffice to prove the following :

Theorem 1.7. Let H be a (separable) real Hilbert space and K a compact topological
space. If T : C(K) — H is a bounded linear operator, then T is 2-absolutely summing

with
T
m(T) < |/ ZIT.

10



The proof of this will be achieved in several steps. For this, we will prove a number
of intermediate results.

Proposition 1.8. Let (M, m) be a measure space and H a real Hilbert space. Then any
bounded linear operator uw: H — Ly1(M,m) satisfies

n | ) % . E . n N ) %
/ (;\(u(%))(t)!> im(t) < 3l (;H m)

for alln e N and all z1,...,2, € H.

Proof. Let n € N and consider g1,...,¢g, independent standard real-valued Gaussian
stochastic variables on some probability space (2, F,P). Let x1,...,x, € H. Then, by
definition of |lu[[, we have

u (Z m(w)m) alll Y i),

for any fixed w € ). Integrating both sides with respect to w, we get

Au(é%(@%) dP(w) < Hu”/ﬂ ;gz(w)xz

Li(M,m)
< ul /
Q

where we have used the fact that |||z, «p) < [l z.(p). On the other hand, we can
rewrite the left-hand side of (9) further as
dP(w)

/Q u(;gi(w)xi> i
— /Q/M U (égz(u’)xz) (t)
_ /M/Q u (ém(@ﬂﬁ) (t)

-/ iilgxw) (u(z2) ()

<
L1 (M,m)

dP(w) (9)

1
2 2
dP(w) |

> giw)ai
i=1

dm(t)dP(w)

dP(w)dm(t)

dP(w)dm(t),

11



and letting «;(t) := (u(z;))(t),1 < i < n to ease notation, we further obtain

(t))| dP(w)dm(t)
= w)a(t)| dP(w)dm(t)
= giai(t) dm(t)
M ; L1(Q,P)

1

= / <Z|az(t)|2> I9ill 2, (,pydm(t) (10)
M\ =1

2 n :
- \/; /M (izlraxwﬁ) dm(t) (11)

To get from (10) to (11) we have used that

z2 2
lgillz.py = / 191 ()| dP(w / zle% rdx_ 2

and to obtain the equality giving (10) we need the following observation: If 1 < p < oo
then for all a;,...,a, € R we have

D=

i

= (ZW‘P) 911l 2, .p)- (12)

Lp(Q,P) =1

This follows from the fact that if X,Y are independent N(0,1) stochastic variables on
(Q, F,P), then for all a,b € R, the stochastic variable aX + bY is N(0,a® + b*). Hence,

1
the stochastic variable Y7 | gia; has the same distribution as (3°7;]a;|*)2 g1, which
implies (12).

With an argument similar to this, where we use the fact that | g1/, op) = 1, we can

also show that
n
=l (13)
i=1

Replacing «;(t) by (u(z;)(t)) back into (11), inequality (9) becomes

2 - :
\/;/M (;I(U(xi))(t)l2> dm(t) < ||ull Zgz w)T;

so using (13) yields

LN e )
/M (;uu(xm(t)r) d <t><\@| || (;H zH) ,

12

2

w)x;

N|=

2

(JJ) 9




which is what we wanted to show. O

Proposition 1.9. Let N € N and H be a (separable) real Hilbert space. Then any
bounded linear operator v : £ — H is 2-absolutely summing and satisfies, moreover,

ma(v) < \/fnvu.

Proof. Equip S := {1,2,..., N} with the measure m given by m({i}) = 1 for all 1 <
i < N. Then we can identify ¢) with L. (S,m) in the way that every element y € ¢
is viewed as a function y : § — R.

We have to prove that for all n > 1 and all y1,...,y, € £3 we have

<Z !vyz‘\l2> < \/zlvllsup <Z|<yi,f>2> e flly <ty (14)
=1 =1

Considering the right-hand side of (14) we observe that
1
2

f e Iflgy <15 =sup (Zlyi(mz) tesSo. (19)

=1

and (07
i=1
To see that this is true, let, for all t € S, §; : S — R be given by

0 ifsesS
5t(s)::{1 ifs=t °

Then f = §; satisfies f € ¢V with ||f||€{v =1, and for all 1 < i < n we have that
(yi, 0t) = yi(t). Moreover, the extreme points of the closed unit ball E@r (0,1) is exactly
the set {d; : t € S}. Since the mapping f : Eﬁv (0,1) — R given by

e i )P
=1

is continuous and convex we can use the arguments we used in the proof of Theorem 1.6

13



to get that

SUP{ZK%JHQ:fefiv,ufuqv Sl} — sup
=1

-

—_

i PP f € Bg;vm,l)}

)

3 |l

= sup

{
{
- Sup{
{
{

™

@
I
—

[(yi, [)I? - f € conv{d; : t € 5}}

I

@
Il
N

|<yi7f>|2 : f€conv{d: t € S}}

NE

= sup

(i )P fe{d:te 5}}

.
—

3 |l

= sup

\yi(t)|2!t65}

= Inax{ yi(t)|2:t65},
i=1

and by taking square roots on both sides, (15) follows.
Inserting in (14), what we have to prove now becomes:

(Z HvyiH?) e max{izlyxwﬁ te s}. (16)

Let V : Loo((S,m), 5) — ¢5(H) be the linear operator defined by

Il
—_

NE

(215 vy2zn) = (V(21)y ...y 0(20))

for all (z1,...,2n) € Loo((S,m), £5). Note that we identify an element of Lo ((S,m), £5)

with an n-tuple of elements in L. (S, m), and recall the identification Lo (S, m) = £X.

Now we can see that the left-hand side of (16) is equal to

||V(y17 SR yn)”fg(H)?

and furthermore, since

11yl Loy = maxtl(yi(®), - yn()lley < t € S}

n
= max { (Zm(t)y?) te S} :
i=1
the right-hand side of (16) is equal to

\f ol 9) 5o

14



Because of this, in order to prove (16) it suffices to prove

Wil < \/fnvu. it

Let V*, v* be the adjoints of V, v respectively. Then proving

* ™ *
Vi< |31 (18)

is the same as proving (17), since |[|[V*|| = ||V and |[v*|| = ||v||. Since Hilbert spaces
are reflexive, we have that H* = H and ((3(H))* = ¢5(H). Furthermore, (/X)* is
isometrically isomorphic to /¥ and similarly, (Lo ((.S,m), £5))* = (L1((S,m),¢3). Thus
V*, v* can be viewed as mappings

V* 0y (H) — Li((S,m), £5)

and
vt H — Y.

Moreover, for all (x1,...,xy,) € ¢5(H) and all (z1,...,2,) € Loo((S,m), £5) we get
V(1. xn), (21, -y xn)) = (@1,...,20), V(21,0 ., 20))
= ((z1,...,2n), (v(21),...,v(zn)))
= > {wiv(z))
i=1
= > (v (i), =)
i=1

= ((v*(x1),...,0"(xn)), (21, -, 2n)),

whence V*(z1,...,2,) = (v*(x1),...,v*(2,)) € (¥ @-- @Y. Then we get, by the
definition of the norms |||z, ((s,m),ez) and [||lez(zr), that

V@1 za)llnsmug) = 1@ @)@, - 0* @) (D) lleg )

and if we apply Proposition 1.8 to v* we obtain

or - 2 5 m T Y z;|?
Jo(Swwor) CENa > o

[NIES

15



Thus we now have that

* ™ *
v ($1>~--,ﬂfn)HLl((s,m),eg) < \/;HU ||||($1a--.a$n)||eg(ﬂ),

which implies (18), thus completing the proof. O

The following property of p-absolutely summing operators (cf. Proposition 5.2 in
[7]) will be very useful in the proof of our Theorem 1.7. We will also include a proof.

Proposition 1.10. Let V and W be Banach spaces and let (V;);er be a net of subspaces
of V directed by inclusion such that U;erV; = V. Let u: V — W be a linear operator
and set u; = uly, for alli € I. Let 1 < p < oco. Then u is p-absolutely summing if and
only if for alli € 1

w; € IL,(V;, W) and sup mp(u;) < oo. (19)
iel

Moreover, we then have
mp(u) = sup mp(u;).
i€l
Proof. Suppose that u € II,(V,W). Then it follows straight from the definition that
uly, € II,(V;, W) and that mp,(uly;) < mp(u).

Conversely, assume that we have (19). We will show that then wu is p-absolutely
summing and that m,(u) < sup{mp(uly;) : ¢ € I}. Let ¢ = sup{my(uly;) : i € I}
and let x1,...,x, € UierV;. Since (V;);es is directed by inclusion, {x1,...,x,} must be
included in at least one V;. Therefore we have, by the definition of p-absolutely summing
operators,

p

B =

vp =l

n
> llua;|”
j=1

n
<esup{ (St (@p)P | : fla”]
j=1

Now, since U;c7V; is dense in V' this must remain true for any x1,...,x, in V, but that
means exactly that u € IL,(V, W), as wanted. Moreover, by the definition of m,(u) we
must have m,(u) < ¢. This completes the proof. O

We are now ready to give the proof of Theorem 1.7:

Proof of Theorem 1.7. Recall that if X,Y are Banach spaces, then d(X,Y") denotes the
Banach-Mazur distance between X and Y, i.e.,

d(X,Y) := inf{||S|| - |S7!| : S: S — Y linear isomorphism}.

It is proved in [6] that C(K) has the following property: For any A > 1, there exists a
directed net (V;);er of finite dimensional subspaces of C(K) with U;e;V; = C(K) such
that for all 7 € I,

d(Vi,loo) < A, (20)

16



where N; = dimV; for all ¢« € I. This is the property of C(K) of being a so-called
L) -space for all A > 1.

Let A > 1 and consider the associated directed net (V;);er of finite dimensional
subspaces of C(K) with U;e;V; = C(K) satisfying (20). For any i € I, let T; := Ty,
and let S; : )i — V; be a linear isomorphism such that ||S;]|[|S; || < A. Then we have
the following diagram of linear operators:

Vi—

7
/
Si
T 7 TioS;

N;
U

By Proposition 1.9, T; o S; is 2-absolutely summing with

T T
maTio8) < \[51T0 S < | SITHISI @1

Since T; = (T; 0 S;) o S{l, by the ideal-property of Proposition 1.3 it follows that T; is
2-absolutely summing with

mo(T;) < mo(Ti 0 Si)||S;7 |- (22)

Combining (21) and (22) we deduce that

T _
m(T) < \[RITISIIS

T
< A §HTzH
T
< M/ =|T].
< Aol

Since this holds for all ¢ € I, an application of Proposition 1.10 shows that T is 2-

absolutely summing with
T
m(0) < 33171

and since A > 1 was arbitrary, it follows that

w0 <\ /3171,

which completes the proof. O

Remark 3. We can actually prove that the best constant in the little Grothendieck
inequality in the real case is \/g This we will do by showing that the best constant in
the inequality in Proposition 1.8 is \/g .

17



Proof. Let (2, F,P) be a probability space and let (g, )nen be a sequence of independant
N(0,1) stochastic variables on (2, F,P). Let u : £o(N) — L1(Q,P) be defined by

u(en) = gn

for all n € N, where (e, )nen is the sequence of canonical unit vectors in £o(N).

We start by showing that ||u| = \/g Indeed, for all z € £5(N), z = > | apey, we

have
Z anu(en) = Z Qndn,
thus
1
e8] 9] 2
Z Qngn = (Z ai) 911z, .p) (23)
n=1 LI(QJP) n=1

— \/Z (g a§> é, (24)

where the equality (23) follows as explained in the proof of Proposition 1.8. On the
other hand, as (e)nen is an orthonormal basis for ¢9(N),

o 3
ZQ(N) n=1

Hence [[u(z)|1,0p) = /5 I2llemy for all z € £ and this implies that [ul| = \/g, as

wanted.
Now, for all n € N we have

5 Qn€n

1]l 25 )

n

- |2 _ |12
/Qj;u«am dP—/Q Slgl? | ae.

Jj=1

Using classical facts from probability theory, the distribution of /g7 + - -+ + g2 is the
so-called chi-distribution with n degrees of freedom, denoted by x(n). Its mean is

NG
%)

E(x(n)) = v2

whence

N

L)

- |2 —
i Yo | a® VI
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On the other hand,

1
2

> lejlitw | =vn.
j=1

Our task is now to show that for n large,

L")
n
2

\@F()

>~ \/n.

+
_ D=
n

1
More precisely, if we let 3, := ﬁ for all n € N to ease notation, we will prove that
2

lim — =1.

Br
n—o00 \/g

First, observe that for all n € N we have
n
BnﬁnJrl = 5 (25)

Indeed, using the properties of the I'-function,

PEHT(G+1) T +1)
%

L) v T()

ﬁnﬁnJrl =

SE

Moreover, we claim that the sequence (3, )nen is nondecreasing, i.e.,

ﬁn < /BnJrl (26)

for all n € N. This follows from the fact that the mapping t — logI'(t), t > 0 is convex
(cf. the Bohr-Mollerup theorem). Indeed, let n € N be given. Then convexity yields

that ) )
n n n
logT (2 4= <7<1 r(f> 1 r(f 1))
0g <2+2>_2 og 2+0g 2+
1 2
ZIOgF(n;_) SlogF(Z)leogI‘(n; ),

n—+1 n n—+ 2 n—+1
- — — < - —
logF< 5 > logF<2> _logF( 5 > logF< 5 >,

log B, < log Bn+1,

which implies

whence

ie.,

which proves (26).
Therefore, by (25) and (26) we get for all n > 1 that

2 n
n < ﬁanJrl = 57
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whence (8, < \/g for all n > 1. Respectively, for all n > 2 we get

n—1

2 > /Bnﬁn—l - 9

which implies that 5, > 4/ "TH for all n > 2.
Now we have, for all n > 2, that

[ e 5

which implies exactly that lim,, oo

B—"n = 1, thus completing the proof. ]

2

2 On Ultrafilters and Ultraproducts

Before we can prove the non-commutative version of the little Grothendieck inequality
we need some theory about ultrafilters and ultraproducts. We will start with some
definitions and then give some propositions that show some of the important properties.

2.1 Filters and Ultrafilters

Definition 2.1. Let I # O be a set. A nonempty collection % of subsets of I is called
a filter on I if and only if

1. 0¢ 7
2. ABe ¥ = ANBec%F
3. Ae F, ACB— Bec %

Note that since .% is nonempty it follows from condition 3 that I € %#. Among filters
on [ there is a natural partial order given by inclusion.

Definition 2.2. An ultrafilter on I is a mazimal filter on I (with respect to the partial
order C). That is, U is an ultrafilter on I if and only if

1. U is a filter on I
2. If S is another filter on I such thatUd C S, thenU = S.

An ultrafilter on [ is called trivial if it is on the form U, = {A C I : z € A}. A
nontrivial ultrafilter is called a free ultrafilter. Note that if U/ is a free ultrafilter then

Nacy A= 9.

Definition 2.3 (Convergence along ultrafilters). Let I be an infinite set and % be an
(ultra)filter on I. Let (X, 7) be a Hausdorff topological space and {xq}acr C X. We say
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that {za}acr converges to some element x € X along the (ultra)filter F (and we write
limg z, = ) if and only if for every open neighborhood O, of x we have

{a€el:z,e€0,} € F.
If lim g x,, exists then it is unique.
Now we will give some properties of ultrafilters and convergence along ultrafilters.

Proposition 2.4. Let I be an infinite set and let F be a free ultrafilter on I. Then for
any A C I, A finite, we have

(a) A¢ F.
(b) IN\A e Z.
Proof. a) Suppose by contradiction that A € .%#. Set
B.={ANF:FeZF}C.ZF.

Note that 4 is a finite family of subsets of .%, since they are all subsets of A which is
finite. Therefore there exists a minimal element B € 4, B = AN Fy for some Fy € .
Here minimal means that there is no proper subset of B which is contained in .%. Now
we have

e Bec 7.
e B C A, hence B is finite.
e BNF = B for all F' € . by minimality, and hence B C F for all F € .%.

This contradicts with the fact that .# is free. Thus A ¢ .Z.
b) With the sets and constructions as above, we have

B=ANF CANF, Fe%
because otherwise we would have that the set
(AﬁF[))ﬂ(AﬂF) :Aﬂ(FﬂFo) €7

would be a proper subset of B = AN Fy. But that contradicts the minimality of B.
Therefore, since .% is free, it follows that

B=ANKcC (J(AnF)=An(() F)=0.
FeZ FeZ

Hence AN Fy = @, which implies that Fy C I\A. Since Fy € .Z it now follows that
I\A € .7, as we wanted. O
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The following is a very useful result concerning convergence along a filter that we
will use repeatedly in the sequel. For a proof see, e.g., [1].

Theorem 2.5. Let X be a compact topological space. For any (infinite) index set I and
any ultrafilter U on I, every family {xo}acr € X converges along the ultrafilter U to
some point x € X.

Let (o (N,F) be the space of all bounded sequences indexed on N with entries in
F =R or C, that is,

loo(N,F) := {(zn)nen : n € F, ||(zn)nenlloo := Sug\fvn\ < oo}
ne

This corollary is an immediate consequence of the above Theorem.

Corollary 2.6. Let U be an ultrafilter on N and (zp)neny € loo(N,F). Then limy zy,
ex1sts.

Proof. For every sequence (Zn)nen € loo(N,F) we have for all n € N that |z,| <
(Xn)nenlloo < 00. This means that {x,}nen is contained in the closed unit ball of
radius ||(zn)nen||. Since this is compact Theorem 2.5 gives us that limy z,, exists. [

Proposition 2.7. Let U be a (free) ultrafilter on N and define @, : loo(N,F) — F by
@u((xn)nEN) = hg{nxn

for all (z)nen € loo(N,F). Then ¢, is linear, multiplicative, positive (that is, if x, > 0
for alln € N, then ¢y ((zn)nen) > 0) and bounded with ||¢,|| = 1.

Proof. We consider F = R. The proof is similar in the complex case, with obvious
modifications.

Let (zn)neN, (Un)nen € Loo(N,R) and suppose that limy x, = = and limyy, = v.
Let O be an open neighborhood of z + y. Then there exist open neighborhoods O,
and Oy of x and y respectively, such that O, + O, C O. Since limy z, = = and O,
is an open neighborhood of = we have that {n € N : z, € O,} € U, and similarly
{n e N:y, € Oy} € U. Therefore the intersection

{neN:z, €0, }N{neN:y, €Oy}
belongs to U, and since
{neN:2,€0,}N{neN:y, €0} C{neN:z,+y, €0, +0, CO}

we have that {n € N: z,, +y, € O} € U. Since O is an open neighborhood of = + y this
means exactly that
hz/rln(xn +yn) =z +y.

22



Now let ¢ € R and let € > 0 be given. Since limy; x,, = x we have that {n eEN:|z, —z| <
U, but

{nEN:]wn—x\<’€C|}:{n€N:cxn—ca;\<€},

so limy(cxy) = cx. Thus ¢, is linear.

We proceed to show that ¢, is multiplicative. As before, suppose that limy x, = x
and limy; y,, = y and let £ > 0 be given. Our goal is to show that {n € N: |z, y, — xy| <
e} € U. We observe that

|1:nyn - :Ey| = |xnyn — TpY + Tpy — ij‘
|Znl[yn — yl + |20 — z|[y|
[ (@n)nenlloolyn — yl + |zn — 2]|yl,

VANVAN

and from this it follows that

€ €
nEN:|yn—y]<} N {nEN:\xn—m|<} (27)
{ 2[|(@n)nenlloo 2lyl

C {neN:|zyy, —zy|l <e}.

Since limy ¥, = y and (2 )nen € loo, SO that ||(zn)nenllco < 00, we obtain

3
nEN:|yn—yl<}€U
{ 2|[(zn)nen|loo

and since limy z, = x

€
{nGN:|ﬂzn—aZ|<}€U,
2ly|

so by (27) we conclude that
{neN:|zy, —ay| <e} €U,

since U is an ultrafilter on N. This completes the proof of v, being multiplicative.

Now let (z,)nen be such that z,, > 0 for all n. We wish to show that this implies
limy x, = * > 0. Suppose that x < 0. Then there exists an € > 0 such that z €
(—2¢, —¢). This implies that

{neN:z, € (-2,—¢)} el

but the set on the left-hand side is empty. This contradicts with U being an ultrafilter.
Thus = > 0, and this shows that ¢, is positive.

To show the boundedness of ¢, take (zp)nen € loo(N,R) with ||(zn)nen|loc < 1.
Then we get

|Pu((@n)nen)| = [liman| < lim|zn| < ||(2n)nenllos < 1.

Suppose now that (z,)nen is such that 2, = 1 for all n. Then it follows from the
definition of convergence along an ultrafilter that limy x,, = 1, since N € Y. Hence
llpw|l = 1, which completes the proof. O
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2.2 Ultraproducts of Banach spaces

We now define the ultraproduct of Banach spaces. First we need some constructions.
Let I be an (infinite) index set and (V;, [|-||)ier be a family of Banach spaces indexed
on I. Consider

loo(1, Vi) :={(xs)ier : i € Vi, ||(zi)ierlloo = Sup [| 3] < oo}
1€

Note that ||| is a norm on £ (1, V;) and that (¢, (I, V;), ||-]|s) is a Banach space.
Now let U be an ultrafilter on I and set

Ny = {(z3)ier € loo(I, Vi) : libf{n [[i|| = 0}

Proposition 2.8. 1. Ny is a closed subspace of lso(I,V;).

2. The quotient norm on oo (I, V;) /Ny is given by
Il(@i)ierlllu = Lim [la:] (28)

for all [(z;)ier] € loo(I,Vi)/Nuy.

Proof. 1) First we show that Ny is a subspace of (oo (I, V;). Given (x;)ier, (¥i)ier € Nu
we have that (z; + yi)ier € €oo(I,V;) and

< timn i + gall < Yan(loall + lll) = lian Nl + lim 3]

so this means that (x; +v;)icr € Ny. Similarly, if o € F, then a(z;)ier = (ax;)ier € Ny.
Hence Ny is a subspace of (oo (1, V5).

Now we show that Ny is closed. Let ((2]')icr)nen be a sequence of elements in Ny
converging to some (x;)icr € loo(I,V;). Our goal is then to show that (x;);c;r € Ny, or
equivalently, that limy, ||2;|| = 0.

Let € > 0 be given. Because the sequence converges there exists n. such that for all

n > ne. we have
€

2
but [[(2})ier — (%i)icrllco = sup;e; |27 — 4| and hence ||z —z;]| < § for all i € I. Note
that [lz]| < |27 — 2| + |27, thus

(27 )ier — (wi)ier oo <

g
{z’ el |la™| < 5} Clici: |l <el).

We see that limy [|2¢|| = 0 because (z}'

7%)ier € Ny, and hence

{ie[: ||| <%}€U

which implies that {i € I : ||z;]] < €} € U. Tt then follows that limy, ||z;|| = 0, i.e.,
(24)icr € Ny as we wanted.
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2) Since Ny is a closed subspace of ¢ (I,V;) we can consider the quotient space
loo(I,V;) /Ny, with quotient norm given by

[(zi)ierlllee = inf{||(xi)ier + (Yi)ierlloo : (Vi)ier € Nu}-

We wish to show that
l(zi)ier]lles = Lim fla:]]-

Given [(zi)ier] € loo(I,V;) /Ny we have that for all (v;)iei € Ny
1. ) == 1‘ 7 21l
i ] = B 1+ ]

On the other hand,

lim ||z; + yi|| < sup ||z + vill = || (x5 + Yi)ier] oo
u iel

This gives us that
lim [J;] < inf{| (i + yi)ierlloo = (Wi)ier € Ntk = ll[i]llus-

Now, suppose by contradiction that there exists an r > 0 such that limy, ||z;]] < 7 <
I[z]ll and define

Ar={iel: |z <ry={iel:|xz] € (—o0,r)}.

By the definition on ultralimit we have that A, € U. Consider the element (y;)ier €
lo(I,V;) defined for i € I by

o — X lfléAr
Yi=Y o0 ifieA,

We show that (y;)icr € Ny, i.e., that limy, ||y;|| = 0. Let ¢ > 0 be given. Then
A Cliel: |yl <etel
because U is an ultrafilter and A, € U, and we also have that
lgn 1] = tin s + 34l

Now we get

l[(zierllle < (@i)ier + (yi)ietlloo
= sup [l
€A,
< r
< (zi)ier]ller
= inf{[|(wi)ier + (Wi)icrlloo : (Wi)ier € Nu},
which is impossible. Thus we have reached our contradiction. O
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As a consequence, the quotient space £ (I, V;)/ Ny is a Banach space, with norm
given by (28). We are now ready for the following definition:

Definition 2.9. The Banach space Lo (I,V;)/ Ny is denoted by ([[;c; Vi)/ U and it is
called the ultraproduct of (V;)ier with respect toU. If Vi =V for alli € I then the space
(ITicr Vi)/ U is called the ultrapower of V' with respect to U, and it is usually denoted by
(V)u or Vu.

Remark 4. Let V be a Banach space, I an (infinite) set and let U be a free ultrafilter
on I. Then there is a canonical isometric embedding ¢ : V — (V) given by
p(x) = [(zi)ier],
where x; == x for all i € I. Indeed, for every x € V,
le(@)llee = ll(zi)ier]llor = lim [l]| = [l]l,

as wanted.

Proposition 2.10. Let U be a (free) ultrafilter on N. Let (V,)nen and (Wy)nen be
families of Banach spaces over F. For everyn € N let T,, € B(V,,, W,,) and assume that

suppen | Tnll < 0o. Define (Tn)u : (IThen Va)/U — (ITnen Wa) /U by
(To)u([(#n)nen]) == [(Tn(zn))nen)]

for all [(xn)nen] € ([en Vo) /U.
The operator (T,)y is called the ultraproduct of the family of operators (T, )nen, and it

18 a well defined bounded linear operator satisfying
H(Tn)bl” = hz/r{n HTnH

Proof. First we make sure that (T},); is in fact well defined. Suppose that [(zp)nen] =
[(z],)nen]. This is equivalent to saying that limy ||z, — || = 0. From Proposition 2.7
we know that ¢, is linear and positive, so since || Ty, (2, — 2))|| < | Tullllzn — 2}, || we get

lim [T (wn — @) <l Tl — 2,)

IN

lim((sup [|Tn ) |n — 7, ]])
U  neN

= (sup [|Tn]) lim [|lz;, — 27,
neN u

= O’

so (T )y is well defined. Now, let [(2n)nen] € ([I,en Vn)/U. Then, using the multiplica-
tivity of ¢, we see that

ITu@anerdDle = (T (a)nenll
tn | T () |

(AT
lim ||T5,]|) (1i n
(tgn o) (i )

(U [Tl (2 )nen]ller,

IA
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so (T)y is bounded, with ||(Ty)y|| < limy ||75,||. To show that we have equality, let
€ > 0 be given. By the definition of the norm of an operator there exists an x,, with
|zn|| = 1, such that |7, (z,)|| > |T%|| — €. Then by positivity of ¢,

1T ([(zn)nen])ll = lim | Tn(2n) | 2 B[ To]| - €) = Gm [ To]] —e.

Since this holds for arbitrary € > 0 we conclude ||(7},)y/|| = limy ||T%||, as wanted. O

Proposition 2.11. Let U be a (free) ultrafilter on N and let (Ap)nen be a sequence of
C*-algebras. Then the ultraproduct (]],cyn An)/U is a C*-algebra and moreover, if A,
is unital for every n € N then ([],,cny An)/U will be unital as well.

Proof. Since (A, )nen are C*-algebras they are in particular Banach spaces, so (I ],,en An)/U, ||-llu0)
is a Banach space. Define a multiplication on ([ ],y An)/U by

[(xn)nEN] : [(yn>n€N] = [(xnyn>n€N]

This is welldefined. Indeed, assume that [(z,,)nen] = [(2),)nen] and [(yn)nen] = [(Y,)nen]-
That is, limyy ||z, — 2),|| = limg ||yn — ¥l || = 0. We observe that

Znyn — 2000l = ZnYn — Tnyn + 2nyh — 2yl < lznllllyn — vl + |20 — 23, 1)1,

and using the properties of ¢, we get

tim g — @tiall < g — vl + o — 4 i)
< T (| @n)nenllo g — v ) + il = 21} (g )nesilo)
= [ @nnenlloo i v = 9l + 1 n)nenllo T 2 — 24

Le., [(xnyn)nEN] = [(x%y;l)nGN]
One can check that that (J], .y An)/U is an algebra, but we will omit the proof of
that. Now we define an involution on (I],,cn An)/U by

([(n)nen])”™ = [(x7 )nen]

for all [(n)nen] € (], eny An)/U. This is easily seen to be well-defined. We observe that
for all [(za nert)s (U Jnen] € (Tnens An)/U we have

I(@n)nen] - [(Yn)nenlll = [(#nyn)nen] |l

IN

.
i ([l )

li =) (i n
(lgn 1) i 1)

(@) nen] e[ (yn)nen]ller;
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s0 ([I,,en An)/U is in fact a Banach algebra. To show that it is a C*-algebra it now only
remains to check that the C*-identity holds. We get, for all [(zy,)nen] € ([[,en An)/U,

(e (Endnenlle = [z nenlll
= lim [l
= lim(zn]?)
= (lim [z’
= l)nenll

as wished.

Now suppose that A, is unital for every n € N, with unit 1,,. Set 1y := [(1n)nen]-
This makes sense since |[(1,)nen|loc =1 < 00, 80 (1p)nen € oo(N, Ay,). We wish to show
that 1y is the unit in (][, oy An)/U. Let [(2n)nen] € ([1,en An)/U. We get

[(zn)nen] - 1u = [(Tn1n)nen] = [(Tn)nen]

and similarly 1y - [(2n)nen] = [(Zn)nen]. Thus (J],cn An)/U is indeed unital, with unit
1y O

Proposition 2.12. Let U be a (free) ultrafilter on N. If (Hp)nen is a family of Hilbert
spaces over F (where F = R or C), then ([[,cny Hn)/U is a Hilbert space (over F), as
well.

Proof. In particular (Hp),en are Banach spaces, so (][]
We can define an inner product on ([, Hn)/U by

nen Hn)/U is a Banach space.

<[(xn)nEN]a [(yn)neN]>u = hg{n<l‘n, yn>Hn

This is well-defined. Indeed, note that

@ ym) 1 < Mlnlaynll i, < Nl @n)nenlooll (gn)nenlloo < o0,

which implies that ((xn, Yn) i, )neN € loo(N,F). This shows that limy(zy, yn)H, exists,
as explained before. Moreover, suppose that [(Zn)nen] = [(2))nen] and [(yn)nen] =
[(y)nen]. We then wish to show that limy (@, yn) g, = limy (2], v, ) m,. We get

(e, o), — (el v, | = [ (s )11, — (@l )11,

IN

IN

1' n - . 1 n - ,
(tim[fa, — a7, ) Qign [l — i)
0,

as wanted.
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Now we show that (-, -);/ defined as above is indeed an inner product on ([[,,cry Hn)/U.
It is obvious that (-, ) is linear in the first variable and conjugate linear in the second,
because (-, -)n, are inner products and from Proposition 2.7 we know that ultralimit is
linear. Moreover we see that

<[($n)n€N]7[(yn)ﬂ€N]>u = hlfln<xmyn>H (29)

n

= lim (o, yn) g, (30)
= hg{n<yn, xn>Hn
= <[(yn)n€N]a [(xn)neNDw

where the equality from (29) to (30) is a consequence of linearity of the map ¢, from
Proposition 2.7 in the complex case.

Also, by positivity of ¢,, we know that limy(x,,z,)mg, > 0 for all (z,)nen €
o (N,F). We conclude that (-,-);; above defined is, indeed, an inner product on the
ultraproduct ([, ey Hn)/U. Further we observe that for all (z,)nen € foo(N,F),

Il@n)nenlllee = lim ||znm,

1
= lig{n(:rn,:cnﬁln

1
2

= <[('rn)n6N]a [($n>n€N] >E[7

where we have used the multiplicativity of ¢, from Proposition 2.7.
This argument shows that the norm induced by (-, -)i/ is exactly [|-||¢s. Since ([ [,,cry Hn)/U
is complete with respect to ||-||;; the assertion follows. O

3 The Non-Commutative Little Grothendieck Inequality

The goal in this section is to give a proof of the non-commutative version of the little
Grothendieck inequality. We will follow Uffe Haagerup’s approach from [4]. First we
will need some results from operator algebra theory.

3.1 Some Operator Algebra Results
Definition 3.1. For any T in a unital C*-algebra A, the set

o(T) :=={A € C:T — A is not invertible in A}
is called the spectrum of T (relative to A).

Remark 5. For T bounded, the spectrum o(T') is a nonempty compact subset of C and,
moreover, o(T) C B(0,||T|). If T is self-adjoint then o(T) C R.
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In the sequel we will frequently use the so-called continuous functional calculus for
normal elements. The following is a very brief introduction in order to recall some of
the important properties. This is treated in greater detail in most introductory volumes
on Operator Algebra, for example [10].

The Continuous Functional Calculus For any T' € A, the smallest unital C*-subalgebra
containing T is denoted by C*(7T), and it is the closure of all non-commutative poly-
nomials in T, 7% and I. We say that C*(T) is the C*-algebra generated by T. If T is
normal, that is, if 7*T = TT*, then C*(T') is commutative. Moreover, we then have a
x-isomorphism

I

C(o(T)) C*(T) (31)
f = f(T)

defined by
(1) = nlLrgopn(T),

where (pn)nen are polynomials such that limy, oo |f — pall(c(o(m)), ) = 0. This is
well-defined and isometric because for every polynomial p, p(T') is normal in A and the
spectral mapping theorem (see, e.g., Corollary 1.3.3 in [3]) implies

Ip(D)]| = sup{|A|: A€ a(p(T))}
= sup{|[p(\)|: A€ o(T)}
= |pllc@ry-

In the correspondence (31), the constant function 1 € C'(¢(7T')) is mapped to the identity
I € A, and the identity function id : z — z is mapped to T.

The algebra of all bounded operators on a Hilbert space H is denoted B(H), and it
is a C*-algebra with the usual adjoint operation.

The polar decomposition of an operator 7" in B(H) is a factorization T' = U|T'| where
|T| is positive and U is a partial isometry with initial space Ran(|T|) and range space
Ran(T).

Theorem 3.2. Fvery bounded operator T on a Hilbert space H has a unique polar
decomposition T = U|T|. The positive operator |T| := (T*T)'/? lies in C*(T) and the
partial isometry U belongs to W*(T') (the von Neumann algebra generated by T). If T
is invertible, then U is a unitary element of C*(T).

Proof. Define an operator U on Ran(|T'|) by U(|T|x) = Tx. The range of U is then
precisely Ran(T'). Extend U by continuity to the closure Ran(|T'|), and then define U
to be 0 on Ran(|T|)* = ker(|T|) = ker(T).

Since H is a Hilbert space we have that H = Ran(|T'|) ® Ran(|T|)* so we can extend
U by linearity to all of H. By construction, U is a partial isometry with initial space
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equal to Ran(|T"|) and range Ran(7’). The choice of U will be uniquely determined since
we require that U(|T'|z) = Tz and that the range of U*U equals Ran(|T'|). By definition
we have that W*(T') = C*(T)umt (the weak operator topology closure of C*(T')). The

von Neumann Double Commutant Theorem (see, e.g., Theorem 1.7.1 in [3]) tells us that
A wot

C*(T) =~ = C*(T)" (the double commutant of C*(T")). Hence W*(T') = C*(T)", so to
verify that U € W*(T') we show U € C*(T')".

Let X € C*(T) (the commutant of C*(T)) and z € ker(T'). Then TXz = XTz =0
so we see that Xz € ker(T"). Since U equals 0 on ker(7"), we have UXz =0 = XUz for
every x € ker(T') so X and U commute on ker(7T').

Now let = € Ran(|7]), that is, = |T'|y for some y. Then

UXex=UX|Tly=U|T|)Xy=TXy=XTy=XU|T|ly = XUx,

because |T'| € C*(T) and X commutes with everything in C*(T).

So now we have that X and U commute on ker(7) = Ran(|T|)* and on Ran(|T)),
so again using the fact that H = Ran(|T|)* @ Ran(]T|) it will follow by continuity and
linearity that they commute on all of H. Thus U € C*(T)" = W*(T).

When T is invertible it implies that |T'|(= vT*T) is invertible, because when T is
invertible then T*T is also invertible, so 0 ¢ o(T*T). Since T*T is normal we get, by
continuous functional calculus and the spectral mapping theorem (see, e.g., Corollary
1.3.3 in [3]), that 0 ¢ \/o(T*T) = o(VT*T).

So since T' = U|T| we have, when T is invertible, that U = T|T|~! = T(v/T*T) ™! so
U ¢ C*(T) and we see that

UU =VT*T T*TNT*T ' =TT(T*T) ' =1
and similarly UU* = I, so U is unitary. O

The following is Theorem 1.8.4 in [3], and we will use it in the proof of the non-
commutive little Grothendieck inequality.

Theorem 3.3. In any unital C*-algebra A, the closed convex hull of the set of unitary
elements is the whole closed unit ball.

Proof. Let S € A be invertible with ||S|| < 1. We start by showing that S is the average
of two unitaries U; and Vi from A, i.e., S = %

By Theorem 3.2, S has a unique polar decomposition S = U|S| where U € C*(S) C A
is unitary and |S| = v/ S*S. Now define Vi := |S| £ iv/I — S*S. These are unitaries and

we see that
Uvye+UV_

2
To realize that V, is in fact a unitary, define a function f; :[0,1] — D = {z e C:

2] = 1} by
fr(@) =2z +iV1—2? , x € [0,1].

S =
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Then f4 is continuous on [0, 1], and since |S| is positive and ||S|| < 1 it follows that
o(S) C [0,1]. Since |S| is normal we can now use continuous functional calculus, which
yields /1 (IS]) = V.

By definition of continuous functional calculus, f4(|S]) € C*(]S]), which is a commuta-
tive C*-algebra. So f(|S]) is normal. In fact we see that

(F+USDY“(f+(1S1) = F(ISD £+ (18]) = (Fe fe)(ISD) = [£+7(1S) = 1,

so f1(|S|) = V4 is unitary. Showing that V_ is unitary is similar to this.

Thus we have
Uy +Wn

2
where Uy = UV, and Vi = UV_, as we wanted.
Now let S,U € A be such that U is unitary and ||S|| < 1. We observe that

U+S UI+U*S)
2 2 '

S =

(32)

Since ||.S]| < 1 we have ||[U*S|| < 1, so I+U*A is invertible and w

U(I+U*S)
2

is a contraction.
Furthermore, is invertible as a product of invertibles. Applying what we proved
above it now follows that there exist unitaries U; and V; such that
U(I+U*S) Ui+
2 2

ie.,

U+S=U +V. (33)

Now let S,U € A be as before. We will show by induction that for all n € N there
exist unitaries Uy, ..., U,, V, such that

U+nS=U1+...+U, +V,.

We have already in (33) seen that this is true for n = 1. Assume it holds for some n.
We will show it holds for n + 1. By (33) there exist unitaries U,1, V41 € A such that
we can write Vj, + .5 = Up41 + Vit1. We then obtain

U+(n+1)S = U+nS+S
= (U+nS)+S
= Ui+...+U, +V, + S
= Ui+...+Up+Ups1 + Vit
which is exactly what we wanted to show.
Now, using these results we have just verified, we proceed to prove the statement.

Let T' € A be given. It suffices to assume ||7’|| < 1. This implies that there exists n € N
such that ||T]| < 1— 2 = =2 Set




We observe that

n 1
S I
st < |25+ |
= )+ —
-1 n—1
n n—2 1
<
~ n—1 n n—1
= 1,
so from what we have just proved by induction there exist unitaries Uy, ...,Up—1, Vii—1

such that
I+(n—-1)S=U1+...+Up—1+ Vy_1.

But seeing how we defined S we have that

I+(n—1)S=I+nT—-1=nT.

Thus
nl'=Ui+...+Up_1+ V1,
ie.,
T — U1+...+Un_1+Vn_1’
n
so T is in the convex hull of unitary elements from A. O

3.2 Proving the Non-Commutative Little Grothendieck Inequality

We first prove a lemma which will be of great use to us in the following. This is Lemma
3.1 1in [4].

Lemma 3.4. Let T be a bounded linear map from a C*-algebra A into a Hilbert space
H and assume there exists a unitary element uw € A such that ||T'(u)|| = ||T||. Consider
the functionals @, on A defined by

1
p(r) = W@(W%T(U)) , T€A

and
1

Y(z) = W(T(xu),T(u» , TEA
Then ¢ and ) are states on A and

IT@)I* < ITI*(p(2"2) +(22) , z €A
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Proof. 1t is sufficient to consider || 7| = 1 because otherwise we can always just normalize
T by dividing by the norm.

We divide the proof into several steps. First assume that v = 1. Then T'(1) = ||T|| =
1 and so p(z) = Y(x) = (T'(x),T(1)) = (T(x),1) for all z € A. That ¢ is linear follows
directly from the linearity of T because the inner product is linear in the first coordinate.

We see that ||¢]| = ¢(1) = 1 and from this it also follows that ¢ is positive (see, e.g.,
Theorem 13.5 in [10]). Hence ¢ is a state on A.

Let a € A be self-adjoint and consider for any ¢ € R the function f : A — e}, A € R.
This is continuous, so by continuous functional calculus we can define f(a) = e*. Then

e = [|f(a)|| = |l = sup{|f(N)|: A € oa(a)} =1

t

so €' is unitary for any ¢ € R.

The power series for the exponetial function is

z?2 23

T - -
e —1+:U—|—2!—|-3!...

so by continuous functional calculus

A 262 83a3 At
e =1+ ita — ; —1 36‘1 + 46: (34)

Define h to be the first three terms in this expansion, that is, h = 1 + ita — 252)2—‘72 Then
(34) gives, by rearranging,

. t3a3 ttat
__ _ita . _
h=c¢ +z—3! TR

Now applying T and using that T is linear we get

it 3 a’ a

3 4

To ease notation let us define g(a) :=i% — t% ..., so that T'(h) = T(e"*) + t3T'(g(a)).
This yields

TR = [IT(e") + T (g(a))|?
< (ITE™ ) + 12T (g(a)]])? (35)
= [T )? + [#°|1 T (g(a) 1> + 2/t T (") T(g(a))]
< 140 T(g(a)l® + 2P| T(g(a))]
= 1+ [tP(tPIT(gla)® + 2T (g(a))])
= 14 0(|tP) ast \, 0.

34



On the other hand, by the definition of h, we get

t2 2
T(h) = T(l—i—ita—;)

2

= T(1)+itT(a) — %T(aQ)
2

t
= 1+itT(a) — =

5 T(a?)

and using this gives us
IT(M? = (T(h),T(h))
t2 t2
= <1 + itT(a) — §T(a2), 1+ itT(a) — 2T(a2)> .

By trivial calculations, using that z + % = 2Re(z) and that a self-adjoint implies a® to
be self-adjoint as well, and the fact that ¢(a) = ¢(a) because ¢ is positive, we obtain

T =1+ 2T - o) + £ ([T - (T (@), 7(@) )

By inserting into the inequality (35) we get
t
L+ AT = () + £ ({17 - In(T(@). T(@) ) < 1+ () ast 0.
Now, using the properties of O-notation we obtain

(1T (@)]* = ¢(a®) < O(|tf’) ast 0.
Letting ¢ \, 0 this yields || T(a)||* — ¢(a?) <0, i.e.,

IT(@)|* < p(a®). (36)
Now, let x € A be arbitrary. Then x can be written as = a + b where
a:= T and b := x—.x
2 29

Clearly a and b are self-adjoints. Using the linearity of 7' and that, in general, a® + b? >
2ab we get

I ()| IT(a) + 4T (b)|?
T @) + [T ®)]1)*
2((1T(@)[* + I T (B)]1%) (37)

2(p(a®) + o(b%)) (38)

() (5))

— plea” +a"a),

VARVAN VAN

where the step from (37) to (38) follows from (36). This completes the proof. O
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We will now proceed with proving the non-commutative version of the Little Grothendieck
inequality, as it is presented in [4].

Theorem 3.5. Let A be a C*-algebra and H a Hilbert space, and let T : A — H be a
bounded linear map. Then there exist two states @ and 1) on A such that

IT@)I? < ITIP(p(2"2) + ¢(aa”)), @€ A

Proof. First assume that A is unital. It suffices to show the statement for ||| = 1, since
it is just a scaling. So assume without loss of generality that |7 = 1.

In Lemma 3.4 we have proven that the statement holds under the assumption that
there exists a unitary U € A such that 1 = ||T|| = ||T(U)||. So our goal is now to find
such a unitary and then apply the lemma.

By Theorem 3.3, the closed unit ball in A is the closed convex hull of the unitary
operators in A. Therefore there exists a sequence (Uy, )nen of unitary operators in A such
that [|T(Uy,)|| — [|T|| for n — oo.

Let w be a free ultrafilter on N and let A, and H,, be the ultrapowers of A and H
respectively, with respect to w. By Proposition 2.11 we know that A, is a unital C*-
algebra (with unit 1, = [(1n)nen], where 1,, = 14 for all n € N), and from Proposition
2.12 that H,, is a Hilbert space. Define T, : A, — H,, by

To((zn)nen) = (T'(zn))nen-

Then ||T,|| = ||T'|| = 1. Let U,, € A, be the operator which has (Uy,)nen as representing
sequence, that is, U, := [(Uy)nen]. Note that ||(Up)nenlloo = sup, |Un| =1 < o0, i.e.,
(Un)nen € oo(N, A), so this definition makes sense. We see that

(Uo) Vs = [(Up)nenl[(Un)nz1] = [(1a)nen] = 14,

and similarly
Uw(Uw)* = 1Aw )

so U, is a unitary in A,. Moreover,
170 (U)o = limo | T(Un)|| = [|T']| = 1,

so U, is indeed the unitary we were looking for. We can now apply lemma 3.4. Hence
there exist states ¢, and 1, on A, such that for all x € A,

1T (@)1 < ITI (9o (27 2) + tu(z2¥)).

Let ja : A — A, be the canonical imbedding of A into A,. By Remark 4, j4 is an
isometry. Let moreover jg : H — H,, be the canonical embedding of H into H,. We
then have that the diagram



commutes, so T, 054 = jgoT.
Now, let ¢, : A — F be the restrictions of ¢, resp. ¥, to A, that it,

Y= Pula=puoja

and

= ww‘A =1y 0ja.
Then ¢ and ) are linear as compositions of linear maps; we see that ||| < ||¢wlllljall =1
and

p(la) = pu(ja(la)) = pu(ly) =1
since ¢, is a state, and similar for ¢». Hence ¢ and 1 are states on A and since T' = Tj,|
we have that for all x € A,

IT2|* < p(a*z) + P(az).

This concludes the proof in the unital case.

Suppose that A is not unital. Then A — A** isometrically. Again,letT : A — H be
a bounded linear operator with || 7' = 1, and consider the double dual T** : A** — H™**.
We have that |7**|| = 1 and H** = H since Hilbert spaces are reflexive, and we know
from, e.g., Proposition 10.1.21 in [5], that A** is a unital C*-algebra. So by what we
proved before there exist states ¢ and ¢ on A** such that for all z € A**,

1T (@)1 < @(a*x) + P(wa”).
Then we can choose states ¢ and 1 on A such that ¢ > ¢ , ¥ > ¥ and we get
1Tz < p(a*z) +p(az®),  x €A,
as wanted. O
In the following we discuss a couple of corollaries which follow easily from the non-

commutative version of the little Grothendieck inequality that we have just proved. They
are, respectively, Corollary 3.3 and 3.4 in [4].

Corollary 3.6. Let T : A — H be a bounded linear map of a C*-algebra A into a
Hilbert space H. Then there exist a state @ on A such that

x*r + xa*
L R e
Proof. By Theorem 3.5 we can find states ¢; and @2 on A such that
IT@)II” < T (¢1(2"2) + pa(2a”),  we€ A
If we then put ¢ := £3¢2 we get that
IT@)IP < ITIP((2¢ — w2)(a"2) + (20 — 1) (22))
= |ITIP(2p(a"2) + 20(za") — p2(2*2) — 1 (2”))
< |ITIP2e(a"z) + 2p(za”))
2|T|*p(a*x + za*),

exactly as we wanted. O
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Corollary 3.7. Let A and B be C*-algebras and let S : A — B be a bounded linear
map. Then for alln € N and all ay,...,a, € A,

n
E apay + apay,
k=1

S(ar) + S(ar)S(ar)*|| < 4[]

Proof. We can assume that B C B(H) for some Hilbert space H. Let £ € H be a unit
vector. Applying Corollary 3.6 to the map = — T'(x)¢, z € A we get the existence of a
state ¢ on A, such that

x*x + xx*
IT@)EI? < 41T]% () .

2

Hence for n € N and ay,...,a, € A we get

n n
DI (ar)é)l? < 2|71 (Z ayay, + aw?;) < 2|7
k=1 k=1

We can apply the same argument to the map x +— T'(2*)*¢ and the operators aj, ..., a) €
A, and that gives us

n
E apay + apaj,
k=1

n

DT () el < 2|7

k=1

n
E aiay, + apay
k=1

Hence

Z aiay, + apay

Y (T (an)él® + 1T (an) €l?) < 4T
k=1 k=1

S0, since

n

> T(ar)*T(ar) + T(ax)T(ar)*
k=1

‘ = sup {Z IT(ar)€? + 1T (ar)*€l1* - € € H, €]l = 1}

k=1

this concludes the proof. ]
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