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Introduction

The notion of finite representability in Banach spaces was introduced by
R.C. James [9] in connection with the study of superreflexivity. The con-
nection between finite representability and ultrapowers was independently ob-
served by C.W. Henson, L.C. Moore [8] and J. Stern [I5]. The explicit
definition of ultraproducts of Banach spaces was introduced by D. Dacunha-
Castelle and J.L. Krivine and detailed study of ultraproducts led to various
applications in the local theory of Banach spaces. A comprehensive account of
all this is the survey paper of S. Heinrich [7] and it is convenient to take this
as our reference rather than the original sources. Ultraproducts of C*-algebras
were defined in but the theory of finite representations has been confined
to the setting of Banach spaces and (1+¢)-isomorphisms, i.e. bounded linear
maps 7 with |T||<14+¢ and |T-!|<1+¢ on finite dimensional subspaces. The
purpose of this paper is to study this notion in the setting of C*.algebras and
(1+e¢)-isomorphisms T on finite dimensional subalgebras or subspaces, that are
*_homomorphisms, completely positive maps or completely bounded maps with
| Tlles=1+¢ and |T7'|s=<1+4+e. Completely positive maps were introduced by
W.F. Stinespring as an algebraic setting for studying the existence of
dilations. Every *-homomorphism is completely positive. On the other hand it
has been shown by M.D. Choi and E. Christensen that for any >0, there
exists a pair of C*-algebras 4, and B, possessing a completely positive (1+¢)-
isomorphism T on A, onto B, with a completely positive inverse but there is
no one-one *-homomorphism on ., onto 3..

Completely bounded maps were introduced by Arveson [2], V.I. Paulsen’s
monograph gives a good account of such maps. In fact the theory of
completely positive maps has been developed more by Quantum mechanicists
because of its use in the Quantum theory of open systems i.e. irreversible
processes, (see [6,13, 1]).

* nee Ajit Kaur Chilana.
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Let L(E) be the C*-algebra of bounded operators on a Hilbert space E to
itself. For any subspace (respectively *-subspace, *-subalgebra) X of L(E),
M,(X) will denote the corresponding subspace (respectively *-subspace, *-subal-
gebra) of the matrix algebra M,(L(E)). Then X isclosed in L(E) if and only
if M,(X) is closed in M,(L(E)).

Let F be a Hilbert space. Let Y be a subspace of L(F). For a linear map
¢ on X to Y let ¢, denote the map on M,(X) to M,(Y), defined by applying
¢ element by element to each matrix over X. If X and Y are *-subspaces
(respectively *.subalgebras) and ¢ is a *-map (respectively *-homomorphism)
then so is ¢,. In case X and Y are *.subspaces and ¢, is positive we say that
@ is n-positive and if ¢ is m-positive for each me N then ¢ is called completely
positive [16]. ¢ is called completely contractive if each ¢, is a contraction [Z].
A scalar multiple ¢ of such a ¢ satisfies ll¢llcb=s%pll¢n||<oo and such maps ¢

are called completely bounded. ¢ is called a complete isometry if each ¢, is
an isometry. If ¢ is a *-homomorphism on a C*algebra X to a C*-algebra Y
then ¢ is completely positive and completely contractive. On the other hand
if ¢ is a completely positive map on an operator system X (i.e. a *-subspace
X of L(E) containing the identity Iz of L(E)) to L(F) then ¢ is completely
bounded and ||@¢(/g)|=|l¢ll=II@llc» and ¢ has an extension to a completely positive
map ¢ on L(E) to L(F) ([2]). The latter result is known as Arveson’s ex-
tension theorem, and it motivated E.G. Effros, C.E. Lance, A. Connes and
others to consider the injective operator systems i.e. the class of operator
systems with this extension property. M.D. Choi and E.G. Effros have
called an operator system AC L(F) injective if for any operator systems $C
CC L(E) any completely positive map ¢ of & to A, there is a completely posi-
tive extension ¢, of ¢ to C such that ¢,: C— and have proved that if AC
L(F) is an injective operator system then there is an identity preserving com-
pletely positive 1-1 map ‘¢ of /4 onto an essentially unique unital C*-algebra
such that its inverse is also completely positive and thus [|@]o=[¢ o=1 so
that ¢ is a complete isometry. As noted in the proof of the uniqueness part
of this result ([3], p 165-166) any identity preserving order isomorphism of
unital C*-algebras that is 2-positive also, is a 1-1 *-homomorphism and there-
fore, an identity preserving complete isometry between unital C*-algebras is a
1-1 *-homomorphism.

In Section 2, we develop the necessary theory of ultraproducts of C*-algebras
and in Section 3, we give our main results on finite representations.

2. Ultraproducts in C*-algebras

Let (E;)ie; be a family of Banach spaces and €U, a non trivial ultrafilter
on I. Let (I, E,) denote the Banach space of bounded functions x=(x;) in



COMPLETE FINITE REPRESENTABILITY 85

igEi with the norm |(x,)||=sup| x| and let Ny be the subspace of those (x;)
for which I@qr]nllxiH:O. The ultraproduct (E;)s is the quotient space [(I, E;)/Nq.

Its elements are the equivalence classes (x:)y of elements (x;)=!l(I, E;) and
H(xi)q;llzlgnllxill. If E/’s are Banach algebras (respectively C*-algebras) then

s0 is (E;)y under the operations induced by pointwise operations (cf. 5],
Proposition 3.1).

For Banach spaces E and F let E’ denote the dual of E and L(E, F) denote
the Banach space of bounded linear operators on E to F with the operator
norm. L(E, E) will be denoted by L(E). Then as in §2 [7], for another
family (F;)ie; of Banach spaces, (L(E;, F))y can be identified with a closed
subspace of L((E;)qy, (Fy)y) via

(Ti)CU(-xi)‘UZ(Tixi)‘U .
Further it follows by Lemma 7.4 that for a finite dimensional space M,
(L(M, Fy)y=L(M, (F))y).

In fact, this follows from the observation that for a finite dimensional space M
and M,=M for each i, we have that xozliqrjnxt exists for each (x;)=!l.(I, M)

and thus (M;)y can be identified with M via (x,-)qj—>1igjnxi. This also gives
(L(Es, M)yC L(Edw, M).
In particular, (E})yC(E;)y via
(fou(xdu=lmfx.).

If (E:)v is reflexive, then (E/)y=(E;)%y. ([8], cf. [7], Proposition 7.1).

For Te L(X,Y), let T’ denote the adjoint operator on Y’ to X’. In case
X and Y are Hilbert spaces, let T* be the adjoint operator induced on ¥ to X
by T’, when X is identified with X’ and Y with Y’ via Riesz representation
theorem i.e. {Tx, y)=<x, T*y) for x<X and yY. Our next result may be
compared with Theorem 1.2 and other results in [12].

Proposition 2.1. (i) For (T)ys(L(E;, F))y and (f)vs(Fly, we have
(Tu(fdu=Tifdy. If (F)y is reflexive then (T)y=(T}).

(ii) Suppose that for each i, E; is a Hilbert space. Then

(@) (Edu is a Hilbert space and for (x)v, (¥i)us(Edy, {(xdu, Yiud=
Ign<?h" Vi) '

(b) (L(E))w is a C*-subalgebra of L{(E)v) and for (Tiy<(L(E))w,
CUTN)T(C(Ty))y, where for an operator T on a Hilbert space H, C(T) denotes
the C*-algebra generated by T. In particular, for (Ty)wy, (Si)uE(L(E))y, we
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have (T)a(S)w=(T:iS)w, (TE=(T*w and (T:)y is positive if and only if
(T)w=V*V )u=WDu=W )y
for some (V)uesC((Tow) and W )ye(C(T:))w with W, positive for each 1.
Proof. (i) The first part follows from the observation that for (x.)v&
(E))qy, we have
[T dvl(xdu=(f Jul(Tdu(xdv]=f Du(Tsxdw
=1;]mft(Tixi)=1‘%]m(T£f¢)(xi)

=(Tift)fu(xi)ﬂu-

The second part is now immediate from the first part since (F)y=(Fy)y in
case (F,)y is reflexive.

(ii) The first part of (a) follows from the fact that a Banach space is a
Hilbert space if and only if its norm satisfies the parallelogram law. Indeed,
for (xi)w, (y:)vE(E:)y, we have

1(xu+oult+ I(xdw—(yadul®

=1§Um”xt+yi”2+lgn”xi'—yi”2
=1§jm[|lxi+y,-[|2+ | x:—v:l*]
.=1ciUm 200 x o2+ 1 vell®]
=2[1cium||xi”2+1‘ivm”yi“2]
=2||(xs)ull2+2[(ya)al®.

The second part is now an immediate consequence of the polarization
identity.

The first part of (b) is immediate from (i) and the fact that (C(Ty))y is a
C*-algebra containing (T;)y. Further since C((T:)v) is also a C*-algebra con-
taining (T)wy, the latter is positive if and only if (T)u=(V)¥(Vi)y for some
(Vdu=C{Ti)w). The proof can be completed by putting W =(V¥V )2,

Let n=N. For a Hilbert space E, let E™ denote the Hilbert space of n-
tuples x=(£,)1sss» from E with the inner product

<x, y>=LEhsisns (ﬂj)lsjsn>:‘g<$j’ UDE

Then the matrix algebra M,(L(E)) of nXn matrices with elements in L(E) can
be made into a C*-algebra if we identify it with L(E") via (@;i)iss, 2sn— the
operator A given by
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(Ax)=(2 a18s) for x=(esens E".

lgjsn
We have the following results:
Proposition 2.2. Let ncN. Let for each i, E; be a Hilbert space. Then
(i) the Hilbert space (E™)y can be identified with the Hilbert space (E)y via
(xi)qJ=((5ij)1sjsn)q1 —> ((eij)q_])lsjsn .
(ii) the C*-algebra M ((L(E.)y) can be identified with (M,(L(E:)))y via

((Tj. k.i)‘U)lsj. ksn > T}y, k. i)1s4, ksn)U -

Proof. (i) We first note that for (x;)El(I, E}) with xi=({i)isssn fOr
iel, we have

lim | xl*=lim 3 16l= 2 limlge.sI".

So the map (x:)u— (& )uhssjsn is well defined on (E7)y and it satisfies

I(xdu = Dvdrsssall -

This map is now easily seen to be linear and onto (E)3.

(ii) We first note that because of (i), the C*-algebra L{E%)q) can be
identified with the C*-algebra L((E;)%)=M.(L{(E)w)).

Since (L(E;))y is a C*-subalgebra of L((E:)v), we have that the C*.algebra
M,((L(E,))y) can be identified with a C*.subalgebra of My( L((E;)y)) and con-
sequently with a C*-subalgebra of L((E%)y). For (Tsehsi, ksn=UTy, r,0)0 155, ksn
eM,(L(E))y), the corresponding element of L((E})y) is given by

(( Tj, k, i)lsj. ksn)‘U-

Corollary 2.3. (Tjk)lsj. ksnz(( Tj. k.i)‘U)lsj. ksnEMn(( L(Ez))’-U) is positz’ve Zf and
only if for each i there is (S;, &.i)i1ss. #sn S Mn(L(E})) such that

(Tjk)lsj. ksn'—:(( él S’lk.j.ist. k,i)cu)lsj' bsn

Proof. We have only to apply Proposition 2.1(ii) (b) with E; replaced by E%
@B for each i.

Proposition 2.4. Let for each i, E; and F; be Hilbert spaces, X: and Y be
closed subspaces of L(E;) and L(F;) respectively and ¢.: X;—Y  be a linear map.
Suppose that sgpl[¢i|l<oo. Let ¢ denote (§o)v: (X)u—(Y .

(i) If each of the X, and Y, are *-subalgebras and each ¢: is a *-homo-
morphism then ¢ is a *-homomorphism.
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(ii) If each ¢. is completely bounded with sgp]l¢illcb<°o then ¢ is completely
bounded and ”¢"cb§1‘%]m”¢i”cb, equality occurs if U is countably complete.

In particular, if each ¢; is a complete contraction then so is @.

(iii) If there is an I, U such that for each i in I,, ¢; is a complete isometry
then so is @.

(iv) If each of the X, is a C*-subalgebra of L(E;) or an operator system
and each @, is completely positive then ¢ is completely positive.

Proof. (i) is immediate from the definition of (¢;)v.
(ii) Let neN. Let T=(T;i)is7. #sn < Mn((Xs)1). By Proposition 2.2(ii) above
we have that

16 (T =LmI($a(T)):]
zlgnnfbin((Tj, k, i)lsj. ksn)”
élgn(flsﬁzn” (T, 6. i)157, ksall)
<Hm| gl Bml(T. . drey. nnl
=(lim| @[l T -

Therefore, ¢ is completely bounded and l]¢llcb§liqr}1ll¢i]lc,,.
Now suppose that €U is countably complete and |I¢ch<1§1rln”¢t”cb- Choose
any r such that l|¢||cb<r<lj{r]nll¢illc,,. Then there is an I, such that ||@,]|,,

>r for each 7 in I,. Now for each 7 in I, there is a least n;=N such that
I$insl>7. So there exists an A;& M, (X,) such that |A|=1 but ||g;s,(A:)|>7.
For k€N, let I,={icl,: n;>k}. Then {I,} is a decreasing sequence of sets
in I with NI,=¢. Since U is countably complete there is a %, such that
I..,£U. Since U is an ultrafilter, J={i€l,: n;<k=I I, is in U. For
i€], let B;=(Bi j t)hsj sk, be the member of M, (X;) obtained from A; by
putting in zeros at the vacant places i.e. B; ;=0 for j>n; or 2>n; and
Bi,j, x»=Auj e for 1=j, k<n;, where A;=(Ai.; 1)1ss 1sn,- FOr icI\NJ, let B; be
the zero k,Xk%, matrix in M, (X;). Then (B)y&(M;(X:))v and

II(Bz-)LulI=l{lI,nllBill=lcbmllAill=1.
By Proposition 2.2(ii) again

B=((Bi,j.k)lsj.ksn)”UEMko((Xi)‘U) and | B|=1.
Also

||¢k°(B)” :licfun”¢iko(3i,j, B)1g. ksk[)”
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=1§_Lt]rl”¢ini(Ai,j, k)lsj. Izsni”

v

v,

so that |[g,,[l=7, which, in turn, gives that |@|l,=7> /¢l This contradiction
establishes the required equality.

(iii) Suppose that I, is such that for each i€l,, ¢, is a complete
isometry. Then for n= N,

A=(Ajrhs;, ksn=((Aj, &, D15, 132 E Ma((X )

we have that
@(A) =lic{]nll¢in(A,-. k.i)iss, ksnll
zl‘lll}n”(Aj k.i)lsj,ksn”

=||All, by Proposition 2.2(ii), again.

So, ¢ is a complete isometry.
(iv) We have to prove that for n= N, T=(Tj, 2155 1sn < M((X:)a) positive,

Pu(T)=((T}y, 1))1ss. 50 EMa((Y )oy) is positive. By Proposition 2.2, T can be
identified with

(T, ko1ss, rs)0 E(Ma(X )y S( L(ED)w,

where (T}, 1)1sj, ksn =T}, &, :)0 )15, k<n. BY Proposition 2.1, T=(V*V,)y, where for
each 7, V.eC((Ty, r.ihss. rsn). Leticsl. If X, is a C*-subalgebra of L(E,), then
Vie M,(X;) and thus V*V,;=M,(X,) is positive. Since @; is completely positive
we have that ¢,, is positive and, therefore, Si=@:,(V¥V,) is positive. For
notational convenience we write Z;=X,; and ¢;=¢, in this case. On the other
hand if X, is not a Cx-algebra but an operator system then by Arveson’s Ex-
tension Theorem, ¢; has an extension to a completely positive map ¢; on Z;=
L(E:) to L(Fy) with ||¢ille=I¢:ls=Ill$«(1s,)l and therefore, Si=¢i(V¥V,) is
positive. Now in all cases

¢n(T)=(¢in(Tj, k, i)lsj. ksn)‘vz(sl’in(Tj. k, i)lsj, ksn)U
=(@ia(VIV D= S s(L(F))y .

So by Proposition 2.1, ¢.(T) is positive.

Remark 2.5. (a) Even though we assume axiom of choice throughout to
avoid entering into the discussion of various axioms in set theory like Axiom
of choice, Ultrafilter Principle and Axiom of constructibility, it may be pointed
out that every ultrafilter on the set of natural numbers is countably incomplete
and the least cardinal carrying a countably complete ultrafilter is inaccessible

(see for instance [15]). '
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(b) If in (iv) above, each X; is an operator system, then

18l0=1g(Lzpp)I=N(@eLz o]
=lim|$(Ls )| =lim| gl

Thus equality in (i) above can occur without the stringent condition of
countable completeness of U.

3. The Local Structure of Ultraproducts of C*-algebra

In this section we shall study the local structure of ultraproducts of C*-
algebras. We shall find certain conditions under which a closed subspace
(*-subspace or *-subalgebra) of L(F), F being a Hilbert space, is completely
isometric to a subspace (respectively *-subspace, *-subalgebra) of an ultraproduct
of C*-algebras. Throughout the section unless otherwise stated, for Hilbert
spaces E and F, X and Y are closed subspaces of L(F) and L(E) respectively.
For a 1-1 linear map ¢: X—Y, X will be taken as an operator system or a
C*-subalgebra of L(F) whenever ¢ is taken to be completely positive. Accord-
ingly, X is taken as a C*.subalgebra of L(F) whenever ¢ is taken to be a
*.homomorphism. With this understanding we define the following notions:

Definition 3.1. Let ¢>0 and ¢ be a (1+4¢)-isomorphism on X onto Y i.e.
¢ is a 1-1 linear map on X onto Y with ||¢|<1+e, [¢7!|<1+e.

(i) ¢ will be called a complete (1+¢)-isomorphism if |@|,=1+¢ and
¢~ les=1+e. In this case, the spaces X and Y are said to be completely
(14 ¢)-isomorphic.

(ii) ¢ will be called a completely positive (1-+e)-isomorphism if ¢ and ¢~*
are completely positive. In this case X and Y are said to be completely order
(14 ¢)-isomorphic.

Remark 3.2. (a) Each 1-1 *homomorphism on X onto Y is clearly a
completely positive (1+e¢)-isomorphism [16], but the converse is not true. In
fact Choi and Christensen have shown that for each €>0, there exist C*-
algebras 4, and 8, and completely positive, 1-1, onto maps ¢.: A,— B, and

7't B, such that |@.|<1+¢ and ||¢:!|<1+¢ ([4], Theorem 3.5), but there
exists no *-homomorphism on A, onto 8, ([4], Theorem 3.3).

(b) A completely positive (14 ¢)-isomorphism on X onto Y is a complete
(14 ¢)-isomorphism if both X and Y are operator systems.

We begin with a variant of Proposition 6.2 [7], the formulation and the
basic part of the proof being similar.

Theorem 3.3. For a Hilbert space F, let X be a closed subspace of L(F)
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and let B be a family of C*-algebras. Let Mx be a family of closed subspaces
of X ordered by set-inclusion such that for any finite subset (equivalently finite
dimensional subspace) S of X, there exists M My with SCM. Suppose that for
each €>0 and each Mc Mx, there is BE B such that M is completely (1+¢)-
isomorphic (respectively completely order (1+¢&)-isomorphic) to a subspace of B.
Then there is an ultrafilter U on an index set I and a map from I into B (as-
signing to each i, a C*-algebra E = B) so that X is completely isometric (respectively
completely order isometrically isomorphic) to a subspace of (E;)q.

Proof. Let I be the collection of all pairs (M, €) where M My and ¢>0.
The set I can be partially ordered by the relation

(My, ed<(M,, &) if M,CM, and e&,=¢,.

Then the filter ¥ associated with this order consists of all sets I,J for which
there is an element (M,, &) of I with

Ii={(M, ¢): (M,, e0)<(M, &)} .

Let now U be an ultrafilter containing this order filter . Now 2 is a family
of C*-algebras such that for each i=(M,, ¢;,)€I, there exists an E,= 8 such
that M, is completely (1+e¢,)-isomorphic (respectively completely order (1+¢;)-
isomorphic) to a subspace N; of E;. Define ¢: X—(E;)¢ as follows:

du(x) if xeM,
0 if x&EM,.

Then ¢ is a linear isometry. Let n&N and &>0. Consider an element A=
(@pghisp.esnEMR(X). Consider any subspace M,= My containing apq, 1=p, ¢<
n. Then

For xe X, we put tx=(3,), y¢={

Li={(M, &): (M, e0<(M, e)} €U,

Uy={JNI,: J€U} is an ultrafilter on I, and (E;)y, can be identified with
(Eov by identifying (x:)ier, With (2;)ie;, where z;=x,; for i in I, and zero
otherwise. For /], ¢; and ¢;' are completely bounded with [|@:ll<1+¢&:=
14+¢&, and [|¢p7'|o<1+¢;<1+¢,, (respectively completely positive with [¢;|<1+
& and [¢3'<14¢,). So by Proposition 2.4,

o=(@:)u,: My, —> (Nw,
7' =(d7 N, 1 (N, —> (M,

are completely bounded with ||@|l., and ||~ .»=1+4¢, (respectively completely
positive).
Now M, can be considered as a subspace of (M;)y, and ¢=¢|y, and ¢'=

¢-1 | My satisfy

and
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lealA=lga(ADI =Pl | Al =A+e0)] Al
=1 +¢o)llgn'@a(A)|
=(1+eol gz llen( A
=1 +e0)*[lea(A)]

(respectively, ¢,(A) is positive if and only if A is positive). Since &,>0 is
arbitrary, we have that |¢,(A)|=|A|l, further since A is arbitrary we have
that ¢, is an isometry and since n is arbitrary it follows that ¢ is a complete
isometry (respectively, ¢, and ¢;' are both positive and since n is arbitrary it
follows that both ¢ and ¢ ! are completely positive).

Remark 3.4. In the second part of the above theorem in case X is an
operator system, we may replace I and U by [,={(M, ¢): lpc M} and U,=
{/JNI,: JeU} respectively and as explained in Remark 2.5(b), ¢ becomes a
complete contraction.

Remark 3.5. If 8 in the above theorem is taken to be a collection of C*-
subalgebras of a C*-algebra YC L(E) then we may term conditions in the
theorems as X is completely finitely (respectively completely order finitely)
representable in Y. Then Theorem 3.3 gives us that if X is completely (res-
pectively completely order) finitely reprsentable in ¥ then there is an ultrafilter
U such that X is completely isometrically (respectively completely order isome-
trically) isomorphic to a subspace of (¥)y.

Unlike in Banach spaces only partial converses of these results are true
which we now discuss. We have the following partial converse to Theorem 3.3
under the inaccessible condition of countable completeness of .

Theorem 3.6. Let (E;)ic; be a family of C*-algebras and let M be a finite
dimensional *-subspace of (E)y. Let ¢>0. If U is countably complete then there

exists an i€l, a *-subspace M;CE; such that M is completely (1+¢)-isomorphic
to Mi.

Proof. Step I: We first proceed as in the proof of the corresponding

result in Banach spaces (cf. [15], [11]). Let {xi, x;, -+, x.} be a basis of M
with x; represented by (x;);. Since all norms on C™ are equivalent, there
exists K,>0 such that for each (4;);5;:,=C",

Ka

n n
= .
F‘lejlel~sjgglm

Put ¢,= ————s—. So there exists a member I, of U such that for each ;i
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(

So for each i/, ¢; defined on M onto M,, the space spanned by {x;;, 1< j<n}
in E; as ¢i( i ij,)z ﬁ} A;x;; satisfies
Jj=1 =1

S 2ixs P

n
Aix;

lg:l<1+e and |p7Y<1+c¢.

Step II: Let us assume that U is countably complete and MC(E;)y be a
finite dimensional subspace of dimension 7 as above. Let {x1, X3, **+, x,} be a
basis of M and x; be represented by (xj:);. As proved in Step I, there exists
J1EU such that for each 7 in J,, [¢:|<1+¢ and |¢7!|<1+e.

Consider M,(M). (x,-E,,q)lé,_,,qsz is a basis of M,(M) and dimension of My(M)

Jsn

=2°n. There exists a set J,=U such that for each 7 in Jo II@::]|<14¢ and
l¢72=<14+e. Put J,=J,NJ; Then for each 7 in Js

Igl<1+e, 7S 1+e, [Geoll<1te, |grhl<lte.

Proceeding like this, we get a countable family J,D/,D---D Jr+ in U, such that
for each 7 in J,, ||@: »l|<14¢ and ¢7nl|=<1+4e. Since U is countably complete,

ﬁl J: is nonempty. Let J= _ﬁl Ji. Then for each i in J, ¢, is a complete
i= i=

(14-¢)-isomorphism.

Remark 3.7. Taking each E; to be a fixed C*-subalgebra Y of L(E), we
may say that if ¥ is countably complete, then (Y)y is completely finitely re-
presentable in Y.
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