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MAPPING CONES OF POSITIVE MAPS

ERLING STORMER

Abstract

We study mapping cones of positive maps of B(H) into itself, i.e., cones which are closed under
composition with completely positive maps. As applications we obtain characterizations of linear
functionals with strong positivity properties with respect to so-called symmetric mapping cones,
with special emphasis on separable and PPT states.

Introduction

A substantial part of the theory of positive maps of operator algebras is best
understood by considering cones of maps, especially the so-called mapping
cones of positive maps of B(H) into itself. Given a mapping cone J7', maps
with strong positivity properties with respect to J7, called 7 -positive maps,
are important and have been studied in [5], [6], [7], [8], [9]. In general it
is not clear which maps are J -positive, but in [6], Thm. 3.6, we showed a
general result which implies that for a large class of mapping cones, called
symmetric in the sequel, a map of B(H) into itself is J-positive if and only
if it belongs to J7. In the present paper we shall give a more accessible proof
of this latter result via a proof which gives more insight into the theory of
mapping cones than the previous proof. Furthermore we shall show that the
dual cone of a symmetric mapping cone is itself a symmetric mapping cone. As
applications of our results we get conditions for linear functionals to be positive
on certain cones of operators defined by mapping cones. We then comment on
the connection with separable states and obtain two new equivalent conditions
for a state on B(H) ® B(H)(= B(H ® H)) to be a PPT-state.

To be more specific let H be a Hilbert space, which we for simplicity assume
is finite dimensional. For the general case see [6]. Let P(H) denote the set
of positive linear maps of B(H) into itself. By a mapping cone 7 we mean
a closed, norm closed when H is finite dimensional, subcone of P(H) such
thatif ¢ € J7, and « and 8 € C P(H), the completely positive maps of B(H)
into itself, thenw o ¢ € ¥ and p o € JF'. We say J is symmetric if ¢* € F
and ¢’ = to¢ ot € # whenever ¢ € J/, where ¢* is the adjoint map of
¢ in the Hilbert-Schmidt structure on B(H), i.e., Tr(¢ (a)b) = Tr(agp™* (b))
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for a,b € B(H), and ¢ is the transpose map on B(H) with respect to an
orthonormal base, and Tr is the usual trace on B(H). For a mapping cone 7
we shall use the notation J™* (resp. ") for the cones consisting of ¢* (resp.
¢") with ¢ € J7, and we define the dual cone J7° of J¢ to be the cone

H°={peP(H):Tr(CyCy) >0V a e i},

where Cy and C, are the Choi matrices of ¢ and « respectively, see below.
If A is an operator system, i.e., a closed self-adjoint linear subspace of B(L)
for a Hilbert space L, we denote by

PAH)={xc A®QBH): 1®a(x) >0Yac X}

Here ¢ denotes the identity map on A. We say a map ¢: A — B(H) is ¥ -
positive if the linear functional ¢ on A ® B(H) defined by

¢(a ® b) = Tr(¢p(a)b")

is positiveon P(A, ). By [6], Lemma 2.1, ¢ is positive iff ¢ is positive on the
cone AT ® B(H)* generated by tensors a ® b witha € A", b € B(H)™", and
by [6], Thm. 3.2, ¢ is completely positive iff ¢ is a positive linear functional
onAQ® B(H).

If the Hilbert space L satisfies dim L < dim H, then we can consider B(L)
as imbedded in B(H) and thus, in order to study positive linear maps of A into
B(H), we can, and do, consider A as a subset of B(H). We can now state our
main results.

THEOREM 1. Let H be a finite dimensional Hilbert space and J¢” a symmetric
mapping cone on B(H). Then its dual cone J¢° is also a symmetric mapping
cone.

THEOREM 2. Let H be a finite dimensional Hilbert space and A C B(H)
an operator system. Let % be a symmetric mapping cone on B(H), and let
¢: A — B(H) be a positive map. Then ¢ is F -positive if and only if ¢ is the
restriction to A of a map in .

Note that by [6], Thm. 3.1, if ¢ is J/-positive then ¢ has a J-positive
extension ¥: B(H) — B(H). Since the restriction to A of a J¢-positive map
v:B(H) — B(H) is J-positive, it suffices to prove Theorem 2 for A =
B(H). We shall therefore for the rest of the paper assume A = B(H) with H
finite dimensional.
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1. Proof of the theorems

If (e;;) is a complete set of matrix units in B(H) then the Choi matrix for a
map ¢ is the operator

Cy=) eij®p(e;j) € B(H® H).
ij

By [7], Lemma 5, Cy is the density operator for q~5 and by [9], Lemma 4,
Cy = C;. Furthermore, by [1] ¢ is completely positive iff C4 > 0, which

holds iff C é) > 0. Thus ¢ > 0 iff ¢ is completely positive, a result stated under
more general situations in the introduction.

LEMMA 3. Letdim H = n and ey, ..., e, be an orthonormal basis for H.
Let J be the conjugation on H ® H defined by

Jze; Qe =ze; Q@ e;
withz € C. Let ¢ € P(H). Then Cyp = JCyJ.

ProOF. Let V. = (v;;)ij<n € B(H), and let ¢;; denote the matrix units
corresponding to ey, ..., e,. Then a straightforward computation yields

AdV(ew) = VeV = (Urivij)ij-
Since V* = (v;;) it follows that

Ad V*(ey) = Ve V* = (vikvj1)ij-
From the definition of J it thus follows that

JCAdv.I(Zep X eq)

= J(Z er ® Vg Uzjeij>(Z€q ®ep) = Z Vkivjeijep @ zeney

ijki ijki

= <Z VikVjien ® eij)(zep ®ey) = Caav+(ze, ® €4),

ijkl

where we at the third equality sign exchanged (i, j) with (k, [). Since the vec-
tors e, ® e, form a basis for H® H, JCagvJ = Caqvy=. Now, if ¢ is a positive
map, then Cy is a self-adjoint operator, hence the difference between two pos-
itive operators, which both are the Choi matrices for completely positive maps.
Using the Kraus decompositions for these completely positive maps, we see
that ¢ is a real linear sum of maps Ad V. Now the adjoint map of Ad V is
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Ad V*, as is easiy verified. Applying this to each summand Ad V, we thus get
JCyJ = Cy-, completing the proof of the lemma.

PrOOF OF THEOREM 1. We first show % ° = (J/°)'. As remarked in the
introduction Cy = Cé). Thus if ¢ € J/°, o € J/, then

0 < Tr(CyCy) = Tr(Cyi Cy) = Tr(C!y, Cy) = Tr(Cyr CL) = Tr(Cyr Cor).

Since J7 is symmetric, /' = J". Thus Tr(Cy Cy) > 0 for all @ € J7, hence
@' € J/°. The converse follows by symmetry of the argument.

In order to show J#° = (J#°)* note that the map y(x) = Jx*J is an
antiautomorphism of B(H ® H), hence is trace invariant. In particular, if
x € B(H® H), then

Tr(JxJ) = Tr(y (x*)) = Tr(x™).
Thus by Lemma 3 if ¢ € J7°, a € J, then
Tr(Cp+Co) = Tr(JCyJCy) = Tr(JCyJCoJ J) = Tr((CyCo+)"),

which is the complex conjugate of the positive number Tr(CyCy+), as a* € JF,
so is itself positive. Thus ¢* € J°, completing the proof.

We now embark on the proof of Theorem 2. For this we need to consider
the cone J/* for % a mapping cone on B(H). Following [9] we denote by C*
the closed cone generated by all cones

(@ a*(B(H® H)"), aci.
We denote by J* the closed cone
HE={BePH): 1QBx)>0VxeC”).

Then J7* is a mapping cone characterized by the property that a map ¢ belongs
to Xt iff p oa* € CP(H) for all @ € I, see [9], Lem. 7. Furthermore, if
H is symmetric then C* = P(B(H; %*). We denote by 2y the cone of
J{ -positive maps in P (H). We are now ready to prove Theorem 2. We divide
the proof into some lemmas.

LEMMA 4. Let 7 be a symmetric mapping cone on B(H). Then we have
1) K C Py.

(i) H* = (I

(iil) If H* = (H*)* then H* = Pyps.
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PrROOF. Let w: B(H) ® B(H) — B(H) by w(a ® b) = b'a. Then by [9],
Lemma 10, Tr o 7 is positive, and

d=Tromo(L®¢").

Since J7 is symmetric, if ¢ € J7, then ¢* € J, so that ¢~5 is positive on
P(B(H), %), i.e., ¢ is J/-positive, proving (i).
Ad (i1). We first note that if o, 8 € B(B(H), B(H)) then

(@oB) =a' o p.
Indeed, if x € B(H), then

(@oB)'(x) = ((@oB)(x) = a(B(x") = (B(x")) =a'(B'(x)),

proving the assertion.

To show (ii) let ¢ € P(H). By the characterization of % mentioned before
the statement of the lemma, ¢ € X" iff p o a* € CP(H) for all « € J iff
¢poa € CP(H) for all « € J/, since ¥ = J/*. Since amap B8 € P(H)
belongs to CP(H) iff B € CP(H), it follows from the above assertion that
peHtiff¢p' oa' = (poa) e CP(H) foralla € ¥, and since ¥ = K",
iff ' o B € CP(H) forall B € i, i.e., iff ¢' € H*, completing the proof of
(ii).

Ad (iii). Assume further that %% = (%*)*. By (ii) #* = (¥*)!, so X" is
a symmetric mapping cone. Therefore by (i) applied to %%, #* C Py:. By
[9], Thm. 12, Py = P5,. Let ¢ € P5,. By [9].,Thm. 1, « 0o ¢ € CP(H) for
alla € #" = 9. Hence ¢* oo™ = (¢ 0 ¢p)* € CP(H) for all « € /. Thus
¢* € H* = (H*")*, sothat ¢ € % Thus Py = P, C ¥, completing the
proof of the lemma.

It should be remarked that the proof of [9], Thm. 1, (i) < (ii) makes use of
[6], Thm. 3.6. But that is unnecessary in our setting as seen from the proof of
Lemma 7 below.

The proof of the next lemma does not use finite dimensionality of the domain
algebra, so we state it for general C*-algebras. We denote by Py (M) the set
of J/-positive maps of a C*-algebra M into B(H).

LEMMA 5. Let M be a C*-algebra and i C ¥ be mapping cones on B(H)
with H finite dimensional, such that Py (M) = Py (M). Then P(M, ') =
P(M,%).

PrOOF. From the definition of P(M, J) it is clear that % C &£ implies
P(M,%) D> P(M,Z).1f ¢: B(H) — B(H), and ¢ is positive on P (M, L),
then ¢ € Py (M) = Py (M), so ¢ is positive on P (M, J'). Since the identity
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operator 1 is an interior point of P(M, %), see [6], Lemma 2.9, the Hahn-
Banach Theorem for cones implies that P(M, %) = P(M, £), proving the
lemma.
LEMMA 6. Let i’ be a symmetric mapping cone. Then
() H C (K.
(i) P(B(H), %)= P(B(H), (J*)".

ProoF. We have
H*={BePH):Boa* e CP(H)Va € X).

Let ¢ € . Then B o ¢* € CP(H) forall B € H*, hence ¢ o B* = (B o
¢*)* € CP(H) for all B € *. Thus by the above formula for % applied to
(HHE, ¢ € (HF)*, proving (i).

(ii) follows from from Lemma 5, since by [9], Thm. 12 Py = (Py:)° =
P(orsy:, using that by Lemma 4 %% = (J*)". The proof is complete.

LEMMA 7. Let % and £ be mapping cones on B(H) such that ' C &
and Py = Py. Then i = £L.

ProofF. By Lemma 5 P(B(H), %) = P(B(H),%). Each operator in
P(B(H), J) is of the form C, with ¢: B(H) — B(H). By definition of
P(B(H), J') we then have, since J/* is a mapping cone,

Cy € P(B(H), )
S 1Qa(Cy) >0Va e
& Tr(t®a)(Cy)Cy) >0Va e,y € CP(H)
& Tr(CyCyroy) = Tr(Cy(t ® @*)(Cy)) =0V € #, ¢y € CP(H)
& Tr(CyCp) >0V B e K™
& ¢ e (HH°.
Since P(B(H), %) = P(B(H), %), and the same equivalence as the one
above holds for £, we have (J7*)° = (£*)°. Thus #™* = (J*)°° = (L*)*° =

Z*. Butthe map ¢ — ¢* is a bijection of J7 onto J/™*, so # = £, completing
the proof.

LEMMA 8. Let % be a symmetric mapping cone on B(H). Then # = (J*)".
Proor. This is immediate from Lemmas 6 and 7

COMPLETION OF THE PROOF OF THEOREM 2. As remarked after the state-
ment of Theorem 2 it suffices to prove it for A = B(H). By Lemma 8, since
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J¢ is symmetric, so that (J¥)* is symmetric, by using Lemma 4, [9], Thm. 1,
and Thm. 12 in that order, we have

H = (H**
={8eP(H): B oa*c CP(H)YVaeciX*
={BePH):aofpecCPH)Yaeck* ="
= (Py:)°
= Py.

The proof is complete.

It thus follows from Theorem 1 that 2y and %5, are symmetric mapping
cones when J is. The next corollary shows the same for .

COROLLARY 9. Let ¥ be a symmetric mapping cone on B(H). Then /% =
/A
ProoF. By [9], Lemma 7 and Thm. 1, and then Theorem 1 we get

H*={BePH):Boa*c CP(H)Va e}
={BePH):a0pf e CP(H)Ya e X}
={f*eP(H):aofecCP(H)YacX)
={p" e P(H): B € (Px)°}
={B* e P(H):B e N
= (H°)"
=,

The proof is complete.

2. Linear functionals

In this section we apply the theorems to linear functionals. The first result is
closely related to [9], Theorem 1, applied to the dual cone J° of J. Then
we consider applications to separable and PPT-states on B(H) ® B(H)(=
B(H ® H)).

THEOREM 10. Let " be a symmetric mapping cone on B(H), and let p be
a linear functional on B(H ® H) with density operator h. Then the following
conditions are equivalent.

Q) p=¢withe € H°.
(i) p(Cy) = Oforalla € 1.
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(iil) t @ a(h) > 0 foralla € J.
(iv) po(t®a) > 0foralla € K.
(v) p is positive on the cone {x € B(HQ H) : tQ a(x) >0V a € J°}.

PrOOF. By [6], Lemma 2.1 p = ¢ with ¢: B(H) — B(H). By [7],
Lemma 5, and [9], Lemma 4, we have i = Cy = Cé). Let « € J7, then

we have
p(Co) = Tr(hCy) = Tr(CyC,).

Since # = J' it follows that (ii) holds iff ¢ € J°, and by Theorem 2 iff
¢ € @5/. An application of [9], Thm. 1, now shows the equivalence of (i) with
(iii) and (iv). To show the equivalence of (iv) and (v) note that (iv) holds iff p
is positive on the cone generated by t @ «(B(H @ H)") forall« € 3, i.e., p
is positive on C” . But by [9], Lemma 11,

C”" =P(BH),¥)={xeBH®H) :1Qakx)>0Yaeci.

Thus an application of Corollary 9 completes the proof.

REMARK 11. By [9], Thm. 1(iv), it follows that the dual cone of a mapping
cone is itself a mapping cone. In particular this holds for P(H) and the cone
S(H) of superpositive, also called entanglement breaking maps, generated by
maps ¢ (x) = w(x)a, where w is a state on B(H) and a € B(H)*. By [6],
Lemma 2.4, S(H) is the minmal and P (H) the maximal mapping cones on
B(H), hence S(H) = P(H)°. We have by [3], or by [7], Thm. 2, that a state
p = ¢ is separable iff ¢ € S(H) = P(H)°. Thus by Theorem 10 applied to
K = P(H) we see that a state p on B(H ® H) is separable iff it is positive on
the cone C consisting of x € B(H ® H) such thatt ® w(x) > 0 for all states w
on B(H). This result is true for states on A ® B(H) with A an operator system,
see [8], Prop. 1, and has recently been extended to operator spaces in [4]. Note
thatx = ) a; ® b; € B(H ® H) belongs to the cone C above iff n(x) > 0
for all separable states n of B(H ® H). Indeed, letting w and n denote states
on B(H) we have

xeCe0zi®0(Y aeb)=) aob)®1Vo
&> awb)=0Vo
& > n@ot) =Y ao®)) =0V

SnNRwkx) >0V, w
S t(x)=>0

for all separable states T on B(H ® H).
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The reader should also notice that condition (iii) in Theorem 10 corresponds
to the Horodecki Theorem [2] for separable states.

If A is an operator system a state p on A ® B(H) is called a PPT-state
if p o (1t ® 1) is also a state. Here PPT is an abreviation for “positive partial
transpose”. Let & denote the symmetric mapping cone consisting of maps ¢
in P(H) which are both completely positive and copositive, where the latter
means that ¢ o ¢ is completely positive. It is known [7], Prop. 4, that p is PPT iff
p= q; with¢ € #, andif A = B(L) for some Hilbert space L, by [7], Thm. 8,
iff t ® t(h) > 0, where £ is the density operator for p. Using Theorem 2 we
can add two more equivalent conditions for a state on B(H) ® B(H) to be
PPT.

THEOREM 12. Let H be a finite dimensional Hilbert space and p a linear
functional on B(H) ® B(H). Then the following conditions are equivalent.

(i) p is a PPT-state.
(i1) p is positiveonthe set E ={x € B(H® H) : x > 0ort ®t(x) > 0}.
(iii) p is positive on the cone {x € B(HQ H) : tQ a(x) > 0V o € #}.

PrOOF. As mentioned before p = ¢7> with ¢: B(H) — B(H), and p is a
PPT-state iff ¢ € &, which by [9], Lemma 14, holds iff p > 0 on E. Thus
(i) < (i1). Condition (iii) means that ¢ is P-positive, which by Theorem 2
means that ¢ € &, which again is equivalent to p being a PPT-state. This
proves (i) < (iii). The proof is complete.

A variation of condition (ii) in Theorem 12 i~s [8], Cor. 19, where it is shown
that ¢ is decomposable, or equivalently p = ¢ is PPT, iff p is positive on the
cone {x € B(H® H)" : 1 ®t(x) > 0}.
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