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I. Introduction

Probabilistic theories with puri cation
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We investigate general probabilistic theories in which every mixed state has a puri cation, unique
up to reversible channels on the purifying system. We show that the puri cation principle is equiva-
lent to the existence of a reversible realization of every physical process, namely that every physical
process can be regarded as arising from a reversible interation of the system with an environment,
which is eventually discarded. From the puri cation princi ple we also construct an isomorphism
between transformations and bipartite states that possesses all structural properties of the Choi-
Jamiolkowski isomorphism in quantum mechanics. Such an isomorphism allows one to prove most
of the basic features of quantum mechanics, like e.g. existece of pure bipartite states giving perfect
correlations in independent experiments, no information w ithout disturbance, no joint discrimination
of all pure states, no cloning, teleportation, no programmi ng, no bit commitment, complementarity
between correctable channels and deletion channels, charaterization of entanglement-breaking chan-
nels as measure-and-prepare channels, and others, withoutesorting to the mathematical framework
of Hilbert spaces.
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I. INTRODUCTION

In the last two decades the eld of quantum informa-
tion theory has brought to light an enormous amount
of protocols and tasks that originate from the structure
of quantum mechanics and have dramatic consequences
in the way information can be processed. Non-locality,
no-cloning, teleportation, dense coding, quantum key dis-
tribution, quantum algorithms, and quantum error cor-
rection are only the most celebrated examples of a much
longer list. An important lesson from this experience is
that the abstract formalism of quantum mechanics has a
huge number of operational consequences.

At the same time, the question whether quantum me-
chanics is the only conceivable theory with such oper-
ational consequences has attracted the attention of an
increasing number of researchers. In a seminal papeﬁ[l],
Popescu and Rohrlich showed that non-locality is not an
exclusive feature of quantum mechanics, and that there
are in fact possible theories that exhibit stronger non-
locality than quantum mechanics without violating rel-
ativistic no-signaling. An intense work on non-locality
in general non-signaling theories has followed this obser-
vation, opening a very active line of research (see e.g.
e, 13, H 1). On the other hand, the authors of Refs.
[B, [{] have analyzed tasks like cloning and broadcast-
ing of states, showing that the impossibility of achieving
them is a highly generic property, while Ref. [{3] thor-
oughly discussed theories with a local discriminability
property that share other features of quantum mechan-
ics, like the non-unique convex decomposition of a mixed
state or the non-existence of ideal non-disturbing mea-
surements. Entanglement swapping and teleportation
protocols have been considered in Reff][§,]10], where the
authors noticed the remarkable fact that the no-signaling
boxes of Popescu and Rohrlich do not allow for entan-
glement swapping, nor for teleportation. Very recently,
the authors of Ref. ] have introduced the new physical
principle of information causality, showing that while the
principle holds for quantum mechanics, it is violated by
Popescu-Rohrlich boxes.

Despite the numerous advancements in the under-
standing of general probabilistic theories, the fundamen-
tal problem of deriving quantum mechanics from basic
physical principles is still completely open. In particular,
no physical principle is known that can single out quan-
tum mechanics in the physically motivated set of causal
theories with local discriminability. With this expression
we mean probabilistic theories wherei) the probability
of outcomes of an experiment performed at a given time
does not depend on the choice of experiments that will be
performed at later times, and ii) if two bipartite states
are di erent, then one can discriminate between them us-
ing only local devices, still achieving an error probability
that is smaller than the value that would be obtained
with a random guess. In the case of classical physics,
nding a description is relatively simple: among theories
in the above family, classical probability is the only one
where all pure states are perfectly distinguishable. On
the contrary, every current description of quantum me-
chanics is a description of its mathematical apparatus:
e.g. one can say that quantum mechanics is the theory
where pure states are unit vectors in complex Hilbert
spaces and probabilities are given by the Born rule, or,
equivalently, that it is the theory where observables form
a C*-algebra of complex matrices.

In the past there have been many attempts to nd
a more basic description of quantum mechanics, in par-
ticular by discussing it from the point of view of logic
[L3,[13,[14[1F] (see also Ref| [[L6] and references therein).
More recently, Hardy [@] has approached the problem
from a di erent perspective, providing a characterization
of quantum mechanics based on a principle of mathemat-
ical simplicity in the interplay among dimension of the
state space, structure of subsystems and subspaces, num-
ber of distinguishable states, and topology of the set of
pure states. On the other hand, in recent years one of
the authors has tackled the problem using physical prin-
ciples related to tomography and calibration of physical
devices, experimental complexity, and to the composition
of elementary (atomic) transformations (see Ref. @8]
for the state of the art of this project). In particular,
Ref. ] rstly introduced the concept of dynamically
and preparationally faithful state, which will play an im-
portant role in this paper.

In this paper we introduce the puri cation principle
\Every mixed state has a puri cation, unique up to re-
versible channels on the purifying system”. The main
message of our work is simple: most of the characteris-
tic features of quantum mechanics can be summarized in
the physical statement \quantum mechanics is a causal
theory with puri cation and local discriminability”. In
particular, from the puri cation principle we derive the
following features: no information without disturbance,
no joint discriminability and no cloning of pure states,
existence of pure entangled states with perfect correla-
tions, probabilistic teleportation, one-to-one correspm-
dence between transformations and bipartite states, dila-
tion of physical processes to reversible interactions with



an environment, necessary and su cient conditions for
error correction in terms of the reversible dilation, no
bit commitment, no programming of reversible chan-
nels without perfectly distinguishable program states,
and identi cation of causal channels with sequences of
channels with memory, and characterization of entan-
glement breaking channels as measure-and-prepare chan-
nels. Moreover, we also discuss a stronger version of the
puri cation principle: \For every system A there exists

a conjugate systemA such that every state of A has a
puri cation in A A. The conjugate of A is A (symme-
try), and the conjugate of a composite system AB is the
composite systemAB (regularity under composition)".
With this further property one can prove deterministic
teleportation and show that its structure is unique, that

is, the resource state for deterministic teleportation mug
be a puri cation of the unique maximally chaotic state,
namely of the unique state that is invariant under all
reversible channels.

As we will show, the puri cation principle is equivalent
to the fact that every irreversible process arises from a
reversible interaction with an environment that is eventu-
ally lost. This can be viewed as a law of \conservation of
information”: information cannot be erased, it can only
be discarded. Moreover, we will see that the puri ca-
tion principle has other remarkable consequences: From
the structural point of view, a theory with puri cation is
completely identi ed by the states of all possible systems
in it. Once that states are given, all possible measure-
ments and evolutions are xed. Even more strongly, the
puri cation postulate implies the completeness property
\whatever transformation is mathematically admissible
(in a sense that will be made precise later) must be fea-
sible". Conversely, we can explicitly say that whatever
limitation to the feasibility of a mathematically admissi-
ble map results in a limitation to the puri ability of some
state. The analogue of this property in quantum infor-
mation is that every trace-preserving completely positive
map must be feasible.

It is important to stress that we are not claiming that
we derived quantum mechanics. What we can say is that
we \zipped" a large part of it, by reducing a long list of
features to a single physical principle. In the process of
doing this, we found proofs that are often simpler (or at
least more intuitive) than the original quantum proofs.
In order to minimize the notational burden due to the
lack of a commonly established formalism, in presenting
these proofs we opted for a graphical notation, which is
equivalent to formulae and replaces them in most of the
paper. Since this notation is exactly the same notation
used in quantum circuits, a reader with a background in
guantum information can easily read the general equa-
tions without spending too much time in the introduc-
tory part of the paper. On the other hand, an extended
discussion on graphical calculus can be found in the work
by Penrose ] and in the rigorous formalization by Joyal
and Street within the theory of symmetric monoidal cat-
egories Ell] (we also suggest the beautiful introductions
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in the topic by Selinger [22] and Coecke[[33]). We anyway
stress that in the present paper the choice of graphical
notation is just the choice of a more user-friendly way
of presenting formulae, and that no prerequisite on e.g.
category theory is needed from the reader.

Il.  OPERATIONAL-PROBABILISTIC
THEORIES

In this Section we introduce some basic notions that
will be used in the paper. In particular, we introduce
the notion of operational-probabilistic theory as a theory
that i) describes a set of possible experiments that can be
done with physical devices andi) gives predictions about
the probabilities of the outcomes in these experiments.

A. Systems and tests

Systemsand tests are the primitive notions of an oper-
ational theory. Each test represents one use of ghysical
device like a Stern-Gerlach magnet, a beamsplitter, or
a photon counter. Systems play the role of labels at-
tached to physical devices: any device has an input and
an output port labeled by an output and aninput system,
respectively. These labels establish a rule for connecting
physical devices among themselves: two devices can be
connected in a sequence only if the output of the rst
device is a system of the same type of the input of the
second.

All throughout the paper we will denote systems with
capital letters, like A;B;C; and so on. We reserve the
letter | for the trivial system, which simply means \noth-
ing". A device with input (output) system | is a device
with no input (no output).

Let us now make more precise the notion of test. We
already mentioned that a test represents one use of a
physical device. When the physical device is used, it
produces anoutcomei in some set X, e.g. the outcome
could be a sequence of digits appearing on a display, a
light, or a sound emitted by the device. The outcome
produced by the device heralds the fact that someevent
has occurred. These intuitive features concur in the def-
inition of test:

De nition 1 (Test) A test with input system A and
output systemB is a collection of eventsf Cigi» x labeled
by outcomes in some outcome seX. Diagrammatically,
the testf Cigiox is represented as follows

 [TCgon -2 W
while the speci ¢ eventC; is represented by
i @)

We denote by T(A;B) the set of all events appearing in
all tests from A to B. When B A we will write T(A).



Tests with trivial input will be called preparation-tests,
and the corresponding events will be calledpreparation-
events In quantum information, a preparation-test is
what is called a \random source of quantum states". In
analogy we will adopt for preparation-events the usual
notation as for states in quantum circuits:

[c LB

&1 B = I
] ) [l

3)

In formulae, we will often use the \Dirac-like" notation
j i)s to denote a preparation event of system B. We will
denote by S (A) the set of preparation-events for system
A, namely S(A) := T(I;A).

Similarly, we will call tests with trivial out-
put observation-tests and the corresponding events
observation-events For the latter we use the usual nota-
tion for measurements in quantum circuits:

In formulae, we will often denote observation-events with
the notation (& j,. We will denote by E(A) the set of
observation-events for system A, namelE(A) .= T(A;1).

For tests from the trivial system to itself we will omit
the box and the wires, as follows:

|| (5)

In Subsect. [ITH we will interpret events from the trivial
system to itself asprobabilities.

Another important case of tests is that of single-
outcome tests, in which the outcome space X consists
of a single element: X =fipgg. Whenever a device repre-
sented by a single-outcome test is used, the experimenter
is sure that only one event can take place. This motivates
the following de nition:

(4)

Pk =

De nition 2 (Deterministic tests) A test is deter-
ministic if its outcome set has a single element, namely
Xj=1.

B. Sequential composition of tests

Physical devices can be used in sequences, as long as

the output of each device coincides with the input of the

next one. When two tests are composed in a sequence

we obtain a new test, as in the following

De nition 3 (Sequential composition of tests) If
fCigiox is a test from A to B and fDjgjoy is a test
from B to C, then their sequential composition is test
from A to C, with outcomes(i;j) 2 X Y, and events
fD; Ciggj)2x vy. Diagrammatically, the eventsD; C;

are represented as follows
A D] Ci '7(:

A [clBe p Lc. =

G0 = ©

4

We will say that test fD;g \follows" test fCig, or,
equivalently, f Cig\precedes"f D; g. For the moment, the
order of composition is not necessarily temporal. The in-
terpretation of sequential composition as a sequence of
time-steps will be given in Subsect.ml within the frame-
work of causal theories.

The sequential composition of tests brings immediately
to the notion of identity test.

De nition 4 (ldentity test) The identity test for sys-
tem A is a test with a single event 5 such that for every
systemB

Al A cfe-= 4]c | 8Ci 2 T(A;B)
8 Dy a{| }A-= B ]D }A 8D; 2 T(B;A)
)

Performing the identity test on a system just means \do-
ing nothing" on it. We can think of the outcome of the
identity test as a blank character, which provides no in-
formation.

In some protocols, such as teleportation, one wants to
emphasize that one is dealing with two di erent systems
\of the same type". For examples, in quantum mechan-
ics one can have two electrons in di erent (spatially sep-
arated) regions. Distinguishing two systems of the same
type is essentially a matter of bookkeeping. Moreover,
we can have di erent physical systems that are \opera-
tionally equivalent”, e. g. the polarization of a single pho-
ton and the spin of an electron in quantum mechanics are
both represented by aqubit, and can be (at least in princi-
ple) converted one in another in a reversible fashion. For
this reason we introduce a formal notion of equivalence
between systems, based on their mutual convertibility:

De nition 5 (Operationally equivalent systems)

Two systemsA and A° are operationally equivalent]
denoted asA®' A] if there exist a deterministic test
fl a:a0g from A to A° and a deterministic testfl aoag
from A%to A, respectively, such that

A [ A° | A = _AT[ A
[ [ [
8

A°|A|A° A°|A°

Accordingly, if fCjgj2x is a test for system A, performing
the \same test" on system A° means performing the test
fC%i2x de ned by

A° 1A

AOEA,?A

AL
=

9)
Clearly, the above notion of \same test on a dier-
ent system" depends on the choice of the privileged test
fl a-a00 used to set up the operational equivalence be-

tween A and A°,



C. Composite systems and parallel composition of
tests

Given two systems A and B, one can consider them
together, thus forming the correspondingcomposite sys-
tem, here denoted by AB. A test with input (output)
system AB (CD), represents one use of a physical device
with two input (output) ports, labeled by A and B (C
and D), respectively.

De nition 6 (Composite system) If A;B are sys-
tems, the corresponding composite system i8B. Com-
position of systems enjoys the properties) A = IA = Al
i) AB ' BA, and iii) A(BC) = (AB)C := ABC

Diagrammatically, an event from AB to CD is repre-
sented as a box with multiple wires:

A C
.— _AB CD
-
D

The property i) in Def. E expresses the fact that system
A together with \nothing" is still system A, while prop-
erties ii) and iii) express the fact that the speci cation
of a composite system depends only on the list of com-
ponent systems, and not on how the elements of the list
are ordered (up to operational equivalence, implemented
by a deterministic test that permutes the component sys-
tems), nor on how they are grouped.

In general, we will represent theN -partite composite
system A ::: Ay with N wires, as follows:

& (20)

B

%Z = AlAZZZZAN (11)
Ak

In the case of trivial systems, we will often omit the wire.
In the sequential composition of two boxes with multiple
wires we will always match the output wires of the rst
box with the input wires of the second.

Physical devices can be run in parallel on di erent sys-
tems, thus performing a test on the composite system, as
in the following

De nition 7 (Parallel compaosition of tests) If

fCigiax is a test from A to B and fD;g2y is a test
from C to D, then their parallel composition is the test
from AC to BD, with outcomes (i;j) 2 X Y, and

eventsfC;  Djgij)2x v. Diagrammatically the events
Ci D; are represented as follows
A G B A B
= G Dj (12)

D

“fofe-
If Gi;Dj;E;F are events fromA to B, B to C, D

to E, and E to F, respectively, their parallel composition
enjoys the property

A D, C|< A @ B ID; |- .
= 13
D I[F, E LE D @ E[F, |E

5

Note that property ({3} implies that tests on di er-
ent systems commute, that is, for every couple of events
(O Dj

A [cl8B A [c B B
[~ ] : [~ ] L
c [p: LD c [ c [p LD
j j (14)
ALY A [c LB
_ [ [
c [p Lo [j Lo
J |

From now on, in diagrams like the above we will typically
omit the box with identity test, leaving just a wire for
the corresponding system. Also in formulae we will often
omit the identity, e.g. for C 2 T(A;B) and 2 S(AC)
we will often write Cj )ag inplace of C 1| ¢)j Jac.

Note that the di erence between parallel and sequen-
tial composition of two tests is already encoded in their
input and output spaces: if the input of a test is the out-
put of the other the composition is sequential, if all spaces
are distinct the composition is parallel. For this reason,
when the kind of composition is evident we will omit the
symbols and . For example, if is a preparation-event
for Aand C is an event from A to B we will write C| )a
in place of C j )a, whereas if and are preparation-
events for A and B, respectively, we will write j )aj )s
in place ofj )a | )s.

D. Operational theories

We are now in position to make more precise the mean-
ing of the notion "operational theory":

De nition 8 (Operational theory) An  operational
theory is specied by a collection of systems, closed
under composition, and by a collection of tests, closed
under parallel and sequential composition.

In an operational theory one can draw circuits that i)
represent the connections of physical devices in an exper-
iment, like e.g. the circuit

(15)

andii) can also represent which speci ¢ set of events took
place in the experiment, like e.g. the circuit

&2 G fe{an® (16)
In particular, the latter circuit represents the

preparation-event ; followed by the event C; from
system A to system B, which is in turn followed by the
observation-eventay, on system B. The whole sequence
can be seen as single everly; = (axjg Cjj i)a from
the trivial system to itself.



E. Relation with category theory

In the previous Subsections we presented in an infor-
mal way the basic notions pertaining the use of physi-
cal devices in sequences and in parallel. More formally,
these notions can be summarized with the language of
category theory ], which provides the suitable mathe-
matical framework capturing the fundamental structure
presented so far. In this language, an operational theory
is a category, where systems and events are respectively
objects and arrows. Every arrow has an input and an
output object, and arrows can be sequentially composed.
A test is then a collection of arrows labeled by outcomes.

The fact that in an operational theory we have a par-
allel composition of systems, and that such a composi-
tion is symmetric (i.e. AB ' BA) is expressed in tech-
nical words by saying that we have a strict symmet-
ric monoidal category @]. In the next Subsection we
will specify more requirements on this category, impos-
ing that the scalars (arrows from the trivial system to
itself) are probabilities.

F. Probabilistic interpretation

The diagrams in an operational theory allow one to
give instructions for building up experiments or for
graphically representing which particular outcomes took
place. However, in a physical theory one wants to give
probabilistic predictions about the occurrence of possit#
outcomes. To have this, there must be a rule assigning
a probability to every event from the trivial system to
itself [E]. More directly, we can say that in a probabilis-
tic theory the events from the trivial system to itself are
probabilities, as in the following

De nition 9 (Operational-probabilistic theory)

An operational theory is probabilistic if for every test
fpigiox from |§he trivial system | to itself one has
pi 2 [0;1]and  ;,4 pi =1, and the composition of two
events from the trivial system to itself is given by the
product of probabilities: pp ¢ =p ¢ = pigG.

For short, we will refer to operational-probabilistic the-
ories simply as to probabilistic theories.

In a probabilistic theory, a preparation-event ; for
system A de nes a function % sending observation-events
of A to probabilities:

NTEA) Y [0IE ()7 () ) 17)

Likewise, an observation-eventa; de nes a function &
from preparation-events to probabilities

& :SA)! [01 JO)T (&) i)

From a probabilistic point of view, two observation-
events (preparation-events) corresponding to the same
function are indistinguishable. This leads to the notions
of states and e ects (see[[15] 26]):

(18)

De nition 10 (States and e ects) Equivalence
classes of indistinguishable preparation-events are
called states Equivalence classes of indistinguishable
observation-events are calleck ects.

From now on we will identify preparation-events
with states and observation-events with e ects, with-
out keeping the distinction between an event ; (a;)
and the corresponding function 4 (4;). Accordingly,

a preparation(observation)-test will be a collection of
states (e ects), and the setsS (A) ; E(A) will be the set of
states and and the set of e ects of system A, respectively.

Notice that according to the de nition of states and
e ects as equivalence classes, states are separating for
e ects and e ects are separating for states, that is,

8a 2 E(A)
8 2S(A):
(19)

(@ 0)a =(a 1)a
(a0 )a =(aj )a

Joa=]j1al
(anA = (ale 0

Since states (e ects) are functions from e ects (states) to
probabilities, one can take linear combinations of them.
This de nes the real vector spacesS r(A) and Er(A), one
dual of the other. In this paper we will always restrict our
attention to the case of nite dimensional state spaces.
In this case, by construction one has

dim(Sr(A)) = dim( Er(A)): (20)
Notice that a spanning set for Sr(A) is a separating set
for Er(A), while a spanning set for ER(A) is a separating
set for Sg(A).

Moreover, linear combinations with positive coe -
cients de ne two convex conesS . (A) and E. (A). Since
the pairing between states and e ects yields positive
numbers, one has the inclusions

E. (A)
S, (A)

S+ (A

21
E.(A) ; (1)
whereS. (A) andE, (A) are the dual cones ofS. (A)
and E. (A), respectively.

We conclude this Subsection by noting that every event
Cx from A to B induces a linear map ¢ from Sgr(A) to
Sk(B), uniquely de ned by [£7}

G:1j)2S(A) 7! Cj )a 2 S(B): (22)

Likewise, for every system C the evenC; | ¢ induces
a linear map from SR(AC) to Sr(BC). From a statis-
tical point of view, if two events C; and CiO induce the
same maps for every possible system C, then they are
indistinguishable.

De nition 11 (Transformations) Equivalence
classes of indistinguishable events fromA to B are
called transformations from A to B.

Again, we will assume that the equivalence classes have
been already done since the start, and, consequently,



we will identify events with transformations, without in-

troducing new notation. Accordingly, a test will be a
collection of transformations. Note however, that two
transformations C;D 2 T(A;B) can be dierent even if
Cj)a = Dj)a forevery 2 S(A): indeed to make
C dierent from D it is enough that there exists an
ancillary system C and a joint state j )ac such that
(C 1¢)j)ac (D 1¢)j )ac. We will come back on
ﬁs point when discussing local discriminability in Sect.

The following de nitions will be used in the following

De nition 12 (Channel) A deterministic transforma-
tion C 2 T(A;B) is called channel

De nition 13 (Reversible channel) A channelU 2
T(A;B) is called reversible if there is another channel
W 2 T(B;A) such that

A [ LB _[w LA
W =W

AT A
[
(23)

B Ny LA 7] LB B [\ LB

WY | L

If there exists a reversible channelU from A to B,
then the systems A and B are operationally equivalent,
in the sense of Def[]5. Note that the reversible channels
from A to itself form a group. We will denote this group
by Ga.

De nition 14 (Twirling channels/Twirling tests)
A channel T 2 T(A) is a twirling-channel if

AT+ LA [T LA - _A [T LA .

T U = T 8U 2 Ga:
b (24)
If atest fCigiox is such that ,, G is a twirling chan-

nel, we call it a twirling test .

We will see that in a theory with puri cation there is
a unique twirling channel, which can be always obtained
from some twirling test where each transformationC; is
proportional to a reversible channel.

G. Relation with the convex sets framework

The standard assumption in the literature is that, since
the experimenter is free to randomize the choice of de-
vices with arbitrary probabilities, all sets of states, ef-
fects, and transformations are convex. This assumption
will be clari ed in Subsect. [IICJin the context of causal
theories. Nevertheless, we will see that for most of our
results the assumption of convexity is not essential, and
we will discuss the validity of our results in non-convex
theories, like the toy-theories considered by Spekkens in
Ref. ]. Bearing this in mind, whenever possible we will
present our results in a convexity-independent language.

In addition to the convexity of all sets of states, ef-
fects, and transformations, the usual convex sets frame-
work (see e.g. Refs. [[13[ 15 P6l, and, more recently,
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Refs. [§,[1}]) includes an assumption of mathematical
simplicity: The assumption is that every positive a ne
functional on the convex set of states is an e ect, that is,
it describes the statistics of a possible experiment. This
means replacing the sign of inclusion in Eq. @1) with
that of equality, leading to the following

De nition 15 (No-restriction hypothesis) A proba-
bilistic theory satis es the no-restriction hypothesis if for
every systemA one hask, (A)= S, (A) .

In this paper we will not make this assumption. However,
we will discuss few implication of it in Subsects.

and [XJ

H. Coarse-graining and re nement

De nition 16 (Coarse graining) Atest fCigiox is a
coarse-graining of the testf D gj» v is thereds a partition
of Y into disjoint sets Y; such thatC; = ;, D; for
everyi 2 X.

Since we can always decide to join two (or more) out-
comes in a single outcome, the set of all tests must be
closed under coarse-graining.

The inverse of coarse graining is re nement:

De nition 17 (Re nement of a test) If fCigi2x isa
coarse-grainingof fD;gjov, we say thatfD;g,y is a
re nement of fCigizx.

De nition 18 (Re nement of an event) A rene-
ment of the eventC is givenpby a testfDjgj2y and a
subsetYy Y such thatC = i12Yo D;.
De nition 19 We say that an eventD 2 T(A;B) re-
nes C 2 T(A;B), and write D C, if there exist a
re nement of C such thatD 2f Djgj2v,.

De nition 20 (Re nement set) The re nement set
Dc of an eventC 2 T(A;B) is the set of all eventsD
thatrene C, namelyDc :=fD 2 T(A;B) jD Cg.

De nition 21 (Atomic vs re nable events) An
event C is called atomic if it admits only trivial
re nements,|equivalently, if D C implies D = C
for some 2 [0;1]. An event is re nable if it is not
atomic.

In the case of preparation-events the notion of re ne-
ment gives rise to the de nitions of pure and mixed
states:

De nition 22 (Pure vs mixed states) An  atomic
preparation-event 2 S(A) is called pure state. A
re nable preparation-event is called mixed state.

Clearly, in a convex theory a state is pure if and only
if it is an extreme point of the convex setS (A). More-
over, in a convex theory the re nement setD of isa
convex subset of the state space, precisely it is théace
on which lies. In particular, we can considerinternal
states which lie on a face of maximum dimension.



De nition 23 (Internal state) A state! 2 S(A) is
internal if its re nements span the whole state space, i.e.
if Spa(D, ) = Sgr(A).

In the probabilistic theories considered in this paper
every preparation-test f jgiox for system A admits an
ultimate re nement f'jgj>v, such that each state' ; is
pure. Using the states-transformations isomorphism we
will also prove in Sect. E that in a theory with pu-
ri cation this property is enough to imply that every
test f Cigi2x from A to B admits an ultimate re nement
fDjgj2v, such that each eventD; is atomic.

|.  Discrimination and distance

By making tests one can try to discriminate between
di erent devices. For example, imagine that we have a
black box preparing one of the two (deterministic) states

0; 12 S(A), and that we want to nd out which one.
To discriminate between the two states we can perform
a binary observation-test fag;a;g. The probabilities of
outcomes are then given by

p(ji) =(aj i)a  §j =0;L (25)
Assuming prior probabilities ; 1 for the states o; 1,
respectively, the (average) probability of correct discrim-
ination, de ned as psycc := o P(0jO)+ 1 p(1j1), can be
computed as

Psucc = o+(aij 11 0 0)A (26)
= 1+(aj oo 11)a (27)
_1+(a aj 11 0o0)a (28)
2

and, optimizing over binary tests we get

1+j j
opt = ] 1 12 o oJa (29)

wherej j is the operational norm de ned by

j ia= su aij inf ' 2 Sr(A):
Jia a12EF()A) (a1j )a aoill (a0j )a r(A)
(30)

Note that the norm j 1 ; o oja ranges between 0
(when the two states and the prior probabilities are
equal) and 1 (when the two states are perfectly discrim-
inable).

For a non-deterministic state 2 S(A), Eq. ( re-
duces to

jia= sup °(g ); (31)
e2E(A)

where sup denotes the supremum restricted to the set of
deterministic e ects. Clearly, if is deterministic, then
one hasj ja =1. In Sect. e will consider causal the-
ories, where the deterministic e ecte 2 E(A) is unique,
and, therefore one hag j =(¢g )a.

De nition 24 (Distinguishable states, discrimi-
nating tests) The statesf ;giox are perfectly distin-
guishableif there is a testfa;gi2x such that

(& D=1 ila i: (32)
The testfa;gi2x is called discriminating test.

If we want a theory that can describe the exchange
of classical messages, we need at least two stateg and

1 that are deterministic and perfectly distinguishable.
In this case, a sender can encode a classical bit=0;1
in these two states and a receiver can decode perfectly
and deterministically the message by using the binary
discriminating test fag; a;g. Indeed, one hap(jji) = j .
Clearly, using this encoding for any bit in a string allows
perfect deterministic decoding of the whole string.

We conclude this Subsection with a simple Lemma that
will be useful in the discussion of the general no-cloning
theorem for probabilistic theories (see TheorenﬂZ):

Lemma 1 In any convex theory, if two deterministic

states ¢; 1 2 S(A) are distinct (i.e. o 6 1), then
there exists a binary testf ag; a;g such that
. . 1
p(Lj0) = p(0j1) > : (33)

Proof. Since the states are distinct there exists at least
an e ect asuch that (aj ¢)> (aj 1) Moreover, since the
theory is convex we can choose without loss of generality
(@ 1) 1=2 (if a does not meet this condition, we can
replace it with the convex combination a®= 1=2(a+ €)).
Now de ne the binary test fag;a;g by the convex com-
bination

ga+(1
€ Qo

o
a

90 (3

T @ o+ (a 1)

where 0 is the null e ect. For this test one hasp(1j0) =
p(0j1) = (& 1)=(a) o)+ (& 1) < 1=2.

The above Lemma states that if two states are dif-
ferent, then the worst-case error probability, de ned as
pwe = maxfp(1j0); p(0j1)g, can be reduced to a value
that is strictly smaller than 1 =2. In other words, if two
states are dierent, then in the worst-case scenario we
can always distinguish between them better than with a
random guess.

J. Closure

The closure of S (A) with respect to the operational
norm contain all the states that can be approximated ar-
bitrarily well by physical states. Since Sgr(A) is nite
dimensional, it is natural to assume that all such states
are physical. In particular, assuming that the set S(l)
of states of the trivial system is closed with respect to
the operational norm means assuming that the probabil-
ities appearing in the theory form a closed subset of the
interval [0;1]. In fact, we have the following



Lemma 2 If an operational-probabilistic theory is not
deterministic, then S(l) is dense in the interval[0; 1].

Proof. If the theory is not deterministic there is a binary
test giving outcomes Q1 with probabilities qy;qu 6 O,
respectively. Now, this test provides a biased coin, which
can be tossed many times, and by randomness extraction
allows for the approximation of any coin with bias p 2
[0; 1].

This implies the following

Corollary 1
val [0; 1].

If S(I) is closed, then it is the whole inter-

In Subsect. [T will further discuss the relation between
closure and convexity in the context of causal theories.

I1l.  CAUSAL THEORIES

In this Section we restrict our attention to causal the-
ories, in which the probability of outcomes of an exper-
iment at given time does not depend on the choice of
experiments at later times.

A. De nition and main properties

Although in the circuits discussed until now we had

sequences of tests, such sequences were not necessarily

causal sequencesThe order of tests in a sequence, de-
termined by the connections of physical devices, was not
necessarily following the causal arrow de ned by some
\information ow". In fact, one can formulate probabilis-

tic theories even in the absence of a pre-de ned causal

arrow, and this is a crucial point to formulate a quantum
theory of gravity (see e.g. Hardy in Ref. ]). A con-
crete example of non-causal theory is the theory studied

in Refs. [30,[3]L], where the states are quantum oper-

ations, and the transformations are \supermaps" trans-
forming quantum operations into quantum operations.
In this case, transforming a \state" means inserting the
corresponding quantum operation in a larger circuit, and

the sequence of two such transformations is not a causal
sequence. However, the analysis of non-causal theories is

not the scope of the present work. We now give the con-
dition that allows us to interpret sequential composition
as a causal cascade:

De nition 25 (Causal theories) A theory is causalif
for every preparation-testf ;gi»x and every observation-
test fgpgoy on system A the marginal probability
P = oy (ajj i)a is independent of the choice the
observation-test fa;gjoy. Precisely, if fajg.y and
fbcgk2z are two di erent observation-tests, then one has

X

X
(& i)a= (b i)a: (35)
j2y k2z
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Loosely speaking, we may say that the condition of
Eq. (@) expresses the principle of \no-signaling from
the future”.

Causal theories have a simple characterization:

Lemma 3 A theory is causal if and only if for every sys-
tem A there is a unique deterministic e ect (gj, .

Proof. Suppose thate and €° are two deterministic ef-
fects for system A. Since deterministic e ects belong to
single-outcome tests, Eq. [36) givesdf i)a = (€5 i)a
for every state ;. Therefore, e = € Conversely, sup-
pose that the deterministic e ect is unique and take an
observation-test f & g2y on system A. Then by coarse
graining one obtains agsingle-outcome test, with deter-
ministic e ect (ej, = P2y (3j,, and, byPuniqueness
of the deterministic e ect, (e, = (e‘ip = oy (@],-
Therefore, for every state ; we have P2y (&) i)a =
(¢) i)a, independently of the choice of the observation-
test fajg2v. This proves Eq. (3).

An immediate consequence of causality is that the
unique normalized e ect of a composite system AB is
the product of the unique normalized e ects of A and B,
namely

(ejAB = (eJA (ejB : (36)
Note that in a causal theory there is a unique way of
de ning marginal states:

De nition 26 (Marginal state) The marginal state
of j )ag on systemA is the statej )a :=(€jgj )as-

In a causal theory the channels (deterministic trans-
formations) are characterized as follows:

Lemma 4 (Characterization of channels) In a
causal theory a transformationC 2 T(A;B) is a channel
if and only if (ej; C = (€j,. Diagrammatically,

AClETe =

Proof. If C is a channel, then gj; C is a determinis-
tic e ect. By uniqueness of the deterministic e ect, Eq.

(@) holds. Conversely, suppose thatf Cigiox is a test
from AtoBand C G, is a transformation such that

Eq. (@) holdy By coarse-graining, we can de ne the
channelC°:= = |, Ci. SinceC’is gchannel, we must
have dej, = (ejg CO= (6, +(€p (p iei, Ci), whence
(elg ( jgi, i) =0. But this implies 4, Ci =0, and,

therefore, C = C° Hence,C is a channel.

This also leads to the following

—A{e @37

Corollary 2 (Normalization of tests) A test
fCidi2x ff,om A to B satises the normalization
condition  ;, (ejg Ci = (€j,.

Moreover, in a causal theory we have a unique way of
de ning normalized states:



De nition 27 (Normalized state) A state 2 S(A)
is normalized if (¢ )a = 1. We denote the set of nor-
malized states byS(A).

For every every statej )a we can consider the normal-
ized state

i )a .
(8 )a
Operationally, this means that we can always makecon-
ditional preparations: we can perform a preparation-test
f igi2x, and, if the test gives outcomeig we can claim
that we prepared the normalized state ;,. Following
the above discussion, in a causal theory there is no rea-
son to forbid that every normalized state can be actually
produced in some single-outcome test. This implies that

every state is proportional to a deterministic one.
Note that also the converse is true:

J)a = (38)

Lemma 5 A theory where every state is proportional to
a deterministic one is causal.

Proof. Let | )a be an arbitrary state and e and €° be
two deterministic e ects. By hypothesis, we havej )a =
kj )a, where is deterministic. This implies (g )a =
k= (€% ) and, since is arbitrary e= €% By lemma[3,
this implies that the theory is causal.

Remarkably, the causal principle of \no signaling from
the future" implies the impossibility of signaling without
exchange of physical systems:

Theorem 1 (No-signaling without exchange of
physical systems) In a causal theory it is impossible
to have signaling without exchanging systems.

Proof. Suppose that two distant parties Alice and Bob
share a bipartite state j) ag, and that and Alice (Bob)
performs a local testf Ajgiax (fB;jg2y) on the system
at her (his) disposal. Let us de ne the joint probability
B—,— = (€s (Ai _Bj)j) ag and its marginal pi(A) =
i Pi (pj(B) =, pj) on Alice's (Bob's) side.

immediate to verify that the marginal pi(A) on Alice's side
does not depend on the test B ; g on Bob's side: indeed,
one has

It is

(A)

= (ga(g(Ai Bj)j) as

"o 2 31
. X . 39
:(eJA@Ai 4 (eJBBjSAJ)AB ( )

j
= (€elp Ai] )a;
P

having used the normalization condition i (eigBj =

(ejg, and having de ned the marginal state j )a :=
(ejgj) as. The same reasoning holds for the marginal
on Bob's side.
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WE conclude this Subsection by introducing the oper-
ational norm for transformations in a causal theory. To
this purpose, consider the discrimination of two chan-
nels Cyp; C; 2 T(A; B) with prior probabilities o; 1, re-
spectively. In a causal theory, the most general way to
discriminate is to prepare a bipartite input state j )ac,
to apply the unknown channel, and to perform a binary
test the distinguishes between the two possible output
statesCpj )ac and Cij )ac . Optimizing over all binary
test and using Eq. ) we obtain the success probability
Psucc = 1=2(1 + J(C1 Co) jsc) Moreover, optimizing
the input state and the extension we nd the maximum
probability of success

opt
'succ

1 . .
= 5(1"‘] 1C1 oCia) (40)
where the operational norm for transformations is de ned
by

j JaB=sup sup j iBc 2 Tr(A;B): (41)
C 2S(AC)

B. Conditioning

In a causal sequence the choice of a device can depend
on the outcomes of previous devices. This gives rise to the
notion of conditioned test which generalizes the notion
of sequential composition:

De nition 28 (Conditioned test)
from A to B and, for everyi, Dj(i')

o If fCigi2x is atest
is a test from

j2Yi
B to C, then the conditioned test is a test from A to
C, with outcomes (i;j;i) 2 Z:= ,;fig Y;, and events
D" Cgj )22 Diagrammatically, the eventsD("  C;
are represented as follows

A [c 1B MH|lc .- _A (i) | C
S E Y = D, G

(42)

The above de nition of conditioning makes sense in a
causal theory, where the uniqueness of the deterministic

e ect ensures that the test fD»(ii) Cigi2x;2v; satises
the correct normalization condJition

X X
(43)

. X
(6D’ Ci= (65 Ci =(6jp:

i2Xji2Y; i2Xx

Conditioning expresses the possibility of choosing what
to do at a certain step using the classical information
generated in the previous steps. In a causal operational
theory there is no reason to forbid to an experimenter to
perform conditioned tests.

In principle, one could also congider gonditioning where

the output system of each test Dj(i) is a system G

that depends on the outcomei. In this case the out-
put of the gonditioned test would be \direct sum” sys-

tem \C := ;,, Ci". This would also require treating



the outcome spaces X as &lassical systemsthat can be
the input or the output of some classical information-
processing device. However, we will not consider here
this generalization as it is not needed for the main pur-
pose of the paper.

A particular case of conditioning is randomization: if
fpigi2x is a preparation-test for the trivial system and,

for every outcomei, ij(ii)gjigyi is a te'_st from A to B,
we can de ne the randomized testf p; Cj(il)gizx;jizyi by

A Cj(ii) B

(44)

i) B —
Cji T

1 @ 1

having used that the composition with trivial systems is
trivial (Al = A and Bl = B).

If a causal theory is not completely deterministic (i.e.
if the possible values of probabilities are not only 0 and
1) then randomization always allows to construct an in-
ternal state (see Def.): it is enough to take a spanning
set of statesf ;gi2x and to randomize them with some
non-zero @;obabilitiesfpi Oi2x, thus getting the internal
state! = L4 P i

Finally, conditioning allows to prove that a causal the-
ory contains all possible measure-and-preparechannels,
de ned as follows

De nition 29 (Measure-and-prepare channels) A
channel C 2 T(A;B) is measure-and-prepareif there
exists an observation-tesff a;gi»x on A, and a collection
of normalized statesf ;gi,x of B such thatC

X

C= jie(ajs: (45)

i2X
C. Closure and convexity in causal theories

In Subsect. [I1J we saw that if a theory is not com-
pletely deterministic, then one can construct a circuit
that simulates (with arbitrary precision) a coin with ar-
bitrary bias p 2 [0; 1].

In causal theories the possibility of conditioning gives
the directly the following:

Lemma 6 (Approximation of convex combina-

tions) If a causal theory is not deterministic, then any
convex combination of states and transformations can be
approximated with arbitrary precision.

Proof. Let p 2 [0;1] be an arbitrary probability and

pn 2 S(I) be such that jp  p,j < 1=n. By random-
izing two tests fCigiox and fDjgjoy we get the test
fpnCigiox [f (1 pn)Djgi2y. Then, by coarse-graining
we can obtain the convex combinationp, C; +(1  p,)D; .

The distance with the desired convex combinationpC; +

(1 p)D;j is bounded by (Cij + jDjj)=n< 2=n.

As a simple consequence we have the following
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Corollary 3 If a theory is not deterministic and the set
of states of the trivial system is closed, then all sets of
states and transformations are convex.

In this paper for simplicity we will always work with
convex sets of states. Note that, however, most results
hold independently of the assumption of convexity, since
in the context of non-deterministic causal theories any
desired combination can be approximated with arbitrary
precision.

IV. LOCAL DISCRIMINABILITY

Here we discuss the property of local discriminability,
which expresses the possibility of distinguishing multi-
partite states using local tests.

A. De nition and main properties

A common assumption in the literature on probabilis-
tic theories is local discriminability :

De nition 30 (Local discriminability) A theory en-
joys local discriminability if whenever two states; 2
S (AB) are distinct, there are two local e ects a 2 E(A)
and b2 E(B) such that

?2>HA[a 72> HA{a
B | . B 6 ko - (46)

Note that local discriminability on bipartite states im-
plies local discriminability on multipartite states, as it
can be seen by simple iteration.

The meaning of the local discriminability condition is
that if two bipartite states are di erent, then there is a
chance of distinguish between them by using only local
devices. Of course, the resulting discrimination may not
be the optimal, but at least it is strictly better than the
random guess. Indeed, in the next Lemma we show that
in a theory with local discriminability two parties Al-
ice and Bob, holding systems A and B, respectively, can
always nd a discrimination protocol that uses only lo-
cal operations and classical communication (LOCC) and
outperforms the random guess.

Lemma 7 (LOCC discrimination) In a causal
theory with local discriminability, if two states
0, 1 2 Si(AB) are distinct, then there exists
a LOCC discrimination protocol, described by a
binary test fAg;A10, such that the probability
Pwe = maxfp(0j1);p(1j0)g; p(iji) = (Aij j)as is
strictly smaller than 1=2.

Proof. If 6 , then by local discriminability there
are always two eects a;b such that (a b )ag >
(@ b )as. The binary test fA;eas  Ag de ned by



A := a bcan be obtained by performing the local tests
fajea agandfb;g bgand taking a coarse-graining.
If the theory is convex. exploiting the construction of
Lemmaﬂ (which only requires on randomization and
coarse-graining) we obtain a binary testfAg; A1g sat-
isfying p(0j1) = p(1j0) < 1=2 and, thereforepy. < 1=2.
If the theory is not convex, we can nonetheless approxi-
mate the convex combinations needed by Lemmf 1 with
arbitrary precision, thus getting a test with py. > 1=2.

Local discriminability is an enormous advantage in do-
ing experiments. For example it allows one to perform
tomography of multipartite states with only local mea-
surements. Indeed, every bipartite e ect (Ej,g can be
written as linear combination of product e ects, and,
therefore every probability (Ej )as can be computed as
a linear combination of the probabilities (& Bj )as
arising from a nite set of product e ects:

Lemma 8 (Local tomography) Let f jgandf~g be
two bases for the vector spaceSg(A) and Sr(B), respec-
tively, and let fa;g and fby g be two bases for the vector
spacesEr(A) and Er(B), respectively. A theory enjoys

local discriminability if and only if every state 2 S (AB)
(every e ect E 2 E(AB)) can be written as
j Jas = Ajji)aid)e
X o (47)
(Eipg = Bij (aija (B]g

5]

for some suitable real matrixA; (Bj ).

Proof. Suppose that local discriminability holds. By
de nition, the product eects a b are a separating
set for Sg(AB), and, therefore, they are a spanning
set for ER(AB). Since states and e ects span vector
spaces of equal dimension, this also implies that the
product states are a spanning set forSg(AB). Con-
versely, if Eq. @') holds, then the product e ects are
a spanning set for the vector space&er(AB). Clearly, if
(@ b )as =(a b )as for all product e ects, then
one has = , and this proves local discriminability.

Moreover, it allows one to distinguish two dierent
transformations C;D 2 T(A;B) without considering
their extension with an arbitrary ancilla system C:

Lemma 9 If two transformations C;D 2 T(A;B) are
di erent and local discriminability holds, then there exist
a state 2 S(A) such that

&:I A.B 6 &:, A.B

Proof. By de nition, if C and D are di erent there ex-
ist a system C and a joint state 2 S(AC) such that
Cj )ac 6 Dj )ac. Now, since local discriminability

(48)

12

holds, there are two e ects b; con systems BC, respec-
tively such that

?;%#B ?;%%#B
Bo 6 o (49)

Dening j ):= (ccj )ac we then obtain (bzgCj )a 6
(g Dj )a. This implies Cj )a 6 Dj )a.

B. Causal theories with local discriminability

The results of this paper can be formulated in the sim-
plest way for causal theories that enjoy local discrim-
inability. In this case one has the following useful prop-
erties:

Lemma 10 Let j )ag be a state of AB and j )a =
(eig] )as, j9B = (€] )ae be its marginals on sys-
tems A, B, respectively. In a causal theory with local
discriminability one has

2 Spar(D .): (50)

Proof. Take a basisf igl; (f~go,) of states in the
re nement set of (~), and extend it to a basis f igiD;i
(f~ g]-D:E‘l ) of Sr(A) (of Sr(B)). By local discriminability,
we can write as a linear combination as in Eq. )
for some coe cients Aj . Now, for every e ect (aj, the
state j~)s ;= (aj, ] )as is clearly in D .. Therefore, we
must have A; =0 for all j > r. Likewise, applying an
arbitrary e ect ( bj; on system B we nd that we must
have Aj =0 for all i>n . This implies

XX o
A )il
i=1 j=1
thatis, 2 Spar(D ).
This also implies:

J e = (51)

Theorem 2 (Product of internal states is internal)

In a causal theory with local discriminability if the states
I'A and! g are internal in S(A) and S(B), respectively,
then the product! o ! is internal in S(AB).

Proof. By denition, one has SpanD,, 1,)
Spar(! o) Spar(! 8) = Sr(A) Sgr(B). Since local
discriminability holds, this is also equal to Sg(AB).

Since closure with respect to the operational norm im-
plies that the state set S (A) is convex, we also have the
following:

Theorem 3 Let | )as be a state of AB and | )a =
(eig] )ag: j9B = (€] )as be its marginals on sys-
tems A, B, respectively. In a convex causal theory with
local discriminability there exists a non-zero probabiliy
k > 0 such that

k 2D - (52)



The proof of the Theorem is immediate using Lemma
@ along with the following

Lemma 11 In a convex causal theory, for every couple
of states; 2 S;(A) one has

2 Spar(D )=) k 2D : (53)

for some non-zero probabilityk > 0.

Proof. Take a basisp gi.; of statesinD . By hypothe-
sis, we canwrite =, s; ; as with suitable coe cients
si. Moreover, since we are in nite dimensions, there is
surely a maximum coe cient Spmax = max; si. On the
other hand, since ; belongs toD , there is surely a state

i suchthat = ;+ ;. This implies

X
% | (i+ 0

(54)

Letusdene = k ,with k = ﬁ and normalize
itas = =(g )a. Using Eq. (B3) it is easy to verify
that is a state, since itis a convex combination of states.

Moreover, we have = k +(1 k) , which implies the
thesis.
Remark. Notice that in a non-deterministic causal

theory the assumption of convexity is not needed for the
proofs of Theorem[R and Lemma[11. Indeed, in any
such theory we can approximate the convex combina-
tions needed for the proof of Lemma[lll with arbitrary

precision (Lemma[§), thus proving Egs. [5B) and [5B)

with a non-zero probability k > 0 that arises from a test

allowed by the theory.

Theorems@ and|]3 state two very natural properties.
Even when discussing the extension of our results beyond
the framework of local discriminability we will assume
these properties to hold.

Finally, causal theories with local discriminability en-
joy a nice characterization of states that are invariant
under the group of reversible transformations:

Theorem 4 In a causal theory with local discriminabil-
ity if systems A and B have unique invariant states
i )a 2 S1(A) andj )g 2 Si(B), respectively, then
i )ai ) 2 S1(AB) is the unique locally invariant state
of systemAB.

Proof.
namely

Suppose thatj )ag is a locally invariant state,

2> ] > A

Bo | . vie 89 | &
_J \ _J
forall U 2 Ga andV 2 Gg. If we apply two arbitrary

e ects (aj, and (bjz we then get

(55)

2> HA{a ,
89| o oo O~ 2% 1213 (56)
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having dened j~)s = (aj,j )as and j p)a =
(bigj )as- Now, - and |} are invariant (unnormalized)
states. Since A is the unique state of B that is invariant
and normalized, one must have

i Ja = iva _ _ipna . iba

(_ei b)a (e _U )aB (l_Ji ol (57)
i )s = J.’“a)B - J'“a.)B = J'.“a)B :

(e=)e (@ € ) (& )a

i )a, J9)B being the marginal states on systems A, B,
respectively. Inserting the above relations in Eg. ),
we then obtain

2> 1A {a &1 A4
Lo 598 oa s

(58)
&4 ra
- 'W%#B

for every a;b. By local discriminability, this implies
J)as =] )ajJde =] )aj )s, and, therefore,j )as =
j )aj e

V. BEYOND LOCAL DISCRIMINABILITY AND
CONVEXITY

Although the results of this paper take their simplest
form for causal theories with local discriminability, most
of them are valid in causal theories under weaker require-
ments. For example, they hold for quantum mechanics
on real Hilbert spaces, which is a well known example
of theory without local discriminability. Moreover, al-
though convexity is very well motivated in the context
of causal theories, most results of this paper hold even
in non-convex theories. In this Section we brie y discuss
these generalizations.

A. Relaxing local discriminability

A weaker requirement than local discriminability is lo-
cal discriminability on pure states:

De nition 31 (Local discriminability on pure
states) A theory enjoys local discriminability on pure
states if whenever two states ; 2 S(AB) are dier-
ent, and one of the two states (say ) is pure, there are
two e ects a2 E(A) and b2 E(B) such that

7> A {a 2> A {a
B9 | & —x 6 89| 5
~ - {b* _ e

(59)




An example of theory with this property is quantum
mechanics on real Hilbert spaces:

Lemma 12 Quantum mechanics on real Hilbert spaces
enjoys local discriminability on pure states.

Proof. Let = P i pij iih jj be a density matrix on
the real Hilbert spaceH, Hpg with Hy = R™ and
Hg = R"andj i2 R™ R" be a unit vector. Sup-
pose that Tr[( j ih j)(a b)] = 0 for every couple
of real matrices a and b. Taking a = jvihvj for some
v 2 R™ we then obtain lvjaj iiag = kiyv vja] iag for
some constantk;., . Likewise, taking b= jwihwj for some
w 2 R" we obtain hwjgj iiag = liw hwjgj iag for some
constant l;., . Putting the two things together we have

tiahwigj iias = Kiv Vjahwjsj ias

. L 60

= liw vjahwjgj ias (60)

hence ki, liw = ¢. Finally, hvjaj iiag =
citvjaj ias for everyvimplies i = ¢j i, and, there-

fore =] ih j.

When generalizing our results to theories without lo-
cal discriminability we will always assume local discrim-
inability on pure states along with the theses of Theo-
rems[2,[3, and[}t. Again, all these requirements are met
by quantum mechanics on real Hilbert spaces.

B. Relaxing convexity

If one wants to relax convexity, it is clear from the
proof of Lemmal§ and Corollary[} that one must have at
least one of the following features:i) the theory is fully
deterministic, i.e. all events have either zero or unit prob
ability, ii) some randomizations or some coarse-grainings
are forbidden, andiii) the set of probabilities S (1) of the
theory is not closed. For the purposes of this paper, fully
deterministic theories are not quite interesting, and the-
ories with a non-closed set of transformations are tech-
nically cumbersome, although most of the conclusions
of this paper remain unchanged. Therefore, in relaxing
convexity we will only consider the case in which some
conditioned tests or some coarse-grainings are forbidden.
Of course, if one wants to drop a basic operational re-
quirement like the possibility of conditioning, one has to
take care that some minimal properties hold. For exam-
ple, the existence of internal states, the fact that every
test has an ultimate re nement, and the validity of the
theses of Theorems[lz and]3 have to be explicitly pos-
tulated. We will also assume that is not forbidden i)
to attach a distinguishable state |' j)g to every state in
a preparation test fj ;)agi2x, thus getting the new test
fi i)aj i)BUi2x, andii) to perform a discriminating test
faigiox for the perfectly discriminable states f igi2x,
and to re-prepare state ; when the outcome isi, thus
getting the \measure-and-prepare" testfj )a (aij,gi2x-

Finally, we will also show that the existence of twirling
tests is necessary for deterministic teleportation. If one
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wants to consider non-convex theories with deterministic
teleportation one has also to require the existence of a
twirling-test and the thesis of Theorem [4.

VI. SUMMARY OF THE FRAMEWORK

This short Section concludes the presentation of the
general framework used in this paper. The framework is
summarized by the following table:

In this paper, if not otherwise stated, we will con-
sider operational-probabilistic theories satisfying the
following requirements:

1. the theory is causal
2. local discriminability holds

3. the set of all tests is closed under coarse-
graining and conditioning

4. for every system, the set of states is nite-
dimensional and closed in the operational
norm

5. there exist perfectly discriminable states

6. the theory is not fully deterministic

Note that the existence of perfectly discriminable
states, needed to describe perfect classical communica-
tion, is guaranteed in the usual convex framework, which
contains the no-restriction hypothesis of Def. . We
recall that we don't make here this assumption.

In all proofs the background requirement 2. can be
always weakened to:

2'. local discriminability of pure states and
the theses of Theorems 2,[} Hnd 3 fild

VIl. THEORIES WITH PURIFICATION

Here we introduce the puri cation postulate \every
mixed state has a puri cation, unique up to reversible
transformations on the purifying system”, and we explore
its consequences within the general framework outlined
in the previous Sections.

A. The puri cation postulate

De nition 32 (Puri cation) A pure state 2
S1(AB) is a purication of 2 Si(A) if j)a =
(eigj) as. Diagrammatically,

2> A

& A -
&A= jgo |, = (61)




De nition 33 (Purifying system) If system AB con-
tains a puri cation of 2 S1(A), we call systemB a
purifying system for

De nition 34 (Complementary state) Let
2 Si1(AB) be a purication of 2 Si(A). The
complementary state of is the state ~2 S1(B) de ned

by

] 251A (B
O~}8— = jgo |,

(62)

An elementary property of puri cation is the following

Lemma 13 If 2 S;(A) ispureand 2 S;(AB) isa
puri cation of , then must be of the form = 5
with =2 S1(B) pure.

Broof. Take an observation-testfbgiox on B. Since
i b = eg we have

2> A X

X
O o = o | Tt
i2X 1 !

namely, the statesf jgi>x dened by ;i :=(bjgj) as
form a re nement of . Since is pure, we necessarily
have ;| = p; for some probabilitiesf pjg. Precisely, we
havep = (¢ i)a =(ea hj) as =(hbj ™~ &, where ~
is the complementary state of , and therefore

i2X
(63)

r)>_ A q A
‘89 = 8i 2 X:

e {b*™  #9]e [

The above equation implies that cannot be distin-
guished from ~ by any local test. Since is pure,
this implies = ~. Clearly, ~has to be pure, other-
wise we would have a non-trivial re nement of the pure
state .

It is important to stress that puri cation is not a phys-
ical process: There is no physical transformation that is
able to turn any arbitrary mixed state  into some pu-
ri cation of it. In quantum mechanics, this has been
noted by Kleinman et al. in Ref. [@]. Along the same
lines, it is easy to prove the following general Theorem:

(64)

Theorem 5 (No-puri cation of collinear states)

Let ;i = 1;2;3 be three distinct collinear states of
systemAli.e. 16 zand ,=p 1+(1 p) 3forsome
O<p< 1f,and let | i)as;i =1;2;3 be a purication

of j i)a. Then for every nite number of copies N there
is no physical transformation C 2 T(A N;AB) such
that Cj i), =j i)as for everyi=1;2;3.

Proof. By absurd, suppose that such a transformation
C exists for some nite N. Then, expanding the product
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2 N=[p1+@ p) 3] N, and applying the transfor-
mation C, we obtain

i 2 =Cj 2"

pNCj )N+
PN Dae +(1

p)NCj S)AN +j rest )AB

PV 2)as ] rest)as;
(65)

where |est IS a suitable non-normalized state. This is
clearly absurd, since we obtained a non-trivial convex
decomposition of the pure state .

If is a puri cation of and Ug is a reversible trans-
formation on the purifying system, then alsoj 9as =
Ug j) as is a new purication of (Ugj) ag must be
pure, otherwise by inverting Ug on Ug j) ag by linear-
ity one would nd that j) ag is mixed). In the follow-
ing Postulate we impose that all puri cations are of this
form:

Postulate 1 (Puri cation) Every state has a puri ca-
tion. If ; 92 S;(AB) are two puri cations of the same
state, then they are connected by a reversible transforma-
tion U 2 T(B), namely

?> 14 7> A
8% o0 e T B9 | o
sLA B A
=) 89|, = ko, . (66)

Remark (Uniqueness of the complementary
state) Note that uniqueness of the puri cation postulate
is equivalent to the uniqueness (up to reversible transfor-
mations) of the complementary state de ned in Def. .
We now show some simple consequences of the puri -
cation postulate. First, it implies that all pure states of
a system are connected by reversible transformations:

Lemma 14 (Transitivity of the group of reversible
transformations on the set of pure states) For any
couple of pure states; ©2 Si(A) there is a reversible
transformation U 2 T(A) such that °= U

Proof. Every system is a purifying system for the trivial
system. Then just apply Eq. @) with A L.

Another consequence of the puri cation postulate is
the elementary property

Corollary 4 The product of two pure states is pure.

Proof. Let|' )a;] )s be pure states, and letj) agc be
a puri cation of ' )aj )s. In particular, since j) asc
is a purication of j')a, by Lemma it must be of
the form j) asc = J' )a j~)sc, Where'~is a pure state.
Now j'~)gc Is clearly a puri cation of j )g, and, there-

fore it has to be of the formj'~gc = j )s = ¢, with

~ pure. This concludes thatj) asc = j' )aj )8 ~ c-



Finally, since j) asc is a puri cation of

that j' )aj )s IS pure.

Notice that Corollary 4]is trivial when local discrim-
inability holds. The added value of the puri cation axiom
here is that Corollary H holds under the weaker assump-
tion of local discriminability on pure states.

The above lemma allows one to prove the elementary
property \purity implies independence from the rest of
the world":

c,we obtain

Corollary 5 If 2 S1(A) ispureand 2 Si(AB) is an
extension of , namelyj )a =(¢€jgj )as,then = ,
for some state 2 S(B).

Proof. Let 2 S;(ABC) be a purication of . Since
is also a puri cation of , by the previous Lemma
we havej) asc = | )aj )ec, for some pure state 2
S1(BC). But since is a puri cation of we havej )=
(eici) aec =J )aj ), with | )e = (eic] Jac-
We conclude this subsection by with a lemma that will
be very useful for later developments:

Lemma 15 Let 2 S;(AB) and °2 S;(AC) be two
puri cations of 2 S1(A). Then there exists a channel
C 2 T(B;C) such that

oS LA ?> | A
50 0 =
|89_ c b | 4 c (67)
Moreover, channelC has the form
'&L C B re
B c -
. |V . (68)

for some pure state' o 2 S;(C) and some reversible
channelU 2 Ggc.

Proof. Letj )g andj' o)c be an arbitrary pure state of
B and C, respectively. Thenj 9acj )s andj) as j' o)c
are two puri cations of  with the same purifying system
BC. Due to Eq. (F6), we have

9 B B
&:, B &gC U c

1
Applying the deterministic e ect e on system B we obtain
Eq. (B7), with C := (ejg U j' o)

(69)

B. Purication of preparation-tests

We now show that the puri cation of normalized states
implies the puri cation of preparation-tests.
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Theorem 6 (Puri cation of preparation-tests)

Let f jgi2x be a preparation-test for systemA, and let
2 SF(AB) be a puri cation of the coarse-grained state
=  ,x i- Then there exists an observation-test

fhg.gx on systemB such that

2> 1A
9 | o g

for any outcomei 2 X. By suitably choosing the purifying
systemB, the observation-testf b g, x can be taken to be

discriminating. The puri cation is unique modulo a
channel C on the purifying system, as in Lemma[1p.

(70)

Proof. Take a set ofjX]j perfectly distinguishable states
f' igi2x on some system C. By de nition of perfect dis-
tinguishability, there exists a discriminating test fcigi2x

such that
& c{g™= (71)
for all i;j 2 X. Now consider the state
::X (i "i)2S1(AC); (72)
i2X

which is clearly an extension of , namely j )o =

(6ic] )ac. Let 2 S1(ACD) be a puri cation of
By de nition, is also a puri cation of . Using Eq.(]ﬂ)
we obtain for every outcomei 2 X
7> A
: 2> c YoHS
i = . /0
&12— = gg ) | o o gy —{G
(73)
> A
= |gg @ (74)

having dened the discriminating test (bjcp
(Gijc (€jp. This proves that there exists a puri cation of

with purifying system B := CD, and a discriminating
test fbgiox on B such that the thesis holds.

Finally, if 2 S1(AB9 is any other puri cation of ,
using Lemma[1 we have
2> A > A
‘& A = =
&I__’— ‘89 L@*‘h ‘89 BO B hic_h
(75)
oy
= 189 | 4o (76)
_84@534

where figi,x is the observation-test on B’ de ned by
(% := (bj C. Finally, since the state in Eq. (7@| must
be a puri cation of , it is unique up to channels on the
purifying system as in Lemma.



Corollary 6 Let 2 S1(AB) be a purication of
Then, a state is in the re nement set D if and only if
there is an eect b 2 E(B) such that

7> A
A =
Proof. The \if" part is trivial. Conversely, if isinD

by de nition there exists a preparation-test f ;gi>x and
an outcomeig such that , . Using Theorem@i and
taking the e ect b := Iy, one proves the thesis.

Corollary 7 (Bound on dimensions) Let
2 S1(AB) be a purication of 2 Si(A). Then, one
has the bound

dimSg(B) dim Spar(D ): (78)
is an internal state, one has

dim Sg(A):

In particular, if

dim Sr(B)) (79)
Proof. Consider the map!~: EgR(B) ! Sg(A) de ned
by b 7! j™y)a := (Bj) as. By the previous corollary,
the range of I* contains D . Since " is linear, this im-
plies dimEg(B) dim Spar(D ). On the other hand,
since states and e ects span dual vector spaces, one has
dim Er(B)  dim Sr(B), thus proving Eq. (f8).
Theoremﬁ implies the existence of pure bipartite states
exhibiting perfect correlations in the statistics of inde-
pendent observations:

Corollary 8 (Puge states with perfect correla-

tions) Let i2x Pi' i be a mixture of perfectly dis-
tinguishable states' ;g of systemA, andlet 2 Si(AB)
be a puri cation of . Then there exist two observation-
testsfajgiox and flhgjox on systemsA and B, respec-
tively, such that

25

_A—E%#B
‘89_%534 -

Pi i (80)

Proof. Consider the preparation-test f ;giox with
i = pi'ij. Since its average state is , by Theo-
rem [ there exists an observation testfbg such that

j i)a=(hjgi) as. On the other hand, the statesf' ig
are perfectly distinguishable with a testfa;gi»x. Hence,
we have @ij, (Bjgi) as =(a&jad )= 1 i -

This directly implies the following property
Corollary 9 Let =, p'i 2 S1(A) be a mixture
of perfectly distinguishable states, 2 Si(AB) be a pu-
rication of , and ~=(¢€j,j) as be the complementary
state of . Then, one has

X

P~ (81)

i2X

wheref'~giox are perfectly distinguishable states oB.
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We conclude this subsection with a crucial consequence
of Theorem[§, namely that if two transformations coin-
cide on a puri cation of , they also coincideupon input
of , according to the following de nition:

De nition 35 (Equality upon input of ) Two
transformations A ;A °2 T(A;B) are equal upon input
of , denoted byA = AZC if one has

Ajda=A%)a 8j )a2D :

Theorem 7 (Equality upon input of Vs equality
on puri cations) Let 2 S;(AC) be a puri cation of

2 S1(A), and let A ;A %2 T(A;B) be two transforma-
tions. Then one has

Aj)ac =A%) ac =)
If local discriminability holds, one has the equivalence
Aj)ac =A%) a 0 A= A% (84)

If one of the two transformations is proportional to the
identity Eq. (B4) holds.

(82)

A= A% (83

Proof. By de nition, a state is in the re nement set
D i there exists a preparation-test f ;gi2x and an out-
comeip such that ;j, = . Using Corollary E we have
that isin D i there exist an e ect ¢ on C such that
o = B )
= |89_ c
Therefore, we have thatA = A %if and only if
sTAfALE A AT
= (86)
|89_ o \89_ ¢

that is, if and only if the states A j) ac and A %) ac
cannot be distinguished by local tests, that is, if and only

if
25 AJA |-B [P -A{A 0} B [p#
Al _ A 57)

|89
for every product e ect (bjg (cjc. Clearly, if A j) ac =
A %) ac, this condition is veried. This proves Eq.
(E). When local discriminability holds, equality on lo-
cal tests implies equality on global tests, hence Eq.4).
In particular, if A%= 1 , then the state A %) ac =

i) ac is pure, and, by local discriminability of pure
states, equality on local tests implies equality.

?> |
9

C. Dynamically faithful pure states

De nition 36 (Dynamically faithful state) We say
that a state 2 S(AC) is dynamically faithful for system
A if for any couple of transformations A ;A °2 T(A;B)
on has

Aj)ac = A% )ac S) A =A% (88)



Theorem 8 (Existence of dynamically faithful

pure states) Let! 2 Si(A) be an internal state, and
let , 2 S1(AC) be a purication of !. Then | is
dynamically faithful for system A.

Proof. Suppose thatAaj 1)ac = A2} 1)ac. Then
take an arbitrary system D, an internal state 2 S (D),
and a puri cation of , say 2 S1(DE). Clearly, we
have A | 1)ac | e = A% 1)ac | )oe. Ac-

cording to Theorem [], this implies that A and A ° co-
incide upon input of ! . Since! and are internal
in S(A) and S (D), respectively, by Theoreml}! is
internal in S (AD), that is, the re nement set D, is a
spanning set forSg(AD). Now, A and A °coincide on a
spanning set, and, therefore, they coincide on every state
of S (AD). Since the ancillary system D is arbitrary, this
implies A = A°,

Note that the product of dynamically faithful states
constructed in the above way is dynamically faithful:

Corollary 10 Let 2 S;(A) and 2 Si(B) be inter-
nal states, and let 2 S;(AC) and 2 S1(BD) be
puri cations of and , respectively. Then is
dynamically faithful for the compound systemAB.

Proof. Since the product of two internal states is inter-
nal, the thesis trivially follows from the previous Theo-
rem.

Note that the converse of Theorem[B holds:

Theorem 9 (Characterization of  dynamically
faithful pure states) If the state 2 Si(AC) is
dynamically faithful for system A, then the marginal
statej )a = (€cj) ac is internal.

Proof. Let a;a be two distinct e ects for system A.
Since is dynamically faithful one has (aj,j) ac ©
(ajf\j ) ac. This means that there exists an e ect (Gj
such that (aj, (Gcj) ac 6 (ajj (Gcj) ac. Dening
the state j c)a = (Cjcj) ac, this implies (a8 c)a 6
(Y ¢)a. Since . is in the re nement set of , such a
re nement set is separating for Eg(A). But a separating
set for ER(A) must be a spanning set for the dual vector
spaceSg(A). Hence, is internal.

The existence of dynamically faithful pure states
has remarkable consequences, among which the \no-
information without disturbance" and the \no-cloning"
Theorems, that will be analyzed in the following Subsec-
tions.

D. No information without disturbance

De nition 37 (Non-disturbing tests) We say that a
test fAjgi2x on systemA is non-disturbing upon input
of 2S(A) if

Aij)a=1])a 8
i2x

2D ; (89)
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or, equivalently, if ,,, Aj = | ao. If is an internal
state, we say that the test ismon-disturbing, and we have
Aij)a=]j)a 8 2S(A): (90)

i2Xx

Theorem 10 (No information without disturbance)

In a theory with puri cation, a test fA;g on systemA
is non-disturbing upon input of , if and only if each
transformation A; is proportional to the identity upon
input of , namely A; = pil a.

Proof. Let ag be a puri caigjon of . By Theorem |']'

the no-disturbance condition ;,4 Aj = | A holds if
and only if
i N ’ ‘I (91)
i2Xx ‘89 5 - |89_ B
Since is pure, this implies Aij) a8 = pPij) a8 =

(pil A)j) as- Again, by Theorem |] this is equivalent
to A= pl a.

Theorem 11 (No joint discrimination of a span-

ning set of states) In a theory with purication the
states in a spanning set cannot be perfectly discriminated
in a single observation-test.

Proof. By contradiction, suppose that a collection of
statesf jgi2x is a spanning setjnamely Sparf igi2x =
Sr(A)land there exists an observation-test fajgi2x
such that (aj j)a = j . Then, since perfectly distin-
guishable states are linearly independent, and they must
span a nite dimensional vector space, the number of
perfectly distinguishable states must be nite. Now con-
sider the measure-and-prepare test Ajgi.x de ned by
Ai =] i)a(a&j,- Since the states of the spanning set are
perfectly distinguishable, the testf A;gis non-disturbing.
Indeed, expanding an arbitrary state on the spanning
set, one has

0 1
X X X X
Aij)a=  A@ A=
I I ] ]

GJijla=1]):

(92)
Since A; 6 pil a, this is in contradiction with the no-
information without disturbance Theorem 0.

Corollary 11 (No joint discrimination of pure

states) In a theory with puri cation for every system the
pure states cannot be perfectly discriminated in a single
observation-test.

Proof. Since pure states are a spanning set, they cannot
be perfectly discriminated in a single test, according to
Theorem ().

The Corollary EI provides a simple alternative way to
see that classical probability theory is excluded by the
puri cation Postulate.



Corollary 12 (Maximum number of perfectly dis-
tinguishable states) For every systemA the maximum
cardinality of a set of perfectly distinguishable states is
strictly smaller than dim Sg(A).

Proof. Since perfectly distinguishable states are linearly
independent, if one could nd dim Sr(A) perfectly dis-
tinguishable states, then they would form a spanning set,
in contradiction with Theorem

Corollary 13 (Non-unique convex decomposition

on pure states) In a theory with puri cation satisfying
the no-restriction hypothesis of Def. , for every system
A there is a mixed state 2 S;(A) with a non-unique
convex decomposition on pure states. In other words, the
convex setS 1(A) cannot be a simplex.

Proof. By absurd, suppose thatSi(A) is a simplex.
Then the pure statesf' jg of A are a nite set, and
for each of them there is a functionalay 2 Egr(A)
such that (aj' j) = . Clearly, & is positive on ev-
ery state, namely a4 2 S+ (A) . Hence, by the no-
restrictign hypothesis we havea 2 E. (A). Moreover,
one has ; (aj, = (€. Hence, the collectionfa g is an
observation-test (see Corollany{3p). But this test discrim-
inates all pure states, in contradiction with Corollary @

E. No-cloning

De nition 38 (Cloning channels) Let A;A° be two
operationally equivalent systems, and let ;gi»x be a set
of states of A. A channel C from A to AACis a cloning
channelfor the setf jgizx if

Cjia=1]ialiax (93)
If there is a cloning channel, we say that the states
f igi2x are perfectly cloneable

We now show that a spanning set of states (in particu-
lar, the set of pure states) cannot be perfectly cloned. To
see this we use the equivalence between perfect cloning
and perfect discrimination, which was originally proved
in Refs. [§,[}] for causal theories with local discriminaby
ity using the tomographic limit. Here we use the stronger
result of Ref. [@], which proves the equivalence in any
convex theory where all \measure-and-prepare" channels
are allowed, without requiring causality and local dis-
criminability, and without resorting to the tomographic
limit. For convenience of the reader, the argument of Ref.
[@] is reproduced here using the notation of the present
paper:

Theorem 12 (Cloning/discrimination equiva-

lence) In a convex theory where all \measure-and-
prepare” channels are allowed, the deterministic states
f iGi2x S(A) are perfectly cloneable if and only if
they are perfectly distinguishable.
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Proof. Suppose that the statesf jgi»x can be perfectly
cloned and consider the binary discrimination between
two states ;; j;i 6 j with a binary observation-test
fa;a; 0. De ning the worst-case error probability as

Pwe = maxfp(ijj);p(ji)g  p(kjl) = (axj 1)a; (94)
and taking its minimum over all binary tests
(opt) .— ; .
Pwc " - aiTIErz ) Pwe (95)
(opt)

we have that pwc ° 2 [0;1=2). Now, if a cloning chan-
nel exists, we can apply it twice to the unknown state,
thus getting three identical copies of it. Performing three
times the optimal test, and then using majority voting
we obtain the new error probabilities given by

i) = f (PP (i)

f(x)= x>(3 2x); (96)

where pP)(ijj) = a®) [)a. Since f
decreasing function forx 2 [0;1], we also havepl, =
f (p{PY), and, since p{& is the minimum error proba-
bility, by de nition pl. pSR. The only solutions of the
inequality f (x) x arex =0 and x 2 [1=2; 1], and, since
(opt)

is a non-

pwe’ must be in the interval [0; 1=2) (see Lemma[]L), we
obtain Q(A?cp‘) = 0. This proves that any pair of states

from the setf ;gi2x can be perfectly distinguished. But
this implies that using jXj 1 pairwise tests we can per-
fectly discriminate all the statesf ;gi2x. This proves the
implication \perfect cloning ) perfect discrimination”
in any convex theory. If the theory contains all possi-
ble \measure-and-prepare" channels, the converse is ob-
viously true: If the states can be perfectly discriminated
by an observation-tes,i,faigizx, then the measure-and-
prepare channelC := ] i)aj i)ao(aij, is acloning
channel.

Since measure-and-prepare channels can be obtained
by conditioning the choice of a preparation-test on the
outcome of an observation-test, any causal theory satis-
es the hypotheses of the previous Theorem, which be-
comes

Corollary 14 (Cloning/discrimination equiva-

lence in causal theories) In a causal theory the states
f iGiz2x S1(A) are perfectly cloneable if and only if
they are perfectly distinguishable.

Remark (Non-causal theories with all measure-
and-prepare channels). Note that there are also
non-causal theories that contain all measure-and prepare
channels. An example can be constructed by starting
from a causal theory , and by regarding the set of trans-
formations T(A;B) from A to B as the set of \states"
SYA ! B) of the system \A | B" in a new second-
order theory © Performing an observation-test on a
\state" C 2 SYA ! B) is then interpreted in the un-
derlying causal theory as applying the transformation



C 2 T(A;B) to an input state 2 S(AC), and sub-
sequently performing an observation-testf b gi>x on the
output state (C | ¢)j )ac . Of course, since the theory

is causal, one can use conditioning and perform a chan-
nel C; that depends on the outcomei. This provides the
realization of an arbitrary measure-and-prepare channel
in the non-causal theory °.

Coming back to causal theories with puri cation, the
results proved so far imply the following no-cloning state-
ment:

Corollary 15 (No-cloning of states in a spanning

set) In a theory with puri cation, a cloning channel for
a spanning set of states cannot exist. In particular pure
states cannot be cloned.

Proof. Immediate consequence of Corollanf }4 com-
bined with Theorem [L3 and Corollary [1].

VIIl.  PROBABILISTIC TELEPORTATION

A. Entanglement-swapping and teleportation

Theorem 13 (Probabilistic entanglement-
swapping) Let 2 Si(AB) be a pure state, and
let A® and B be systems equivalent t&\ and B, respec-
tively. Then there exist an atomic eect E 2 E(BAY
and a non-zero probabilityp such that

2> 1A
|89_ I 25 A
23] A° E :;| =p |89 BO (97)
89 | go -
Proof. Let us de ne the marginal states
. = (e i
J)a=C(egj) ne (98)

178 = (€a]) a8

By Theorem E we have that there exists a non-zero prob-
ability p suchthatp 2D . Sincej) agj) aoois
a puri cation of j )a j9go, using coroIIary we get the
thesis. The e ect E can be gaken to be atomic: indeed,
if it were re nable,i.e. E =, Ej, since the right hand
side of EQq. @) is a pure state, each e ectk; would
achieve entanglement swapping.

Remark (PR boxes are excluded by the puri -
cation Postulate).  The possibility of probabilistic en-
tanglement swapping shows that the puri cation Postu-
late excludes the theory of Popescu-Rohrlich boxes (see
Ref. [8] for the de nition of transformations on boxes
and states of multipartite boxes). Indeed, Refs. [P[10]
showed that probabilistic entanglement swapping is im-
possible in this theory.
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Corollary 16 (Probabilistic teleportation) Let 2
S1(AB) be a pure state, and let 2 S;(A) and ~ 2
S1(B) be its marginals. Let A° and B® be systems of the
same type ofA and B, respectively. Then, there exist and
eect E 2 E(BAY and a non-zero probabilityp such
that

72> A
% | e PR
A0 3
and
B M =<
Bl p o e aoo
B9 | 4o

In particular, if  is an internal state, one has the prob-
abilistic teleportation scheme

725 A
|89_ B ?ZT: p % (101)
A0 o

Proof. Just combine Theorems[ 13 and]7.

The diagram of probabilistic teleportation ({01)) is the
main axiom in the categorial approach by Abramsky and
Coecke [3F]. Technically speaking, Corollary 36 implies
that every theory with puri cation has the mathematical
structure of a dagger-compactcategory. In the present
approach, this property is derived from the puri cation
postulate, rather than being assumed from the start. Due
to the Corollary @ every result obtained in the catego-
rial approach automatically holds for all theories with
puri cation.

For theories with local discriminability the probability
of teleportation is related to the dimension of the state
space as follows

Lemma 16 (Maximum teleportation probability)
If local discriminability holds, then the probability of
teleportation p in Eq. ([L01) satis es the bound

1

dim Sgr(A) - (102)
Proof.  Let us choose two based ;g and f~g for
the vector spacesSggA) and Sr(A), respectively, and
write as j) ax = i A j i)aiv)x- Now take the
dual basesf ;g and f~g for the dual vector spaces
Er(A) and Egr(A), respectively|so that (
pnd (j~)x = wl and wiite E as E jgpo =

ki B (~ix ( 1Jao- The teleportation diagram ?@)
is then equivalent to the matrix equality

il A=

AB =p la; (103)



where | 5 is the identity matrix of size dim( Sr(A)). Fi-
nally, since probabilities are bounded by unit, we obtain

1 (E J) ax =T AB]=p dim(Sr(A); (104)

which is the desired bound.

Remark (Quantum mechanics achieves the
bound) . Note that in quantum mechanics the telepor-
tation probability achieves the maximum value allowed
by the bound of Eq. (L03): For a d-dimensional Hilbert
space, the real vector space spanned by all density ma-
trices has dimensiond?, which is exactly the maximum
probability of conclusive teleportation.

A simple consequence of probabilistic teleportation is
the possibility of remotely preparing any bipartite state
by acting locally on the purifying system only, according
to the following de nition

De nition 39 (Preparationally faithful state) A
state 2 S1(AB) is preparationally faithful for system
B if for every bipartite state 2 Si(AB) there are a
transformation A 2 T(B) and a non-zero probability p
such that

Pls|, = (105)

| S
Corollary 17 (Existence of preparationally faith-
ful pure states) Let 2 Si1(AB) be the purication of

an internal state ! 2 S;(A). Then, s preparationally
faithful for system B.

Proof. De ne the transformation A as
B —:|<
e (A Je = o125l (0g)
89| &
Applying A to and using Eq. (01} with A © A we
then obtain
2> A
‘?> A ) |89_ B —=.<
'89_ B (107)
?;L
=P B9

Hence, the thesis holds withp p independently of

B. Storing and probabilistic retrieving of
transformations

Here we consider the task of storing an unknown trans-
formation in the state of some system. The output state

21

of such a storing protocol then becomes a \program"
from which the transformation can be retrieved at later

time. The task is achieved probabilistically by a machine
that retrieves the transformation from the program and

applies it on a fresh input state.

Corollary 18 (Storing and probabilistic retrieving)

Let 2 S3(AA) be a purication of an internal state
I 2 Si1(A). The storing protocol, consisting in the
application of a transformation C 2 T(A;B) to the input

state , as in the following diagram
2> |-B 2> A B
= 108
8Bc | 4 Bo | 4 (108)

de nes an injective map from transformations C 2
T(A;B) to bipartite states R 2 S(BA) satisfying the
property

(64 JR)ox 2 D (109)

where & is the complementary statej~), = (€5]) ax-
The inverse map is given by theprobabilistic retrieving
protocol

—-]

?>
pa —A B B8c | x — (110)
A | Bl
whereE := E is the teleportation e ect for state

Proof. Since by Theorem[B the state is dynamically
faithful, the map C 7! Rc¢ is injective. Since any trans-
formation C is part of a tpsthi Oi2x, de ning the coarse-
grained channelCy := iox Ci we haveR¢c 2 DRcX-
Applying the deterministic e ect on system A, we then
obtain Eq. ([[09). The identity ({10) simply follows by
writing paC = C (pal a) and substituting pal a asin
Eq. (L09).

In Section [IX| we will show that the correspondence
C 7! Rc is also surjective on the set of bipartite states
satisfying Eq. (@). This will provide an isomorphism
between transformations and bipartite states that enjoys
all the structural properties of the Choi-Jamiolkowski iso-
morphism of quantum mechanics 6].

The probabilistic retrieving of Eq. (fL10) implies a
bound on the operational distance between two trans-
formations Ag; A1 in terms the operational distance be-
tween the corresponding states:

Theorem 14 Let Ag;A1 2 T(A;B) be two transfor-

mations and Ra,;Ra, 2 S(B;A) be the corresponding
states as in Eq. [Z0B). Then one has the bound

A1 Adgjas IR, pRA"‘B“: (111)
A



Proof. Dene = A; AgandR := Ra, Ra,.
Take an ancillary system C and a state 2 S(AC). Then

Eq. (L19) implies

2> |-B
?>_4|A 'iB _ l8§_ A =< 112
|8907 T opa o5A _E;| (112)
- 89| .

Applying a bipartite e ect ( ajg. on both sides we then
obtain

— (bJR )BP(.

(ach J )AC - (113)
Pa

where 0 jgzx = [(agc  (Ejgali )ac. Sinceb is an
e ect, the above equality implies the bound

info (R )ga
Pa

e BOR Jar,

(algc

(114)

By Def. @ of operational norm, this implies

] Jec 1 R jga=pa: (115)

Finally, taking the supremum over the ancillary system
C we get the desired bound.

C. Systems of puri cations and the link product

Here we x an internal state | ® , for any system
of the theory. Moreover, we x a purication of | ® 4|
and denote it by (*) , ., for some xed purifying sys-
tem A. The role of the upper index in  ® is to recall
that the marginal is internal for system A, while it may
not be internal for the purifying system A. Moreover,
we denote by E® _ and by pa the eect and the
probability appearing in the teleportation scheme ),
respectively.

Note that since the product of internal states is in-
ternal (Theorem P}), for bipartite systems we can choose

1AB) g = 1A, 1® o Likewise, we can choose
(AB) = ") (B) E (AB) =
AB8B BB ABAB
E®W ., E® .., andpas = paps. We call a system

of puri cations such a choice of internal states, puri ca-
tions, and teleportation e ects.

Once a system of puri cations has been xed, one can
discuss the composition of transformations in terms of
composition of states, generalizing the de nitions and the
results introduced by Refs. [3]L,[3}] in the quantum set-
ting.

De nition 40 (Link product) The link product of
two \states" 2 S, (BA) and 2 S, (CB) is the \state"
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2 S. (CA) given by

72> <
> 1 9L T 116
= — - (B)..
89 x Ps o518 | E 5| (116)
89 | A

(In the above de nition we used the quotation marks in
\states", to mean point of the cone generated by scaling
states with positive constants.)

The product and composition of transformations are
then given by the following

Corollary 19 (Composition of states) Consider the
correspondence given by the storing protocol in Eq.8).
For two transformations C 2 T(A;B) and D 2 T(C;D)
one has

?> D

3 sc 1BBD | ¢

BBc D |4c = O;L (117)
g8c | ,

For two transformations C 2 T(A;B) and D 2 T(B;C)
one has

7> €
s 1C 1 88D | 5 .
8Bo c | 4 T e ?>: g | E®;l
Sclx (118)
o1
= BBc Ro | .

Proof. The rst equation follows from the fact that
(AC) = W © ., while the second fol-

ACAC T AR . Co
lows from the probabilistic retrieving of Eq. ([10).

IX. DILATION OF PHYSICAL PROCESSES

In this Section we derive dilation Theorems for chan-
nels, observation-test, and general tests. These Theorems
extend to all theories with puri cation the validity of the
theorems by Stinespring [3[7], Naimark [3B], and Ozawa
[@], originally obtained in the setting of operator alge-
bras.

A. Reversible dilation of channels

In order to derive the reversible dilation of a channel
we need the following lemma:



Lemma 17 Let R 2 S(BA) be a state such that

2> 1-B{e ?> e
88 | x = IBo®™ | ,

(119)

where ® is a pure dynamically faithful state for sys-
tem A. Then there exist a systemC, a pure state
"0 2 S1(BC), and a reversible channelU 2 T(ABC)
such that

&, 1___BC AC g

7> B — U

|, = » 2 B (120)
A

| g™ X

Moreover, the channelV 2 T(A;ABC) dened by V :=
U ' o)sc is unique up to reversible channels oi\C.

Proof. Take a puri cation of R, say 2 S;(CBA) for
some purifying system C. One has

2> e
2> 1-B[e 2> A{e

L —2{€ = |g8 | = BaW | . (121)

9 A’ — ——
that is, and ® are both purications of the com-
plementary state A . = (e, ® ... Applying
Lemma 15 one then obtains

ospc  Eo—ES o

L B = o5 1A BC (122)

A
9 | go® R

Applying the deterministic e ect on system C on both
sides, this proves Eg. (120). Moreover, ifV0 :=
U 9" 8)ac is channel such that Eq. (120) holds, then the
statesV = @&, and V? ®  are purications of

the same state of system B&. Uniqueness of puri cation
then implies

AC AC AC
- A \
S A B = o5 LA B
8™ )
5 lgo .
(123)
for some reversible channeW 2 T(AC). Since ® is

dynamically faithful for A, this implies V%= W V.
We now give the de nitions of dilation, environment,
and reversible dilation:

De nition 41 (Dilation of a channel) A dilation of
channelC 2 T(A;B) is a channelV 2 T(A;BE) such
that

-E e
afete-= v,

We refer to systemE as to the environment.

(124)
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De nition 42 (Reversible dilation) A dilation V 2
T(A;BE) is called reversibleif there exists a systemEg

such thatAEy;' BE and
e EpE e
A Vg = A | U (125)

for some pure state' ¢ 2 S1(Ep) and some reversible
channelU 2 T(AE;BE).

According to the above de nitions, we have the follow-
ing dilation theorem:

Theorem 15 (Reversible dilation of channels)

Every channel C 2 T(A;B) has a reversible dilation
V 2 T(A;BE). If V;V°2 T(A;BE) are two reversible
dilations of the same channel, then they are connected by
a reversible transformation on the environment, namely

—Ee —Ee
A VO B = A v B
=) v, = v (126)
A B
Proof. Let us store the channelC in the faithful state

A 2 S(ARK), thus getting the state Rc, as in Eq.
(108). SinceC is a channel, by de nition we have

= A fe (127)
which implies
> 1Bre 7> “HA{CB (e
8Bc | , = lo® | |
— — (128)
7> A JE
= |89(A)
A
Now, applying Lemma 17 we obtain
'@ BC AC Ee
?> | B U
8Bc | , = 2> 4 B (129)
A A
] Bo® X

Since @ is dynamically faithful for system A, this im-
plies

& 1.BC AC
—9 ]

ATClB = L |u

(130)

Therefore, V := U j' ¢)sc is a reversible dilation of C,
with Eg := BC and E := AC. Finally, the uniqueness
clause in Lemma 17 implies uniqueness of the dilation.

Moreover, two reversible dilations of the same channel
with di erent environments are related as follows:



Lemma 18 Let V 2 T(A;BE) and V%2 T(A;BE9 be
two reversible dilations of the same channeC, with gen-
erally di erent environments E and E° Then there is a
channelZ from E to EEC such that

-E e
1 EO Z 0
\VAY = E E (131)
A B \V;
A B
The channelZ has the form
E &y E° E
0]
E Z go - E U E° (132)

for some pure state o and some reversible transforma-
tion U 2 T(EEY.
Proof. Apply V and V °on the faithful state ) , and
then use Lemma 15.

The above results represent the general version|
holding in all probabilistic theories with puri cation|
of the dilation scheme implied by Stinespring's Theorem
[37] in quantum mechanics. However, di erently from the
proof of Stinespring's Theorem, the present proof does
not require any C*-algebraic structure, being based just
on the puri cation postulate. In fact, it is easy to see
that state puri cation and channel dilation are equiva-
lent features, in the following sense:

Corollary 20 Existence and uniqueness (up to re-
versible channels on the purifying system) of the puri -
cation of states is equivalent to existence and uniqueness
(up to reversible channels on the environment) of the re-
versible dilation of channels.

Proof. The direction \puri cation ) dilation" has been
just proved by the dilation theorem. The converse is
obvious, since a normalized state 2 S;(B) is a special
case of channel from the trivial system | to B, and in this
special case puri cation coincides with dilation.

Finally, the reversible dilation of a channel allows one
to de ne the complementary channelas follows

De nition 43 (Complementary channel) Let V 2
T(A;BE) be a reversible dilation of channelC 2 T(A;B),
as in Theorem 15. The complementary channelof C is

the channel®2 T(A;E) de ned by

E

A.EzAVBEe

Note that the complementary channel C®is unique up to
reversible transformations on the environment E.

The notion of complementary channel has played a cru-
cial role in the research about capacity of quantum in-
formation channels (see e.g. [43, 44, 45]) and we expect
that having the same de nition in general probabilistic
theories will be very fruitful (in fact, a number of conse-
guences is already presented in the Section XI).

(133)
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B. Reversible dilation of tests

We now generalize the dilation of channels (i.e. single-
outcome tests) to the case of arbitrary tests. For this
purpose, we need the analogue of Lemma 17:

Lemma 19 Let fR;g2x be a preparation-test for system
BA, with the property

X 25 1B fe

A e
8B | . =

7>
Bo™ | 4

(134)

i2Xx

where ® s the purication of an internal state of
system A. Then, there exist a systemC, a pure state
"0 2 S1(BC), a reversible channelU 2 T(ABC), and
an observation testf cigi2x on C such that

25 c C E%#$
25 B |89O_ B U A e 2
Issi_ AT e (135)
A
B9 ™ x

for any outcomei 2 X. By suitably choosing systemC,
the observation-testf ¢;gi» x can be taken to be a discrim-
inating test.

Proop Take a puri cation of the coarse-grained state
R= ,Rj,say 2 S;(BAC) forsome purifying system
C. According to Theorem 6, there is an observation-test
fcigiax on C such that
jRi)BA = (Cljcl) BAC 8i 2 X; (136)

and, by suitably choosing C,fcjg can be chosen to be a
discriminating test. Following the same line of Lemma
17 we then obtain the thesis.

As an immediate consequence, we have the following

Theorem 16 (Reversible dilation of tests) For ev-
ery testf Cigi»x from systemA to systemB there exist a
systemC, a pure state' o 2 S1(BC), a reversible chan-
nel U 2 T(ABC), and an observation-testf cigiox on C
such that for all outcomesi 2 X

|?.> c C E%#ﬁ;

0

alcle- =81 = 1yl are (an
A B

By suitably choosing systemC, the observation test
fcigizx can be taken to be a discriminating test.

In the case we choose the observation-tedtcigi»x to
be discriminating, the above Theorem yields a (simpli-
ed) version of Ozawa's Theorem in quantum mechanics
[39]. Here the simpli cation comes from the fact that we
consider nite dimensional state spaces and tests with -
nite outcomes, whereas the challenging part of Ozawa's



Theorem is the rigorous treatment of in nite dimension
and continuous spectrum.

Moreover, we can apply the dilation theorem to tests
with trivial output B I, thus obtaining the operational
version of Naimark's Theorem [38] in the nite-outcome
case:

Corollary 21 (Discriminating dilation of
observation-tests)  For every observation-testf a; g2 x
on A there exists a systemC, a pure state' o 2 S1(C),
a reversible channelU 2 T(AC), and a discriminating
testfcgiox on C such that

T C {GY%H
A% u (138)
A A Ee

for all outcomesi 2 X.

Another corollary is the following characterization of
theories with puri cation:

Corollary 22 In a theory with puri cation every test
can be realized using only pure states, reversible trans-
formations, and discriminating tests.

In fact, only one pure state for each system is enough,
since due to Corollary 14 all pure states can be obtained
from a xed one by acting with reversible channels.

X. STATES-TRANSFORMATIONS
ISOMORPHISM

The results of the previous Section allow a com-
plete identi cation of transformations with bipartite
states, thus providing the general version of the Choi-
Jamiolkowski isomorphism [40, 41] in quantum mechan-
ics. The correspondence is summarized in the following

Theorem 17 (States-transformations isomor-
phism) The storing map C 7! Rc = C ® .,
where @ is a purication of an internal state

I 2 Si(A), de nes a bijective correspondence between
transformations C 2 T(A;B) and bipartite states

R 2 S(BA) satisfying the property

(ejAjR)AA 2 D!~ j!")/x = (eJA * AA: (139)
In particular,
1. a collection of transformations fCigiox  T(A;B)

is a test if and only if the corresponding collection
fRc,gi2x  S(BA) is a preparation test satisfying
X
(ejB jRCi)BA = j!")/x: (140)
i2Xx

2. a transformation C is atomic if and only if the cor-
responding stateRc¢ is pure
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Proof. Injectivity was already proved in Corollary 18.
Lemmas 17 and 19 prove surjectivity and the rst item.
The second item is an immediate consequence of the rst
along with the fact that @ is dynamically faithful for
system A: If C is atomic, then R¢c must be pure, oth-
erwise we would have a non-trivial decompaosition ofC.
Vice-versa, if R¢ is pure, then C must be atomic, other-
wise we would have a non-trivial decomposition ofRc.

Clearly, the correspondenceC 7! R¢ can be extended
via via linear combinations to an injective linear map
between the vector space§r(A;B) and Sg(BA).

An immediate consequence of the
transformations isomorphism is the following

states-

Corollary 23 (Existence of an ultimate re nement)

In a causal theory with puri cation, every test fCigizx
from A to B admits an ultimate re nement fDjgjov
where every transformationD; is atomic.

Proof. Consider the preparation-testf R¢, gi2x and take
the normalized states Rc, = Rc, =(€j Rc))gs- Since
the states form a compact convex set, each stat®Rc,
has a convex decomposition on pure states. Collecting
together all these decompositions yields a preparation-
test fRjgj2y, containing only pure states, that re nes
fRc, gi2x. By the states-transformations isomorphism,
one hasR; = Rp,, for a test fD;g2y that renes
fCigi2x and contains only atomic transformations.

A. First consequences of the isomorphism
Two simple consequences of the states-transformations
isomorphism are the following:

Corollary 24 A channel V from A to AB is atomic if
and only if it is of the form

v = U (141)

A

for some pure state' ; 2 Si1(B) and some reversible
channelU 2 Gpg.

Proof. Clearly a channel of the form V
U |' o)g is atomic, since the corresponding stateRc
Uj) axi o)s is pure. Conversely, ifV is atomic, then
Ry is a puri cation of the state j~) == (€, ) Ax.
SinceRy and are both puri cations of the same state,
by Lemma 15 we haveRy = U~ ®  j' o)g for some
pure state ' o 2 S1(B) and some reversible channel
U 2 Gag. Since @ s dynamically faithful for sys-
tem A, this implies V = U j' o)s.

When system B is trivial, we have the more specic
result:

Corollary 25 A channel from A to A is atomic if and
only if it is reversible.



Proof. Special case of Corollary 24 with B |I.

The states-transformations isomorphism also allows
one to prove that the sets of transformations, channels,
reversible channels, and pure states are compact with
respect to the operational norm induced by optimal dis-
crimination:

Corollary 26 The set of physical transformations
T(A;B) is compact in the operational norm.

Proof. Since the state  is dynamically faithful, we
have dim(Tr(A;B)) dim(Sr(BA)), namely transfor-
mations span a nite-dimensional vector space. Since
we are in nite dimensions, to prove compactness it is
enough to prove that the set of channels is closed. To see
this, suppose thatf C,gis a Cauchy sequence of channels,
and let f R¢, g be the corresponding sequence of states.
Since the set of all statesS (BA) is closed, the sequence
fRc, g converges to a stateR. Now, since each state
Rc, satis es Eq. (139), alsoR satis es it. By the states-
transformations isomorphism, this implies that there is a
transformation C such that R = R¢. Finally, using the
bound of Eq. (111) we see thatC, converges toC in the
operational norm.

Corollary 27 The set of channels fromA to B is com-
pact in the operational norm.

Proof.  Again, since we are in nite dimension, it is
enough to prove that the set of channels is closed. Let
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let us x a pure state ' o. By Lemma 14 for everyn there
is a reversible channelU,, such that' , = U,' o. Since
the group G, is compact, we can take a subsequence
fUn, g that converges to a reversible channeU . There-
fore we have =Ilmp1 '"p =limys Uy ' o= U .
Since is connected to a pure state by a reversible chan-
nel it must be pure.

We conclude this Subsection with two results that will
be useful in the construction of deterministic teleporta-
tion:

Corollary 30 (Existence of a twirling test) In a
(convex) theory with puri cation there always exists a
twirling test fp U;gi2x, where f pjg are probabilities and
fU;g are reversible channels. In particular, one of the
channelsf U;g can be always chosen to be the identity.

Proof. Let dW be the normalized Haar measure over
e compact group Ga, and de ne the channel T :=

dW W, which is clearly a twirling channel, since by
invariance of the Haar measure one ha®J T = T for
every U 2 Ga. Since the reversible channels span a
nite-dimensional space, their convex hull is a nite-
dimensional convex set. Then by Caratheodory's the-
orem the integral can be written as a nite convex
gombination of reversible transformations, i.e. T =

iox PiUi. SinceUT = T, we can pick an outcome
io, and apply U;, 1 thus obtaining a new twirling test
where one channel is the identity.

fCng be a Cauchy sequence of channels. Since the set of corollary 31 (Uniqueness of the invariant state)
transformations is closed, the sequence converges to some oy every systemA, there is a unique state » invariant

transformation C. Moreover, C is a channel. Indeed,
sinceC, is a channel we have¢j; C, = (€j,, and, for ev-
ery state , (eJB Cja=Ilimpn (eJB Chia=(€ )a,
which implies (ejg C = (€j,-

Corollary 28 The group Ga of all reversible transfor-
mations of systemA is a compact Lie group.

Proof. Let fU,g be a sequence of reversible channels
converging to some channelC. We now show that C is
reversible. Indeed, consider the sequenddJ,, 'g. Since
the set of channels is compact, it is possible to choose a
subsequenced U, g that converges to some channeD.
But now we have CD = lim 1 Un U, ' =1 A, and,
DC =limw: U, *Un, =1 4, thatis, C is reversible
andD = C . This proves that G 4 is closed, and, there-
fore, compact. Finally, since G is compact and has a
faithful nite-dimensional matrix representation, it is a
Lie group (see e.g. Theorem 5.13 of Ref. [42]).

Corollary 29 The set of pure states of system is com-
pact.

Proof. Letf' ,gbe asequence of pure states converging
to some state . We now prove that is pure. To see this,

under all reversible transformations in G5. Moreover,
A is internal.
Proof. Let T be the twirling channel de ned in the

previous Corollary. Since for two arbitrary pure states
; Othere is a reversible channelJ such that °= U
(Lemma 14), this implies

Z Z

dWw WU =  dwow°® =T ( ):= ;

(142)
having used the invariance of the Haar measure. Now,
since the twirling channel is constant on pure states, it
is constant on every state, namelyT ( ) =  for every

. In particular, if is an invariant state, then we have

= T ()= . This proves that the invariant state is
unique. Finally, Corollary 30 implies that the integral
T () can be written as the sum of the transformations
of a twirling test containing the identity, namely

T(9=

X X L
=T ( )= pj Uj = P, *t UO Uj (143)
i j8io
whencep;, belongs to the re nement setD of for

every state . This proves that is internal.



B. Entanglement breaking channels

An interesting consequence of the states-
transformations isomorphism regards the identi cation
of measure-and-prepare channels and entanglement
breaking channels, the latter de ned as follows

De nition 44 (Entanglement-breaking channel)
A channel C 2 T(A;B) is entanglement breaking if
the output state Cj )ac is separable for every state
2 S1(AC), namely
X
pPiji)si-i)c;

i2X

Cjac = (144)

for some separable preparation testp; ;| ~Gi2x-

The following Theorem extends to arbitrary theories
with puri cation the characterization of entanglement
breaking channels presented in quantum mechanics by
Horodecki, Shor, and Ruskai in Ref. [46]:

Corollary 32 (Structure of entanglement-
breaking channels) In a theory with purication,
the following are equivalent

1. C is entanglement-breaking
2. R¢ is separable

3. C is measure-and-prepare

Proof. i) ) ii) If C is entanglement-breaking, then in
particular Rc = C )  -is separableg) ) iii) Sup-
pose that Rc is separable, namelyRc = ,x P i =
for some separable preparation-testp; | ~gi2x (with
i 2 S1(B) and ~ 2 S1(A)). Now, the preparation-test
fpi~gi2x has the property

X
P =(egiRc)gs = (ea @ =j-)x (145)
|
having used that jRc)zx == C @ ,,, and the fact
that C is a channel. Applying the rst item of Theo-
rem 17 with B |, we then deduce thatp;~ = R, for
some suitable observation-testfajg ong\. Considering
the measure-and-prepare channeD =, ] i)s (&,
we then obtain Rp = R¢, which implies C = D. Hence,
C is measure-and-prepareiii) ) i) If C is measure-and-

prepare, it is easily seen that it is entanglement-breaking

C. Completeness of theories with puri cation

As a consequence of the states-transformations isomor-
phism, in a theory with puri cation we cannot enlarge the
set of transformations without enlarging the set of states.
Indeed, we can compare di erent theories that have the
same set of systems in the following way:
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De nition 45 (Inclusion of theories) The theory ©
is larger than the theory if for every couple of systems
A;B one hasT(A;B) TYA;B), where TYA;B) denotes
the set of all transformations from A to B allowed by °

Then we have the following

Lemma 20 (Maximality of theories with puri ca-
tion) Let be a theory with purication, and °be a
causal theory with the same sets of normalized states of
,i.e. S1(A) = SY(A) for every A. If Cis larger than
, then 0=

Proof.  First of all, note that the deterministic ef-
fect, uniquely de ned by the condition (g )a =1;8 2
S1(A) is the same in both theories. Now suppose that
fCiogizx is one of the tests from A to B allowed by the-
ory 9 Let fRcegizx be the corresponding preparation-

test for system BA, as de ned in Theorem 17. Since
the theories ?and have the same states, each Repo
is also a state in Now, convexity of the set of
states implies that f Rcogizx is a Isgitimate preparation-
test in Moreover, we have  ,y (6] Rco gx =
(g ™ gz :=jF)x. Then, by Theorem 17 there must
be a testf Cigi2x from A to B, allowed by theory , such
that Rco = Re, := G ¥ .. Since @ . is dy-
namically faithful for system A, this implies C°= C; for
everyi 2 X. Therefore, %and have exactly the same
tests.

The states-transformations isomorphism has also the
very strong consequence that any transformation that is
\mathematically admissible" can be actually realized as
a test. To make this statement precise, let us give the
following de nitions:

De nition 46 (Positive transformation) A transfor-
mation C 2 Tr(A;B) is positive if for every 2 S. (A)
one hasCj )a 2 S+ (B).

A trans-
| s is posi-

De nition 47 ( S-positive transformation)
formation C 2 Tr(A;B) is S-positive if C
tive.

De nition 48 (Completely positive transforma-
tion) A transformation C 2 Tr(A;B) is completely pos-
itive (CP) if C | g is positive for every systemsS.

De nition 49 (Admissible instrument) An admis-
sible instrument with input A and output B is a collection
of CP transformations f Cjgj2x such that

(ejB G = (eJA : (146)

i2Xx

The following Theorem establishes that every admissi-
ble instrument must be feasible in a convex theory with
puri cation:



Theorem 18 (Completeness of theories with pu-

ri cation) In a theory with puri cation every admissi-
ble instrument from A to B is a test. In particular, every
admissible instrument from A to | is an observation-test.

Proof. Call the theory under consideration, and con-
sider the set of all admissible instruments that are con-
ceivable in . This set is closed under parallel/sequential
composition and under coarse-graining and conditioning.
Therefore this set de nes a new theory °that is larger
than . Moreover, by construction  %and have the
same states. By Lemma 20, this implies °= .

Corollary 33 (Characterization of physical trans-
formations) In a theory with puri cation the following
are equivalent

1. C is a physical transformation from A to B

2. C is a CP transformation from A to B and (ej,
(ejg C is CP.

We are now in position to prove a stronger result than
Lemma 20, namely the fact that a theory with puri -
cation is completely speci ed once we have declared the

states for every system:
Theorem 19 (States specify the theory) let ; ©
be two theories with puri cation. If and ©have the

same sets of states, then %=

Proof. Given two theories ; °with the same set of
states we can take the new theory [ Cthat is generated
by and ©by taking sequential and parallel composi-
tion of the corresponding CP transformations. Since by
construction [ Ccontains and %and has the same
sets of states by Lemma 20 we have = [ 9= ©

We conclude this Subsection by discussing the implica-
tion of the no-restriction hypothesis of Def. 15, i.e. that
every element in the dual cone of states is a possible ef-

fect. In this case, we have the following characterization:

Lemma 21 In theory satisfying the no-restriction hy-
pothesis of Def. 15 the following are equivalent:

1. a2 Tr(A;l) is CP
2. ais an element of the dual cones ; (A)

3. ais an element of the coneE. (A)

Proof. 1) 2. Any CP transformation C from A to
| de nes a unique elementa of the dual coneS. (A) ,
via the relation a( ) := Cj )a. In fact, C and a are
identi ed: if two CP transformations C and C° de ne
the same e ect, then we also have C | ¢)j )ac =
(C% 1 ¢)j )ac for every system C and for every state
2 S(AC). Therefore C C? and we can identify
C with a. 2) 3. By the no-restriction hypothesis if
a is in the dual S+ (A) thenaisin Es(A). 3 ) 1
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By de nition, an element of E. (A) is proportional to an
e ect (with a positive proportionality constant). Now
every e ect is a physical transformation from A to | ,
and physical transformations are by de nition CP.

This implies the characterization

Corollary 34 (E ect-valued measures) In a theory

satisfying the no-restriction hypothesis of Def. 15 an ad-
missible instrument from A to | is an e ect-valued mea-

sure FQEVM), that is, a collection of e ects fajgi»x such
that =,y (aijy = (€a-

The completeness Theorem 18 then reads:

Corollary 35 (Characterization of observation-tests)

In theory with puri cation satisfying the no-restriction
hypothesis every e ect-valued measure is an observation-
test.

Finally, the characterization of Corollary 33 now be-
comes:

Corollary 36 In a theory with puri cation satisfying the
no-restriction hypothesis of Def. 15 the following are
equivalent

1. C is a physical transformation from A to B

2. C is a CP transformation from A to B and is
normalization non-increasing i.e., (ejgCj )a
(g )a forevery 2 S(A).

XIl. ERROR CORRECTION
A. Basic de nitions

Here we give some basic de nitions that will be used
in the next Subsections.

De nition 50 (Correctable channels) A channel
C 2 T(A;B) is correctable upon input of 2 S(A)

if there is a recovery channelR 2 T(B;A) such that
R C = 1| . If s an internal state, we simply say
that C is correctable

De nition 51 (Deletion channels) A channel C 2
T(A;B) is a deletion channelupon input of 2 S(A) if
there is a xed state 2 S(B) such thatC = | )g (€,-

De nition 52 (Puri cation-preserving channels)

A channel C 2 T(A;B) is purication-preserving for
2 S(A) if there is a recovery channelR 2 T(B;A)

such thatR Cj )ar = ] )ar, With arbitrary

puri cation of

In the context of error correction, the purifying system
R will be referred to as the reference



De nition 53 (Correlation-erasing channels)
A channel C 2 T(A;B) is correlation-erasing for
2 S(A) if there is a state 2 S(B) such that
Cj )ar =] )BiIr, wWith arbitrary puri cation of
, and ~the complementary statej)r := (€,] )ar-

In a theory with puri cation, the interplay between
these four de nitions is the basic underlying structure of
error correction. The simplest relations can be immedi-
ately recovered from Theorem 7:

Corollary 37 A channel is correctable upon input of
if and only if it is puri cation-preserving for

Corollary 38 If a channel is correlation-erasing for ,
then it is a deletion channel upon input of . If local
discriminability holds, the converse is also true.

An other simple fact about error correction, which
holds in all theories with puri cation, is the following

Lemma 22 If achannelC 2 T(A; B) is correctable upon
input of 2 S(A) with recovery channelR,and D 2 D¢
is a transformation in the re nement set of C, then D
is correctable upon input of , with recovery channelR,
i,e. RD = pl o for some probability p > 0.

Proof. By de nition, since D is in the re nement set of
g, there is a testfDigiox suchthat D D;, and C =

iox Di. Since C is corrgstable with recovery channel
R, one hasl o = RC = ,,, RD;. This means that
the test f RDgj2x is non-disturbing upon input of . By
the \no-information without disturbance" Theorem 10
one then hasRD; = pjl A for everyi 2 X.

B. Error correction and the complementarity
between correctable and deletion channels

We now discuss some necessary and su cient condi-
tions for the correctability of channels. The simplest case
is that of channels from a system to itself:

Theorem 20 A channel C from A to A is correctable if
and only if it is reversible.

Proof. Clearly, if C = U 2 Ga one can correctC by
applying U *. Conversely, suppose thaiC isgcorrectable
with some recovery channelR. Let C = ,,, C; be
a re nement of C where eachC; is an atomic trans-
formation. Then, the composition fRC;gi»x is a non-
disturbing test, and Theorem 10 implies RC; = pil a.
Since R is a channel, applying the deterministic e ect
we obtain (ej, RC; = (e, C = pi(g,, that is, C is
proportional to an atomic channel U;. By Corollary 25,
an atomic channel from A to itself is reversible. There-
fore, we haveRU; = | A, which implies R = U, 1 for
everyi. Hence, all channelsU; must equal, and one has
C = U for some reversible channeU 2 G,.
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We now give necessary and su cient conditions for er-
ror correction in the general case of channels from A to
B. The following condition was presented in the quantum
case in Refs. [47, 48, 49].

Theorem 21 (Factorization of reference and envi-
ronment) A channel C 2 T(A;B) is correctable upon
input of if and only if there are a reversible dilation
V 2 T(A;BE) of C and a purication j )ar of such
that systems system$ and R remain uncorrelated. Di-
agrammatically,

a Vs - (147)
?> | e = 147
89 . e
where is some state ofE and ~is the complementary
state of on systemR.
Proof. Suppose thatC is correctable upon input of

with some recovery channelR . Then, by Theorem 7 we
have

2> HA{CFEHR A
lso L C

7> A

89 (148)

and, inserting two arbitrary dilation schemes for C and
R 1

- E [®
v E e 25 A
—r g WA = 189 (149)
89 R o
This meansthat W V| )ar is a puricationof j )ar-

Then, Lemma 13 ensures thaW Vj )ar is of the form

E 25 | E
v F B8 |

. S R N (150)
89 R B9 | g

where €is some pure state on EF. Applying the de-
terministic e ect on FA and using the fact that W is
a channel, we then obtain Eq. (147). Conversely, sup-
pose that Eq. (147) holds for some dilationV and some
purication j) ar. Then take a purication of , say
2 S1(EF). Since Vj )ar andj )ar] )er are
both puri cations of | )g j9gr, by Lemma 15 we have

E 25 | E
v . 8§ | -
r)>_ A B D A = r)>_ A (151)
89 R 89 |




for some channelD 2 T(B; FA). Applying the determin-
istic e ect on E and F and de ning R := (& D we then
obtain

?> |
|89

By Theorem 7, this impliesR C =
correctable upon input of .

A [~]1 B [p LA — A
[CIR] 25 A
= B9 | 4 (152)

I o, namely C is

Corollary 39 (Complementarity of puri cation-
preserving and correlation-erasing channels) A
channel C 2 T(A;B) is correlation-preserving for 2

S1(A) if and only if its complementary channel ¢ 2
T(A;E) is correlation-erasing for

Proof. By corollary 37, C is correlation-preserving for
i itis correctable upon input of n and, by the previous
Theorem, i Eq. (147) holds. But Eq. (147) is the

de nition of ¢ being a correlation-erasing channel.

In a theory with puri cation, since the global evolu-
tion of system and environment is reversible, it would be
natural to expect that if no information goes to the en-
vironment, then the whole information about the input
state is contained in the system. While this intuition is
correct in theories with local discriminability (see Ref.
[50] for the quantum case), in general theories this situa-
tion is trickier. Indeed, as we will see in the following, in
a theory without local discriminability some information
can remain \locked" in the global state, in a way that
makes it inaccessible both from the system and from the
environment separately.

Corollary 40 (Complementarity of correctable

and deletion channels) If a channel C 2 T(A;B) is
correctable upon input of 2 S;(A), then its comple-
mentary channel ¢ 2 T(A;E) is completely demolishing
upon input of . If local discriminability holds, the con-
verse is also true.

Proof. Direct consequence of corollaries 39 and 38.

Counterexample.  We show that in a theory without
local discriminability the complementarity between cor-
rectable and demolishing channels does not hold. Con-
sider the case of quantum mechanics on real Hilbert
spaces, and consider the isometry/ from a real qubit
to two real qubits de ned by

V=j +ih0j+j ihij (153)
with j i o= QU0 gy j = 100y Li0i
N 2 L] . > .

In this case the complementary channelsC( ) :=

Tre[V V land & ) :=Tr 5[V V ] are both completely
demolishing: indeed, one has

)=

2.

c()= 2 = (154)

for any real density matrix
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C. Error correction with one-way classical
communication from the environment

In this subsection we briey discuss a more general
kind of correction, in which the environment is not com-
pletely inaccessible, but rather some operations on it are
allowed. Particularly interesting is the case of LOCC op-
erations, which do not require the exchange of systems
from the environment, but only communication of out-
comes and conditioned operations. In particular, we will
focus here on the case of a single round of forward clas-
sical communication from the environment to the output
system. With the term \classical" we mean that only
outcomes are communicated.

De nition 54 (One-way correctable channels)

A channel C 2 T(A;B) is one-way correctable upon
input of if for every dilation V 2 T(A;BE) there is
an observation-testfajgiox on E and a collection of
recovery channelsfRigi2x  T(B;A) such that

X L@%#ﬂ;
A v B [R LA - % (155)
i2X Ri

If is an internal state, we simply say thatC is one-way
correctable

The following theorem states that one-way correctable
channels are nothing but randomizations of correctable
channels. The quantum version of it was given by Gre-
goratti and Werner in Ref. [57].

Theorem 22 (Characterization of one-way cor-
rectable channels) A channel C 2 T(A;B) is one-way
correctable upon input of 2 S;(A) if and only if C is a
the coarse-graining of a testf C;gj» x where each transfor-
mation C; is correctable upon input of . In particular,
if is internal, then C is a randomization of correctable
channels.

Proof.  Suppose that C is one-way correctable upon
input of . Then, for any purication | )ar Of we
have
| E [ %0#$
X L V 25 A
N ERiA—= go | 5 (156)
i2X 89 R R —
Since s pure, each term in the sum must be propor-

tional to it. De ning the test fCigiax by G = (aijg V,
and using Theorem 7, we then obtainR;C; = pil a.
Therefore, C is the coarse-graining of a test where each
transformation is correctable upon input of . Moreover,
if is internal, using the fact that each R; is a channel,
we obtain

(6o RiCi = (€jg Ci = pi (€l (157)



namely eachC; must be proportional to a channel, say
Ci = pDi, with channel D; corrgctable upon input of

. Conversely, suppose thatC =, C; for some test
f Cig where each transformationC; is correctable upon
input of . Dilating such a test, we then obtain a channel
V 2 T(A;BE) and an observation-testf a;gi»x on E such
that

LE%#B

Vv (158)

A B

pi+AB

for every outcomei 2 X. Since eachC; is correctable
upon input of , knowing the outcomei 2 X, we can per-
form the recovery channel forC;, thus correcting channel
C.

In the case of channels from A to itself, the above the-
orem takes the simple form

Corollary 41 A channel C 2 T(A) is one-way cor-
rectable if and only if it is a randomization of reversible
channels.

Proof. Just combine Theorems 22 and 20.

XIl.  CAUSALLY ORDERED CHANNELS AND

CHANNELS WITH MEMORY

In Ref. [51] Beckman, Gottesmann, Nielsen, and
Preskill introduced the notions of semicausaland semilo-
calizablequantum channel for the purpose of studying the
constraints on quantum dynamics of bipartite systems
imposed by relativistic causality. Subsequently, Eggeliny,
Schlingemann, and Werner [52] proved the equivalence
between semicausality and semilocalizability (see also
Ref. [53] for an extensive discussion on the topic). The
same notions were generalized to the case of multipartite
channels by Kretschmann and Werner in Ref. [54]. From
di erent points of view Refs. [31, 54, 55] studied the
structure of multipartite causal channels, showing that
they can always be realized as sequences of channels with
memory. In this Section we show that all these results,
originally obtained in quantum mechanics, actually hold
in any causal theory with puri cation.

Unfortunately, the nomenclature used in the literature
is not fully consistent if we go from bipartite to mul-
tipartite channels [56]. In order to have a consistent
nomenclature, instead of \semicausal" and \semilocaliz-
able channel" we use here the plain expressionsausally
ordered bipartite channel and sequence of two channels
with memory, respectively.

De nition 55 (Causally ordered bipartite chan-
nel) A bipartite channel C from A;A; to BiB; is
causally orderedif there is a channelD from A; to B;
such that

(g, C=D

(Ela, : (159)
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Diagrammatically,

A1 B1 Al Bi
= 160
A | C e, - Ar (160)

Eqg. (160) means that the channelC does not allow for
signaling from the input system A, to the output system
B;. In a relativistic context, this can be interpreted as
B, being outside the causal future of A.

De nition 56 (Sequence of two channels with
memory) A bipartite channel C from A;A, to B1B>
can be realized as asequence of two channels with mem-
ory if there exist two systemsEs; E,, called memory sys-
tems, and two channelsC; 2 T(A;;Bi1E;1) and C, 2
T(A2E1; B2E>) such that

C=(ee,(C2 ')A, Cu (161)
Diagrammatically,
A1 B1 A1 B1 A B>
As C B> = C1 Eq C E2 g
L=
(162)

A. Dilation of causally ordered channels

For causally ordered bipartite channels the dilation
theorem implies the following result:

Theorem 23 (Causal ordering is memory) A bipar-
tite channel C from A1A; to B1B; is causally ordered if
and only if it can be realized as a sequence of two chan-
nels with memory. Moreover, the channel<;; C; in Eq.
(162) can be always chosen such th&,C; is a reversible
dilations of C.

Proof. If Eq. (162) holds, the channel C is clearly
causally ordered, with the channelD given by D :
(ejg, V1. Conversely, suppose thatC is causally or-
dered. Take a reversible dilation of C, say V 2
T(A1A2;B1B2E), and a reversible dilation of D, say
Vi1 2 T(A1;B1E1). Now, by de nition we have

A1 Bl Al Bl

A B Vile

2y tBefe = B e (163)
E e AZ e

This means thatV and Vi | A, are two reversible dila-
tions of the same channel. By Lemma 18 we then obtain

Ay B,
= = Vilg, B2
Az |y [ B2 = N (164)
E
ElAzl:e




Once we have de ned k& := E1ALE it only remains to
observe that the above diagram is nothing but the thesis,
with C; = V; and C; = Z . By construction, C,C; is a
reversible dilation of C.

The de nition of causally ordered bipartite channel is
easily extended to the multipartite as follows:

De nition 57 (Causally ordered channel) An  N-
partite channel C(N) from A;:::Ay to Bi:::By is
causally orderedif for every k N there is a channel
C® from A;:::A to By:::Bk such that

A1 Bl A1 Bl
c®
Ak Bk Ak Bk
Ak+1 ctN) By re = Akl e (165)
An Bn (e An (e

The de nition means that the output systems B :::Bg
are outside the causal future of any input system A with
[>k.

Causally ordered channels can be characterized as fol-
lows:

Theorem 24 (Causal ordering is memory for gen-

eral N) An N -partite channel C(N) from A;:::Ay to
B;:::Byn is causally ordered if and only if there ex-
ists a sequence of memory systemiE,gl_, with Eq =

| and a sequence of channelskag,’z‘zl, with V¢ 2

T(AKEk 1;BkEk) such that

AL B
cmn) | - = (166)
An Bn
A1 Bl Az Bz AN BN
- Vl El V2 Ez EN 1 VN EN ,—e
L=

Moreover, Vy :::Vq is a reversible dilation of C.

Proof. It is trivial to see that if C(N) is a sequence of
channels with memory, it is a causally ordered channel.
Here we prove the converse. FON =1 the thesis is just
the dilation theorem for channels. We now show that if
the thesis holds forN, then it has to hold also for N + 1.
SinceC(N*D s a causal channel, we have in particular
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This means that C(N*D  can be viewed as a bipartite
causally ordered channel from GC, to D;D,, where

Ci:=A1:::An, Co = AN+, D; = B1:::By, and
D, := Bn+1. Then Theorem 23 yields two channels
W; 2 T(C1;D1F1) and W, 2 T(C,F1; D2F>2) such that
Ci D1 Cip D; Co D,
Cy C D> = Wi Fi Wo Fa re
L~
(168)

Now, applying the deterministic e ect on D 5, and using
Eq. (167) the above diagram implies also thatW; is a
dilation of C(N). On the other hand, by the induction
hypothesis C(N) has a dilation V(N) of the form of Eq.
(166), namely

VN = Ty 0T (169)
for some sequence of channels T()R, 2
T(AKGk 1;BkGk) and some sequence of memory
systems (G)R.,, with Go = I. Since Wy and V(N
are dilations of the same channel, Lemma 18 implies
Wy = (eg, ZV ™), with Z 2 T(Gn;GnF1) of the
form of Eq. (132). Then, the thesis follows by de ning
the memory systems as

8
< Gy k<N
Ek = GN F]_ k=N (170)
Gy F2 k=N+1
and by de ning the channels as
8
< Tk k<N
Vi = ZTnN k=N (171)
| Gy W, k=N+1:

Moreover, since the realization as a sequence of chan-
nels with memory is just the reversible dilation of C(N),
we have the uniqueness result:

Corollary 42 (Uniqueness of the reversible dila-

tion) Let fVioh.,, Vk 2 T(AKEk 1;BkEk) be a realiza-
tion of the causally ordered channelC(N) as a sequence
of channels with memory, as in Theorem 24. Suppose
that f VIOR., , V.22 T(AKE? ,;BKEY) is another realiza-
tion of C(N), Then there exists a channeR from Ey to

(elg, ., ciN* = ctv) CI (167)  E{ such that
|
Aq B1 A B, An Bn A1 B Ao B, AN By
0 0 0 —
Vl E V2 E2 Lo EX s VN En Vi E; V2 Ep = Wn En ,?‘ EX
LA

(172)



Moreover, the channelR has the form

En En

£ g _ (e
= [R}E- = 2 [a a73)
for some atomic channelZz 2 T(En ;En E% ).
Proof. By construction, the channelsV = Vy :::V; 2
T(A1:::AN;B1iiByEy) and VO = VQ:iiiv? 2

T(A1:::AN;B1:::Bn ER,) are two reversible dilations
of the channelC(N) 2 T(A1:::An;B1:::Bn). Then,

the statement is just the direct application of Lemma

18 along with the characterization of atomic channels of
Corollary 24.

B. No bit commitment

Sequences of channels with memory can be used to
describe sequences of moves of a given party in a crypto-
graphic protocol or in a multiparty game (see Ref. [55] for
the case of quantum games). In this scenario, the mem-
ory systems are the private systems available to a party,
while the other input-output systems are the systems ex-
changed in the communication with other parties. In
this context, the uniqueness of the realization of a causal
channel directly implies the impossibility of tasks like un-
conditionally secure bit commitment (see Refs. [58, 59]
and references therein for the de nition of the problem).
A proof in the general case is given by the following:

Corollary 43 (No perfectly secure bit commit-
ment) In a theory with puri cation, if an N -round pro-
tocol is perfectly concealing, then there is a perfect cheat

ing.

Proof. Let Ag;A1 2 T(Ay:::;An;B1:i::ByFN) be
two causally ordered N -partite channels, representing
Alice's moves to encode the bit valueb = 0;1, respec-
tively. The system Fy here is the system sent from
Alice to Bob at the nal phase of the protocol (called
the opening) in order to unveil the value of the bit. If
the protocol is perfectly concealing, then the reduced
channels before the opening phase must be indistinguish-
able, namely g, Ao = (€, A1:= C. Now, take two
reversible dilations Vo 2 T(A1:::;An;B1:::BnFn Go)
and Vi 2 T(AJ_Z:Z;AN;BJ_:ZZBN Fn Gl) for Ao and Aq,
respectively. SinceVy and Vi are also two dilations of
channel C, there is a channelR from Fy Gg to Fn Gy
such that V; = RVy. Applying this channel to her pri-
vate systems, Alice can switch fromVy to V; just before
the opening. Discarding the auxiliary system G, this
yields channelA;. The cheating is perfect, since Alice
can play the strategy Vo until the end of the commitment,
and decide the bit value before the opening without being
detected by Bob. The above reasoning can be extended
to N -round protocols involving the exchange of classical
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by perfectly distinguishable states, while classical chan
nels can be modeled by measure-and-prepare channels
where the observation-test is discriminating, and the pre-
pared states are perfectly distinguishable. In this case,
to construct Alice's cheating we can rst take the re-
versible dilations Vp; Vi, and then compose them with
classical channels on the systems that must be classical
in order to comply with the communication interface of
the protocol. In this way, we get two dilations Dg; D; of
Ao; A1, respectively, that are not reversible, but produce
classical messages according to the communication inter-
face of the protocol. Moreover,Dg; D, have the property
D; = RDy. Again, this allows Alice to decide the value
of the bit after the end of the commitment without being
detected.

XIlll.  DETERMINISTIC PROGRAMMING OF

REVERSIBLE TRANSFORMATIONS

In Section VIII we saw that transformations can be
stored into states, in such a way that they can be re-
trieved at later time with non-zero probability of suc-
cess. This provides an instance oprobabilistic program-
ming, in which a state plays the role of program for a
transformation, and a suitable machine is able to read
out the program and to reproduce (with some probabil-
ity) the correct transformation. Of course, one would
like also to have deterministic programmable machines,
which correctly retrieve the transformations with unit
probability. We now show that such machines are much
more demanding in terms of resources: indeed to pro-
gram a certain number of reversible transformations one
needs to have an equal number of perfectly distinguish-
able program states. This theorem is the general version
of the quantum no-programming theorem by Nielsen and
Chuang [60].

Theorem 25 (No perfect deterministic program-

ming of reversible channels without distinguish-

able program states) LetfU;gi2x be a set of reversible
channels onA, and f jgi2x be a set of pure states oB.
If there exists a channelR 2 T(AB;A) such that

A A

'iBR :A-A

then the statesf jgi»x are perfectly distinguishable.

(174)

Proof. Take a dilation of R, with pure state ' ¢ 2 S1(C)
and reversible channelU 2 T(ABC). Upon de ning the
pure states' j := ; ' o we have

A A

U =
BC[e

A-A

Since this is a dilation of the reversible transformation

(175)

‘& 1.BC
_ ]

information. Indeed, classical messages can be modeled U;, by the uniqueness of the reversible dilation there



must be a pure state ; 2 S1(BC) such that

A A A U LA
. U = (176)
@ BC BC q i BC
By suitably applying U, YandU 1! on both sides of Eq.

(176), one has

A A A |y 1la
I
u ! = (177)
) . |.BC BC '
qg i BC |
A1 Aq As Az
1
‘& BC U BC U BC
T

This means that we can obtain an unbounded number of
copies ofU; and U; ! by iterating the application of U
and U 1. Now, if U; and Uj are dierent, the proba-
bility of error in discriminating between them using N
copies should go to zero a?\ goes to in nity (this can
be seen by repeating\N times the optimal test and using
majority voting, as in the proof of Theorem 12). Since
programming the transformations f (U;  U; 1y Ngand
discriminating among them is a particular way of dis-
criminating between the program statesf' g, the lat-
ter must be perfectly distinguishable. Finally, since the
states' | = | ' o are perfectly distinguishable, also the
program states ; must be so.

Note that trying to use mixed program statesf ;g can-
not help in reducing the number of perfectly distinguish-
able states needed in the program systean Indeed,
suppose that ; is the following mixture ; = p-') N
Since reversible transformations are atomic, t |s means
that each pure state O must work as a program forU;.

But the above theorem implies that, whichever choice we
' (|)

make, the pure statesf' ; 'gi2x must be perfectly distin-
guishable.
XIV. PURIFICATION WITH CONJUGATE

SYSTEMS
A. Conjugate purifying systems

All the results derived so far were consequence of the
sole fact that every state has a puri cation, unique up to
reversible transformations of the purifying system. We
now add more structure, by introducing the notion of
conjugate purifying systems:
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Composing Eqgs. (176) and(177) we then obtain

= (178)

&1 BC

Postulate 2 (Conjugate purifying systems) For
every systemA there exists aconjugate purifying system
A such that

1. completeness for puri cation: for every state 2
S1(A) there is a puri cation in S1(AA)

2. symmetry: A=A
3. regularity under composition: 8B = AB

The above postulate could be derived from more ba-
sic assumptions, e.g. by declaring that faces in the state
space of a system are isomorphic to state spaces. How-
ever, we will not discuss this issue here, and, for the mo-
ment, the existence of conjugate systems will be taken as
a Postulate.

Conjugate purifying systems have particularly nice
properties, some of them are given in the following:

Lemma 23 Let A be the conjugate system oA. Then,
dim Sg(A) =dim Sgr(A).

Proof. Trivial consequence of Corollary 7.

Lemma 24 Let 2 S;(AA) be the purication of an
internal state ! 2 S1(A), and letj~), = (€, ]) ax b€
the complementary state of! . Then, * is internal in
S1(A) and is dynamically faithful for system A.

Proof. Since is dynamically faithful for system A
(Theorem 8), the map : Er(A) ! Spar(Dv) de ned by
(@js 7'j a)s = (@ia]) ax is injective (and surjective,
by de nition). This implies dim Span(Dv) = dim Egr(A).
On the other hand, using the previous Lemma one has
dimEgr(A) dim Sgr(A) =dim Sg(A). This proves that
k is internal in S(A). Since is the purication of an
internal state, by Theorem 8 it is faithful for system A.



Lemma 25 (Uniqueness of the conjugate system)
For any system A the conjugate systemA is unique up
to operational equivalence (see Def. 5).

Proof. Suppose thatA®is another conjugate system of
A. Then take an internal state ! 2 S;(A) and consider
its purications 2 Si(AA) and ©°2 S;(AA9. By

Lemma 15, since and ©°are puri cations of the same
state, there are two channelsC 2 T(A;A% and D 2

T(A% A) such that

i Varo = Ci) an (179)
i) AKX — Dj O)AAO: (180)
Clearly, this implies that
1) ax = DCJ) an (181)
i Yame = CDJj Ypsor (182)

On the other hand, by the previous Lemma the states

and %are dynamically faithful for systems A and A°,
respectively. Hence, one ha®C =1 , andCD = | 4.
By De nition 5, this means that A and A ° are opera-
tionally equivalent.

B. States-transformations isomorphism for
conjugate systems

If we use conjugate systems to build up faithful states

some of the results derived so far become more simple

and elegant. In particular, we can drop the condition
Eqg. (139) in the isomorphism between transformations
and bipartite states:

Theorem 26 (Strong version of the states-
transformations isomorphism) The storing map
C 7! Rc := Cj) ax, With  pure faithful state, de nes
a bijective correspondence between transformations
C 2 T(A;B) and bipartite states R 2 S(BA). In
particular,

1. a transformation C is atomic if and only if the cor-
responding stateR¢ is pure

2. a collection of transformations f C;gj,x is a test if
and only if the corresponding collectionf R, gi2x
is a preparation test satisfying

(183)

(eijRCi)BA = j!")A j!-);: ( ej/.\j) AA:

i2X

As a consequence, we have the following remarkable

fact:

Theorem 27 For every eect a 2 E(A) there is an
atomic transformation C; 2 T(A) such that

—A{a = -AHC|A{e:

Moreover, the transformation C, is unique up to re-
versible channels on the output.

(184)
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Proof. Let | a)ax and j e a)ax be purications
of the (unnormalized) statesj 1), = (a@j,j) A5 and
j e a)x :=(e ajj) ax, respectively. Now, the col-
lection of statesf ,; ¢ ag has the property

(Ea] a)ax t(€a] e a)ax = IM)a! (185)
By the states-transformations isomorphism, it must cor-
respond to a collectionfC,; Ce 49 of transformations
from A to A: in particular we must have

e

25 ] A
o |

89a | =

(186)

Applying the deterministic e ect on A we then obtain

2> HA{a - 72> HA{e
Bo |, = %5 = lgoa|,
(187)
e Glace
= o |,

Since is dynamically faithful, this implies Eq. (184).
Moreover, thanks to the states-transformation isomor-
phism, we can say that C, is atomic sincej a),x =
Caj) ax is pure. Finally, suppose thatC22 T(A) is an-
other atomic transformation such that Eq. (184) holds,
and de ne the pure state j 3):= C2j) ox. Since a
and ¢ are purications of the same statej a),, then
they are connected by a reversible channdl on A. Us-
ing the fact that is dynamically faithful, this implies
cl=uc,.

Moreover, having conjugate purifying systems allows
for a more elegant description of the composition of trans-
formations in terms of composition of states. We recall
that to treat the composition of states we need a system
of puri cations, as de ned in Subsect. VIIIC. The nice
thing now is that we can take the system of puri cations
to be symmetric:

De nition 58 (Symmetric system of puri cations)

A symmetric system of purication is a choice of an
internal state ! ® , for every system A and a
puri cation j) ,. with the properties

RG) < = (6, ® AK (188)
1A o= 1B, ® (189)
“ e = P oax @ et (190)

Note that the possibility of satisfying the symmetry con-
dition of Eq. (188) is ensured by Lemma 24. Regarding
the probabilities of conclusive teleportation, we now have
pa = px (see Corollary 16).

In the next Subsection we will see that there is a canon-
ical choice of internal states, namely choosing! ¥ =



i )a, wherej )a is the unique invariant state of system
A (see Lemma 31). We will choose a xed puri cation
of j )a and refer to it as to the canonical faithful state,
denoted byj) A 4. In Corollary 44 we will show that this
notation is consistent, sincej) , is also a puri cation

of the unique invariant state of A.

C. Conjugated transformations

The most important consequence of the existence of
conjugate purifying systems is the possibility of de n-
ing a one-to-one correspondence between the reversible
transformations of one system A and the reversible trans-
formations of its conjugate systemA. As we will see, this
implies in particular the possibility of deterministic tel e-
portation. The correspondence is set by the following
Lemma:

Lemma 26 (Transposition of reversible channels)

Let 2 Si(AA) be a puri cation of the unique invariant
state 2 S1(A). Then, for every reversible channel
U 2 Gp there exists a unique reversible channel
U 2 Gy, here called thetransposeof U with respect

to , such that
> A y |- 2> |4
Bo | 4 u o | 4 T O
Moreover, transposition has the properties
A = | 4 (192)

Proof. Sincej )a is invariant, the states j) 5, and
U j) ax are both purications of it. Then, there must
be a reversible transformationU 2 G, such that Eq.
(191) holds. Moreover, since the invariant statej )a is
internal, its puri cation is dynamically faithful, both

for system A and for systemA. Due to dynamical faith-
fulness, the transformation U is uniquely de ned. Fi-
nally, Eq. (192) is obvious, while Eq. (193) is easily
proved by repeated application of Eq. (191):

(I A (U1U2) )J) AKX :(U1U2 I A)J) AKX
=(Ux U3)j) an (194)
=(la U2U1)j)AA;

using the fact that
A.

Lemma 27 (Continuity of transposition)
Transposition is continuous with respect to the op-
erational norm.

is dynamically faithful for system

Proof. Let pa be the probability of teleportation for
system A. Dene jRy )ax = (U | 5j) ax- Forevery

> 0,ifU;V 2 Ga are such thatjuU  Vija.a <
then using Eq. (111) one hagU Vjxx 1 Ru
RVjAA:pA < =Pa-
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Lemma 28 The transposition map :U 7! U de ned

in Eg. (191) is surjective on G .
Take the invariant state j )., a puri cation of it, say
(A, x, and de ne the transpose ~with respect to

(A | Since and ~ are both injective transformations,
their composition = ~:G, ! G, is injective too.

Moreover, is a homomorphism, since (I 5) = | 5 and
(VW) = (V) (W) for every V;W in G,. We now
claim that is surjective. Of course, since := ~, this

will also prove that is surjective. Consider the sequence
fHhg dened by H, := "(G,). Clearly, eachH, is a
closed subgroup ofG ., and one has

Ga:=Ho Hi Hn  Hnss (195)

namely fH, g is a descending chain of subgroups d& .
SinceG 4 is a compact Lie group, every descending chain
of closed subgroups must be eventually constant (see e.g.
p. 136 of [61]), i.e. there exists a niten such that

Applying " on both sides, this impliesHo = Hy,
namely G, = (G,). Therefore, is surjective.

The rst consequences of the properties of transposi-
tion are given by the following corollary

Corollary 44 Let 2 Si(AA) be a purication of the
unique invariant state A 2 S1(A). Then the comple-
mentary statej~), := (€, j) ax iS the unique invariant
state of A.

Proof. For everyU 2 G we have
25U A e
e S
O35z lgg |,
2> A€ (197)
LANSTRY
= O-pefu )
Since is surjective, U is an arbitrary element of G4,

hence ~is invariant.

De nition 59 (Conjugate of a reversible channel)

The conjugate of the reversible channelU 2 T(A) with

respect to the state 2 S(AA) is the reversible channel
U 2 T(A) dened by U := (U ) %, where the
transpose is de ned with respect to .

Note that with this de nition the canonical faithful
state j ) 5 iS isotropic, i.e. it is invariant under com-
bined changes of reference frames on the conjugate sys-
tems A and A:

?> |
|89

2> A
B9 | » =

8U 2 Ga: (198)

Moreover, we have also the converse:



Corollary 45 (Isotropic states) A pure state 2
S1(AK) is isotropic if and only if j) . = (V
I x)i) ax for some reversibleV 2 G, such that

uv =VuU

8U 2 Ga: (199)

Proof. Clearly, a state of the above form is isotropic.
Conversely, if is isotropic, it satis es Eq. (198), and,
therefore, its marginal state on systemA is the invari-
ant state j ),. Since and are purications of the
same state, there must exist a reversible channal 2 G
suchthatj) . = Vj) ax- Theisotropy condition then
gives

vV 1R ax =) an

=(U U )Jj) ar
S(UV U )j) ax (200)
=(UVU 1 1 00) ax

Dynamical faithfulness of then implies V = UV U 1,
namely Eq. (199).
Clearly, this implies the following

Corollary 46 The state j) ,, is the unique isotropic

state of systemARAif and only if the compact Lie group
G has trivial center.

The conclusion of this Subsection is summarized by the
following theorem:

Theorem 28 (Isomorphism of groups) The re-
versible channels onA and A form two isomorphic Lie
groups, with the isomorphism given by the conjugation
map :Ga! G4 U 7TU

Proof. Clearly, is ahomomorphism, namelyl , = |
and (UiUy) = ((U1U2) ) = U, U, . Moreover, is
injective and surjective, since it is the composition of two
injective and surjective maps, namely transposition and
inversion.

D. Deterministic teleportation

Lemma 29 Let To and T, be the twirling channels on

A and A, respectively, and let 2 S;1(AA) be the canon-
ical faithful state. Then, one has

25 ] A A 7;716\
Bo | . = Bo| , T (201)
i . S g -p
and
25 A T A '&:’L
89 T T ok (202)
| A &:'_
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Proof. We have
Z
Taj) ax = du U j) ax
A
. 203

= dU (U ) ) an (203)
Ga

=Txl) an

having used the fact that Go and G, are isomorphic,
and, therefore, have the same Haar measure. Moreover,
since the output of the twirling channel is an invariant
state, we have thatj ),x := Taj) ax IS invariant under
local reversible transformations, i.e.
J dax =(U V)i an 8U 2 Ga;8V 2 Gy
(204)
Finally, we invoke Theorem 4, which states that the
unique state invariant under local reversible transforma-
tionsis A A

Theorem 29 (Deterministic teleportation) Let A
and A° be two operationally equivalent systems, and let
fpiUigi2x be atwirling test, where eachJ; is a reversible
channel on A. Then there exists an observation-test
fBigi2x on AACsuch that for every outcome one has

2> AU, A

891 x — = p A1 A~ (205)
Bi.
A o
Moreover, each e ect B; must be atomic.
Proof. De ne the collection of states fp; igi2x with

bi)ax = Uil) ax- By the previous Lemma, we have
B = A x» hamely coarse-graining of the
preparation-test f p; ;g yields the invariant state of AA.
By the states-transformations isomorphism 26, there ex-
ists an observation-test onA°A°, sayfB;gi»x, such that

2> A

|89_ A° =< 2> A

] A Bi;l = Pi 1B9i (206)
89 | » —

Clearly, the states-transformations isomorphism implies
that each e ect B; must be atomic (indeed, the corre-
sponding state is pure). Applying U, 1 on system A we
obtain

‘?>_ AU, T
9 a0 25 A
B.. = Pilg9 | 4 (207)
03] A o I
‘89 X




The thesis follows from the fact that
faithful.

In theories with local discriminability we have the ad-
ditional result:

is dynamically

Corollary 47 Let fp;Ujgi2x be a twirling test whereU;
is a reversible channel for everyi 2 X. In a theory with
local discriminability the number of outcomesjXj cannot
be smaller thandim Sg(A) .

Proof. By Eqg. (205) the state ; := (U, 1 | a)
and the e ect B; achieve teleportation with probability
pi. In a theory with local discriminability the bound
of Eg. (102) givesp 1=dim Sg(A). We then have
1= ,xp | Xj=dimSg(A).

If two parties share the pure statej) . then by the
teleportation protocol they can convert it in an arbi-
trary state 2 S1(AA) using only local operations and
one round of classical communication (1-way LOCC). We
now show that the state j) ,, is the most non-local of
S1(AR), that is, if we can convert an other state in ,
then =( U | a) for some local reversible channel
U 2 T(A). To see that, we show that is allows for
deterministic teleportation, then =( U 1 4).

Theorem 30 (Unique structure of deterministic
teleportation)  Let 2 Si1(AA) be a pure state,
fRigi2x be a collection of channels oM, fpigi2x a set
of probabilities, and fM;gi2x be an observation-test on
AAC with A°and A operationally equivalent systems. If
for every outcomei one has

?>_AA
‘89A_ _

then

1. each channelR; is reversible, namelyR; = U, L

for someU; 2 Ga
2. there is a reversible channelU 2 G, such that
= U
3. each eect M; has the property (Mijxpo] )ax =
g (€l a0
4. ,xPU; =T, whereT is the twirling channel

Proof. De ne the transformation A; as
= 95 LA (209)
B9 | x —
— =<
A | Mgl

With this de nition we have R;A; = p;| a for every out-
comei. Moreover, applying the deterministic e ect on
both sides of the equality we obtain

(lp Ai = (€l RiAi = pi (g (210)
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that is, each A; is proportional to a channel C;, i.e.
Ai = piC. We now haveR; C; = | », that means
that channel C; is invertible. By corollary 24, this im-
plies that C; is reversible, namelyC; = U; for some
Ui 2 Ga. Clearly, this requires R; = U; 1. Now con-
sider the marginal of on system A: one has

25 A
B Pl
_—1€ i2X -@Lﬁtﬂ
2> -4
- B9k o

(211)

@ x
- P ‘8 A A

i2X

having used the invariance of . But this means that
and have the same marginal on system A, and,

therefore, j) ,x = (I A U)j) 55 for some suitable
U 2 G4. Using Lemma 26, we can also transfel) on
system A, getting j) ,» = (U I x)i) ax- Using
Ai = piU; we then get

ST fUl e s tafAle
Pilgg | = o |,
- 2STATU A
B9 | x —_ (212)
= =y
> A4 T
Bo | .

By the states-transformations isomorphism, this means
that each M; is atomic (indeed, the corresponding state
is pure). Applying the deterministic e ect on system A,
the above equation also implies
By A
> HA{e — A | Mg
Pi 189 | 4 = A7

= 2> (213)
| 89 | .

which amounts to saying Mijxa | )a = Pi (€5, be-
cause is dynamically faitgful. Moreover, summing over
the outcomes we obtain ( ; piUi)j) ax =1 )aj )x =
T j) ap Again, since is dynamically faithful, this
implies ; pU; = T.

In a theory with local discriminability one has also the
following result:

Corollary 48 Let j) ax,» fRiGi2x, fpig2x, and
fMigi2x be the state, the recovery channels, the prob-
abilities, and the observation-test in a deterministic teé-
portation protocol, as in Theorem 30. In a theory with



local discriminability the number of outcomes satis es the
boundjXj dimSg(A). The bound is achieved if and
only if pj = 1=dimSg(A) for every i, and the states
I dax =(Ri 1 x)Jj) ax: 12 X are perfectly distin-
guishable with the observation-testMig, i.e.

(Mij Dax= i (214)
Proof. From Eq. (101) we havep; 1=dim Sg(A) for
every i, and, therefore 1 j Xj=dim Sgr(A). Clearly, the
bound is achieved if and only ifp; = 1=dim Sg(A) for
everyi. In this case, it can be seen from the proof of Eq.
(101) that one has Mij i)a5 = 1. Since fM;gi>x is
an observation-test, and the probabilities of all outcomes
must sum up to unit, this implies (Mjj i)ax = ji -

The above Corollary shows that if teleportation has the
minimum possible number of outcomegXj = dim Sg(A),
then dense codingis possible: By acting locally on one
side of the state one can produce dimS g(A) perfectly
distinguishable states. This number exceeds the max-
imum number of perfectly distinguishable states avail-
able in system A, which must be strictly smaller than
dim Sgr(A) due to Corollary 12. However, we didn't
prove here the existence of such a teleportation scheme
with jXj = dim Sgr(A). This issue, which is closely re-
lated to the topic of discrimination in theories with pu-
ri cation, will be addressed in a future work.

XV. CONCLUSIONS AND PERSPECTIVES ON
FUTURE WORK

In this paper we investigated causal probabilistic the-
ories with puri cation, and derived a surprising wealth
of features that are characteristic of quantum mechanics
without resorting to the framework of Hilbert spaces or
C*-algebras. Among theories with local discriminability,
guantum mechanics appears as the only known one that
satis es the puri cation principle. The absence of a coun-
terexample and the amount of quantum features derived
suggest that in fact quantum mechanics could be the only
causal theory with puri cation and local discriminability .
However, at the moment we don't have a derivation of
guantum mechanics from the puri cation principle, and
the question whether there are other theories satisfying
the above postulates remains open.

Any answer to this question would lead to an inter-
esting scenario: If quantum mechanics is the only causal
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theory with puri cation and local discriminability, then
the machinery of Hilbert spaces is a quite redundant way
of proving some theorems that in fact can be derived by
direct deductions from basic physical notions. What's
more, the general proofs of most theorems are simpler
and more intuitive than the original quantum proofs. On
the other hand, if quantum mechanics is not the only
theory satisfying our postulates, the existence of more
general theories, that share with quantum mechanics the
basic structure highlighted in this paper, is also a very
fascinating perspective. Moreover, abandoning the stan-
dard quantum formalism would be interesting especially
in view of a possible reconciliation with general relativity.
In this direction, particularly appealing is the possibility
of dropping causality from our requirements, and of work-
ing with deterministic e ects that can vary depending on
the point in space-time. This would be the starting point
of a general operational framework for founding quan-
tum gravity. Such an approach would be related to the
informational approaches of Hardy [29] and Lloyd [62],
where the causal structure of spacetime emerges from a
network of systems exchanging information|rather than
being predetermined. The non-causal generalization of
the present operational framework will be addressed in a
forthcoming paper.

Another direction of further research is the general-
ization of the notion of subsystem. Introducing classi-
cal systemsin the theory and clarifying how they can
be viewed as subsystems of the non-classical ones is ex-
pected to simplify the study of state discrimination. On
the other hand, under suitable assumptions, a face of the
convex set of states of a system can be considered as the
set of states of some subsystem. Following this obser-
vation, we plan to consider information-theoretic tasks
like state compression in theories with puri cation, by
analyzing the mechanism that leads the state N to ap-
proach a face corresponding to the state space & <N
systems.
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