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We construct operator systems ¢; that are universal in the sense that all
operator systems can be realized as their quotients. They satisfy the opera-
tor system lifting property. Without relying on the theorem by Kirchberg,
we prove the Kirchberg-type tensor theorem

€1 Omin B(H) = € Omax B(H)-

Combining this with a result of Kavruk, we give a new operator system the-
oretic proof of Kirchberg’s theorem and show that Kirchberg’s conjecture
is equivalent to its operator system analogue

€ ®min €1 =€ @ €.

It is natural to ask whether the universal operator systems &; are projec-
tive objects in the category of operator systems. We show that an operator
system from which all unital completely positive maps into operator system
quotients can be lifted is necessarily one-dimensional. Moreover, a finite-
dimensional operator system satisfying a perturbed lifting property can be
represented as the direct sum of matrix algebras. We give an operator sys-
tem theoretic approach to the Effros—Haagerup lifting theorem.

1. Introduction

Every Banach space can be realized as a quotient of £, (/) for a suitable choice of
index set /. Moreover, every linear map ¢ : £1(/) — E/F liftsto ¢ : £1(I) > E
with [|@]| < (14 ¢&)|l¢ll. On noncommutative sides, P, T, (respectively C*([F))
plays such a role in the category of operator spaces (respectively C*-algebras). The
purpose of this paper is to find operator systems that play such a role in the category
of operator systems.

We construct operator systems €; that are universal in the sense that all operator
systems can be realized as their quotients. The method of construction is motivated
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by [Blecher 1992, Proposition 3.1] and the coproduct of operator systems [Fritz
2014; Kerr and Li 2009]. The index set [ is chosen to be sufficiently large that we
can index the set S |T j<1 Oof positive contractive elements in an operator system S.
The operator system &; is realized as the infinite coproduct of {M; & M }ren
admitting copies of My & M}, up to the cardinality of /.

We prove that the operator systems €; satisfy the operator system lifting prop-
erty: for any unital C*-algebra A with its closed ideal Z and the quotient map
w: A— A/Z, every unital completely positive map ¢ : €; — A/Z lifts to a unital
completely positive map ¢ : €; — A. It is helpful to picture the situation using the
commutative diagram

6,7 l
v b

7y
¢ — A/
For a free group [F and a Hilbert space H, Kirchberg [1994, Corollary 1.2] proved

that
C*(”:) Qmin B(H) = C*([F) ®max B(H)

The proof was later simplified in [Pisier 1996] and [Farenick and Paulsen 2012]
using operator space theory and operator system theory, respectively. Kirchberg’s
theorem is striking if we recall that C*(F) and B(H) are universal objects in the C*-
algebra category: every C*-algebra is a C*-quotient of C*(F) and a C*-subalgebra
of B(H) for suitable choices of F and H.

For suitable choices of I and H, every operator system is a subsystem of B(H)
by the Choi-Effros theorem [Choi and Effros 1977] and is a quotient of €; which
is proved in Section 3. We will prove a Kirchberg-type tensor theorem

Q:I ®min B(H) = Q:I Qmax B(H)

in Section 4. The proof is independent of Kirchberg’s theorem. Combining this with
Kavruk’s idea [2012] we give a new operator system theoretic proof of Kirchberg’s
theorem.

We also prove that the operator system analogue

Q:I Qmin Q:I = Q:I Qe Q:I
of Kirchberg’s conjecture
C*(l]:) ®min C*(l]:) = C*(l]:) ®max C*(l]:)

is equivalent to Kirchberg’s conjecture itself.
In the final section, we consider several lifting problems of completely positive
maps. It is natural to ask whether the universal operator system €; is a projective
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object in the category of operator systems. In other words, for any operator system
S and its kernel 7, does every unital completely positive map ¢ : €; — S/ J lift to
a unital completely positive map ¢ : €; — S? The answer is negative in an extreme
manner. An operator system satisfying such a lifting property is necessarily one-
dimensional. This is essentially due to Archimedeanization of quotients [Paulsen
and Tomforde 2009]. Even though some perturbation is allowed, there is also
rigidity: for a finite-dimensional operator system E and a faithful state w, the
following are equivalent:

(i) Ife>0and ¢ : E— S§/J is a completely positive map for an operator system
S and its kernel 7, then there exists a self-adjoint lifting ¢ : £ — S of ¢ such
that ¢ + ewls is completely positive.

(ii) E is unitally completely order isomorphic to the direct sum of matrix algebras.

In order to prove it, we give a characterization of nuclearity via the projectivity and
the minimal tensor product: an operator system S is nuclear if and only if

ds®@ P : S QminT1 = S @min T2

is a quotient map for any quotient map ® : 7; — 7.
Finally, we present an operator system theoretic approach to the Effros—Haagerup
lifting theorem [Effros and Haagerup 1985].

2. Preliminaries

Let S and 7 be operator systems. Following [Kavruk et al. 2011], henceforth
abbreviated [KPTT1], an operator system structure on S ® T is defined as a family
of cones M, (S®; T)™ satisfying

(T1) (S®T, (M, (S®.:T)T}> , 1s®17) is an operator system denoted by S®, T,

n=1"

(T2) Mp(S)T @M, (Tt C My (S®, T)T forall m, n € N, and

(T3) ifp:S — M, and ¥ : T — M, are unital completely positive maps, then
QY :S®; T — M, is a unital completely positive map.

By an operator system tensor product, we mean a mapping 7 : O x O — O, such
that for every pair of operator systems S and 7, we have that t(S, 7)) is an operator
system structure on S ® 7, and denote it by S ®; 7. We call an operator system
tensor product t functorial, if the following property is satisfied:

(T4) For any operator systems S, Sz, 71, 72 and unital completely positive maps
0:S1—> T, v :8 —> Ththemap o @ ¥ : S| @Sy — 71 ® T, is unital
completely positive.
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Given a linear mapping ¢ : V — W between vector spaces, its n-th amplification
¢n : My (V) — M, (W) is defined as ¢, ([x; ;1) = [¢(x;,;)]. For operator systems S
and T, we put

N { XeM,(S®T): (p®Y)u(X) € M, for all unital }

Mn (S Qmin 7_) = . .
completely positive maps ¢ : S — My, ¥ : T — M,

Then the family {M, (S ®min T7)T}°2, is an operator system structure on S ® 7.
Moreover, if we let ts : § — B(#H) and ¢y : T — B(K) be any unital complete
order embeddings, then this is the operator system structure on S ® 7 arising from
the embedding (s ® t7: SQ T — B(H ® K) [KPTT1, Theorem 4.4]. We call the
operator system (S ® 7, {My(S ®min T}, s ® 1) the minimal tensor product
of S and 7 and denote it by S Qmin 7.

The mapping min : O x O — O sending (S,7T) to S Quin 7 is an injective,
associative, symmetric and functorial operator system tensor product. The positive
cone of the minimal tensor product is the largest among all possible positive cones
of operator system tensor products at each matrix level [KPTT1, Theorem 4.6]. The
operator system minimal tensor product A @min B of unital C*-algebras A and B is
a dense subsystem of C*-minimal tensor product A @ c+min 5 [KPTT1, Corollary
4.10].

For operator systems S and 7, we put

DS, T) = {a(P® Q)a* : P € Mi(S)*, Q € Mi(T)*, o € My, k, 1 € NJ.

This is a matrix ordering on S®7 with order unit 1s®17. Let {M,, (S Qmax T)*};’;l
be the Archimedeanization of the matrix ordering {D;"**(S, T)};Z . Then it can be
written as

My (S ®max T ={X e M (S®T):Ve>0, X+el,®1s® 17 € DS, T)}.

We call the operator system (S ® 7, { M, (S Qmax 7')+}fl°:1, 1s ® 1) the maximal
operator system tensor product of S and 7 and denote it by S @max T -

The mapping max : O x O — O sending (S, T) to S ®max 7 is an associative,
symmetric and functorial operator system tensor product. The positive cone of the
maximal tensor product is the smallest among all possible positive cones of operator
system tensor products at each matrix level [KPTT1, Theorem 5.5]. The operator
system maximal tensor product A ®max 5 of unital C*-algebras A and B is a dense
subsystem of C*-maximal tensor product A ® c+max B [KPTT1, Theorem 5.12].

For completely positive maps ¢ : S — B(H) and ¥ : 7 — B(H), let ¢ - :
S®T — B(H) be the map given on simple tensors by (¢ - ¥ )(x ® y) = p(x)¥ (y).
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We put

My (S®:T)" =

XeM,(SQ®T): (¢p-¥),(X) = 0for all completely positive
maps ¢ : S — B(H), ¥ : T — B(H) with commuting ranges |

Then the family {M,,(S &, 7')+}fl°:l is an operator system structure on S ® 7. We
call the operator system (S® T, {M,(S ®. T)},2 . 1s ® 17) the commuting tensor
product of S and 7 and denote it by S ®. 7. If A is a unital C*-algebra and S is
an operator system, then we have

A®CS=A®max8

[KPTT1, Theorem 6.7]. Hence, the maximal tensor product and the commuting
tensor product are two different means of extending the C*-maximal tensor product
from the category of C*-algebras to operator systems.

For an inclusion S C B(H), we let S®¢ T be the operator system with underlying
space S®7T whose matrix ordering is induced by the inclusion SQ7T C B(H)®max T -
We call the operator system S ®,) 7 the enveloping left operator system tensor
product of S and 7. The mapping el : O x O — O sending (S, T) to S®¢ 7T is a left
injective functorial operator system tensor product. Here, S ®¢; 7 is independent
of the choice of any injective operator system containing S instead of B(H).

Given an operator system S, we call 7 C S the kernel, provided that it is the
kernel of a unital completely positive map from S to another operator system. If
we define a family of positive cones M, (S/J)" on M, (S/J) as

My (St ={lxi j+T1i,;: Ve>0,3k; j €T, e[, @1 s+[xi j+ki j1i, j € Mu(S) T},

then (S§/J, {M,(S/T )*};’f:l, ls,7) satisfies all the conditions of an operator sys-
tem, from Proposition 3.4 in [Kavruk et al. 2013], henceforth abbreviated [KPTT?2].
We call this the quotient operator system. With this definition, the first isomorphism
theorem can be proved: if ¢ : S — 7T is a unital completely positive map with
J C kerg, then the map ¢ : S/J — T given by ¢(x + J) = ¢(x) is a unital

completely positive map from Proposition 3.6 in the same paper. In particular, when
My (S ={lxij+TNij:3kij €T, [xij+kijlij € My(S)T}

for all n € N, we call the kernel 7 completely order proximinal.

Since the kernel 7 in an operator system S is a closed subspace, the operator
space structure of S/ 7 can be interpreted in two ways: first, as the operator space
quotient and second, as the operator space structure induced by the operator system
quotient. The two matrix norms can be different. For a specific example, see
[KPTT?2, Example 4.4].
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For a unital completely positive surjection ¢ : S — T, wecallg : S — T a
complete order quotient map [Han 2011, Definition 3.1] if for any Q in M, (7)™
and ¢ > 0, we can take an element P in M,,(S) so that it satisfies

Ptel,®1seMy(S)" and ¢, (P)=Q,

or equivalently, if for any Q in M, (7)™ and & > 0, we can take a positive element
P in M, (S) satisfying
en(P)=0+el®ls.

This definition is compatible with [Farenick et al. 2013, Proposition 3.2]: every
strictly positive element lifts to a strictly positive element. An element x € S is
called strictly positive if there exists § > 0 such that x > §1s. Themap ¢ : S — T
is a complete order quotient map if and only if the induced map ¢ : S/ kerp — T
is a unital complete order isomorphism. In other operator system references, this
is termed a complete quotient map. To avoid confusion with complete quotient
maps in operator space theory, we use the terminology of a complete order quotient
map throughout this paper. In this paper, we say that a linear map ® : V — W for
operator spaces V and W is a complete quotient map if ®, maps the open unit ball
of M, (V) onto the open unit ball of M, (W). When ¢ : S — 7T is a complete order
quotient map (respectively a complete order embedding), we will use the special
type arrow as ¢ : S — T (respectively ¢ : S < T) throughout the paper.

The normed space dual S* of an operator system S is matrix ordered by the
cones

M, (S*)" = {completely positive maps from S to M,,},

where we identify [¢; ;] € M, (S*) with the mapping x € S — [¢; j(x)] € M,,.
Unfortunately, duals of operator systems fail to be operator systems in general due
to the lack of matrix order unit. When S is finite-dimensional, there exists a state
wp on S such that (S*, {M,(S*) " },en, wo) is an operator system [Choi and Effros
1977, Corollary 4.5]. In fact, we can show that every faithful state on S plays such
a role by the compactness of Slr I=1-

Let f (respectively g) be a state on M, (S) (respectively M, (7T)). We identify a
subsystem M, ® Clgs of M, (S) (respectively M, ® Cl1+ of M,,(T)) with M,,. We
call (f, g) a compatible pair whenever f|3, = g|um,. An operator system structure
is defined on the amalgamated direct sum S @ 7 /{(ls, —17)) identifying each
order unit. For s € M, (S) and t € M,,(T), we define

(1) (s+)*=s"+17,
(2) s+t >0if and only if f(s) + g(¢) > O for all compatible pairs (f, g).

This operator system is denoted by S @1 7 and called the coproduct of operator
systems S and 7. The canonical inclusion from S (respectively 7) into S @1 T
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is a complete order embedding. The coproducts of operator systems satisfy the
universal property: for unital completely positive maps ¢ : S — Rand ¥ : T — R,
there is a unique unital completely positive map @ : S@; 7 — R that extends both
¢ and 1, i.e., such that the diagram

commutes [Fritz 2014, Proposition 3.3]. The coproduct S &, 7 can be realized as a
quotient operator system. The map

S+HteS®IT = 2(s,0)+(ls,—17)eS®T/{ls, —17)

is a unital complete order isomorphism [Kavruk 2014].
We refer to [KPTT1; KPTT2; Kavruk 2014; Fritz 2014] for general information
on tensor products, quotients, duals and coproducts of operator systems.

3. Universal operator systems ¢

The coproduct of two operator systems can be generalized to any family of operator
systems in a way parallel to [Fritz 2014]. Suppose that {S,},c; is a family of
operator systems. We consider their algebraic direct sum P, ; S, consisting of
finitely supported elements and its subspace

N = span{nl1 —n,€PS :u,nne I},

el

where )
1 S if 1t =1,

ny, )= {

0 otherwise.

The algebraic quotient

(B sS)/N

el

can be regarded as an amalgamated direct sum of {S,},c; identifying all order units
1s, over ¢ € I. We denote general elements in M, ((EBL6 I St) /N ) in brief by

Z x,, where x, € M,,(S,), F is a finite subset of /.
eF

Let w, be a state on M,,(S,) for each « € F. We identify each subsystem M, ®Cl g,
of M, (S,) with M,,. Whenever w,, |y, = w,,|u, for each (1, 12 € F, we call the
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family {®,},cr compatible. On M, ((G}Le I SL) /N ), we define the involution by
%
(Tn) =X
eF eF
and the positive cone as
Y xeM((BS)/N) = D w@=0
eF el eF

for any compatible family {w,},cr of states. The triple
(@ S)/N, {M((DS)/N)T, ey 1+ N)

is denoted by @@,{S, : ¢ € I} and called the coproduct of operator systems {S,},c;.
The following is an immediate generalization of the results on the coproduct of two
operator systems studied in [Fritz 2014] to any family of operator systems.

Proposition 3.1. Suppose that {S,},c; (respectively { A },cr) is a family of operator
systems (respectively unital C*-algebras). Then:

(i) €D,{S. : ¢ € I} is an operator system.

(ii) For any subset J C I, the inclusion

DS e} cP (S el}
is completely order isomorphic.

(iii) For unital completely positive maps ¢, : S, — R, there exists a unique unital
completely positive map ® : @{S, : t € I} — R which extends all ¢, i.e., such

that the diagram

DS :el}-——--
commutes.

(iv) We have Y, .p x, € My (ED,{S, : € 1)) if and only if there exist a, € M,, for
t € F such that

D=0 and x+0o,®ls e M(S)".
eF

(v) The coproduct @,{A, :« € I} is an operator subsystem of the unital C*-algebra
free product *,c1 A,.
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The following is an immediate generalization of [Kavruk 2012, Proposition 4.7]
to any finite family of operator systems.

Proposition 3.2. Suppose that Sy, ..., S, are operator systems and
N = span{n; —n; €ESID--BS,:1<i,j<n} @) :8,'7]'13,.).

Then, N is a kernel in S| & - - - ® S,, and the map
n
Y xeSi@ @S )+ NeS @ S,/N
i=1

is a unital complete order isomorphism.

Suppose that I is an index set and {/; }ren 1s a sequence of index sets having the
same cardinality as I. Let M;(C ([0, 1])), denote the copy of M (C ([0, 1])) for
each index ¢, € I. We denote the copy of 1 € C([0, 1]) (respectively ¢t € C([0, 1]))
in M (C([0, 1]),, by 1,, (respectively #,,). For each ¢; € I, we let €, be an operator
subsystem of My (C ([0, 1]),, generated by

leij®1,:1<i,j<k} and {e;;®t, :1=<i,j =<k}
We define the operator system &; as the coproduct
D€, keN, i € It}
The operator system €; depends only on the cardinality of the index set /.

Proposition 3.3. The operator system &y is unitally completely order isomorphic
to the coproduct

DM ® M), ik eN,y e i}

Proof. 1t is sufficient to show that each €, is unitally completely order isomorphic
to the direct sum My & M;. For «, B € M, we have

a®l, + 81, is positive in M, (&,,)

S a®l4 B ®¢tis positive in M, (M (C ([0, 1])))

SVeel0, 1], f)=a+1tB € M;; (since M, (M (C ([0, 11))) =~ C([0, 1], M)
Sa,a+pe M;;c (because f is affine).

Hence, the mapping
a®l,+BRt, €€, = (t,a+p)e M ® M, o, feM

is a unital complete order isomorphism. (]
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A C*-cover (A, t) of an operator system S is a unital C*-algebra A with a unital
complete order embedding ¢ : S < A such that ¢ (S) generates .4 as a C*-algebra. The
enveloping C*-algebra C;(S) is a C*-cover of S satisfying the universal minimal
property: for any C*-cover ¢ : S < A, there is a unique unital x-homomorphism

7:A— CHS)

such that 7 (¢(x)) = x for all x € S [Hamana 1979].
Let S be an operator subsystem of 7. We say that S is relatively weakly injective
in T if
S®R—>TRR

for any operator system R. The following are equivalent [Bhattacharya 2014,
Theorem 4.1]:

(1) S is relatively weakly injective in 7.
(i) SQc C*(Foo) = T ®c C*(Foo).

(iii) For any unital completely positive map ¢ : S — B(H), there exists a unital
completely positive map @ : T — ¢(S)” such that ®|s = ¢.

Theorem 3.4. Suppose that I is an index set and {I}xeN is a sequence of index
sets having the same cardinality as I. Then,

(i) the unital C*-algebra free product
kkeN,y el Mk (C ([0, 1)y,

is a C*-cover of €y,

(i1) the unital C*-algebra free product

*keN,yer, (Mi @ My),,

is a C*-envelope of €,

(iii) for a unital C*-algebra A, every unital completely positive map ¢ : & — A
has completely positive extensions

CD : *kEN,LkEIkMk(C([Ov 1]))lk - A and lIJ : *kEN,lkEIk(Mk @ Mk)lk - A;
(iv) €; is relatively weakly injective in both

*kEN,LkEIkMk(C([O’ 1]))Lk Clnd *kEN,lkEIk (Mk @ Mk)Lk'
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Proof. (1) By Proposition 3.1(iv), (v), we have

Z Xy, € ]Mn(QI)+

weF

3o, €M, > a,=0and x, +o, ® 1% € M,,(@lk)Jr

weF

=30, €My, ) o, =0and x, +a, ®le, € Mu(Mp(C([0, 11)),)*

weF

= Y x, € My (@ M(CU0, 1)y sk €N, iy € L)) T

ekl

= Y Xy € My (e yer, Mk (C([0, 11),)7

weF

Hence, ¢; is an operator subsystem of sxen .1, Mk (C ([0, 1])),,. By the Weierstrass
approximation theorem, each €, generates M (C ([0, 1])),, as a C*-algebra. Hence,
*reN,yer, Mk (C ([0, 1])),, is a C*-cover of €.

(i1) The proof is motivated by [Farenick and Paulsen 2012, Theorem 2.6]. Suppose
that

¢; CB(H) and *enyer, (M ® M), C B(K).

Let A be a C*-algebra generated by ¢; in B(H). By the Arveson extension
theorem, the canonical inclusion from €; = @, {(Mx ® My),, 1k € N, i € I;} into
*keN,y el (My © My),, extends to a unital completely positive map p : A — B(K).
Then letting p = V*7(-)V be a minimal Stinespring decomposition of p for
a x-representation 7 : A — B(K) and an isometry V : K — K, we have the
commutative diagram

B(K)

*keN,yer, (M @ M), C B(K)

For a unitary matrix U in (M @ M), (U need not be unitary in 4), we can write
7 (U) in the operator matrix form

nU) = (lé g) .

Since U is unitary in B(K) and

I=U] =

U B
(c D) H = 7@l =<1,
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we have B = 0 = C by the C*-axiom. It follows that p is multiplicative on
U={UeUk)dUk)), :keN,y e}

By the spectral theorem, every matrix can be written as a linear combination of
unitary matrices. It follows that the set I/ generates A as a C*-algebra. We can
regard o as a surjective x-homomorphism from A onto ey, er, (Mk © Mg),, .
Hence, sien, i, er, (Mr @ My),, is the universal quotient of all C*-algebras generated
by Q:I.

(ii1) Since each €, is unitally completely order isomorphic to My & M which is
injective, there exists a unital completely positive projection

Py Mi(C([0, 1), — €.
By [Boca 1991, Theorem 3.1], the unital free products

*keN,y el (@le, 0 Py) @ #keN,uer, Mk(C ([0, 11),, — A

and

*keN,yeh Ple, * *keN,yel, (M ® Mi), — A

are completely positive extensions of ¢.

(iv) Let ¢ : € — B(H) be a unital completely positive map. The double commutant
©(8S)” of its range is a C*-algebra. The relative weak injectivity follows from (iii)
and [Bhattacharya 2014, Theorem 4.1]. O

Theorem 3.5. Suppose that S is an operator system and Sh <1 I8 indexed by a
set 1. Then, S is an operator system quotient of €;. Furthermore, the kernel is
completely order proximinal and every positive element x € My (S) can be lifted to
a positive element ¥ € My(Cp) with ||X|| < k?||x]|.

Proof. Let {I;}ren be a sequence of index sets with the same cardinality as 7.
Then each element in M, (S)ﬁ“.IISI can be indexed by I;. Suppose that S C B(H).
Then for each index ¢, € I, we define a unital completely positive map &, :
M (C([0, 11)),, — B(H) as

€]

¢Lk(a®f)=%(€'1 eltc)Ol@f(xt/{)( : )zézai,jf(xtk)i,ja
i,J

€k

where x,, € Mk(S)IIISI and each ¢; is a column vector. Let ¢, : €, — S be its
restriction on €,,. By Proposition 3.1(iii), there exists a unital completely positive
map @ : €; — S which extends all ¢, over ¢ € Iy, k € N. Since Sﬂgl is contained
in the range of @, & is surjective.
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Choose an element x,, € My (S)ﬁf”: |- From
O (k[Eij @1, ]ij) = [kP(Eij ®1,)]i,; =[x, (i, ]i,j = x,
and
€l
K[Eij®1,)i,; =k[Eijli,j @1, =k| | (e} -+ €)®1, € M2(C(0, 1])7,
€n

we see that @ : €; — S is a complete order quotient map whose kernel is completely
order proximinal. Moreover, we have

Ik[E:,; @t 1i, j Il mecqo,1y) = IKLE; j1i |l

~ ()( - q)

We define the operator system &; as the coproduct
@1{Mk @ My -k e N}.
Note that €, = &; when |/]| = 1.

Theorem 3.6. Suppose that an operator system S is a countable union of its finite-
dimensional subsystems. Then, S is an operator system quotient of ;.

Proof. First, we show that every finite-dimensional operator system is an operator
system quotient of Cy. Let E be a finite-dimensional operator system. We index a
countable dense subset Dy of My (E WHSI by N. Define a unital completely positive
map @ : &y — E as in Theorem 3.5. Since the range of ® is a dense subspace of a
finite-dimensional space E, ® is surjective.

Choose ¢ > 0 and an element x in M (E)|| I<1- Since E is finite-dimensional,
the inverse of ® : €y / Ker ® — E is completely bounded. Let

|~ E — ¢y/Ker®| o, < M.
Take y € Dy so that ||x — y|| <&/(2M). Since ||5>k_1(x — )| <e&/2, we have
S x—y)+ %Ik ® Loy, kero € Mi(€ny/ Ker @)
There exists a positive element z in M (€y) satisfying

7+ Ker &, = 5,:1(16 — V) +eli ®lgy/Kerds
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which implies
Oi(z) = Dp(z+Ker®) =x —y+ e ® 1.

As in the proof of Theorem 3.5, we can take a positive element y in My (Cy) such
that @ (y) = y. It follows that

Qz+y)=x—y+eh®lp)+y=x+el Q1g.

Hence, E is an operator system quotient of Cy.
Next, we show that € is an operator system quotient of €;. We enumerate the
coproduct summands of €y as

Mi@&M), My @My)2, (Ma® M)y, (M @My)3, (My®M3)r, (M3@®M3)y, ...

and denote them by M,, & M,,. Since k > ai, the identity map on M,, is factorized
as Qy o Ji for unital completely positive maps

JeiAeM, — A®w(A)r—y € My (w:astate on My,)

and
Or:AeMy—[A; jl<ij<a € Mg,.

By the universal property of the coproduct, there exists a unital completely pos-
itive map J : €y — € (respectively O : €, — &) which extends all J; & Ji :

M, ® M, — M; ® M (respectively Qr ® Ok : My & My — M,, & M,,). Then,
the identity map on €y is factorized as Q o J. Hence, €y is an operator system
quotient of ;.

Suppose that S = | J;, Ex for finite dimensional subsystems Ej of S. We can
find complete order quotient maps Wy : €; — Ej. By the universal property of the
coproduct, there exists a unital completely positive map W : €y — S which extends
all Wy. It is easy to check that W is a complete order quotient map. Since €y is an
operator system quotient of €1, S is an operator system quotient of &;. U

Theorem 3.7. Suppose that A is a unital C*-algebra and T is a closed ideal in
it. Every unital completely positive map ¢ : € — A/T lifts to a unital completely
positive map ¢ : €; — A, i.e., such that the diagram

.o
Y l
%
79
& — A/T

commutes.

Proof. Let z,, be the direct sum of two Choi matrices associated to the restrictions
of ¢|(m,@my),, on each two blocks My, that is,

2y = [@loemy, (Eij ® 0] @ [¢lwem, Ok ® Ei j)]ij-
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Then z,, belongs to the positive cone of My(A/I) @ My(A/I). Then let z, €
M (A) @ My (A) be a positive lifting z,,. Its corresponding mapping

Py - (M ® My),, —> A
is a completely positive lifting of ¢|yem,), - We let
@, (y)=1+h, h=ht—h~ (heZ, hT,h €I")
and take a state w on (My @ My),,. Considering

o € (M ® Mi)y, > (141572 (@ (0) + 0@k )1 +17) 72 € A

as in [KPTT2, Remark 8.3], we may assume that the lifting ¢,, is unital. By the
universal property of the coproduct, there exists a unital completely positive map
¢ : €; — S that extends all ¢, . ]

The universal C*-algebra C;;(S) is the C*-cover of S satisfying the universal
property: if ¢ : S — A is a unital completely positive map for a unital C*-algebra A,
then there exists a x-homomorphism 7 : C;;(S) — A such that 7 ot = ¢ [Kirchberg
and Wassermann 1998]. For a unital completely positive map ¢ : S — 7 and a
complete order embedding ¢ : 7 — C;;(T), we denote the unique *-homomorphic
extension of tog : S — C;/(T) by C;;(¢). We can regard C;;(-) as a functor from
the category of operator systems to the category of C*-algebras.

Corollary 3.8. Let S be an operator system and Q : €1 — S be a complete order
quotient map. The following are equivalent:

(1) S has the operator system lifting property;

(i) Ci(Q) : Ci (&) — Ci(S) has a unital x-homomorphic right inverse;
(iii) C;(Q) : C;i(€1) — C;(S) has a unital completely positive right inverse.
Proof. (i) = (ii). The inclusion ¢ : S C C;i(S) lifts to a unital completely positive

map  : S — C;(¢). Its x-homomorphic extension p : C;i(S) — C; (&) is the
right inverse of C(Q) : C; (&) — C}(S).

(ii) = (iii). Trivial.

(iii) = (i). Suppose that ¢ : S — A/Z is a unital completely positive map for a
unital C*-algebra A and its closed ideal Z. By Theorem 3.7, p o Q : €; — A/T lifts
to a unital completely positive map v : €; — A. Let p : C;/(&;) — A (respectively

o :C}(S) — A/I) be a unique *-homomorphic extension of y (respectively ¢).
Suppose that r is a unital completely positive right inverse of C;;(Q). We thus have
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the diagram

CH(€)) ! A
f\%)
C,(S) ﬂ
& —2 st T

Let us show that
@g:=porot:S— A

is a lifting of ¢. Since €; generates C;/ (&) as a C*-algebra, m oy = ¢ o Q implies
that
mop=00C;(Q).

For x € S, we have

mo@gx)=mopor(x)=00C,(Q)or(x)=p(x). O

4. A Kirchberg-type tensor theorem for operator systems

For a free group [ and a Hilbert space H, Kirchberg [1994, Corollary 1.2] proved
that

C*([F) Qmin B(H) = C*([F) Qmax B(H)

Kirchberg’s theorem is striking if we recall that C*(F) and B(H) are universal
objects in the C*-algebra category: every C*-algebra is a C*-quotient of C*(F) and
a C*-subalgebra of B(H) for suitable choices of [F and H. Every operator system is
a quotient of €; and a subsystem of B(H) for suitable choices of / and H. Hence
we may say that

Q:I & min B(H) = Q:I ®max B(H),

the proof of which will follow, is the Kirchberg-type theorem in the category of
operator systems.

If S has the operator system local lifting property, S ®min B(H) = S Qmax
B(H) [KPTT2, Theorem 8.6]. From this, Theorem 3.7 immediately yields that
€ Omin B(H) = €7 Qmax B(H). The proof of [KPTT2, Theorem 8.6] depends on
Kirchberg’s theorem. We give a direct proof of €; Quin B(H) = €; Qmax B(H)
that is independent of Kirchberg’s theorem. By combining this with [Kavruk
2012], we present a new operator system theoretic proof of Kirchberg’s theorem in
Corollary 4.4.
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Theorem 4.1. For an index set I and a Hilbert space H, we have
¢/ ®min B(H) = €/ Qmax B(H).

Proof. Let z be a positive element in €; @iy B(H). We write z = Zlkertk for a
finite subset F of U,fil Iy and z,, € €, ® B(H). By Proposition 3.1(ii) and the
injectivity of the minimal tensor product, we can regard z as a positive element in

@1{(Mk @Mk)zk 2k € F} Qmin B(H).

We apply Proposition 3.2 to €@ {(My & My),, : t € F} to obtain the complete
order isomorphism

®: Y x, eBUMDM),, :u € F} > |Fl(x,)yer+N € @ (Mc®Mp),, /N,

weF wweF

where | F'| denotes the number of elements of the set F' and
N =span{n, —n,;, € @ M & M), :u,i, € F} (n,(;) = 8yt T ® 1)
welF
Let
0: D M M), - D M@ M), /N

wer weF
be the canonical quotient map. By [Farenick and Paulsen 2012, Proposition 1.15],

its dual map

0*: (D My ® M), /N) — (B (M My),)"

welF keF

is a complete order embedding. The range of Q* is the annihilator

Nt={pe (B McdM),) : N CKerg}.

LkEF

The linear map yy : My — M, defined as

k
ve@)(B) = o i =tr(ap’)

i,j=1

is a complete order isomorphism [Paulsen et al. 2011, Theorem 6.2]. Define a
complete order isomorphism

I: GDF(Mk ® M)y — GBF(M: ® M)y > ( GBF(Mk ® My),)"
by
(T, B =(((n@7) (55)): (B)) = X gptrCepy):

weF
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Then, I' ! maps the annihilator N onto the operator subsystem

tro,
K = {(alk) e P My M), : tr((lx“) = % for all ¢, ¢, € F}

weF

of @lk cr (M & My),,. We have obtained complete order isomorphisms

(DM@ M), e F}) ~ (D My® M), /N) ~N*-~K.

weF

Considering the duals of the above isomorphisms, we obtain a complete order
isomorphism
A @l{(Mk®Mk)tk g € F} — K*,

which maps each szeF By € B {(My ® My), : 1 € F} to a functional
(a,) € K —> Zﬂtr(ﬂ o) eC.
Lk 2%k ey
weF
In particular, A maps the order unit to the state w on K defined as
1
o((@) =) | 5rtrley).
weF

It enables us to make the identification
B {(Mr ® My, : tk € F} Quin B(H) = K* @min B(H),

where K* is an operator system with an order unit w. The linear map ¢ : K — B(H)
corresponding to z in a canonical way is completely positive [KPTT2, Lemma 8.5].
By the Arveson extension theorem, ¢ : K — B(H) extends to a completely positive
map ¢ : @LkeF(Mk @ My),, — B(H). We have the commutative diagram

o loQ
D crMi ® M)y —————— D {(My & My),, : u € F}

| |

(@LkeF(Mk®Mk)tk)* K*

where R denotes the restriction. It follows that

(@ o 0)®id: @ (My@®My),, ®min B(H) — @ {(My®My),, : tx € F}@min B(H)

weF

is a complete order quotient map. Maximal tensor products of complete order
quotient maps are still complete order quotient maps [Han 2011, Theorem 3.4].



A KIRCHBERG-TYPE TENSOR THEOREM FOR OPERATOR SYSTEMS 109

Hence, we obtain
Dcr M ® M), @min B(H) == D, . (M ® My),, ®max B(H)
(@'oQ)@idl l(@'oQ)@id
D {(My & My),, : tx € F} ®min B(H) D {(My & My),, : tx € F} ®max B(H)

The element z is also positive in €; @max B(H). The same arguments apply to all
matricial levels. O

The maximal tensor product and the commuting tensor product are two dif-
ferent means of extending the C*-maximal tensor product from the category of
C*-algebras to operator systems. For this reason, the weak expectation property of
C*-algebras bifurcates into the weak expectation property and the double commutant
expectation property of operator systems. We say that an operator system S has
the double commutant expectation property provided that for every completely
order isomorphic inclusion § C B(H), there exists a completely positive map
¢ : B(H) — 8" that fixes S. For an operator system S, the following are equivalent
[KPTT2, Theorem 7.6; Kavruk 2012, Theorem 5.9]:

(i) S has the double commutant expectation property.
(i) S is (el, ¢)-nuclear.
(ii1) S Rmin C*(Foo) = S ®max C* (Foo)-
(iV) S Qmin (L2, 1 £3) = S Qc (L2, B1£3,).
Theorem 4.2. An operator system S has the double commutant expectation prop-
erty if and only if it satisfies
S Omin €1 =S Q€.

Proof. =) Every operator system with the double commutant expectation property
is (el, ¢)-nuclear. Since the minimal tensor product is injective [KPTT1, Theorem
4.6], we have

B(H) Qmin Qt] = B(H) &max Q:I
S Qmin Q:l S Rel=c ¢[-

<) Fix two indices ¢, € I and ¢ € I3. Define a unital completely positive map
@02 @03, — ¢ by

®((a1, a2) + (b1, ba, b)) = diag(ay, az, a1, ay) + diag(by, ba, b3, by, by, b3)
€ (M ® M), &1 (M3® M3),, C &,
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For each index ; # t/z, L/S, we take a state w,, on (My & My),, and define a unital
completely positive map

Wy o (M @ My),, — 02, ®1 62,

as Y, (o) = w, ()12 g, ¢ . For 15 and ¢ we also define unital completely positive
maps

Yyt (My® My — €, @16, and Yy : (M3 @ M), — €2, &1 £,

by ¥ (@ @ B) = (11, a22) and ¥ (¢ @ B) = (11, @22, @33). By the universal
property of the coproduct, there exists a unital completely positive map ¥ : €; —
Ego D1 Ego that extends all v,,. The identity map on Ego D1 Kgo is factorized through
unital completely positive maps as

idggo@lg?go = \Ij (e] CI)
By the hypothesis, we have completely positive maps
S ®min (L3, ©1 £3,) =% S @i € = S ® €; 1125 S @ (£, @1 £2,).

Since the positive cone of the commuting tensor product is the subcone of that of
the minimal tensor product at each matrix level, we have

S ®min (12, ®1£2.) =S ®c (12, @1 £3).

By [Kavruk 2012, Theorem 5.9], S has the double commutant expectation property.
O

Since the maximal tensor product and the commuting tensor product are two
different means of extending the C*-maximal tensor product from the category of
C*-algebras to operator systems, we can regard

€/ Omin €1 =€) Omax €1 and &} Qmin & =€ Q. ¢
as operator system analogues of Kirchberg’s conjecture
C*(F) ®min C*(F) = C*(F) ®max C*(F).
The former is not true and the latter is equivalent to Kirchberg’s conjecture itself.

Corollary 4.3. (1) 0:1 Re 0:1 75 ¢, S max ¢ Inparticular, C; Rmin 0:1 ;ﬁ (] R max ¢

(i) The Kirchberg’s conjecture has an affirmative answer if and only if

¢ ®min €1 =¢€; ®: €.
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Proof. (1) Similarly to the proof of Theorem 4.2, we can show that the identity map
on €2, @ €% is factorized as

ldggo@lggo =Vod

for unital completely positive maps & : Ego @1 Ego —-Cand V¥V :¢; — Ego D1 Ego.
Assume to the contrary that €; ®. €; = €; Qmax €;. Then, we have completely
positive maps

(2, @) 02) @ (12, @ £2) 222, ¢, @, ¢;
=€/ Omax €7 2L (62, @1 €2) Qumax (L2, ®1 £2,).

Since the positive cone of the maximal tensor product at each matrix level is the
subcone of that of the commuting tensor product, we have

(02, ®1 %) ®c (L2 @1 L2) = (L2 ®1 £2,) Pmax (L2 D1 L2,).
This contradicts
NC(2) ®: NC(2) # NC(2) ®max NC(2),

which was shown in [Farenick et al. 2014, Corollary 7.12]. Here, NC(n) is defined
as the operator subsystem span{1, &, ..., h,} of the universal C*-algebra generated
by self-adjoint contractions %1, ..., h, as in Definition 6.1 of the same paper. It is
unitally completely order isomorphic to the coproduct (involving n terms)

@1 @1 L,

(i) By [Kavruk 2012, Theorem 5.14], Kirchberg’s conjecture has an affirmative
answer if and only if Ego D1 ngo has the double commutant expectation property.
By Theorem 4.2 this is equivalent to (2, @1 £2,) ®min €7 = (€2, ®1 £2.) ®. €;. By
[Kavruk 2012, Theorem 5.9] this is equivalent to €; having the double commutant
expectation property, and another application of Theorem 4.2 gives the equivalence
with €; Qmin & = €; ®, ;. O

We say that an operator subsystem S of a unital C*-algebra A contains enough
unitaries if the unitaries in S generate .4 as a C*-algebra. If S C A contains enough
unitaries and S Qpin B — A @max B completely order isomorphically for a unital
C*-algebra B, then we have A Qmin B = A Qmax B [KPTT2, Proposition 9.5].

Corollary 4.4 (Kirchberg). Let F be a free group on a countably infinite number
of generators and H be a Hilbert space. We have

C*([Foo) Qmin B(H) = C*([Foo) Qmax B(H)
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Proof. Since the identity map on €2, @; €3, is factorized through €; by unital
completely positive maps, Theorem 4.1 immediately implies that

(02, ®162.) @min B(H) = (L2, ®1 £2.) @max B(H).

Alternatively, applying the proof of Theorem 4.1 to commutative algebras instead
of matrix algebras, we obtain

Zgo Qmin B(H) e Ego Qmax B(H)
(Ego P Ezo) Qmin B(H) (Ego S2| Ego) ®max B(H)

For the remaining proof, we follow [Kavruk 2012]. Since
e CCHZyx13)
contains enough unitaries [Kavruk 2012, Theorem 4.8], we have
C*(Z2 % Z3) @min B(H) = C*(Z2 % Z3) @max B(H)

by [KPTT2, Proposition 9.5]. The free group [, embeds into the free product Z,*7Z3
[de 1a Harpe 2000]. By [Pisier 2003, Proposition 8.8], C*(F,) is a C*-subalgebra
of C*(Z, x Z3) complemented by a unital completely positive map. (]

A wide class of operator systems shares the properties of &;. Let M = { My }xen
be a sequence of direct sums of matrix algebras such that

lim sup s(k) = oo
k—o00

when My =My &---®M;, and s(k) =max{dy, ..., d,}. Let M,, denote the copy
of My for each index (; € I;. We define the operator system &; (M) (respectively
€1 (M)) as the coproduct

B {M,, 1k eN,y €I} (respectively D, { My :k e N}).
In particular, we have €; = €;(M) and €| = € (M) when My = M} & M.
Theorem 4.5. Suppose that S is an operator system.

1) IfSﬂsl is indexed by a set 1, then S is an operator system quotient of €;(M).

(ii) If S is a countable union of its finite dimensional subsystems, then S is an
operator system quotient of € (M).

(iii) €;(M) satisfies the operator system lifting property.
(iv) €;(M) ®min B(H) = €;(M) @max B(H).
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(v) S has the double commutant expectation property if and only if S@mnin € (M) =
S ®c Q:I (M)

(vi) Kirchberg’s conjecture has an affirmative answer if and only if €; (M) Qmin
CM) =& (M) ®c €1 (M).

Proof. (i) We take a subsequence { M, }ren so that s(ng) > 2k and put Ny = M, .
By Proposition 3.1(ii), €;(N) is an operator subsystem of €;(M). Take a state w;
on M for each [ # nj. By the universal property of the coproduct, there exists a
unital completely positive map P : €; (M) — &€;(N) such that

x if x € My,
w(x)1 ifx e My, [ # ny.

Since P is a unital completely positive projection, €;(N) is an operator system
quotient of &;(M).

We may assume that s (k) > 2k for each k € N. We write My =My &--- DMy,
and d; > 2k. The identity map on My @ M is factorized as idy, gu, = Qk o Ji for
the unital completely positive maps

P(x)= {

Je tAe M ® My (0(A) g 4..qhq ) @ AD (@A) (g—20)+dpy+-+dn) € M

m

(where w is a state on My & M) and
Ok A1 @ DAy € Mi = [(A)i jli<i, j<k @ [(ADitk, j+k1<i, j<k € Mk ® M.

Let J : €; — €; (M) (respectively Q : €; (M) — €;) be the unital completely posi-
tive extension of J,, : (M ® My), — M, (respectively Q,, : M,, — (M ® My),)
over k € N, t; € I;. Then, the identity map on &; is factorized as idg, = Q o J.
Hence, €; is an operator system quotient of &;(M).

(i) By Theorem 3.6, S is an operator system quotient of €;. The remaining proof
is similar to (i).

(iii), (iv) The proofs of Theorems 3.7 and 4.1 work generally for coproducts of
direct sums of matrix algebras.

(v), (vi) The proofs of Theorem 4.2 and Corollary 4.3 work generally for coproducts
of direct sums of matrix algebras which the identity map on £5° @1 £5° factorizes
through. (]

5. Liftings of completely positive maps

It is natural to ask whether the universal operator system €; is a projective object in
the category of operator systems. In other words, for any operator system S and its
kernel 7, does every unital completely positive map ¢ : €; — S/ 7 lift to a unital
completely positive map ¢ : €; — S? The answer is negative in an extreme manner.
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Proposition 5.1. An operator system S is one-dimensional if and only if for any op-
erator system T and its kernel [J, every unital completely positive map ¢ : S — T | J
lifts to a completely positive map ¢ : S — T.

Proof. Let V* be the cone in R generated by
oy D =Dy <1 y=0)

and the origin. The triple V := (C?, V*,(,1,2)) is an Archimedean ordered
x-vector space. The positive cones of the operator system OMAX(V') introduced
in [Paulsen et al. 2011] are given as

M,(OMAX(V) T ={X e M,(V):Ve>0,X+el, @1y e M @V},

where m
M;®V+:{Za,~®v,~ eM, @V :meN, a; € MF v e V+}.
i=1
Let
P:(x,y,2) e OMAX(V) — (x,y) Gﬁgo

be the projection. We take ¢ > 0 and an element
a1®(1,0)+a® (0, 1) € My(2)" = M, ® M,
for nonzero «. Since

a1 ®1,04+a2®O0, ) +el,®(1,1)

&
=(a1+§(n ” 2”))@)(1 0) + 2®<2” k 1)+sln®(§,1)

lifts to a positive element in M, (OMAX(V)), the projection P : OMAX(V) — Ego
is a complete order quotient map.

Suppose that dim S > 2. Let v be a positive element in S distinct from the scalar
multiple of the identity. Considering v — AI for sufficiently large A > 0, we may
assume that the spectrum of v contains zero. Let w; and w, be states on S that
extend, respectively, the Dirac measures

80y : A1+ pv e span{l, v} = A € C,
Sopy : Al +pv e span{l, v} — A+ u|v] € C.
The unital completely positive map ¢ : S — €2, defined by ¢ = (w;, w) cannot be

lifted to a completely positive map, because the fiber of ¢(v) = (0, ||v]|) does not
intersect V1. O

The absence of completely positive liftings in the above proof is essentially due
to Archimedeanization of quotients [Paulsen and Tomforde 2009]. In Corollary 5.5,
we will see that there is also rigidity, even though some perturbation is allowed.
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A linear map between normed spaces is called a quotient map if it maps the open
unit ball onto the open unit ball. Between Banach spaces, it suffices to show that
the image of the open unit ball is dense in the open unit ball in Lemma A.2.1 of
[Effros and Ruan 2000]. Suppose that T : E — F is a bounded linear surjection for
normed spaces E and F. Let E( be a dense subspace of E, and Q¢ : Eg — Q(E))
be the surjective restriction of Q on Ey. Then, Qo is a quotient map if and only
if ker Q¢ = ker Q and Q is a quotient map [Defant and Floret 1993, 7.4]. This is
called the quotient lemma.

Thanks to the quotient lemma, we can describe the 1-exactness of operator
systems by incomplete tensor products. For an operator system S and a unital
C*-algebra A with its closed ideal Z, we denote the completion of S iy A by
S®minA and the closure of S® T in it by S®Z. When

ids @ 7 : S®minA = SQminA/L

is a complete order quotient map with its kernel S®Z for any C*-algebra A and its
closed ideal Z, S is called /-exact.

Proposition 5.2. Suppose that S is an operator system and A is a unital C*-algebra
with its closed ideal . Then the map

ids ® 7 : S®minA = SQminA/L
is a complete order quotient map with its kernel ST if and only if the map
ds®m : S Qmin A —> S Qmin A/Z

is a complete order quotient map. Hence, an operator system S is 1-exact if and
only ifids @ w : S @min A = S @min A/Z is a complete order quotient map for any
unital C*-algebra A and its closed ideal T.

Proof. The operator space quotient and the operator system quotient of S®pin.A by
S®Z are completely isometric [KPTT2, Theorem 5.1]. Since S ® 7 is the kernel
of ids @ : S ®min A = S Qmin A/Z, we can also consider both the operator
space quotient and the operator system quotient of S ®mpin A by S ® Z. It is easy
to check that the operator space quotient (respectively operator system quotient)
(S ®minA)/(S®TI) is an operator subspace (respectively operator subsystem) of the
operator space quotient (respectively operator system quotient) (S®minA)/(S®T).
If 7€ S® A and z +S®T is positive in the operator system quotient (S®min.A)/
(S®1T), then there exists x € S®Z such that

2+ %15 Q1+ x € (SOmnA)*.

Take xo € S ® I with |x — xo|| < &/2. Considering (xo + x;)/2, we may assume
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that xg is self-adjoint. We have
2+els®1a+x0 € (S Omin -A)+a

which implies that z + S ® Z is positive in (S Qmin A)/(S @ Z). Hence, [KPTT2,
Theorem 5.1] immediately implies that the operator space quotient and the operator
system quotient of S @min A by S ® 7 are completely isometric.

A unital linear map between operator systems is completely order isomorphic if
and only if it is completely isometric, by [Effros and Ruan 2000, Corollary 5.1.2]. If
a linear map between Banach spaces maps the open unit ball into the open unit ball
densely, then it is a quotient map, from Lemma A.2.1 in the same paper. Combining
them with the quotient lemma, we have equivalences:

ids @7 : SQminA — S ®minA/I is a complete order quotient map with
its kernel S®T
<= the operator system quotient (S®min.A)/(S®T) is completely order
isomorphic to S®minA/Z
<= the operator space quotient (S®minA)/(S®T) is completely isometric to
S®minA/Z [KPTT2, Theorem 5.1; Effros and Ruan 2000, Corollary 5.1.2]
< themapids®@m :S OminA = SOminA/T is a complete quotient map with
its kernel S®T
< the map ids ® 7 : S Qmin A — S Qmin A/Z is a complete quotient map
(quotient lemma, [Effros and Ruan 2000, Lemma A.2.1])
<= the operator space quotient (S Qmin A)/(S ® 7) is completely isometric to
S ®min -A/I
<= the operator system quotient (S Qmin.A)/(S ® Z) is completely order iso-
morphic to S ®min A/Z [KPTT2, Theorem 5.1; Effros and Ruan 2000,
Corollary 5.1.2]

— ids®7 : S ®min A —> S ®min A/Z is a complete order quotient map. O
As pointed out in [KPTT?2, Section 5], the framework of short exact sequences
0— SRT = S®minA = SOminA/Z — 0

with complete tensor products is inappropriate if we replace ideals in C*-algebras
and C*-quotients by kernels in operator systems and operator system quotients.
Even a one-dimensional operator system does not satisfy such exactness. Instead
of short exact sequences with complete tensor products, we make a replacement in

ds®m : S Qmin A —> S Qmin A/Z

with incomplete tensor products.
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Theorem 5.3. Let S be an operator system. Then, the following are equivalent:

(1) S is nuclear.

(1) If @ : Ty — T is a complete order quotient map for operator systems T| and T,
then

ds®@ P : S Qmin 71 = S Qmin T2

is a complete order quotient map.

(iii) If ® : €; — T is a complete order quotient map for an operator system T, then
ids @ P : S ®min €7 — S Omin T

is a complete order quotient map.

(iv) If ® : T — E is a complete order quotient map for an operator system T and
a finite-dimensional operator system E, then

ldS@cb :S®min7—_> S@minE
is a complete order quotient map.

Proof. (i) = (ii). Maximal tensor products of complete order quotient maps are
still complete order quotient maps [Han 2011, Theorem 3.4]. Combining this with
the hypothesis, we have a complete order quotient map

ds®@P:SQmin 71 =S Qmax T1 = S Qmax T2 = S Qmin T2

(i1) = (i). The proof is motivated by [Effros and Ruan 2000, Theorem 14.6.1].
Taking 77 as a unital C*-algebra and 7 as its C*-quotient, we see that S is a 1-exact
operator system by Proposition 5.2. We take a finite-dimensional operator subsystem
E of S and ¢ > 0. Then, E is a 1-exact operator system [KPTT2, Corollary 5.8], or
equivalently, a 1-exact operator space [KPTT?2, Proposition 5.5]. Let E C B(£;) and
P, : £ — £} be the projection given by P,((1;);2,) = (A1, ..., A,). For sufficiently
large n, the truncation mapping

p:xeE— P,xP,eM,

is injective with ||<,o_1 lew < 1+¢' for e’ =¢/(1+2dim E) by [Pisier 1995], [Effros
and Ruan 2000, Theorem 14.4.1]. Note that ¢ is unital completely positive and ¢~
is unital self-adjoint. By [Brown and Ozawa 2008, Corollary B.11], there exists
a unital completely positive map ¢ : ¢(E) — S with ™' — ¥llep < 2¢'dimE.
Though [Brown and Ozawa 2008, Corollary B.11] assumes that the range space
is a C*-algebra, its proof still works more generally when the range space is an
operator system.

By choosing a faithful state @ on M,,, we can regard the dual space M, as an
operator system. Since w is faithful on any operator subsystem, (¢(E)*, ®|y(£))
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is also an operator system. The element z in @(E)* ®min S corresponding to
¥t @(E) — S canonically is positive [KPTT2, Lemma 8.5]. Since the duals of
the complete order embeddings between finite-dimensional operator systems are
complete order quotient maps [Farenick and Paulsen 2012, Proposition 1.15], the
restriction R : M) — ¢(E)* is a complete order quotient map. By the hypothesis,

R®ids : M: Omin S = QD(E)* Omin S

is also a complete order quotient map. There exists a positive lifting Z € M} @minS
of z+&'wlyk) ® Ls. The completely positive map ¥ : M,, — S corresponding to Z
satisfies

1V = VloE)ller < €.

By the Arveson extension theorem, ¢ : E — M, extends to a unital completely
positive map ¢ : S — M,,. We thus obtain a diagram

S : E : S

where the ¢ denote inclusions.
It follows that

¥ 0@(x) — x| < ¥ 0op(x) =P opx) ||+ ¥ opx) —p ' op()|l
< &'||lx|| +2¢' dim E||x||

= ¢ellx]l.
for all x € E. Considering the directed set
{(E, ¢) : E is a finite-dimensional operator subsystem of S, & > 0}

with the standard partial order, we can take nets of unital completely positive maps
@5 S = M,, and completely positive maps ¥, : M,, — S such that ¥/, o ¢,
converges to the map ids in the point-norm topology.

Since each ¢, is unital, wi (In,) converges to 1s. Let us choose a state w, on
M,, and set

1

— V).

S S
(A = A+ o) (15



A KIRCHBERG-TYPE TENSOR THEOREM FOR OPERATOR SYSTEMS 119

Then v, : M,,, — S is a unital completely positive map such that ¥, o ¢, converges
to the map ids in the point-norm topology. By Corollary 3.2 of [Han and Paulsen
2011], S is nuclear.

(ii) = (iii), (i1) = (iv). Trivial.
(iii) = (ii). Choose a positive element z in S Quin 72 and ¢ > 0. By Theorem 3.5,
we can take a complete order quotient map W : €; — 7. By the assumption, there

exists a positive element zZ in S Qi €; satisfying (ids ® ® o W) (z) = z+¢1. Thus,
ids ® W (7) is a positive lifting of 7 + ¢1.

(iv) = (ii). Choose a positive element z = Z?:l Xi @ yi in S ®min T2. Take E as a
finite-dimensional operator subsystem of 7, generated by {y; : 1 <i <n}and T
as ®~1(E). O

Remark 5.4. The equivalence of (i) and (ii) was already discovered by Kavruk
independently. The proof depends on Kavruk’s result that is not yet published.

Corollary 5.5. Suppose that E is a finite-dimensional operator system and w is a
faithful state on E. The following are equivalent:

() Ife >0and ¢ : E — §/J is a completely positive map for an operator system
S and its kernel J, then there exists a self-adjoint lifting ¢ : E — S of ¢ such
that  + ewlg is completely positive.

(ii) E is unitally completely order isomorphic to the direct sum of matrix algebras.
Proof. (1) = (ii). Condition (i) can be rephrased to state that
idep+ @7t E* Qmin S = E* Qmin S/ T

is a complete order quotient map for any operator system S and its kernel 7. Hence,
E* is a finite-dimensional nuclear operator system. Every finite-dimensional nuclear
operator system is unitally completely order isomorphic to the direct sum of matrix
algebras [Han and Paulsen 2011, Corollary 3.7]. Suppose that E* is completely
order isomorphic to ;_, My, for some n, k; € N. Taking their duals, we see that E
is completely order isomorphic to @;_; My,. Suppose that the isomorphism maps
the order unit of E to a matrix A in @_, M,. Then, A is positive definite. Let

n
A:U*diag()‘l""’)hm)U’ }Li>0,m:Zki
i=1

be a diagonalization of A. The mapping

aeéMkir—>U*diag(\/)T,...,\/E)adiag(\/)»»,...,\/E)UeéMki
i=1 i=1

is a complete order isomorphism that maps the identity matrix to A.
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(ii) = (i) We may assume that E = €D"_,; My,. Let A be a density matrix of @ and
% > 0 be its smallest eigenvalue. Suppose that z € @_, My, (S/J) is the direct
sum of Choi matrices corresponding to the restrictions of ¢ on each blocks M, .
There exists a lifting Z € @_; My, (S) of z such that Z+erl, ® ls (m =Y _;_, k;)
is positive. Let ¢ : E — S be a self-adjoint map corresponding to Z. Then we have

G+ewls =g +etr( - A)lg >ep @+ ertr( - )lg > 0. O

In the last statement of Proposition 5.2, an operator systems S is fixed, and a
C*-algebra A and its closed ideal 7 are considered to be variables in

ds®m 1S Qmin A —> S Qmin A/Z.

In the following, we switch their roles. As a result, we give an operator system
theoretic proof of the Effros—Haagerup lifting theorem [Effros and Haagerup 1985,
Theorem 3.2].

Theorem 5.6. Suppose that A is a unital C*-algebra and T is its closed ideal. The
following are equivalent:

(1) ds ®m : S Qmin A — S ®min A/Z is a complete order quotient map for any
operator system S.

(ii) i[dp ® 7 : B @min A — B ®min A/Z is a complete order quotient map for any
unital C*-algebra B.

(ii1) idp)y @ 7w : B(H) ®min A = B(H) ®min A/Z is a complete order quotient
map for a separable Hilbert space H.

(iv) idg @ 7 : E Qmin A = E Qmin A/Z is a complete order quotient map for any
finite-dimensional operator system E.

(v) The sequence
0— B®cminZ = B®c*min A — B ®c*min -A/I —0

is exact for any C*-algebra B.

(vi) For any finite-dimensional operator system E, every completely positive map
¢ E— A/T lifts to a completely positive map ¢ : E — A.

(vii) For any finite-dimensional operator system E, every unital completely posi-

tive map ¢ : E — A/T lifts to a unital completely positive map ¢ : E — A.

(viii) For any index set 1, every unital completely positive finite rank map ¢ :
¢ — A/Z lifts to a unital completely positive map ¢ : €; — A with Ker ¢ =
Ker ¢.
(ix) Every unital completely positive finite rank map ¢ : € — A/T lifts to a unital
completely positive map ¢ : € — A with Ker ¢ = Ker ¢.
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Proof. (1) = (i1) = (iii) and (viii) = (ix) are trivial. (vi) = (vii) follows from
[KPTT2, Remark 8.3]. (ii) < (v) follows from Proposition 5.2. For (iii) = (iv)
and (iv) = (i), it is sufficient to consider the first matrix level.

(iii) = (iv). Let E C B(H) for a separable Hilbert space H. Take a strictly positive
element z in E ®nuin A/Z which is an operator subsystem of B(H) ®@min A/Z. By
the assumption, there exists a positive lifting Z in B(H) ®min A. Let {x; : 1 <i <k}
be a self-adjoint basis of E and {X; : 1 <i <k} be its dual basis. Each functional x;
on E extends to a continuous self-adjoint functional on B(H) which we still denote
by X;. The map P := Zle Xi ® x; : B(H) — B(H) is a self-adjoint projection
onto E. Since

(dpy —P)®@m(2) =z — (P ®ida1)(2) =0,

we have . ‘ ;
(idpy — P) ®idA(Z) € B(H) ®T.

We write
n
(idpy — P)®ida(®) =Y bi ®hi. b € B(H)sa, hi € Lyq.
i=1

Each h; is decomposed into h; = hl.+ —h; for h;L, h; € Z7". From

n n
0<z=(PRid)E+DY bi®hf =) b®h;

i=1 i=1

n n
<(PRIdD@ + Y _Ibil1@h7 + > Ibill1®h;
i=1 i=1

and

n n
(idp(n) ®JT)((P ®id) @) + Y _ b1 @hT+ ) lIbi] ®h,~_) =z,

i=1 i=1

we see that

n n
(Pid )@+ Y _lIbill@h + > b1 @h; € E @min A
i=1 i=1

is a positive lifting of z.

(iv) = (i). Take a positive element z = ;_; x; ®y; in S ®minA/Z. Let E be a finite-
dimensional operator system generated by {x; : 1 <i <n}. Since E ®min A/Z is an
operator subsystem of S ®min A/Z, we have z also positive in E Qmin A/Z. By the
hypothesis, there exists a positive element Z in E ®u;n A such that (idg ® 7)(Z) = z.
This element is also positive in S iy A.

(iv) < (vi). Suppose that E is a finite dimensional operator system and ¢ : E — A/Z
is a completely positive map. The element z in E* ®min A/Z corresponding to ¢
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is positive. Since E is finite-dimensional, we have E* ®uin A = E*®minA. The
kernel E* ® 7 of idg+ ® 7 is completely order proximinal in £* ®u;, A [KPTT2,
Corollary 5.1.5]. By the hypothesis, z lifts to a positive element Z in E* @, A.
The map ¢ : E — A corresponding to Z is completely positive. The converse is
merely the reverse of the argument.

(vii) = (vi). The inclusion ¢ : ¢(E) + C1 4,7 C A/Z lifts to a unital completely
positive map 7 : ¢(E) +C1 4/7 — A. The map 7o ¢ is the completely positive lifting
of .

(vil) = (viii). Let Q : €; — €;/ Ker ¢ be a quotient map. We have a factorization
o=v%oQ fory:€;/ Ker p — A/Z. By the hypothesis, ¥ lifts to a unital completely
positive map ¥ : ¢;/ Kerg — A. Then v/ o Q is a unital completely positive lifting
of ¢ and their kernels coincide.

(ix) = (vii). By Theorem 3.6, there exists a complete order quotient map ¢ :¢; — E.
The map ¢ o @ : €, — A/7 lifts to a unital completely positive map ¢ : €} — A
such that their kernels coincide. Since Ker & C Ker v, we get that v induces a map
¢ : E — A/T which is a unital completely positive lifting of ¢. (]

The following theorem can be regarded as an operator system version of the
quotient lemma.

Theorem 5.7. Suppose that ® : S — T is a unital completely positive surjection
for operator systems S and T. Let So be an operator subsystem that is dense in
S, To := D(So), and g = P|s, : So = To be the surjective restriction. Then, the
following are equivalent:

(1) ®:85— T isacomplete order quotient map and for any € > 0, k € N and a self-
adjoint element x € Ker Oy, there exists a self-adjoint element xy € Ker(®g)y
such that xo+¢el1 > x.

(1) D¢ : So — To is a complete order quotient map.
Proof. The following arguments apply to all matricial levels.

(i) = (i1). Choose ¢ > 0 and ®¢(yg) € 76+ for a self-adjoint yg € Sg. By the
hypothesis, there exist self-adjoint x € Ker & and xg € Ker ®( such that

yo+514+x€8T and x <xo+351.

It follows that
yot+el+xg>y+514+x>0.

(ii) = (i). Take € > 0 and a self-adjoint element x in Ker ®. Since Sy is dense in
S, there exists a self-adjoint element yg in Sg such that

x—51<yo<x+3I,
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which implies that
Do(—yo+5D) =P(—yo+x+5DeTrNTo=7;"
There exists an element x( in Ker ®q such that —yy + %gl + xo > 0. From
x—51 <y < 3el+x,

it follows that x < g1 + xg.
Now let ®(y) € T for a self-adjoint y € S. There exists an element yg in Sy
such that

y—51<y<y+5I,

which implies that
®o(yo+§1) = @(y) = 0.

There exists an element xg € Ker ®¢ such that yg + xo + %81 > 0. It follows that

y-l—xo-l—elzyo-l—xo—i-%elzo. U
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