arXiv:1807.02533v2 [math.OA] 19 Dec 2019

Volume 1 Issue 2 ISSN 2631-4444

Stinespring's construction as an adjunction
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Given a representation of a unital C*-algebra A4 on a Hilbert space H, together
with a bounded linear map V :  —H from some other Hilbert space, one obtains a
completely positive map on A via restriction using the adjoint action associated to V.
We show this restriction forms a natural transformation from a functor of C*-algebra
representations to a functor of completely positive maps. We exhibit Stinespring’s
construction as a left adjoint of this restriction. Our Stinespring adjunction provides
a universal property associated to minimal Stinespring dilations and morphisms of
Stinespring dilations. We use these results to prove the purification postulate for all
finite-dimensional C*-algebras.

1 Introduction and outline

Given a unital C*-algebra A and a state (a positive and unital linear functional) on A, the Gelfand—
Naimark—Segal (GNS) construction produces a cyclic representation of A in a natural way com-
patible with the operation that produces a state from a representation together with a unit vector.
This naturality has been expressed as an adjunction

States

T

C*-Alg® GNS® ||  [|rest CAT (1.1)

\_/’

Rep*

in a certain 2-category of functors from the (opposite of the) category of C*-algebras to the 2-
category of locally small categories® [21].

Stinespring’s construction can be viewed as a generalization of the GNS construction by re-
placing states with operator-valued completely positive (OCP) maps. In the present work, we
extend our GNS adjunction in Theorem 5.8 to include such OCP maps, showing that Stinespring’s
construction can also be viewed as an adjunction

ocCPpP

T

C*—A1g0p Stine|| - || rest CAT (1 2)

\_/

AnRep

in the same 2-category of functors.

There are several subtle differences between the two adjunctions (1.1) and (1.2). The most
notable one is that the category of OCP maps for a given C*-algebra is no longer discrete as it
is for the GNS construction. This is a consequence of relaxing the unitality assumption on the
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ITechnically, the collection of objects of the 2-category of locally small categories does not form a class. See
Sections 3.49, 3.50, and 3.51 in [2] and Sections 8 and 16 in [28] for the set-theoretic foundations of categories of
categories and functor categories. In the present work, our constructions will be explicitly defined on objects and
morphisms, and these set-theoretic issues will not affect our results.
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positive maps and allowing the maps to be operator-valued instead of complex-valued. Further-
more, for similar reasons, the category of anchored representations has far more morphisms than
the category of pointed representations introduced in [21]. Our result provides a categorical sense
of the minimality of Stinespring’s construction including many of its functorial properties for all
C*-algebras. As a consequence, we apply our results to prove a version of the purification postu-
late, which has been used by Chiribella, D’Ariano, and Perinotti as a crucial postulate in isolating
quantum theory among other operational probabilistic theories [7].

Our results are closely related to, but distinct from, the universal property of minimal Stine-
spring dilations described by Westerbaan and Westerbaan in [31] (see also Section 2.3 in [32]). In
[31], the authors describe a universal property for (minimal) Paschke dilations for normal com-
pletely positive maps between von Neumann algebras. In the present work, we provide an alterna-
tive universal property for Stinespring dilations without restricting ourselves to normal completely
positive maps, since we allow the domains of our maps to be arbitrary C*-algebras. Therefore, we
characterize all minimal Stinespring dilations by our universal property. However, our codomain
for a completely positive map is assumed to be bounded operators on some Hilbert space, while
Westerbaan and Westerbaan assume an abstract von Neumann algebra. Therefore, our results
both provide a similar universal property for minimal Stinespring dilations of normal completely
positive maps, but neither result subsumes the other. It would be interesting to see if there is a
common generalization of both our results that includes Paschke dilations of arbitrary completely
positive maps between arbitrary C*-algebras.

The outline of our paper is as follows. In Section 2, relevant background for completely pos-
itive maps is provided. An appropriate category of OCP maps for a C*-algebra is defined and
briefly contrasted with the category of states introduced in [21]. In Section 3, the category of
anchored representations for a C*-algebra is introduced. Anchored representations are general-
izations of pointed representations described in [21]. Restriction from anchored representations
to OCP maps is defined in Section 4 and is shown to form a natural transformation. Section 5
contains our main result, Theorem 5.8, which states that the restriction natural transformation has
a left adjoint whose ingredients are determined by Stinespring’s construction. Section 6 provides
some immediate consequences of our adjunction, including its universal property. We provide a
comparison to minimal Stinespring dilations in Corollary 6.9. The rest of Section 6 introduces
partial isometries and their role in our Stinespring adjunction. For example, Theorem 6.29 shows
that all morphisms between Stinespring dilations extend a minimal intertwining partial isome-
try. The first part of Section 7 compares our main theorem to the GNS adjunction from [21].
We then give a reformulation of the standard purification postulate suitable for our purposes in
Postulate 7.17. What follows is a detailed analysis of how this postulate is a consequence of our
results. This leads to Theorem 7.30 and Corollary 7.38, which establish the essential uniqueness of
purifications for finite-dimensional C*-algebras. An index of notation is included in Appendix A
for the reader’s convenience. Appendix B briefly reviews oplax-natural transformations, modifica-
tions, and 2-categorical adjunctions. Proposition B.31 provides an equivalence in data regarding
adjunctions in 2-categories of functors and their evaluations on objects.

In this article, all C*-algebras and *-homomorphisms will be taken to be unital unless otherwise
specified. A *-homomorphism of C*-algebras will be denoted diagrammatically as a straight arrow
—>, while a linear map (often a completely positive map) of C*-algebras will be denoted as a
curvy arrow ~~>. This is largely motivated by the equivalence between the (opposite of the)
category of compact Hausdorff spaces with stochastic maps and the category of commutative
C*-algebras with positive maps [20], [12]. This equivalence restricts to the usual commutative
Gelfand-Naimark theorem that describes the equivalence between the (opposite of the) category of
compact Hausdorff spaces with continuous functions and the category of commutative C*-algebras
with *-homomorphisms [13]. To the best of the author’s knowledge, the usage of the ~~> notation
originated in the work of Baez and Fritz on relative entropy [3]. In what follows, “iff” stands for “if
and only if” and is used solely in definitions. The symbols B, ¢, and A signal the end of a proof,
example, and remark, respectively. C; denotes the i-morphisms of the category (or 2-category)
C (when i = 0, these refer to the objects of the category), C*-Alg denotes the category of C*-
algebras and *-homomorphisms, CA7T denotes the 2-category of categories, functors, and natural
transformations, and Fun(C*-Alg®”  CAT) denotes the 2-category of functors C*-Alg®® —CAT,
oplax-natural transformations of such functors, and modifications of oplax-natural transformations.
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Although Appendix B reviews what is sufficient for our purposes, the reader is referred to our
previous article on the GNS construction for further details [21]. Any claims made without proof
follow easily from the definitions—this is particularly the case in Sections 2, 3, and 4.

2 Operator-valued completely positive maps on C*-algebras

The notion of a completely positive (CP) map will be used throughout and will therefore be
briefly reviewed. Most of the concepts used here are introduced in the first few chapters of
Paulsen [23]. General facts used without mention regarding Hilbert spaces can be found in Chap-
ter 4 of Rudin [24] and Chapter 12 of Rudin [25].

Notation 2.1. The set of natural numbers 1,2,3,... is denoted by N. If IC is a Hilbert space,
B(K) denotes the C*-algebra of bounded operators on K. If a € B(K), then a* denotes the adjoint
of a. If A is a C*-algebra, 14 denotes the unit in 4. The norm on C*-algebras is always written
using || - || without any subscripts, while norms and inner products on Hilbert spaces frequently
have subscripts. For example, ( -, - ) denotes the inner product on K with linearity in the right
variable and conjugate linearity in the left variable. For n € N, M,,(A) denotes the C*-algebra of
n x n matrices with entries in A. Addition and multiplication in M,,(A) are defined as for ordinary
matrices. If a;; is the ij-th entry of A € M,,(A), then the ij-th entry of A* is a};. The norm on
M, (A) is used only once in this article (cf. (5.19)) and the reader is referred to the first several
pages in Chapter 1 of Paulsen [23] for details. In particular, M,,(C) denotes the C*-algebra of
n X n complex matrices. In this case, the unit of M,,(C) will be denoted by 1,. Any C*-algebra
of the form M,,(C) will be referred to as a matrix algebra.

Definition 2.2. Let A and B be C*-algebras, and let ¢ : A ~~= B be a linear map. The map
© is said to be wnital iff p(14) = 1. An element of a C*-algebra A is positive iff it equals
a*a for some a € A. A linear map between C*-algebras is positive iff it is linear and it sends
positive elements to positive elements. A positive map into C is referred to as a positive linear
functional. A positive unital linear functional is called a state. If n € N, the n-ampliation of
¢+ A~ B is the linear map ¢, : My, (A) ~> M,,(B) defined by the assignment

aix -0 Qin wlarr) - lan)
Mu(A)> | S A0 : : . (2.3)

an1 T Ann (P(anl) e (P(ann)
The map ¢ : A ~—> B is said to be n-positive iff its n-ampliation is positive. The map ¢ : A ~> B
is said to be completely positive iff it is n-positive for all n € N. The shorthand PU, CP, and

CPU may be used to denote a positive unital, completely positive, or completely positive unital
map, respectively.

When B = B(K), bounded operators on a Hilbert space K, the latter matrix in (2.3) acts on
an n-tuple of vectors in K, i.e. elements of £ @ --- @ K (n times), to provide another n-tuple of
vectors in IC (one chooses an ordering for the direct sum here).

Example 2.4. Some examples of CP maps follow.

(a) All *-homomorphisms between C*-algebras are CPU.
(b) Let T : K— L be a bounded linear map between Hilbert spaces. Then, the map

B(K) ~Ls B(L)

Ar— TAT*

(2.5)

is CP. This map is sometimes referred to as the adjoint action map. It is CPU whenever T*
is an isometry. This notation is chosen so that if S : L — M is another bounded linear map
between Hilbert spaces, then Adg o Ady = Adgr.

(c¢) Non-negative linear combinations of maps as in (2.5) are also CP.
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Several more examples will appear later in this work. ¢

Lemma 2.6. Fach of the three classes of maps between C*-algebras from Definition 2.2 (positive,
unital, and CP) is closed under composition. All positive maps ¢ : A~ B between C*-algebras
are self-adjoint in the sense that p(a*) = p(a)* for all a € A.

Proof. See Exercise 2.1 in Paulsen [23] for the last statement. [ ]

Definition 2.7. Let A be a C*-algebra. An operator-valued CP map (OCP map) on A is a
pair (I, ) consisting of a Hilbert space K and a CP map ¢ : A ~=> B(K). When ¢ is unital, it
is called an operator state on A [10]. Let (£,%) be another OCP map on A. A morphism of
OCP maps T : (K,p)—=(L,) is a bounded linear map T : K — £ such that

w(a)

K—K

commutes for all a € A. If (K, @) and (L, 1)) are operator states, a morphism of operator states
is a morphism of OCP maps with 7" an isometry.

Remark 2.9. The choice of morphisms of OCP maps is subtle. One might have tried any number
of reasonable variants. For instance, one might request that the diagram

A
F‘y/ \{\ (2.10)
B(K) ~~rym BIL)

commutes. Another possibility is that the diagram

A
;/ \< (2.11)
B(K) < B(L)

Adpn

commutes. When T is an isometry, commutativity of (2.10) implies commutativity of (2.8) and
commutativity of (2.8) implies commutativity of (2.11). When T* is an isometry, these implications
are reversed. In particular, when T is unitary, all three are equivalent. To see the first implication
when T is an isometry, diagram (2.10) says T'o(a)T* = ¢(a) for all a € A. Applying T on the right
gives T'p(a) = ¥(a)T because T*T = idx. The second implication follows by applying 7 on the
left of this result. In summary (2.10) = (2.8) = (2.11) for operator states. Explicit counter-
examples showing the reverse implications fail in general are provided in Examples 2.17 and 2.22.
We will see that commutativity of (2.10) is too strong a requirement and commutativity of (2.11)
is too weak a requirement for the purposes sought out in this work (these points will be explained
in footnotes). No such simple comparison can be made for OCP maps.” These subtle points and
the universal properties that will be discussed in this work would have been missed if we demanded
T to be unitary. A

Example 2.12. As a special case, set KX = C. An OCP map ¢ : A~~~> B(C) 2 C is (naturally
isomorphic to) a positive linear functional. If ¢ : A ~~ C is another such OCP map, then a

2This is easy to see for trivial reasons. For example, if (K, ¢) N (L£,1) is a morphism of OCP maps and

A € [0,1) U (1,00), then (K, Ap) AT, (£, ) is a morphism of OCP maps. However, neither (2.10) nor (2.11)
commute in general. Along similar lines, (2.10) and (2.11) do not imply each other (see also Example 2.14).
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morphism T : (C, ) — (C, ) of OCP maps consists of a linear map T : C — C. Such a linear
map must be of the form T'(A) = zA for all A € C for some unique z € C. If z # 0, since ¢ and ¥
are linear, the diagram

C

C———

commutes for all a € A if and only if ¢ = 1. Notice that when T is an isometry, it is of the form
T(\) = €\ for some 6 € [0,27). In this case, (2.11) and (2.10) (and hence (2.8) as well) are
equivalent because T is also unitary. ¢

w(a)

C
LT (2.13)
C

Example 2.14. Fix m,p € N and define the tracial map

Mm(C) s M, (C)
1 (2.15)
Ar— Etr(A)Ilp7

where tr denotes the standard (un-normalized) trace. A quick computation shows 7 is unital. To
see that it is CP, first note that since the trace is positive, the trace is CP because every positive
map into C is automatically CP (cf. Theorem 3 in Stinespring [29]). Second, note that 7 equals
the composite of CPU maps

M ()~ € 15 M, (C), (2.16)

where the second map is the unique unital linear map sending 1 to 1,. Therefore, 7 is CPU by
Example 2.4 and Lemma 2.6. Given g € N, let 0 : M,,,(C) ~~> M,(C) denote the tracial map for

these dimensions and let T': C» — C? be any linear transformation. Then (CP?, 1) L (CY,0) is a
morphism of OCP maps.

Example 2.17. The present example will show that (2.8) =& (2.10) for morphisms of operator
states. Let A := M3(C) and set

_A/\/\f\/»(c Afv\l/p\/» MQ((C) C—T > C?
A Lir(a A Lirca A A 219

Then ¢ and 1) are operator states and T : (C, ¢)—(C2,1)) defines a morphism of operator states
by Example 2.14. Note that 7% : C> —C is given by

T* ([ZD = x\;%y (2.19)

Therefore,

(aar(oea)) ([3]) = qotarasn | (220)
while (1(4)) (B]) _ %tr(A) B] ’ (2.21)
which shows (2.10) does not commute. ¢

Example 2.22. The present example will show that (2.11) =& (2.8). Let A := M5(C) and set

A-fnC AML/’WMQ() c L 2
A Loy A A+ 0 1401 A | (229)
2t 211 o/ 7|1 o 0|
5
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Then ¢ and 1) are operator states (cf. Examples 2.14 and 2.4). Note that T* : C2—C is given by

({) -

w([i ZD:;[(ZTF? 212] (2.25)

Therefore, although (2.11) holds,

el PYor-23T o (o PJo-tfr] e

show that condition (2.8) fails. ¢

and

The following proposition provides the general structure of morphisms of operator states.

Proposition 2.27. Let ¢ : A~~> B(K) and ¢ : A~~> B(L) be operator states on a C*-algebra

A with K and L Hilbert spaces. A morphism (I, ) KN (L,%) of operator states exists if and only
if there exist closed subspaces L1, Lo C L, operator states ¢ : A ~= B(L;) for j € {1,2}, and a
unitary map U : K —= Ly such that L = L1 & Lo, Up(a)U* = ¢1(a), and Y(a) = ¥1(a) & Pa(a)
for all a € A.

Proof.

(=) For the forward direction, set £1 := T'(K). Since T is an isometry, £; is a closed subspace of
L. Set Lo := L, the orthogonal complement of £; inside £, U := m T, and v (a) := m;1p(a)i; for
all a € A, where 7; : L—L; denotes the projection onto the j-th factor and i; : £; — L denotes
the inclusion of the j-th factor. Since T is an isometry, U is unitary. Since 7' is a morphism of
operator states, ¥(a)L; C £ for all @ € A. Furthermore, since v is positive, ©¥(a)* = ¥(a*) so
that T*y(a*) = p(a™)T™ for all a € A upon taking the adjoint of (2.8). Since * is an involution on
A, this is equivalent to T*¥(a) = ¢(a)T* for all a € A. Thus, ¥(a)Ls C L. These two facts imply
¥(a) = 1(a) ® 2(a) for all a € A. Finally,

Up(a)U* = mTe(a)T*iy by definition of U
=mTT*Y(a)TT*i; by (2.8) and Remark 2.9

=m(a)i; since T is an isometry onto £q
=11(a) by definition of 9,

(2.28)

for all a € A.
(«=) To see the reverse direction, set T := 4;U. Then T is a morphism of operator states since the
diagram
»(a)
K—K
U U

T L1 —1(a)—>= L T (2.29)

commutes for all a € A. [ |

OCP maps and operator states together with their morphisms form categories.

Lemma 2.30. Let (K, p) KN (L) 5, (M, x) be a pair of composable morphisms of OCP maps
(or operator states) on a C*-algebra A. The composite of said morphisms is defined to be the
composite ST of linear transformations and is a morphism of OCP maps (resp. operator states).
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d(x,¢)

The identity (K,p) — (K, ) is the identity linear transformation idx. The collection of all
OCP maps (or operator states) on A with their morphisms forms a category, which is denoted by
OCP(A) (resp. OpSt(A)). Furthermore, OpSt(A) is a subcategory of OCP(A).

Remark 2.31. The result 7*¢(a) = ¢(a)T™* obtained in the proof of Proposition 2.27 shows
OCP(A) is a *-category. This will be explained in more detail in Proposition 6.20. A

Lemma 2.32. Let f: A'—= A be a *-homomorphism of C*-algebras. The assignment
ocp(4) 2%, ocp )
(K, ) —— (K, o0 f) (2.33)
(00) 5 (L)) —— (Koo ) B (Lwo )

OpSt
defines a functor. Furthermore, it restricts to a functor OpSt(A) 7 OpSt(A').

Lemma 2.34. The assignment

c*-Alg™ 2°F, caT

(A’ ER A) — (OCP(A) OCFy, OCP(A’))
defines a functor. The same is true for C*-Alg°P OpSt, cAT.

3 Anchored representations of C'*-algebras

Definition 3.1. Let A be a C*-algebra. An anchored representation of A is a quadruple
(K, H,m, V) counsisting of two Hilbert spaces H and K, a *~homomorphism 7 : A— B(#), and
a bounded linear map V : K —H. When V is an isometry, (K, H,w, V) is called a preserving
anchored representation. Let (L,Z,p, W) be another anchored representation of A. A mor-
phism of anchored representations (T,L) : (IC,H,n,V)—=(L,Z,p, W) consists of bounded
linear maps T : K—L and L : H—T satisfying the following two conditions. First, the diagram

w(a)

H——H

1

I————7T
p(a)

L (3.2)

commutes for all a € A. Second, the diagrams

K———n H—— K
T L and L lT (3.3)

both commute. When V, W, T, and L are isometries, then (T, L) is said to be a morphism of
preserving anchored representations.

Remark 3.4. For preserving anchored representations, commutativity of the right diagram in
(3.3) holds whenever T is unitary and the left diagram in (3.3) commutes. To see this, the left
diagram says WT = LV. Taking the adjoint of this condition gives T*W* = V*L*. Applying T on
the left and L on the right gives W*L = TV*, which is the diagram on the right in (3.3). A
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When the bounded linear maps in these definitions are isometries, the following lemma shows
the isometry T : L — L is redundant and can be constructed from L : H —T.

Lemma 3.5. Let K, H, L, and T be Hilbert spaces and letV : K—H, W : L—T, and L : H—1T
be isometries. Then L satisfies

L(V(K)) CW(L) and L(V(K)'Y) CW(L)* (3.6)

if and only if there exists a (necessarily unique) isometry T : K — L such that the diagrams in
(3.3) commute.

In (3.6), W(£)* stands for the orthogonal complement of W (L) C Z and likewise for V (K)+ C
H.

Proof of Lemma 3.5. First note that since V and W are isometries, their images are closed. Hence,
H=VK)oV(K): and Z=W(L)oW(L)™. (3.7)
(=) Assume L satisfies (3.6). Then the diagram

W(L) @ W(L):r ~—2—V(K)a V(

y

)+
N
K
A%/

T
L TW (L) iy (K) (3.8)
<:w<c>\w>\ l ‘
W(L) V(K)

Tw(c)Liv (k)

commutes by construction. In this diagram, 7y £y and iy (k) denote projection and inclusion maps,
respectively. Note that my () Liy(c) is an isometry because L(V(K)) € W(L) by (3.7). Setting
T := W*LV, it follows from (3.8) that T is the composite of the two unitary maps 7y (x)V and
(mwcyW)* and the isometry my (z)Liy k). Therefore, T is an isometry. Finally, the diagrams in
(3.3) commute because they are given by

\%

V(K)® V(K)*: V(K)® V(K)*

L and

LY W) ew()t

respectively, where Py (r) is the projection onto W (L) inside Z, and similarly for Py (k).

(<) Assume an isometry T satisfying (3.3) exists. Commutativity of the diagram on the left
requires L(V (K)) € W (L), while commutativity of the diagram on the right requires L(V (K)*) C
W(L)*:. [ |

Notation 3.10. A morphism of preserving anchored representations will be denoted by the pair
(T,L) : (K,H,n,V)—(L,Z,p, W), even though the isometry T is uniquely determined by L as
illustrated in Lemma 3.5. This is because 17" need not be uniquely determined by L in the general
case of anchored representations and because we will use T' to relate anchored representations to
OCP maps in this work.
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Example 3.11. In the special case K = C, an anchored representation of A consists of a *-

representation 7 : A—B(H) and a linear map V : C—"H. Such a map is uniquely characterized
by the vector Q := V(1) € H, which is a unit vector if and only if V is an isometry. Hence, a
preserving anchored representation of the form (C, H, 7, V') is equivalent to a pointed representation
as introduced in Definition 5.1 in [21]. If (C,Z, p, W) is another preserving anchored representation,
then a morphism (C, H,n, V) — (T 2 (C,Z, p, W) of preserving anchored representations consists of
isometries 7' : C—=C and L : H—>Z satisfying (3.2) and (3.3). T must be of the form T'(\) = Ae?

for all A € C for some 6 € [0,27). L is an intertwiner of representations by (3.2). Let = := W (1).
The left diagram in (3.3) entails L(Q) = €¥=. Since V* = (Q, - ) and W* = (Z, - ), the right

diagram in (3.3) entails €®(Q, - ) = (£, L( - )) as linear functionals on H. However, this second
condition is implied by the first one in (3.3) by Remark 3.4. Hence, this reproduces the morphisms
of pointed representations in [21] up to a phase. ¢

(TL) (S M)

Lemma 3.12. Let (K,H,n,V) —= (L, Z,p,W) —— (M, J,0,X) be a pair of composable
morphisms of anchored representations on a C*-algebra A. The composite of said morphisms is
defined as (S, M) o (T,L) := (ST, ML) and is a morphism of anchored representations. A simi-
lar statement is true for preserving anchored representations and their morphisms. The identity

(K, H,m, V) M (K, H,m, V) is the identity linear transformation on each Hilbert space. The
collection of all anchored representations on A and their morphisms forms a category, which is de-
noted by AnRep(A). Similarly, the collection of all preserving anchored representations on A and
their morphisms forms a category, which is denoted by PAnRep(A). Furthermore, PAnRep(A)
is a subcategory of AnRep(A).

Lemma 3.13. Let f: A'—= A be a *-homomorphism of C*-algebras. The assignment

AnRepy

AnRep(A) ——— AnRep(A)
(K,H,m, V) ——— (K, H,mo f,V) (3.14)

((ICHWV) (EIp,W))»%((IC’Hwof, vy (2.7, p0 f, ))

PAnR.
defines a functor. Furthermore, it restricts to a functor PAnRep(.A) —onhy, PAnRep(A').
Lemma 3.15. The assignment

1o°P AnRep

C*-Alg CAT

A+——— AnRep(A) (3.16)

(4L a)— (AnRep(A) AnRers, AnRep(A’))

defines a functor. The same is true for C*-Alg°P PADRe. o AT

4 The restriction natural transformation

The follow proposition illustrates how to construct an OCP map from an anchored representation.
Proposition 4.1. Let A be a C*-algebra. The assignment
AnRep(A) =24, OCP(A)

(K,H, 7, V) —— (K,Ady+« o) (4.2)

L),

((ic w1,o,v) T o1, p, )) — ((IC,AdV* o) L (£, Adyy- op))

defines a functor. Furthermore, it restricts to a functor PAnRep(A) —= resta, OpSt(A).
Here, (Ady- o7)(a) := V*r(a)V for all a € A (cf. Example 2.4).
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Proof of Proposition /.1. Let (K,H,m, V) be an anchored representation of A. Then Ady~« o7 is
an OCP map because it is the composite of the CP map Ady+ and the *~homomorphism 7. Since
Ady« is unital if and only if V' is an isometry, Ady- o 7 is an operator state when (IC,H,7,V)
is a preserving anchored representation. Let (IC,H,w,V) M (L,Z,p,W) be a morphism of
anchored representations. In order for (IC, Ady - o ) KN (L, Adw+ o p) to be a morphism of OCP
maps, the diagram

Ady =« (m(a))

LT (4.3)

Adw (p(a))
must commute for all a € A. Expanding out the definition of the adjoint action map provides the
diagram
1% m(a) v*

K H H
Tl
L

This diagram commutes because the diagram

g

w z p(a) 1 w*

K v H—" v K

T L L T (4.5)
LTI L

commutes due to Definition 3.1.° [ ]

Lemma 4.6. Let f: A —= A be a *-homomorphism of C*-algebras. Then the diagram

AnRep;
AnRep(A) AnRep(A’)
rest 4 rest 4/ (47)
OCP(A) oCF, OCP(A)

of functors commutes (on the nose). A similar statement holds for the subcategories obtained from
PAnRep and OpSt.

Lemma 4.6 states that rest is a natural transformation

OCP
/\
C*—AlgOp ,Hrest C.AT 5 (48)

\_/

AnRep

a special kind of oplax-natural transformation (cf. Definition B.1).

3This is where commutativity of (2.8) from Definition 2.7 is used (cf. Remark 2.9). When working with morphisms
of operator states, (2.10) would be too strong, and its commutativity would not follow from Definition 3.1.
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5 Stinespring's oplax-natural transformation

In the construction of a left adjoint to rest, some preliminary facts will be needed.

Lemma 5.1. Let ¢ : A~ B(K) be a completely positive map. Let ¢ := (v1,...,v,) E KD---BK
denote a vector in the direct sum of K with itself n times. Then the assignment

Sp.5 Mp(A) ~>C
n
Ar— Z (i, plaij)vs)c
ij=1
1s a positive linear functional.

Proof. Suppose A € M,,(A) is positive. Then, because ¢ is completely positive, ¢, (A) > 0. Hence,

n

spa(A) =Y (vi, plaij)vi)k = (T, on(A)0) ke-.0x > 0. (5.3)

1,7=1

Linearity of s, 5 follows from linearity of ¢,, and linearity of the inner product in the right variable.
|

Lemma 5.4. Let X and Y be topological vector spaces, let X L, v be a continuous linear map,
and let N C X be a closed vector subspace of X.

(a) If f(x) =0 for all z € N, then there exists a unique continuous linear map X/N %Y such
that

X—Y

7

X/N

commutes. Here, X/N s the quotient space of X modulo N and X — X/N is the quotient
map.

(b) If M CY is a closed subspace of Y and f(N) C M, then there exists a unique continuous
linear map X/N LN Y/M such that

X——Y

|

(5.6)

commutes.

Proof. For the first fact, see Theorem 1.41 and Exercise 9 in Chapter 1 of Rudin [25]. The second
fact is a consequence of the first. |

Lemma 5.7. Let M : H—="H a bounded positive operator on a Hilbert space H. Then M <
1M |lidg (in the sense that ||M|lidyy — M is a positive operator).

Proof. This follows from the inequality (z, Mz)y < ||z|x||Mz|ly < |M|||z|3, for all 2 € H by
positivity of M, Cauchy—Schwarz, and the definition of the norm on B(H). [ |

The following is the main result of this work.

11
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Theorem 5.8. There exists a left adjoint Stine : OCP = AnRep to the natural transformation
rest : AnRep = OCP

OoCP
C*-xAlgop Stine|| - || rest CAT (5.9)
AnRep

in the 2-category Fun(C*-Alg® CAT). Furthermore, Stine : OCP = AnRep restricts to a left
adjoint Stine : OpSt = PAnRep to rest : PAnRep = OpSt.

The 2-category Fun(C*-Alg® CAT) is defined in Notation B.21 and the definition of a 2-
categorical adjunction is reviewed in Definition B.22. The consequences, universal properties, and
applications of this theorem are discussed in Sections 6 and 7.

Proof of Theorem 5.8. The proof will be split up into several steps.
i. For a fixed C*-algebra A, define the functor Stine 4 : OCP(A) — AnRep(.A) on objects.

ii. For a fixed C*-algebra A, define the functor Stine 4 : OCP(A)— AnRep(A) on morphisms
and prove functoriality.

iii. For a fixed *-homomorphism f : A’—A, define the natural transformation Stine; : Stine 4o
OCP; = AnRep; o Stine 4.

iv. Prove that Stine is an oplax-natural transformation (cf. Definition B.1).

v. For a fixed C*-algebra A, construct the appropriate natural transformation my4 : Stiney4 o
rest 4 = idanRep(A)-

vi. Show that* m : g&?}e = idanRep is a modification (cf. Definition B.9) between oplax-natural

transformations in the 2-category Fun(C*-Alg®® CAT).

Stine

vii. Show that rest :idocp.

viii. Prove the zig-zag identities for adjunctions in 2-categories (cf. Definition B.22), i.e. complete
the proof that (Stine, rest,id, m) is an adjunction in Fun(C*-Alg®® CAT).

In all of the above steps, justifications for reducing to operator states and preserving anchored
representations will be provided. In what follows, if a proof for any claim is not supplied, it is
because the justification is analogous to the standard GNS construction arguments or it follows
easily from the definitions. The reader is referred to [21] for more details.

i. The construction of an anchored representation from an OCP map will be Stinespring’s con-
struction (cf. the proof of sufficiency of Theorem 1 in Stinespring [29]). Let A be a C*-algebra
and let (K, ¢) be an OCP map on A. Recall, this means ¢ : A~~~ B(K) is a CP map. Let
A ® K denote the vector space tensor product of A with K. In particular, elements of A ® K
are finite sums of tensor products of vectors in .4 and vectors in K (in fact, all sums that follow
are finite). The function

AxK)x (AxK)—C

((a,v), (b,w)) — (v, p(a*b)w)x (5.10)

4The vertical concatenation is the vertical composition of natural transformations. This notation is used in [21]
and [22]. It is also reviewed in Appendix B in the present work. In particular, applying m to a C*-algebra A gives
a natural transformation m 4 : Stine 4 orest 4 = idApRep(A)-

12
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is conjugate bilinear in the first A x K factor and bilinear in the second A x K factor. Hence,
by the universal property of the algebraic tensor product (cf. Chapter IV Section 5 in Hunger-
ford [17]), the assignment

(A2 K) x (Ao k) L0e ¢

(5.11)
D ai@vi, Y b @w; | ——— > (vi, plaib;)w;)c
i j %]

is well-defined, conjugate linear in the first variable, and linear in the second variable. Fur-
thermore, (( -, - ), satisfies’

Since the matrix
* aj Ay, * aq Qp,
ajay ajan 0 ... 0 0 ... 0
A= = . . . (5.13)
arai -+ aran 0 0 0 0

in M,,(A) is positive for all ay,...,a, € A,

(&) =D _(visplajaz)vj)x >0 (5.14)
4,J
by Lemma 5.1 applied to £ =", a; ®v; € AQK.
By the properties of (-, - ), it follows that

(€, Nl < (NN VECEABK. (5.15)

This is the Cauchy—Schwarz inequality for such sesquilinear forms (cf. Construction 3.1 in [21]).
Thus, (-, - ), is a sesquilinear form whose associated seminorm endows A ® K with the
structure of a topological vector space. In general, (( -, - )), is not positive semi-definite.
Hence, set

No={CeA®K : (¢, (), =0} (5.16)
to be its null-space. From the Cauchy—Schwarz inequality (5.15), it follows that

(6N =0 YEECARK, CEN,. (5.17)

Using this, one can show that N, is a closed vector subspace of A ® K (it is closed since it is
defined as the inverse image of {0} under a continuous map).

By the universal property of the tensor product, for each a € A, the map

-
7}

A®IC-—@+A®IC
5.18
Zai®vib—>2aai®vi ( )

is a well-defined linear transformation. If we write End(V') for the algebra of linear transforma-

tions from a vector space V' to itself, then 7T{p : A—End(A®K) defines a representation of the

algebra A on the vector space A®K. Furthermore, for eacha € Aand £ = Y7 | a;®v; € A®K,

5 An overline here indicates complex conjugation. This is not to be confused with the closure such as in (5.22).
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7, (a) satisfies

n

(m(a)é, m(a)éhy = Z (vi,p(aja*aa;)v;),. by definition of 7, and (-, - ),

ij=1
a A - % a Qn
0 ol | " 110 0
= 889777 :
0 of LY “4 o 0
a*a 0 ‘61 “0" %1 C‘O" (5.19)
< 8,7 .
0 “a 0 0] [o 0
ajaq ajan
= lla”alls, :
ayaq ay an
= [lall*{&, €) -
In this calculation, ¢ := (v1,...,v,) € K@ --- & K and the norm ||a|| of a is the one

from the C*-algebra A. The third line in (5.19) follows from Lemma 5.1 and the inequal-
ity |w(y*zy)| < ||z||w(y*y) for all z,y in a C*-algebra and w a positive linear functional on
that C*-algebra (see Proposition 2.1.5. part (ii) in Dixmier [8] for a proof of this inequality). In
this case, this inequality is applied to the positive linear functional w := s, 5 : M (A) ~>C
with 2 positive so that |w(y*zy)| = w(y*zy). The fourth line in (5.19) holds because the
norm of diag(a*a,...,a*a) in M, (A) is equal to ||a*a||. This is because every injective *-
homomorphism of C*-algebras is an isometry (cf. Propositions 1.3.7 and 1.8.1 in Dixmier [3]).
In this case, the *-homomorphism is given by the function A — M, (A) sending a € A to
diag(a,...,a). The last line of (5.19) follows from the C*-identity for C*-algebras and the
definitions of ((¢,€)), and s, 5. Thus, (5.19) shows that 7(,(a) is bounded/continuous. If
we write B(V) for the algebra of bounded operators on a seminormed vector space V, then

m,(a) € B(A® K) for all a € A.
Furthermore, (5.19) shows that N, is an invariant subspace under the 7{, action, meaning
m,(a)¢ € N, for all ¢ € N, and a € A. Therefore, the quotient space (A ®@ K)/N, has a
well-defined action 7, : A—=B((A® K)/N,;) by Lemma 5.4. If an element of (4 ® K)/N,,
is denoted by [{],, or just [£] when working with a fixed OCP map ¢, this induced action of
a € Aon [{] is given by

mo(a)[€] = [m(a)€]. (5.20)

By (5.17), the sesquilinear form (( -, - )),, descends to a well-defined inner product
(AR K)/N, x (Ao K)/N, L2202 ¢

([&); [S]) = (&, (e

The fact that ( -, - ), is positive definite follows from (5.14) and the definition of N, in (5.16).
Let

(5.21)

My = (ARK)/N, (5.22)
denote the completion of this topological vector space with respect to the inner product
(-, ). Since m,(a) is a bounded linear operator on (A ® K)/N,, it extends uniquely to a
bounded linear operator, also denoted by 7, (a), on H,. Furthermore, since m,(a) € B(H,),
it has an adjoint 7, (a)*. This adjoint satisfies

(mo(@) 6161, = (16 mo(@)Ic)), = D (vislaiabyuy)

=3 (mo(@ @) b)) =S (e as @by @ wihy = (rs(a)) [K]),

i,j ]

(5.23)

14
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forall ¢ = [, a;®v;],( = [Z] b; ®@w;| € (A®K)/N,,. By uniqueness of bounded adjoints,
mo(a*) = my(a)*. Finally, note that 7,(14) = idy,. Thus, 7, : A—= B(H,) defines a *-

homomorphism.
Now, set
Vﬂp
K=, (5.24)
wr— [14 @ w).
Then,

[Vew)||? = [Ila @ wl]]? = (w, (131w = (w,o(1a)w) < [e)|lwlE  (5.25)

for all w € K. The last inequality in (5.25) follows from Cauchy—Schwarz for ( -, - ) and
positivity of . This proves that V,, is bounded. Note that if ¢ is unital, the inequality in
(5.25) becomes an equality, which proves V,, is an isometry.

This concludes Stinespring’s construction of an anchored representation from an OCP map,
i.e. the functor

OCP(A)y 2224, AnRep(A)o

(5.26)
(K, ) ——— (K, "y, mp, Vi)

on objects of OCP(A). It restricts to a well-defined map OpSt(A)g Stinea, ——= PAnRep(A)o.

ii. Let (IC, ) L (L, 1) be a morphism of OCP maps. By Definition 2.7, this means T': K—Lis a
bounded linear map and ¢(a)T" = T'p(a) for all a € A. Let (K, Hy,, 7, Vy,) and (£, Hy, 7y, Vi)
be the corresponding Stinespring anchored representations from the first step. Set

Ll=id 4 ®T
—_—

A K
Then, for £:=5 ", a;, @v; € AQK,

<<L’T(€),L'T(£)>>w=Z<T(vi) P(aja;)T(vs))e by (5.27) and (5.11)

Ao L. (5.27)

—Z (vi), To(ajaj)vj)s by (2.8)
(5.28)
= Z vi, T*Tp(a; a;)vj)

<|T*TN (€, &) by Lemma 5.7,

Therefore, L7.(N,) € Ny. Hence, Lemma 5.4 implies L/, descends to a bounded linear map
Ly : (A®K)/N, — (A® L)/N,, which itself extends uniquely to a bounded linear map
Ly : H,—Hy. Note that when T is an isometry, Ly is also an isometry. Commutativity of

Hgo 7 (a) Htp K Ve ng
LTl lLT Vac A and TL LLT (5.29)
H H H
A v £ Vi v
follow directly from the definitions. However, commutativity of
H, K
LTl LT , (5.30)
Hd) L

15
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the last of the conditions in Definition 2.7, requires an argument. First, to find the formula
for V3 : H, —=K, let [32; a; @ v], € (A® K) /N, and w € K. Then

<V$ Zai®vi ,w> =<l2ai®vi ,V¢w>
Z ot l ’ ’ (5.31)
— <[Zai®vi ,[1A®w]@> :Z<vi,<p(af)w>)g = <ng(ai)vi,w>

i
entails the formula

K

Vo

Zai®vi

Commutativity of the diagram (5.30) then follows from®
Vi (Lr ([Sim@wil,)) T (v; ([Siaiewl,))

(5.27)/ \5.32)

Vi ([ZiaeTw)],) (S, pla)v) . (5.33)

= Z o(a;)v;. (5.32)

©

This concludes the definition of the assignment

Stine 4

OCP(A); ——= AnRep(A);

(T,Lt)

((K"p) = (va)) > ((/C,HSD,W(,,,V(F) = (’C’Hw’ﬂanwD (5.34)

on morphisms of OCP maps on A. Note that Stine4(idx) equals (id;c,idg.w) for any OCP
map (K, ¢). Furthermore, for a composable pair (K, ¢) KN (L) 5, (M, x) of morphisms of

OCP maps, the diagram
Hy
Ls \LT (5.35)
Lst ,HLP

Hy

commutes. Hence, (5.26) and (5.34) define a functor Stine 4 : OCP(A)—AnRep(.A), which
restricts to a functor OpSt(A) —PAnRep(A), also denoted by Stine 4.

iii. Let f : A’ —= A be a *-homomorphism of C*-algebras. Two diagrams associated with the
constructions preceding this are given by

rest 4 Stine 4

OCP(A) AnRep(A) OCP(A) AnRep(A)
ocCP; AnRep; and OCP; AnRep;  (5.36)
OCP(A) — AnRep(A') OCP(A") — AnRep(A’)

rest 4/ me 4/

6This is where commutativity of (2.8) in Definition 2.7 is needed (cf. Remark 2.9). When restricting to operator
states, (2.10) would be too weak, and the diagram (5.30) might not commute.

16
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and similarly for OpSt and AnRep. The diagram of functors on the left commutes (on
the nose) by Lemma 4.6. However, the diagram on the right does not (this is analogous to
what happens in the GNS construction—cf. Construction 3.3 and diagram (3.21) in [21]).”
Nevertheless, there is a natural transformation

OCP(A4) —29"°4 AnRep(A)
ocCp; Stiné; AnRep; (5.37)
OCP(A') — AnRep(A’)
Stine 4/

defined as follows. Given an OCP map (I, ¢) on A, applying OCP; followed by Stine 4
provides the Stinespring anchored representation (IC, Hyof, Tpof, Vioor) on A’, while applying
Stine 4 followed by AnRep; gives (K, H,, T, 0 f,V,). The morphism Stine;(KC, ) from the
first to the latter is given by (idg, L), where Ly : Hoop —> H,, is defined as the unique map

associated to
, Ly=f®idx
A QK —— ARK (5.38)

via Lemma 5.4. This lemma applies because if { =), a; ® v; € A’ ® K, then
(L) Ly = D (i (F(a) F(@))v;) by definition of (- - ),
,J
= Z <vi, ap(f(a;*a;-))vj>lc since f is a *-homomorphism (5.39)
,J

= (&,&)por by definition of (-, - Yeos-

In fact, this calculation shows Ly : H,o r—=H,, is an isometry. The requirements of a morphism
of anchored representations all hold as well. Furthermore, Stiney is a natural transformation

because for any morphism (I, ) N (L,4) of operator states on A, the diagram

(idic,L )
(K Hpofs Tpofs Vipor) iint (K, Hp,mp 0 [, V)
(T.Lt) (T.L7) (5.40)
(£7H'¢’of7ﬂ—wof7v¢0f) R (£7%w77r’¢0f7 V'l/))
(ldL,Lf)

commutes. Finally, Stines : Stine 4, cOCP; = AnRep ;oStine 4 restricts to a natural trans-
formation Stine; : Stine 4 o OpSt; = PAnRep, o Stine4 since Stine;(K, ¢) = (idx, Ly)
consists of two isometries by (5.39).

iv. Oplax-naturality of Stine holds because Stine;q, is the identity natural transformation for
every C*-algebra A and the two natural transformations (after composition in the diagram on

7As a simple example, let ¢ : A ~~2> B(K) be an operator state with A, = {0} and set A’ = C. Then there is
only a single (unital) *-homomorphism f : C— A and ¢ gets pulled back to the map ¢ o f that sends 1 € C to
idic. In this case, Nyofr = {0}, which entails Hyor 2 CQ K = K, while H, 2 A® K.

17
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the right)
OCP(A) — 294 AnRep(A)
OCP(A) —°4 AnRep(A) OCP;  sting Aniep,,
ocifc,«/ Stine 7/ AnRepj.o &  OCP(A') > AnRep(A) (5.41)
OCP(A") o= AnRep(A”) ocpf//smnef/ AnRep,,
/
OCP(A") Stine.s, AnRep(A”)

are equal for every pair of composable *-homomorphisms A" EAYUENYY

v. Fix a C*-algebra A and let (,H,n,V) be an anchored representation of A. Applying the
functor rest 4 followed by Stine 4 to this representation gives

(K, H, 7, V) E=52 (K, Adys 0 7) S (K, Hady woms TAdy < oms VAdy < on): (5.42)
Set m 1, : A® K —=%H to be the composite

A K 25 BH) o H—H

Zai ® v; ¢ ™y Zﬂ'(ai)V(vi),

%

(5.43)

where the second map is the canonical action of B(H) on H. If { =), a; ® v; € A® K, then

<m;r,V(£)7 m;—,V(§)>H = Z <Ui7 V*ﬂ-(a:aj)vvj%C = <<£’€>>Adv* o+ (544)
i,J
Thus, m;yv defines an isometry mxyv : Hady.or —= H by Lemma 5.4. Note that m, v

is an isometry even though (IC,H, 7, V) need not be a preserving anchored representation.
Commutativity of the diagrams

TAdy o (@)

Hady«on Hady«or
’”J Lm Vaea (5.45)
H e H
VAdy« or Vady x o

K A HAdV*Oﬂ‘ HAdv*Oﬂ‘ v K
idnl lmﬂ,V s al’ld mﬂ,Vl idye (546)

K % H H v K
in the definition of a morphism (K, HAdy«om, TAdy«ors VAdy«or) M (K, H,m, V) of

anchored representations follow directly from the definitions (for the last diagram, apply (5.32)
to ¢ := Ady~ om). Set m4 to be the assignment

AnRep(A)) 2> AnRep(A);

. (5.47)
(K, H, 7, V) — (idic, mr,v)

18
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from objects of AnRep(.A) to morphisms of AnRep(.A). Notice that m 4 restricts to a well-
defined assignment PAnRep(A)y =2 PAnRep(A); by (5.44). To see naturality of

OCP(A
vl \ | .
AnRep(A AnRep(A
idAnRep(4)
let (IC,H,m, V) (L,Z,p,W) be a morphism of anchored representations. Then, the

diagram

(idc,mx,v)

(’Cv HAdV* omy TAdy «om> VAdV* Oﬂ') (]C; H; T, V)

(T,LT)J( l(T,L) (5.49)
(L,Z,p, W)

LH wop, T vons VAdips
(£, HAdy=o0ps TAdy«o0ps VAdy+op) P

commutes by conditions (3.2) and (3.3) in the definition of a morphism of anchored represen-
tations.

vi. To see that the assignment sending a C*-algebra A to m 4 defines a modification®
oCP

’"es/ \“e (5.50)

AnRep :> AnRep

idAnRep

of oplax-natural transformations, for every morphism f : A’ —= A of C*-algebras,

idAnRep(A) idAnRep(A)
/\ /\
AnRep(A ;‘Uf‘ AnRep(A) AnRep(A) AnRep(A)

Stine 4
—

l ‘”\e“:‘ocp(m —7 idAnken;
An ep

restf 7IHZAHJW = An%epf %AnRep(A/) Anl/epf 7 (5.51)

AnRep(A’ ) AnRep(A’) AnRep(A) mar AnRep(A")
o= OCP(A) o7 o~ OPSt(A) —simn

i.e. for every object (K, H,w, V) of AnRep(A) with ¢ := Ady~ o m, the diagram

/C He,mp0 f, Vo,
(idg,Lyf)= StW W\mfl (K,H, 7w V) =(idg,mr,v) (552)
(’C Heof, Tposs V, vOf (K, H,mo f,V)

m g (K, H,mof,V)=(idx ,mrof,v)

of morphisms of anchored representations of A’ must commute. This follows directly from the
definitions. Hence, m is a modification, which also restricts to a modification when working
with OpSt and PAnRep by (5.44).

8This composite of rest followed by Stine along the top two double arrows is denoted by Srfiite'

19
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vii. To see that
AnRep

St% \est

OCP :> ocCP

commutes, first fix a C*-algebra A. Commutativity in (5.53) requires that

AnRep(A
Stlne/ YT—,A
oCcP(A
idocp(a)

-44

(5.53)

(5.54)

must commute. On objects, this translates to ¢ = AdV$ om, for every OCP map (K, ) on

A, which follows from the definitions of V,, and m,. Since a morphism (lC,gp) (L) is
unchanged under rest 4 o Stine 4, (5.54) commutes.
Commutativity of (5.53) also requires that for every *-homomorphism f : 4"’ — A,
idocp(4) idocp(a)
/H\ /\
OCP(A)St, it . OCP(A) OCP(A) OCP(A)
ine 4 res
“—="AnRep(A) = ——
OpSt / OpSt; = ldocpf OCPy (555)
J/ Stiné; l i \L \L /doc 7 7
= AnRep; / ‘I‘D(A \
OCP(A) | ~ OCP() OCP(A’) i OCP(A)
stine sy~ AnRep(A') oo, stine - AnRep(A') oo,

i.e. to every OCP map (K, ), the diagram

(IC,AdV; 0Ty © f)

id,c_restA/(Stine@/ N(id)@_id&

(K, Adv:, 0 Tyor) (K,pof)

idxe

(5.56)

of morphisms of OCP maps on A’ must commute, which it clearly does. Commutativity of

(5.53) with OpSt and PAnRep follows from this as well.

viii. By the final remark in the appendix of [21], it suffices to prove

AnRep
restA
AnRep(A
OCP ﬁ 1dAnRep(.A)
StmeA = rest 4 < Fes':A> rest 4 (5.57)
idocp(a) :> AnRep
OCP(A
restA
OCP
20
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and
OCP(A)
Stil‘fleA
i OCP(A
idocp(a) %AnRep(A) ( )
‘ idstine 4
rest 4 = Stine 4 | =——=> | Stiney (558)
OCP(A) =2 idanrep
(A) finfiep( AnRep(A)
Stine 4
AnRep(A)

for each object A of C*-Alg®. The equality in (5.57) follows from the equality

restA(mA(lC,”H,W,V)) = idg (5.59)
(SR —

(idxc,mm,v)

of morphisms of OCP maps from (K, Ady+ o m) to itself for every anchored representation
(K, H,m, V) of A. To see the equality in (5.58), consider an OCP map (I, ¢). Applying Stine 40
rest 4 o Stine 4 to this gives (I, H,, 7y, Vi,) because ¢ = Advg om,. In order for (5.58) to hold,
it should be the case that m 4 (KC, H, m,, Vi) = (idk,idy,) as morphisms from (IC, H,,, m,, Vi)
to (K, "y, 7y, V,,) in AnRep(A). These are in fact equal because for any element [Y . a; ® v;] €
(A& K)/N,

My, V, ( lz a; @ v;
i

This proves that the quadruple (Stine,rest,id,m) is an adjunction in Fun(C*-Alg®? CAT),
i.e. Stine is left adjoint to rest. ]

) = Zm(ai)v@(vi) = Zm(ai)m v =Y [a;i®@v].  (5.60)

%

6 Stinespring dilations and their universal properties

The left adjoint Stine to rest provides what is sometimes called a minimal Stinespring represen-
tation/dilation of an operator-valued completely positive map (for comparison, see the discussion
after Theorem 4.1 in Paulsen [23]).

Definition 6.1. A Stinespring representation/dilation of an OCP map (K, ) on A is an
anchored representation (IC,H,m, V) of A such that ¢ = Ady~ ow. A Stinespring representation
(K, H,m,V) is said to be minimal iff

T(A)V(K) :=span{r(a)V(v) : a € A, v €K} (6.2)
is dense in H.

Remark 6.3. In terms of the functors and natural transformations introduced, (K, H,w, V) is a
Stinespring representation of (K, ) on A if and only if rest 4 (K, H, 7, V) = (K, ). Minimality
will be addressed in Corollary 6.9. A

The following corollaries explain the meaning of Theorem 5.8 more concretely.

Corollary 6.4. Let (K, ) KN (L,%) be a morphism of OCP maps on a C*-algebra A and
let (L,Z,p,W) be any Stinespring representation of . Then there exists a unique morphism
(K, Hep, mp, Vi) R (L,Z,p,W) such that rest o(T) = T. Furthermore, if T is a morphism of
operator states, then T is a morphism of preserving anchored representations.
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Proof. Since (Stine4,rest 4,idopst(a),mA) is an adjunction, existence and uniqueness follows
from the universal property of adjunctions in part i of Lemma B.28. In the notation of that
lemma, ¢ = (K, ), d = (L,Z,p,W), and g = T. This unique morphism is given by

T = (ma(L,Z,p,W)) o Stine(T) = (idz, myw) o (T, L) = (T, mywLr). (6.5)

Recall, m, w Lt : H, —1 is uniquely determined by the assignment

ARK/N, > [Zaﬂ@vi

> Zp(ai)W(T(vi)). (6.6)

When 7' is a morphism of operator states, both 1" and m, w Ly are isometries. Hence, 7 defines
a morphism of preserving anchored representations. |

The following is a special case of Corollary 6.4. It will be used to provide the relationship to
minimal Stinespring representations in Corollary 6.9.

Corollary 6.7. Let (K, ) be an OCP map on a C*-algebra A and let (K, H, 7, V) be any Stine-

spring representation of ¢. Then there exists a unique morphism (I, Hy,my, Vi) N (K, H,m, V)
such that rest o(T) = idx. In fact, T = (idx, mx,v ), and therefore consists of two isometries.

Proof. This follows from Corollary 6.4 for T' = idx. The fact that 7 consists of two isometries
follows from the fact that mry is an isometry for any anchored representation (IC,#,w, V') by
(5.44). ]

Remark 6.8. If (I, ) is an OCP map on 4, one can form a category of Stinespring representations

of (K, ¢). The objects of this category are Stinespring representations of (K, ¢) and morphisms
idx,L . . .

are of the form (K, H,m, V) (die L), (K,Z,p,W). Corollary 6.7 then says that Stine 4 (K, ¢) is an

initial object in the category of Stinespring representations of (K, ¢). A

We now state the relationship between our adjunction and minimal Stinespring representations.

Corollary 6.9. Let (K, ¢) be an OCP map on a C*-algebra A. Then Stine 4 (K, ¢) = (K, Hyp, 7y, Vi)
is a minimal Stinespring representation of p. Conversely, given any minimal Stinespring repre-

sentation (IC,H,m, V) of ¢, there exists a unique isomorphism (IC, Hy, 7y, Vi) —= (K, H,m, V) of

anchored representations. In fact, this isomorphism consists of two unitaries.

Proof.
(=) By Remark 6.3, (K, H,,m,, Vi) is a Stinespring representation due to part vii in the proof of
Theorem 5.8. By the construction in part i,

span{m,(a)V,(v) : a€ A, ve K} =span{[a®], : a € A, vEK}, (6.10)

which is dense in H,, by definition (cf. (5.22)). Hence, (K, H,, 7, V,,) is minimal.

(<) Conversely, let (K, H, 7, V) be a minimal Stinespring representation of . Then Corollary 6.7
provides the unique morphism m4(IC, H, 7, V') = (idk, mx v) from (K, Hy, 7p, Vi) to (KK, H, 7, V),
with mg v an isometry. Furthermore, m,  is unitary because the image of H, under myy is
exactly m(A)V(K) by (5.43) and equals H by the minimality assumption. [ ]

Theorem 5.8 entails the following with regards to morphisms and functoriality.

Corollary 6.11. Let (IC, p) be an OCP map on a C*-algebra A and let f : A'—A be a morphism
of C*-algebras. Let (K, Hyof, Tpof, Vpor) = Stine 4(K, o f) be the minimal Stinespring represen-
tation of po f and let (IC, Hy,mpoo0 f,V.,) be the pull-back of the minimal Stinespring representation
Stine4(KC, @) of ¢ under f. Then Stines (K, ) : (K, Hypof, Tpof; Vpos) —= (K, Hy,mp 0 f, V) is
the unique morphism in AnRep(A’) such that rest 4. (Stine; (K, ¢)) = idg. In fact,

Stines(IC, ¢) = ma (AnRepf (Stine4(K, go))) . (6.12)
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Furthermore, the assignment f — Stiney is functorial in the sense that

Stiney.f (K, ¢) = (Stines (K, ¢)) o (Stines (K, ¢ o f)) (6.13)

for all composable pairs A" EAR A ER A of morphisms of C*-algebras and for all OCP maps
¢ A~=B(K).

Proof. Since (KC,H,,m, o f,V,,) is a Stinespring representation of (K, ¢ o f), Corollary 6.7 says
there is a unique morphism from (IC, Hyor, Tpof, Vipor) to (K, Hy, my o f,V,,) that restricts to idg
under rest 4. By construction (cf. Equation (5.37) and what follows), Stine(/C, ) is one such
morphism. Similarly (cf. Equations (5.43) and (5.47)), m_4/ (AnRepf (StineA(lC7 np))) is another
such morphism because the target of this morphism is

AnRep; (StineA(IC, <p)) = (K, Hp,mp0 £, Vi) (6.14)
and the source of this morphism is
Stine 4/ ( rest 4/ (AnRepf (Stine4(K, <p))> ) = (K, Hopofs Tpot, Vo) (6.15)
(Ko f)

Equation (6.13) is precisely oplax-naturality of Stine from equality of the diagrams in (5.41). W

Remark 6.16. Corollary 6.11 also shows that the definition and oplaxness of Stine on mor-
phisms of C*-algebras is determined by (6.12), which itself follows from the universal property of
the adjunctions (Stine 4, rest4,idopst(a),m.4) over all C*-algebras A. This is discussed in more
abstract form in Proposition B.31 and Remark B.40. A

Remark 6.17. In [31], Westerbaan and Westerbaan provide a universal property for Paschke di-
lations (a generalization of Stinespring dilations) of normal completely positive maps ¢ : A~ B,
where A and B are von Neumann algebras. We refer the reader to their work and the references

therein for any terminology not explained here. Briefly, a Paschke dilation of A ~Z s~ Bisa
triple (P, p, %), which consists of a von Neumann algebra P, a normal *-homomorphism p : A—P,
and a normal CP map ¢ : P ~~—= B such that ¢ = 9 o p, satisfying the following universal prop-
erty: for any other triple (P’,p’,v’) with P’ a von Neumann algebra, p’ : A —= P’ a normal
*-homomorphism, and v’ : P’ ~~= B a normal CP map such that ¢ = ¢’ o p/, there exists a unique
normal CP map o : P’ ~~> P such that the diagram

@

A B

\ b

P (6.18)
p/ w/

7)/

commutes. In Theorem 14 of [31], Westerbaan and Westerbaan prove that a minimal Stinespring
representation (IC, H,m, V') of a normal CP map ¢ : A~= B(K) induces a Paschke dilation given
by the triple” (B(H),w, Ady+). In Corollary 15 of [31], they essentially prove a converse to this
statement.

Although Westerbaan and Westerbaan provide a universal property for normal CPU maps
¢ : A~~~ B without choosing an embedding of B into bounded operators on some Hilbert space
as we have, our results do not require our maps to be normal nor do we require our domain A to
be a von Neumann algebra. As a result, we provide a universal property for minimal Stinespring
dilations for all C*-algebras. Furthermore, our universal property highlights the relationship be-
tween morphisms of OCP maps and intertwiners of representations. This will have important
implications, which will be discussed in Section 7. A

9Note that our conventions for Ady« differ.
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There is also a close connection between our work and that of categorical quantum mechanics [1],
[27]. Proposition 6.20 below shows that OCP(A) and AnRep(.A) are dagger categories. This fact,
together with our Stinespring adjunction, has some interesting consequences such as Theorem 6.29,
which states that there exists a unique minimal morphism of anchored representations between
any two Stinespring representations of the same OCP map.

Definition 6.19. A *-category (also called a dagger category) is a category C together with a
functor * : C°? —C satisfying

i. * =z for all objects z in C,
ii. (f*)* = f for all morphisms f in C.

Explicitly, functoriality of * says id} = id, for all objects z in C and (g o f)* = f* o g* for all
composable pairs of morphisms f and ¢ in C.

Proposition 6.20. Let A be a C*-algebra. For each morphism (K, p) KN (L,9) of OCP maps on
A, set

T*

((.0) B (£.0)) = (6 0) & (2,0), (6:21)

and for each morphism (IKC,H,n,V) M (L,Z,p,W) of anchored representations on A, set

(0. mv) 2 2.2, W))* = (K, 1, m, V) < (2,7, p, ). (6.22)

Then (0.21) is a morphism of OCP maps and (6.22) is a morphism of anchored representations.
Furthermore, OCP(A) and AnRep(A) are *-categories with respect to these assignments.

Proof. That (6.21) is a morphism of OCP maps has already been proved in the first part of the proof
of Proposition 2.27. An argument similar to it shows that L* is an intertwiner of representations for
(6.22). Furthermore, taking the adjoints of the diagrams in (3.3) shows that (6.22) is a morphism of
anchored representations. Finally, OCP(A) and AnRep(.A) are *-categories due to the definition
and properties of the adjoint of a bounded linear map between Hilbert spaces. |

Note that OpSt(A) and PAnRep(A) are not *-categories with the same * operation because
the adjoint of an isometry need not be an isometry. The adjoint of an isometry is, however, a
co-isometry, and hence a partial isometry (cf. Chapter 15 in Halmos [14]).

Definition 6.23. Let H and Z be two Hilbert spaces. The initial space of a bounded linear map
L : H—=T is the closed subspace ker(L)* C H. The map L : H —=T is called a co-isometry
iff L* is an isometry. It is called a partial isometry iff L is an isometry when restricted to
ker(L)t C H.

The following lemma includes several properties of partial isometries that will be used in this
work.

Lemma 6.24. Let L : T— 7J be a bounded linear map between Hilbert spaces.
(a) If L is a partial isometry, it is an isometry when restricted to its initial space.
(b) Isometries, co-isometries, projections, and unitary maps are partial isometries.
(¢) The composite of a co-isometry followed by its adjoint is a partial isometry.

(d) Let H be another Hilbert space (whose dimension is at least 1). Then idy®L : HOLT —=HOT
is a partial isometry if and only if L is a partial isometry. Here, & denotes the completed
tensor product (cf. Section 1.2.3 in Dizmier [9]).

(e) If L : T—7J is a partial isometry, then there exists either an isometry or a co-isometry
U:7Z—=J that agrees with L on its initial space.

(f) If T and J are finite dimensional with the same dimension and L : T—=7J is a partial isometry,
then there exists a unitary U : T —7J that agrees with L on its initial space.
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Proof. Most of these are adequately covered in Halmos [14], Halmos—McLaughlin [15], and Hines—
Braunstein [16], with the exception of the forward implication in (d). Suppose idy &L : HOI—=HRJT
is a partial isometry. Then

idy®L = (idy L) (idy@L)* (idy®L) = idy®(LL*L) (6.25)

by Corollary 3 in Section 127 of [14] and the property of adjoints with respect to the completed
tensor product. Hence, idy&(L — LL*L) = 0, which holds if and only if L = LL*L. Thus, L is a
partial isometry by this same corollary. |

Remark 6.26. The composite of partial isometries need not be a partial isometry (cf. Section 9.3
in Hines—Braunstein [10]). A

Partial isometries have a natural partial ordering as described by Halmos and McLaughlin [15].
This partial ordering is slightly generalized below to include intertwiners of representations.

Definition 6.27. Let H and Z be Hilbert spaces and let L : H —Z be a partial isometry. If
M : H —T is another partial isometry satisfying M(z) = L(z) for all z € ker(L)*, then M
is said to be an extension of L and the notation L < M will be used. If 7 : A— B(H) and
p: A—B(ZI) are representations of a C*-algebra A such that L is an intertwiner from (#,n) to
(Z,p), then M is said to be an intertwining extension of L iff M is an intertwiner and L < M.
In this case, the notation L < M will be used when the representations are understood from the
context. Whenever the notation < or < is used, it will be understood that the operators being
compared are partial isometries.

It is straightforward to check the following.

Lemma 6.28. The relations < and < from Definition 6.27 define partial orders on the set of
partial isometries from H to Z and (H,w) to (Z,p), respectively.

The relationship between < and morphisms of anchored representations will be described in
Lemma 6.34. But first, we provide a useful result that compares any two Stinespring representa-
tions of the same OCP map.

Theorem 6.29. Given any two Stinespring representations (K, H,m, V) and (K,Z,p, W) of an
OCP map (K, ) on a C*-algebra A, there exists a unique partial isometry L : H—=1 such that

i (I, H,w, V) S,

it. L restricted to m(A)V(K) C H is a unitary intertwiner onto p(A)W(K) CZ, and

(K,Z,p, W) is a morphism of anchored representations,

1. for any other bounded linear map M : H—=1 satisfying the first condition, M agrees with L
on the intersection of their initial spaces (and hence also satisfies the second condition).

The third condition is a uniqueness condition guaranteeing there exists a unique minimal partial
isometry (minimal in the sense of the partial order on partial isometries) L for which (idx, L) is a
morphism of anchored representations. This is justified in Lemma 6.34.

Proof of Theorem 6.29. By Corollary 6.7, we have a unique pair of morphisms of anchored repre-
sentations consisting of isometries of the form

(K Hep, T, V)
(id,c,V Wp,w) . (6.30)
(K, H,m, V) (K, Z,p, W)

(id)Cvmmejr,V)

By Proposition 6.20, the composite (K, H,w, V) (K,Z,p, W) defines a morphism
of anchored representations that restricts to idg. Since mry and m,w are isometries, L :=
m, w1 is a partial isometry by Lemma 0.24. Therefore, H and Z can be decomposed as

H=mzv(Hy) & mmV(;"lw)l and T =mpw(H,)® mp,W(qu)Lv (6.31)
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where each term in the direct sums is an invariant subspace under the appropriate actions of 7 or
p. To see this for the orthogonal complement, take the dual of (3.2). By construction, L restricts
to a unitary intertwiner from mg, v (H,) to m, w(Hy,). But by the definition of m induced from
(5.43),

ey (Ho) = 7AVK)  and  my,w(Hy) = p(AW(K), (6.32)
which proves the first two claims.

Now, let M : H—7 be a bounded linear map satisfying the first condition and let x =
Yo m(a;)V(v;) € 7(A)V(K). Then

M(2) = 35 M (r(ai)V (i) = 32 pla) M (V(v) = 3 plai)W () = L) (6.33)

since M is linear, since Mn(a) = p(a)M for all a € A, and because MV = W. By continuity, M
agrees with L on 7(A)V (K), the initial space of L. [ ]

Lemma 6.34. In terms of the same notation as in Theorem 0.29, set

(idxc,M)
e

P(L) = {7—[ M7 L<M and ((IC,H,W,V) (K,Z, p, W)) € AnRep(.A)l}, (6.35)

where the bounded linear maps M are all understood to be partial isometries. Then
P(L) = {’H, Mr.L4 M}. (6.36)

Proof. The containment D in (6.36) holds by the diagram (3.2) from Definition 3.1. To see the
reverse containment, let M : H—Z7 be a partial isometry such that L < M. Then commutativity

of the diagrams
/ X*

follows from (6.32), the decomposition (6.31), and the fact that (K, H, 7, V) (K,Z,p,W)
is a morphism of anchored representations. Finally, the intertwining condition (3.2) is included in
the definition of L < M. Hence, C holds as well. [ |

H H

M and M K (6.37)

T T

(idic, L)
s

Remark 6.38. Although maximal elements for the partial order < on partial isometries are either
isometries or co-isometries (cf. [15]), this is not true in general of maximal elements for the partial
order < on intertwining partial isometries. This point will be addressed in Remark 7.41. A

7 Examples and applications

The purification postulate has been used by Chiribella, D’Ariano, and Perinotti to classify finite-
dimensional quantum theories among all operational probabilistic theories (OPTs) [7], [6]. We do
not need to review OPTs here, but will instead provide a definition of a purification of a process, our
formulation of the purification postulate, and the standard finite-dimensional purification postulate
of [7]. Our version of the purification postulate isolates some key assumptions made by [7] that
are implicit from the tensor network (diagrammatic) perspective. We prove our purification postu-
late using our Stinespring adjunction and show how it reduces to the standard finite-dimensional
one. We will first use our Stinespring adjunction to reproduce a Gelfand-Naimark—Segal (GNS)
adjunction for states [21].

Example 7.1. Let £ := C. By Example 2.12, an operator state w : A ~> B(C) = C is a state.
Applying Stine 4 to w provides an anchored representation (C, H,,, 7., V,,). In this case, AQC = A
so that M, & {a € A : w(a*a) = 0} under this isomorphism. This agrees with the null-space
from the usual GNS construction. Hence, the completion H,, := A/N,, and the representation
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e+ A—=B(H,,) agree with the usual GNS Hilbert space and representation. By Example 3.11,
V. : C—H,, produces a unit vector €, := V,(1) € H,, and V = (Q, - ) : H, —>C. Hence,
Ady: : B(H,) ~~> B(C) can be identified with its evaluation at 1 and is equivalently described
by the state (Q,, - Q) : B(H,) ~> C. Applying rest4 entails w = (Q,,7( - )W), so that w
has been represented by a pure state. If (C,H,w, V) is another anchored representation of w, set

Q:=V(1) € H. By Corollary 6.7, there is a unique morphism of anchored representations of the
ide,mx . .
form (C, H,, 7w, Vi) (idc,mr.v) (C,H,m, V), where m, v is given by

My, vV

Hy —— H (7.2)
[a]w — 7(a)Q,
which agrees with the modification from Construction 5.21 in [21]. The universal property of

Stinespring’s adjunction thus reproduces the minimality of the GNS construction in the sense that
it reproduces the smallest cyclic representation of A on which w can be realized as a pure state. ¢

Remark 7.3. The GNS adjunction in [21] was defined in terms of a category of pointed rep-
resentations instead of anchored representations. This remark further explains this slight (and
only technical) distinction. It is not needed for the present work but is included for complete-
ness. There are natural transformations ¥ : Rep® = PAnRep and T : States = OpSt defined
as follows. First, for every C*-algebra A, the category Rep®(A) has objects (H,m, Q) with H a
Hilbert space, m : A— B(H) a C*-algebra representation, and 2 € H a unit vector. A mor-
phism (H,w, Q) EN (Z, p,Z) is an isometric intertwiner of representations such that L(€2) = Z. The
category States(A), on the other hand, is the discrete category of states on A, i.e. the objects

are positive unital linear maps w : A ~~> C and there are no non-identity morphisms. To every
C*-algebra A, set

Rep®(A) 24, PAnRep(A)
(Haﬂ-7Q) — (C,H,TF,VQ) (74)

((H,W,Q) Lo (T, p, E)) — ((«:,H,mvg) Wb ¢, 1, p, VE)).

Here, Vo : C—H is the map that sends A € C to AQ2. It is not difficult to show that ¥ 4 is a
functor. Also, set

States(A) RER OpSt(A) (7.5)
wr— (C,d),
where @ : A ~~> B(C) is defined by A 3> a — @(a) = w(a) - , i.e. multiplication by w(a) on
the Hilbert space C. Since States(A) has only identity morphisms, this specifies the functor Y 4.
Examples 2.12 and 3.11 show that the functors ¥ 4 and Y 4 are faithful but not full. The only
reason these functors are not full is that the categories OpSt(A) and PAnRep(.A) contain more
data in their morphisms. However, the only added information for a morphism of states and
pointed representations is a phase factor, which is a symmetry that can safely be ignored in the
discussion of the GNS construction.
Given a *-homomorphism f : A’ —s A, the equalities

PAnRep(f)oX g =X 4 oRep®(f) and OpSt(f)o T4 =T o States(f) (7.6)
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also hold. Furthermore, in the diagram'’

OpSt

anlg‘)?W
|

ST Jret cAT
Anticp : (7.7)
- -/ taHtes\
C*-Alg™ onge 7 ||D 7>
/ / x
" /s, rest CAT
/
Rep*
although the equality
rest by
T = rest (7.8)
holds, there is only an invertible modification
T GNS*
Stine = % (7.9)

since the two composites are not ezactly equal but are canonically isomorphic. Indeed, for a fixed
C*-algebra A, the resulting natural isomorphism

PAnRep(A) <224 OpSt(A)
Za ] Z ] Ta (7 10)
Rep®(A) o, States(.A)

is defined by its evaluation on a state w : A ~~=> C by the morphism

((Ca,HwaT‘—w7VQw) M)

where L, : H, — Hy is defined as the unique extension of
A/N, 3 al—a®1] € (A0 C)/N;. (7.12)

Similar calculations to the above show that this map is bounded and extends to a unitary inter-
twiner. Hence, (idc, L,,) defines an isomorphism in the category PAnRep(A). The appropriate
diagram also commutes when one considers a *~-homomorphism f : A" — A.

This tells us our Stinespring adjunction reduces to the GNS adjunction by restricting to the
images of ¥ and Y. For example, if w : 4 ~~—> C is a state, one can construct a pointed representa-
tion of it via GNS and view that pointed representation as a preserving anchored representation.
Similarly, one can view w as an operator state and apply Stinespring’s construction to obtain
another preserving anchored representation. The invertible modification in (7.9) says that these
two preserving anchored representations are canonically isomorphic. Working out the details of
Stinespring’s adjunction in this present work has highlighted the importance of not restricting
morphisms to be isometries so that our universal property is more robust and improves on our
previous GNS adjunction in several respects. A

((CuH(IJ77TC)7VGJ)7 (711)

Definition 7.13. Let A be a C*-algebra. A purification of a state w : A ~~> C consists of a
Hilbert space H, a *-homomorphism 7 : A—B(#), and a unit vector € H such that

(Q,7(a))3 = w(a) VaecA (7.14)

Hence, a purification of w will be written as a triple (H,m, ). In other words, a purification of a
state is Stinespring representation of that state.

10The dashed arrows are used to depict the three-dimensional nature of the diagram in (7.7). They do not have
an alternative mathematical meaning.
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Definition 7.15. Let A be a C*-algebra and K a Hilbert space. A purification of an OCP map
¢ : A~~> B(K) consists of a Hilbert space H, a *-homomorphism 7 : A—B(#), and a bounded
linear map V :  —H such that

V*r(a)V = ¢(a) Vae A (7.16)
In other words, a purification of an OCP map is a Stinespring representation of that OCP map.

The following version of the purification postulate might seem unfamiliar, but we show that
it is equivalent to the usual purification postulate (from Section VIL.A. and VILB. in [7]) when
the algebras are finite-dimensional matrix algebras. This equivalence is worked out in detail in
Lemma 7.18 and Theorem 7.30.

Postulate 7.17 (The Purification Postulate for processes). Let A be a C*-algebra and K a Hilbert
space. Every OCP map ¢ : A ~> B(K) has a purification (IKC,H,n,V). Furthermore, given any
other purification (K, Z, p, W) for which (H, ) is unitarily equivalent to (I, p), there exists a unitary

intertwiner H Y T such that UV = W.

Stinespring’s theorem guarantees the existence of purifications. The existence of the unitary
intertwiner in these postulates is referred to as the essential uniqueness of purifications. The
purification postulate for processes implies the one for states by setting I = C. We will prove
the purification postulate for processes on finite-dimensional matrix algebras in Theorem 7.30 and
finite-dimensional C*-algebras in Corollary 7.38 after a few lemmas. Our version of the purification
postulate is formulated without using traces or tensor products since these may be absent or am-
biguous for general C*-algebras. This is partially achieved by using completely positive unital maps
instead of the more common completely positive trace-preserving maps. In the finite-dimensional
setting, these are equivalent and correspond to the Heisenberg and Schréodinger pictures, respec-
tively. Completely positive unital maps are used to map observables to observables while their duals
(adjoints with respect to the Hilbert—Schmidt inner product), completely positive trace-preserving
maps, are used to map density matrices to density matrices. However, the category of C*-algebras
does not have duals and therefore does not have symmetric purifications as defined in [26]. Since
states supersede density matrices in the infinite-dimensional setting and the notion of a trace is
not always available, it is sometimes more convenient to work within the Heisenberg picture.

Lemma 7.18. Fiz positive integers k and n. Set K := CF, let ¢ : M,,(C) ~—= B(C*) = M;,(C)
be an OCP map, and let (K, H,m, V) be a finite-dimensional Stinespring representation of (K, p).
Then there exists a p € N and a unitary map R : H—=C"™ ® CP such that

Rr(A)R*=A®1, and ¢(A)=(RV)"(A®1,)(RV) vV AeM,(C). (7.19)
In other words, there exists an isomorphism (IKC,H,7,V) M (K,C" @ CP, i, RV) of anchored

representations, where R is unitary and where i is defined by

it My (C) —= M, (C) ® M, (C) = B(C" ® CP)

7.20
A — A®]1p. ( )

Proof. This follows from a general fact about unital *-homomorphisms between finite-dimensional
matrix algebras (cf. Section 1.1.2 in Fillmore [11]) and our definitions. [ |

Lemma 7.18 provides a characterization of the form of Stinespring dilations of OCP maps
between matrix algebras. This allows a visual calculus to be implemented via circuit diagrams [7],

[26]. We set
: A A _
§ "% | = S | AT = 5 (7.21)
: B B A
29
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A
Al A A v A
2 | = ¢ | , and B = | Yoy |. (7.22)
B B BB » c
c

The map C ~~= A is the unique unital linear map from C to A. Note that the algebras here
are finite dimensional so the tensor product is the standard one. By choosing this convention,
the direction of time is up. The direction of time is consistent with [26], while the direction
of composition is opposite, because the dual maps on density matrices are used in [26]. Using
the shorthand M,, := M,,(C) (and similarly for other dimensions), the relationship between our
dilation (from Lemma 7.18) and the one of [7, Definition 45] is then given by

M,
s
B
M, (H)
¢ | = B(H) = M, | M,| = My (7.23)
Mk B(H) Mk
Ady -«
My,

due to Lemma 7.18. To prove the purification postulate for processes, we need to recall a few
standard facts about the commutant (cf. Chapters 1 and 2 in Dixmier [9] and Chapter 4 in Fill-
more [11]).

Definition 7.24. Let S C A be a subset of a C*-algebra A. The commutant of S inside A is
the unital algebra
S':={a€A: as=saVseS} (7.25)

Since the commutant depends on the embedding algebra, S’ will often be written as S’ C A.!
Remark 7.26. If a subset S C A is *-closed (meaning a € S implies a* € S), then S’ is a unital

*-algebra. In fact, S’ C A is a C*-subalgebra of A since S = [ cg{s}’ is the intersection of the
kernels of the commutators [s, - | : A—.A, which are all closed (cf. Chapter 2 in Topping [30]). A

Example 7.27. If H is a finite-dimensional Hilbert space, then B(H)' C B(H) is Cidy, all scalar
multiples of th/e identity in H. If IC is another finite-dimensional Hilbert space, then the commutant
(B(H) ®idx)” € B(H) @ B(K) is idy ® B(K), all bounded operators of the form idy ® B with

HWriting S’ C A will also avoid confusion with the notation used for different C*-algebras A, A’, A" earlier.
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BeB(K). If m: M,(C)—B(H) and R : H—C" ®CP are as in Lemma 7.18, then 7(A)" C B(H)
is R* (1, ®M,(C)) R, operators of the form R*(1,®B)R with B € M,,(C). Given a positive integer
t and non-negative integers ni,...,n¢,ci,...,c, with Zj n;, Zj cj >0, set m = 22:1 n;c; and

let
t

A (Mnj (C)® M., (c>) (7.28)
j=1
be the C*-subalgebra of M,,(C) consisting of all linear combinations of block diagonal matrices
of the form

t A1 ® By 0
HH4; @ B)) == (7.29)
7=1 0 Ay ® By
(if any of the integers ny, ..., ng, c1, ..., ¢, are zero, terms corresponding to them are excluded from
the above matrix). Then, the commutant of EEI;Z1 (M, (C)®1,,) inside M, (C) is 833:1 (L, ®
M, ((C)) The notation HH is used for ‘internal’ direct sum to distinguish it from the ‘external’
direct sum €p. ¢

Theorem 7.30. The purification postulate for OCP maps (Postulate 7.17) holds whenever all
algebras are finite-dimensional matriz algebras and all Hilbert spaces are finite dimensional.

Proof. Purifications exist by Stinespring’s theorem (the associated anchored representation is fi-
nite dimensional by minimality). For the essential uniqueness, fix positive integers k& and n.
Set K := CF, let ¢ : M,,(C) ~> B(C*) = My(C) be an OCP map, and let (K,H,n, V) and
(K,Z,p, W) be two finite-dimensional Stinespring representations of (K, ¢) with unitarily equiv-
alent representations m : M, (C) — B(H) and p : M, (C) — B(Z). By Theorem (.29, there

exists a partial isometry L : H —Z such that (IC,H,w, V) M (K,Z,p,W) is a morphism of
anchored representations. In what follows, we will prove there exists a unitary U such that L < U.
By Lemma 7.18, there exist integers p and ¢ together with unitary maps R : H — C"™ ® CP and
S :7Z—C" @ C1? such that

Rr(A)R* = A®1,, Sp(A)S*=A®1,, and

(RV)*(A®1,)(RV) = p(A) = (SW)*(A® 1,)(SW) (7.31)

for all A € M,,(C). Since 7 and p are unitarily equivalent, p = ¢q. These facts imply (K,C" ®

CP, i, SW) M) (K,C™ ® CP,i,RV) is a morphism of anchored representations, where
RL*S* : C"@CP—C"®CP is a partial isometry and 7 is the map from (7.20). By Example 7.27 and
Lemma 6.24, there exists a unique partial isometry P : CP—CP such that RL*S* = 1,,® P. By the
last fact in Lemma 6.24, there exists a unitary M : CP—CP such that P £ M (cf. Definition 6.27).
Hence 1,®P < 1,,®M. By Example 7.27, 1,,®@ M is in Z(Mn((C))/ C M,,(C)®M,(C). Therefore,

1, ® P <1, ® M with respect to the representation 7. Hence, (K,C" ® CP,i, SW) M)

(K,C" ® CP,i, RV) is a morphism of anchored representations by Lemma 6.34. Setting U :=

S*(1,, ® M*)R, we obtain the required unitary for essential uniqueness of purifications since it

(idx,U)
=7

provides an isomorphism (IC, H, 7, V) (K,Z, p, W) of anchored representations. [ ]

The situation in the previous proof is summarized by the commutative diagram

M, (C) ® M, (C)

Ad(ryy* A@‘ﬁR
e 500
AdU* /\/ln((C) . (7.32)

A P

Ad (s Ad i
=
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Because R,U, and S are unitary, commutativity of this diagram is equivalent to the conditions
required of morphisms of anchored representations. In terms of circuit diagrams, we have

M,, = M,, M,, -
Mpl — ]2 My (7.33)
Ad(ryy- M Ad(sw)-
./\/l]~C Mk

for our two purifications of ¢. The middle part of the diagram (7.32) relates the representations
and the Stinespring dilations from our point of view. Namely, we obtain a unitary U : H —7T
such that

M, B(Z)
p M, B(T) Ady-
B(I) = ™ and Adw- | = B(H) . (7.34)
Ady- B(H) My, Ady-
B(H) My

Combining the three parts gives

M, | M,
Adg- M,
B(H) M, M, | M, M, | | Adu
Adp- | = M, | | Adv | — Adswy- | = M, . (7.35)
B(T) M, My A@*
Adp M
M, | M,

which agrees precisely with Postulate 1 in Section VIL.A. in [7] (after setting k = 1).

Remark 7.36. The unitary U in the essential uniqueness of Postulate 7.17 is not necessarily
unique if it exists. Indeed, there could be many unitary extensions 1,, ® M of the partial isometry
1, ® P from the proof of Theorem 7.30. A

Remark 7.37. If one drops the assumptions that the finite-dimensional representations (H,)
and (Z, p) are unitarily equivalent in Postulate 7.17 and Theorem 7.30, then one obtains a slight
generalization of the purification postulate. In this more general case, there exists an intertwining
map U : H —7 that satisfies UV = W and U is either an isometry or a co-isometry. The proof
of this is similar to the proof of Theorem 7.30 except that p need not equal ¢q. The only partial
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isometry O that satisfies (A®1,)0 = O(A®1,) for all A € M,,(C) must be of the form 1,,® P for
some partial isometry P : C? — CP. Hence, one obtains a unique partial isometry P : C? — CP
such that RL*S* = 1,,® P. All intertwining extensions of this partial isometry must therefore also
be of this form. Therefore, there exists either an isometry or a co-isometry M : C?—CP satisfying
1,8P <1,,®M by Lemma 6.24. Then U := S*(1,,® M)*R is the required partial isometry. Note
that if dimH = dim Z is assumed, then the representations are automatically unitarily equivalent
since maximal partial isometries between finite-dimensional Hilbert spaces of equal dimension are
unitary. A

Our formulation of the purification postulate is also valid for arbitrary finite-dimensional C*-
algebras.

Corollary 7.38. The purification postulate for OCP maps (Postulate 7.17) holds whenever all
algebras are finite-dimensional C*-algebras and all Hilbert spaces are finite dimensional.

Proof. Existence follows from Stinespring’s theorem as before. What follows is a proof of the
essential uniqueness of purifications. By the discussions preceding this, it suffices to consider the
case

t
K:=C" and A:=PM,,(C), (7.39)

j=1
where t € N and n; € N for all j € {1,...,t}. Given an OCP map ¢ : A~ B(K), it also suffices

to consider two Stinespring representations of the form (K,C™,x,V) and (K,C™, 7w, W), where
m € N and the representation 7 : A —> M, (C) is of the form

t

| P4, | = HA @ 1), (7.40)
j=1

=1

where the cy,...,c; are non-negative integers such that m = Z;Zl njc;. By similar arguments to
those implemented in the proof of Theorem 7.30, there exist partial isometries (for the non-zero c;)

L; : C% —C% such that (id;c7 L:= EE|§:1(]1nj ® Lj)) is a morphism of anchored representations

from (IC,C™, 7w, V) to (I,C™, 7, W). These can be extended to unitaries U; : C% —C* by finite
dimensionality. Hence, (id;c,U = Elﬂ;zl(llnj ® Uj)) is an isomorphism of anchored representa-
tions. m

Remark 7.41. If one drops the assumptions that the finite-dimensional representations (H,7)
and (Z, p) are unitarily equivalent in Postulate 7.17 and Corollary 7.38, then U = EEI;Zl(]lnj ®@Uj)
from the proof of Corollary 7.38 is replaced by an internal block sum of partial isometries that
have been extended to isometries or co-isometries. In particular, even though U is maximal with
respect to <, it need not be an isometry nor a co-isometry. In more detail, let (K,C™, x, V) and
(K,C™, p,W) be the two Stinespring representations, where

t t

t t
D4 | =HAeL,). o DA | =HHA L),
Jj=1 j=1

j=1 j=1

(7.42)

t t
m = E n;cj, and n= E n;d;.
=1 =1

One can show L (from Theorem 6.29) must be of the form EE|§:1 (1, ® P;). In fact, all intertwining
extensions of L must also be of this form. By extending such intertwining partial isometries, one
obtains an isometry or a co-isometry U; : C% —=C% if ¢; < d; or ¢; > d;, respectively. Hence,
if ¢; — d; changes sign as j varies, then U = EH§-=1(]1nj ® Uj) is neither an isometry nor a co-
isometry. A
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Appendix

A Index of notation

Notation Name/description Location Page
N natural numbers (excludes 0) Not 2.1 3
%7’ g:/{i Hilbert spaces Not 2.1 3
B(H) bounded operators on H Not 2.1 3
A, A A7 (unital) C*-algebra Not 2.1 3
(-, Ik inner product on K Not 2.1 3
M, (A) n x n matrices with coeffs in A Not 2.1 3
positive or completely positive maps Def’n 2.2 3
P29, X operator states when unital Def’n 2.7 4
©n the n-ampliation of ¢ Def'n 2.2 3
PU, CP, positive unital, com.pl.etely posmve, Defm 2.9 3
CPU completely positive unital
Adp the adjoint action map for T' Ex 2.4 3
operator-valued CP (OCP s e )
(K, ) map or operator state ¢ : .(Awwi B(K) Defn 2.7 !
tr un-normalized trace Ex 2.14 5
T tracial map Ex 2.14 5
oCP OCP maps functor Lem 2.30, 6,
OpSt operator states functor 2.32,2.34 7,7
(K, H,m, V) anchored representation on a C*-algebra Def’n 3.1 7
AnRep anchored representation functor Lem 3.12, 9,
PAnRep preserving anchored representation functor 3.13, 3.15 9,9
rest restriction natural transformation Prop 4.1 9
S0 a certain linear functional M,,(A) ~~> C Lem 5.1 11
Stine Stinespring oplax-natural transformation Thm 5.8 12
. Item i in ..
® algebraic tensor product of vector spaces Thm 5.8 12
€ e Sesffl:;inzaf fg%ﬁc? K Eqn (5.11) 13
N, null-space associated to ¢ Eqn (5.16) 13
Stinespring representation of a C*-algebra Eqn (5.18) 13,
e from an OCP map (K, ¢) Eqn (5.20) 14
(€], or [¢] elements of (A® K)/N, Eqn (5.20) 14
induced inner product on - .
e (A K)/N, and Hy from (-, -}, Ban G2 ] M
Stinespring Hilbert space o .
e (A® K)/N,, associated to ¢ Ban (5.22) 1
Vo Stinespring isometry V,, : K — M, Eqn (5.24) 15
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Stine 4 (/C, ), Stinespring anchored Lo .
(KHyp, 1o, Vi) repn from OCP map (K, ) Eqn (5.26) 15
Stine 4(T), Stinespring morphism . .
(T, Lr) from OCP map morphism T Eqn (5.34) 16
Stine (K, ¢), Stinespring isometry C oo .
Ly for a *-homomorphism f: A" — A Ban (5.35) i
Stinespring isometry associated to an oo o
M,V anchored representation (IC, H, 7, V) Ean (5.43) 18
my Stinespring natural transformation on A Eqn (5.47) 18
m Stinespring modification Eqn (5.50) 19

N completed tensor product o

2
® for Hilbert spaces Lem 6.24 !
LM extension of partial isometr, Def’n 6.27 25
= p y

LaM intertwining extension of partial isometry Def’'n 6.27 25
S'CA the commutant of S in A Def'n 7.24 30
H ‘internal’ direct sum Ex 7.27 30

B 2-categorical preliminaries

We briefly recall the definitions of oplax-natural transformations and modifications. In addition,
we include the universal property associated with adjunctions because it is used in explaining the
Stinespring adjunction more concretely. For details on 2-categories and their pasting diagrams,
we refer the reader to Bénabou’s original work [4] as well as Kelly and Street’s review [18]. For a
more introductory take emphasizing string diagrams, see [22]. For other details on oplax-natural

transformations and modifications, we refer the reader to Section 7.5 in Borceux [5].

Definition B.1. Let C and D be two (strict) 2-categories and let F,G : C —D be two (strict)
functors. An oplax-natural transformation p from F to G, written as p : F = G, consists of

i. a function p : Cy — D assigning a 1-morphism in D to each object z in C in the following

manner

(B.2)

ii. and a function p : C; —= Dy assigning a 2-morphism in D to each 1-morphism y <= z in C in

the following manner

F(a)
Fly) <— F(x)
a p(e)
Yy<~—— — p(y)i \ \Lp( ) (B.3)
G(y) W G(z)
These data must satisfy the following conditions:
(a) For every object « in C,
plids) = id (. (B.4)
(b) For every pair (z <= y,y L x) of composable 1-morphisms in C,
F(o) F(8) F(aB)
F(z) Fy) F(x) F(z) F(x)
[ af
p(f) \ p(\f) N p(\f) = p(f) \ p(f) . (B.5)
G G G G G
()~ G) =55 @) () = Gl)
35
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(¢) For every 2-morphism

x, (B.6)

the equality

F(a) F(a)
/-/T\ //_\
F(y) F®  F(x) F(y) F(z)
\FU — p(a)
()
p(y)i lp(m) = p(y)t lp(m) (B.7)
P
G(y) " G(x) Gly) cm Gl
~_ - ~_ V¥ -
G(v) G(v)

holds.

Remark B.8. We use the prefix “oplax” because for a laz-natural transformation (cf. Def-
inition 7.5.2 in Borceux [5]), the source and targets of the 2-morphism in (B.3) are switched.
Note that Equations (B.5) and (B.7) must be appropriately modified for a lax-natural transforma-
tion. For a pseudo-natural transformation, the 2-morphisms in (B.3) are (vertically) invertible
(cf. Definition B.14). The vertical inverse of p(«) will be written as p(«). By the uniqueness of
inverses, if a pseudo-natural transformation is oplax, then its vertical inverse is lax. This fact is
used in Proposition B.31. If p(«a) is the identity for all 1-morphisms «, then p is called a natural
transformation. A

The definition of a modification does not change if one uses oplax-natural transformations
instead of pseudo-natural transformations.

Definition B.9. Let C and D be two 2-categories, F, G : C—=D be two 2-functors, and p,o : F =
G be two oplax-natural transformations. A modification m from o to p, written as m : 0 = p

and drawn as
F

D pﬂéﬂa c, (B.10)

consists of a function m : Cy —= D2 assigning a 2-morphism in D to each object x in C in the

following manner
F(z)
x }L> p(x) <L$)> o(x) . (B].l)
G(x)

This assignment must satisfy the condition that for every l-morphism y <= x,

F(a) F(a)

F(z) F(y)

e
Vo o)
/ \

G(

Y)

G(w)

36

‘l" Accepted in Compositionality on 2019-07-24. Click on the title to verify.



Volume 1 Issue 2 ISSN 2631-4444

Remark B.13. If one has a modification between lax-natural transformations, the diagram in
(B.12) is modified appropriately. This will be used in Proposition B.31. A

The composition of oplax-natural transformations and modifications are not changed as a result
of these alterations to the usual definitions.

Definition B.14. The vertical composite of oplax-natural transformations is denoted using
vertical concatenation as in

F F
/\ ﬁ\
D g_ C = D E C (B15)
H H
and is defined by the assignments
F(z)
lp(@
P
x — G(z) (B.16)

for each object x in C and

y~—2 =z — G x) (B.17)

for each morphism y <~ z in C.

Definition B.18. The vertical composite of modifications is denoted using vertical concatena-

tion as in
F P
/;\ /M%H]\
D §Héﬂi C = D G- C
H H

and is defined by the assignment

(B.19)

T — G(x) (B.20)

for each object x in C.
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Notation B.21. Let C and D be two (strict) 2-categories. Let Fun(C, D) be the 2-category whose
objects are (strict) functors from C to D, l-morphisms are oplax-natural transformations, and
2-morphisms are modifications. The compositions are defined as above (modifications have one
additional composition, which we have not defined).

Definition B.22. Let C be a (strict) 2-category. An adjunction in C consists of a pair of objects
x,y in C, a pair of morphisms

T Y (B.23)

and a pair of 2-morphisms

f g (B.24)

€

Yy<—>mY
idy

id,
r~<~—"2
n
g / :
Y
idg
f
/% /H\

satisfying
Y<~tf—r<~o—Y<~—f—z = Y id x (B.25)
\U !
id,
and
id,
/% g
r<—9—Y<~—f—x<—9—Y = X idgu Y. (B.26)
\ﬂ// 9
idy

Conditions (B.25) and (B.26) are known as the zig-zag identities. An adjunction as above is
typically written as a quadruple (f,g,n,¢) and we say f is left adjoint to g and write f - g.
However, the notation

id,
© s
x nle Yy (BQ?)
G
idy,

may occasionally be employed to more clearly indicate all of the data in the definition of an
adjunction.

The usual notion of an adjunction is one where the 2-category is that of categories, functors,
and natural transformations. One may express adjunctions in terms of a universal property in this
case.

Lemma B.28. Let C,D be categories, let F,G : C —=D be functors, and let n : id¢ = Go F
and € : F oG = idp be natural transformations so that (F,G,n,¢€) is an adjunction. Then, the
following universal properties hold.

i. For every c € C, d € D, and ¢ 2> G(d) there exists a unique F(c) I d such that

G(d) c

g
N / B9)

G(F(c))
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it. For every c € C, d € D, and F(c) I d there exists a unique ¢ % G(d) such that

d~—"1 " F(e)

ld\ H F(g) (B.30)

F(G(d))

Proof. This is an equivalent definition of an adjunction (cf. Chapter IV Section 1 in Mac Lane [19]).
Given ¢ & G(d), the morphism F'(c) ENPE given by f := €40 F(g). Conversely, given F'(c) EN d,
the morphism ¢ Z» G(d) is given by g := G(f) o ne. |

Proposition B.31. Let C and D be two (strict) 2-categories. Let

F nle G (B32)
> 0O
idg

be an adjunction in the 2-category Fun(C,D). Then

o(x)
F(z) n()Llez) G(x) (B.33)
p(z) O
idg ()

1s an adjunction in D for all objects x in C. Conwversely, let F,G : C—="D be two functors, let
p : G = F be a pseudo-natural transformation, and let o : Co —= D1 and n,e : Co —= Dy be
assignments such that (B.33) is an adjunction for all x in C. Then there exists an extension of o
to an oplaz-natural transformation for which n together with e define modifications and (B.32) is
an adjunction in Fun(C, D). Furthermore, o is unique up to a canonical isomorphism.

Remark B.34. That p be a pseudo-natural transformation and not just a lax- or oplax-natural
transformation is explicitly used in the proof. A

Proof of Proposition B.31.

(=) The forward direction was proved in the final Remark in [21].

(«<=) For the reverse direction, 0., : g, 0 F(y) = G(v) o 0, must be constructed for each morphism
y <X 2 in C. It is cumbersome to do this using globular diagrams, so we implement string diagrams
to simplify the proof (see [22] for an introduction to string diagrams). By convention, string
diagrams will be read from top to bottom and from right to left. Define o, by

&

F(z)

s

i F(y)
/

Gly) ﬂ

Gm

. (B.35)

G(z)

where p5 is the vertical inverse of p,. To verify the oplax-naturality of o, consider a composable
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pair z %l Y <~ 2 of morphisms in C. Then,

(B.36)

(B.37)

proves condition (B.7) for o and concludes the proof that o is an oplax-natural transformation. It
remains to show that € : idp = (;; and 7 : g = idg are modifications. For this, fix a 1-morphism
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y <~ x in C. Then

= |F(y) , (B.39)

Pz Oz

F(y) Pz

where the last equality follows from the fact that p is the vertical inverse of p. This proves (B.12)
for n, and therefore shows 7 is a modification. A similar proof shows e is a modification. Finally, o
is unique up to canonical isomorphism by the uniqueness of adjoints in 2-categories (cf. Lemma A .4
in [21]). |

Remark B.40. Proposition B.31 seems to be a useful fact for adjunctions in 2-categories of

functors. It offers a slightly shorter proof of Theorem 5.8. One merely has to define the functors

Stine 4 and rest 4 and define the natural transformation m 4. Then one has to show Srtel;’lte =

idocp and prove the zig-zag identities for (Stine 4, rest 4,id, m 4), the last of which were essentially
tautologies. Proving oplax-naturality of Stine and that m is a modification is not necessary thanks
to Proposition B.31. A
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