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It was recently suggested that causal structures are both dynamical, because of general relativity, and
indefinite, because of quantum theory. The process matrix formalism furnishes a framework for quantum
mechanics on indefinite causal structures, where the order between operations of local laboratories is
not definite (e.g., one cannot say whether operation in laboratory A occurs before or after operation in
laboratory B). Here, we develop a framework for “dynamics of causal structures,” i.e., for transformations
of process matrices into process matrices. We show that, under continuous and reversible transformations,
the causal order between operations is always preserved. However, the causal order between a subset of
operations can be changed under continuous yet nonreversible transformations. An explicit example is that
of the quantum switch, where a party in the past affects the causal order of operations of future parties,
leading to a transition from a channel from A to B, via superposition of causal orders, to a channel from
B to A. We generalize our framework to construct a hierarchy of quantum maps based on transformations
of process matrices and transformations thereof.
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I. INTRODUCTION

We are accustomed to the fact that events occur in a fixed
temporal order. Given two events A and B, either A is in the
causal past of B, A is in the causal future of B, or they are
causally disconnected (spacelike separated). Although this
picture seems natural, the idea that a fixed causal structure
is a fundamental ingredient of the physical world has
recently been challenged. Indeed, the interplay between
quantum mechanics and general relativity suggests that
causality might be indefinite. Because the causal structure
in general relativity is determined by a dynamical field—
the space-time metric—and dynamical quantities can be
indefinite in quantum mechanics (i.e., put in superpositions
of well-defined classical values), one might expect
indefiniteness with respect to the question of whether an
interval between two events is timelike, null, or spacelike,
or even whether event A is before or after event B. In order
to describe causal structures that are both dynamical,
because of general relativity, and indefinite, because of
quantum theory, several authors have proposed extensions

to quantum theory that do not assume a definite causal
structure [1–3].
The process matrix formalism [3–6] achieves such a

goal. Its central notion is that of a “process” (or a “process
matrix”), which is a generalization of the notion of a
“physical state” (degrees of freedom over a spacelike
hypersurface) and of a “channel” (degrees of freedom over
a timelike hypersurface). The operational framework in
which process matrices are defined is depicted in Fig. 1.
In the framework, observers perform experiments in their
local laboratories, where quantum mechanics is assumed to
hold. The process matrix is the object that “wires” or
“connects” local operations together, specifying the causal
order (definite or indefinite) between such operations.
Roughly speaking, it accounts for all the physical processes
outside the local laboratories. Process matrices composed
with the local operations form “closed” systems. This
means that the probabilities for the events described in
the laboratories are completely determined by the choice of
local operations performed by the parties and the way the
process matrix connects the laboratories. In a closed
system, the probabilities do not depend on any “external”
operation. Because of this independence, this definition of a
closed system matches the usual notion of a closed system
in physics, in the sense that there is no physical interaction
between the system and everything external to it. We say
that a composition of operations has no “open ends” if it
is a closed system. A process matrix connected with local
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operations generalizes the notion of a quantum circuit [7]
and reduces to it in the case where the causal order between
the laboratories is fixed.
A process is called causally separable if it can be written

as a probabilistic (convex) mixture of states and channels.
In the most general scenario, whether a party A can signal
to a party B might depend on the choice of operation of
yet another party C, and a general notion of causal non-
separability is required to incorporate these cases [5,8].
Causally nonseparable processes can give rise to correla-
tions that can violate “causal inequalities,” which are
satisfied if the events are ordered according to a fixed
causal order [5,8]. This is a direct analogy to the violation
of Bell’s inequalities by quantum correlations, which are
satisfied if the correlations fulfill the condition of local
causality [9]. While we still lack an understanding as to
whether there are correlations in nature that can violate
causal inequalities, we do know that physically implement-
able, causally nonseparable processes exist. One particular
case is the “quantum switch,” an auxiliary quantum system
that can coherently control the order in which operations
are applied. The quantum-switch technique offers the
possibility to implement certain information-theoretical
tasks that quantum circuits with a fixed order of operations
cannot perform [10–12]. For this reason, it is important to
understand how these processes, as useful quantum infor-
mation resources, can be obtained dynamically, e.g., from
separable process matrices.
We have achieved significant progress in the characteri-

zation of quantum causal structures [3–5], yet we still lack a
theory of their dynamics, intended as transformations that

change the way information is transmitted. What is the
most general transformation that takes a process matrix as
an input and returns another process matrix as an output?
Are there transformations that take a process matrix we are
able to interpret physically (say, a quantum channel from A
to B) and outputs a process matrix that violates a causal
inequality? A negative answer would provide a strong
argument in favor of the view that no physical processes
can violate causal inequalities. A positive one would be
even more remarkable, as it would indicate a way to
physically realize a process that could violate the strongest
notion of causality.
In this paper we develop a theory of “dynamics of

process matrices,” giving a full characterization of “super-
maps” that map process matrices into process matrices. We
extend the theory of transformations further by including
transformations not only from process matrices to process
matrices, but also of the transformations thereof, construct-
ing an infinite hierarchy of transformations. Our approach
is similar to that of Ref. [13], where a general classification
of higher-order quantum computations is given.
We prove that, under continuous (i.e., continuously

connected to the identity) and reversible transformations
of process matrices, the causal structure cannot be changed
because all such transformations are local unitary oper-
ations in the parties’ input and output Hilbert spaces. In
other words, under continuous and reversible dynamics,
the causal order between local operations is preserved.
However, there exist processes in which a party A can apply
continuously parametrized reversible transformations in his
or her local laboratory in such a way that the reduced

(a) (b) (c) (d)

FIG. 1. Composition of local operations. A, B, C, and D are local laboratories where the usual quantum formalism holds. The wires
entering and leaving the laboratories represent quantum systems on which operations are applied. (a) Local operations form a system
with definite causal structure and open ends (wires whose ends are not attached to any box). Information flows from bottom to top, and
the wiring determines the order of operations but is not enough to determine the probabilities for outcomes of local experiments because
these may change under the influence of external systems through the past open end. (b) A quantum circuit: Local operations are
composed with a causally ordered process to yield an object with no open ends. The probabilities for local experiments are determined
completely by the choice of local operation and the wiring between boxes. (c) Composition of local operations with indefinite causal
structure. The order of application of operations B and C is not defined a priori. Because of the open end in the past, the causal order and
the probabilities depend, in general, on an external system entering through the open end. (d) The composition of local operations with a
process matrix yields an object with indefinite causality and no open ends. The probabilities are determined completely by the choice of
local operation and the process matrix (depicted by the blue E-shaped object) connecting the boxes. The object obtained from the
composition is the generalization of a quantum circuit for the case where the causal order is indefinite.

CASTRO-RUIZ, GIACOMINI, and BRUKNER PHYS. REV. X 8, 011047 (2018)

011047-2



process, that is, the process for the remaining parties
obtained after applying A’s operation to the original
process, exhibits different causal structures for different
values of the parameter. We construct an explicit example
of this fact for the case of the quantum switch, in which a
party in the past controls the causal order of parties in the
future.
A consequence of our results is that, starting from a

process with definite causal order, one cannot arrive at one
that displays indefinite causal order in a continuous and
reversible fashion. If one takes the view that physical
transformations are continuous and reversible, our results
mean that no process that violates causal inequalities can be
obtained from physically realizable causal structures with a
definite causal order—states and channels. Assuming that
transformations are reversible but might not even be
continuous, we prove a result in favor of the conjecture
that the original process from Ref. [3] is not physically
realizable by showing that it cannot be “reached” from any
causally separable process via a reversible map.

II. PROCESS MATRICES

In this section, we introduce the process matrix formal-
ism. The operational idea of a causal influence is best
illustrated by considering two observers, A and B, perform-
ing experiments in two separate laboratories. At each run of
the experiment, the observers receive a physical system
only once and perform an operation on it. Afterwards, the
observers send the system out of the laboratory. Each
laboratory features a device with an input and an output
(see Fig. 1 for the multipartite case), which outputs an
outcome (the result of the experiment) for a given choice of
the input (the knob settings determining which experiment
is performed). If the experiments performed in the local
laboratories are described by quantum theory, a Hilbert
space HX corresponds to each observer, for X ¼ A, B. It is
convenient to splitHX into input and output subspaces, that
is, HX ¼ HXI ⊗ HXO , where I stands for input and O for
output and X ¼ A, B labels the local observer. Local
operations are represented by quantum instruments, that
is, collections of completely positive (CP) maps fMA

i g for
A and fMB

j g for B, which map systems from the input
Hilbert space of each party to the corresponding output
Hilbert space, yielding outcomes labeled by i and j. The
conservation of probability in, say, A’s local laboratory
means that the sum over i of her CP maps adds up to a
completely positive, trace-preserving (CPTP) map. The
probability for a pair of outcomes i and j for a choice of
knob settings given by the instruments fMA

i g and fMB
j g is

a bilinear function of the local CP maps. Using the
Choi-Jamiołkowski (CJ) representation [14,15] of the local
CP maps, whereby the CP map N ∶LðHAIÞ → LðHAOÞ
corresponds to the positive-semidefinite operator CN ∈
LðHAI ⊗ HAOÞ given by CN ¼ ð1AI ⊗ N Þj1⟫⟪1j, where

j1⟫ ¼ P
ijiii ∈ HAI ⊗ HAI , the joint probability for the

outcomes i and j can be expressed as

pij ¼ TrðWCMA
i
⊗ CMB

j
Þ; ð1Þ

where W is a “process matrix” that describes the causal
structure outside of the laboratories. Mathematically, it is a
positive-semidefinite operator that connects the two labo-
ratories by acting on the tensor product of the input and
output Hilbert spaces of A and B. The set of valid process
matrices is defined by the requirement that probabilities are
well defined—that is, they must be non-negative and add
up to 1. These requirements are equivalent to the following
constraints:

W ≥ 0; ð2aÞ

TrðWÞ ¼ dO; ð2bÞ

PðWÞ ¼ W; ð2cÞ

where dO is the dimension of the output Hilbert space
and P is a self-adjoint real projection operator. This
operator, first specified in Ref. [4], is written explicitly
in Appendix A. Physically, conditions (2) exclude
Deutsch’s [16] and Lloyd’s [17] closed timelike curves
or any causal loops that would allow a party to send a signal
into his or her past and hence give rise to the so-called
“grandfather paradox” [5,18,19].
Process matrices, i.e., matrices W ∈ LðHÞ satisfying

Eq. (2), contain quantum states and quantum channels as
particular cases. Concretely, a process matrix of the form
W ¼ ρAIBI ⊗ 1AOBO , where ρAIBI is a unit-trace, positive
matrix, represents the situation in which A and B share a
quantum state. A process matrix W ¼ WAIBIAO ⊗ 1BO ,
where WAIBIAO is a matrix such that conditions (2) are
satisfied, represents a channel (possibly with memory) from
A to B. A channel from B to A has an analogous form but
with A and B interchanged. A bipartite process matrixW is
called causally ordered if it is either a state shared by A and
B, a channel from A to B, or a channel from B to A. We can
also think of situations in which the process has a definite
causal order but for which only probabilistic predictions
can be made regarding which causal order is realized. To
capture this situation, we define a process to be causally
separable if it is a probabilistic (convex) mixture of causally
ordered processes.
An example of a causally nonseparable process is the

quantum switch. In the switch, two parties, A and B, act on
a target quantum system, initially in the state jψi, in an
order that is coherently controlled by another quantum
system. In order to account for the target and control
quantum systems as well as for the parties A and B, the
quantum switch is formally a tripartite process matrix, with
the third party, C, always in the future of A and B. It is
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reasonable to extend the definition of causal separability for
this case in exactly the same way as for the bipartite case,
precisely because A and B can always signal to C but C
cannot signal to them. We say that a process is causally
separable if it can be written as a probabilistic mixture of
processes in which “A signals to B and B signals to C” or
“B signals to A and A signals to C.” (Note that when we
write, say, “A signals to B and B signals to C,” it is
implicitly assumed that signaling from A to C is also
possible.)
The complete Hilbert space for the quantum switch is

therefore H ¼ HAI ⊗ HBI ⊗ HAO ⊗ HBO ⊗ HCI . The
input Hilbert space of C is divided into target and control
spaces, HCI ¼ HCT ⊗ HCC . The output Hilbert space of C
is trivial, HCO ¼ C, because C receives and measures a
system but does not prepare one. The quantum switch is
then written as WS ¼ jSihSj, where

jSi ¼ 1ffiffiffi
2

p jABCiABCT j0iCC þ 1ffiffiffi
2

p jBACiABCT j1iCC; ð3Þ

with jXYCiABCT ¼ jψiXI j1⟫XOYI j1⟫YOCT , for X, Y ¼ A, B.
Because it is a rank-one projector, it cannot be written as a
nontrivial probabilistic mixture of other processes. The fact
that it leads to signaling both from A to B to C and from B
to A to C shows that it is a causally nonseparable process.
In Sec. III, we show how the quantum switch can be
obtained from a causally ordered process via a reversible
and discontinuous process matrix transformation.
Although the quantum switch is a causally nonseparable

process, it was shown [4,5] that there does not exist any
causal inequality that can be violated by the quantum
switch. Analogous to Bell inequalities, which bound the set
of possible correlations realizable within a local hidden
variable model, causal inequalities bound, in a device-
independent way, the set of possible correlations realizable
within models compatible with a global, fixed causal
structure. Therefore, although the switch is a causally
nonseparable process, it does not violate the strongest,
device-independent notion of causality. In contrast, the
bipartite process WOCB ∈ LðHAI ⊗ HBI ⊗ HAO ⊗ HBOÞ
from Ref. [3] defined by

WOCB¼
1

4

�
1þ 1ffiffiffi

2
p ð1⊗ σz⊗ σz⊗1þσz⊗ σx⊗1⊗ σzÞ

�
;

ð4Þ

where σi denotes the ith Pauli matrix, is a valid bipartite
process matrix that violates a causal inequality and is thus
incompatible with a preestablished global causal order.
As we will see in Sec. III, there is no reversible process
matrix transformation that takes a causally separable
process to WOCB.

III. TRANSFORMATIONS
OF PROCESS MATRICES

We now introduce transformations that map process
matrices into process matrices. These transformations
define the most general dynamics of causal structures that
are compatible with the local validity of quantum theory.
By “dynamics,” we mean transformations that take a
process matrix as an input and give a process matrix as
an output. By definition, these transformations preserve the
validity of process matrices, that is, conditions (2), regard-
less of the input process matrix, analogous to the way
quantum channels take valid quantum states to valid
quantum states independently of the input state. A process
matrix transformation may take a process in which A
signals to B by means of a quantum channel, to a different
process, for example, the quantum switch, where the
direction of signaling between A and B is controlled
coherently.
Quantum states and quantum channels are special cases

of process matrices, both having dynamical evolution. For
the case of a quantum state, dynamics is governed by the
Schrödinger equation, whereas quantum channels can
evolve in time when the physical constituents employed
for their implementation change.
For example, the situation of a quantum system travers-

ing an optical fiber whose properties change in time can be
modeled by a time-evolving channel. The type of trans-
formations we consider here can be seen as a generalization
of these two cases to the situation where the causal structure
is indefinite. Note, however, that process matrix trans-
formations are maps of a completely general character and
may, but need not, be understood as the evolution of a
process in time (as defined by some observer).
Our formulation of dynamics of process matrices allows

us to explore the question about the realizability of
processes with indefinite causal order. Given a process
matrix with a certain causal structure, is it possible to
transform it in such a way that the output process matrix has
a different causal structure? Can we transform causally
separable processes into causally nonseparable ones? In
order to make these questions more precise, it is important
to point out that process matrices, as stated in the
Introduction, yield objects with no “open ends” when
connected with all the relevant local operations, i.e., the
local operations corresponding to all the parties that play a
role in the process. In this way, for example, a bipartite
process for parties A and B yields an object with no “open
ends” when connected with a local operation for A and a
local operation for B. The statement that a process yields
objects with no open ends means that the probability
distribution corresponding to an experiment is determined
completely by the choice of local operations made by the
parties and the way these local operations are “wired”
together. Just to be clear, the way we have defined objects,
it is not the process matrix that has no open ends but rather
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the composition of the process matrix with the relevant
local operations. For the case of quantum circuits [7], the
wiring of the boxes, together with the convention that
information flows from bottom to top, determines the
order in which the operations are applied [see Figs. 1(a)
and 1(b)]. For the more general case of an indefinite causal
structure, in which the order of local operations is not
fixed, in principle, the wiring of the boxes is replaced by
“E-shaped” objects [see Figs. 1(c) and 1(d)] that specify the
causal structure (definite or indefinite) outside the local
laboratories. For an object with indefinite causality and
open ends [Fig. 1(c)], the notion of causal nonseparability
is, in general, not well defined because the signaling
between the parties is, in the general case, determined
not only by their choice of local operations and the
E-shaped object outside the laboratories, but also by the
external systems influencing the experiment via the open
ends. In some cases, the natural way to proceed in this case
is to “close” the wires by inserting local laboratories at each
open end and study the causal (non)separability of the
process matrix thus obtained. Note that this process matrix
will have more parties than the original E-shaped object,
and the question of whether it is causally separable or not
has to be analyzed considering the newly added parties.
Given the definition of a process matrix as an operation

that yields an object with no open ends, we can visualize
the action of a process matrix transformation A on a
process matrix W in the way depicted in Fig. 2. This
pictorial representation, resembling the one of quantum
combs [20], allows us to think of the evolution of a process
in terms of the composition of an input process matrix W
with a process matrix transformation A. As we will see

below, processes can, in general, evolve from a definite to
an indefinite causal order. However, we show that this is
never the case under physically justified continuous and
reversible transformations. In this sense, the causal struc-
tures are “robust”: A “world” that has a definite causal
order will never evolve in a world with an indefinite causal
order and vice versa.
In the next subsection, we characterize transformations

from process matrices to process matrices.

A. Definition of process matrix transformations

Let H1 and H2 be Hilbert spaces and LðH1Þ and LðH2Þ
be the corresponding Hilbert spaces of linear operators on
H1 and H2. Let us call W1 and W2 the set of all valid
process matrices in LðH1Þ and LðH2Þ, respectively. Note
that it is implicitly assumed that H1 and H2 have an input-
output and multipartite tensor product structure like the one
in Sec. II to allow for the construction of process matrices
on them. Process matrices in these spaces are characterized
by the matrices W that satisfy conditions (2) in their
respective spaces of operators.
By the definition of a process matrix, a transformation

A∶LðH1Þ → LðH2Þ is a valid process matrix transforma-
tion from the input space LðH1Þ to the output space LðH2Þ
if it preserves conditions (2) for all input process matrices.
Let us analyze what each of these conditions imply for A.
Condition (2a) implies that A is a positive map. As for the
case of quantum states, it is physically meaningful to
consider process matrix transformations that act on a proper
subset of the parties of a multipartite process. Moreover, it
is also physically sound that the complete set of parties of
the transformed process can share entangled quantum
systems. As we show in Appendix B, these requirements
imply that the mapA is completely positive. An alternative
proof of complete positivity can be found in Ref. [13].
Condition (2b) implies that A must be trace rescaling; that
is, it must rescale the trace of the input process matrix dO1 to
the dimension of the spaceHO

2 , d
O
2 . Because this condition

has to be satisfied for all process matrices,Amust be of the
form A ¼ ½ðdO2 Þ=ðdO1 Þ�Ã, where Ã is a trace-preserving
map. In particular, if the input space is isomorphic to the
output space, then A is a completely positive trace-
preserving map. Requiring that A preserves Eq. (2c) is
equivalent to requiring

P2 ∘A ∘ P1 ¼ A ∘ P1; ð5Þ

where the subindices in the projector P of Eq. (2c) indicate
that the input and output space may be different. This
general requirement captures not only the case where the
dimension of the Hilbert spaces in which the parties act
changes after the transformation, but also the case where
the number of parties is different before and after the
transformation.

FIG. 2. Pictorial representation of a process matrix transforma-
tion. The action of the transformation A on the bipartite process
W can be visualized as the composition of the objects in the
picture. The “supermap” A transforms the process matrix W by
acting on its “slots,”where local operations are applied in order to
yield probabilities. The object resulting from the action of A on
W, AðWÞ, is a valid bipartite process matrix for all valid bipartite
input process matrices W. The slots of the new process matrix
AðWÞ (top part of the picture) act on local operations to give
probabilities.
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In order to relate the conditions implied for A and
conditions (2), it is convenient to rewrite the conditions for
A in terms of its CJ operator, CA. The first two conditions
for A can be rewritten in a straightforward way using the
well-known properties of the CJ operator (see, for exam-
ple, Ref. [21]):

(i) A is completely positive if and only if CA ≥ 0.
(ii) A is trace rescaling if and only if Tr2ðCAÞ ¼

½ðdO2 Þ=ðdO1 Þ�11.
The subindices 1 and 2 refer, respectively, to the Hilbert
spaces H1 and H2.
In order to write the third condition in terms of CA,

we take the CJ operator of the right-hand side of Eq. (5).
Using the fact that 1 ⊗ N ðj1⟫⟪1jÞ ¼ N T ⊗ 1ðj1⟫⟪1jÞ
(the superscript T denotes transpose with respect to the
basis in which j1⟫ ∈ H1 ⊗ H1 is defined), we find

1 ⊗ A ∘P1ðj1⟫⟪1jÞ ¼ PT
1 ⊗ 1ðCAÞ: ð6Þ

On the other hand, taking the CJ of the left-hand side of
Eq. (5) gives

1 ⊗ P2 ∘A ∘ P1ðj1⟫⟪1jÞ ¼ PT
1 ⊗ P2ðCAÞ:

As noted in Sec. II, and as can be explicitly seen in
Appendix A, P1 is a real projector. Being Hermitian, it
equals its transpose, P1 ¼ PT

1 . Therefore, we can rewrite
condition (5) as

P1 ⊗ 1ðCAÞ ¼ P1 ⊗ P2ðCAÞ: ð7Þ

We have then written all conditions for A in terms of its
CJ, CA. In summary, we have characterized all the possible
transformations that take any valid process matrix to
another valid process matrix in terms of their CJ repre-
sentation. Process matrix transformations A have CJ
representations that satisfy the following:

CA ≥ 0; ð8aÞ

Tr2ðCAÞ ¼
dO2
dO1

11; ð8bÞ

P1 ⊗ 1ðCAÞ ¼ P1 ⊗ P2ðCAÞ: ð8cÞ

B. Higher-order maps

In this section, we show how the idea of process matrix
transformations can be generalized to the case of higher-
order transformations, thereby extending the framework of
process matrices, which, as we show in this section, can be
seen as transformations of order 1. First, we note that
condition (7) can be written as

ð1 ⊗ 1 − P1 ⊗ 1þ P1 ⊗ P2ÞðCAÞ ¼ CA: ð9Þ

This is convenient because condition (7) is rephrased in
terms of a projection operator that leaves CA invariant.
More precisely, the supermap A has an input space LðH1Þ
and an output space LðH2Þ. Its CJ operator CA ∈ LðH1 ⊗
H2Þ is invariant under the projector Pð2Þ

12 ≔1⊗1−P1⊗1þ
P1⊗P2. Condition (9) is a generalization of condition (2c)
for process matrices. More concretely, we note that any
process matrix W can be considered to be the CJ of a
supermap with a trivial input spaceH1 ¼ C. To see that this
is the case, we rewrite the condition (7) for W. We get

ð1 ⊗ 1 − 1 ⊗ 1þ 1 ⊗ PÞðWÞ ¼ PðWÞ ¼ W; ð10Þ

which is just the original condition (2c) that we know for
W. In this sense, W is a particular type of supermap, with
trivial input space.
We can now generalize the projector (9) to build a

hierarchy of higher-order transformations, in the spirit of

Ref. [13]. We define Pð1Þ
1 ¼ P1, P

ð1Þ
2 ¼ P2 and

PðnÞ
12 ¼ 1 ⊗ 1 − Pðn−1Þ

1 ⊗ 1þ Pðn−1Þ
1 ⊗ Pðn−1Þ

2 : ð11Þ

From this point of view, a process matrix W≕W1 is a
supermap of order 1 in the sense that it satisfies P1ðW1Þ ¼
W1 (together with the positivity and trace-preserving
condition). A map A that takes a process matrix to a
process matrix is a supermap of order 2 in the sense that
its CJ, CA, satisfies P2ðCAÞ ¼ CA (together with the
positivity and trace-rescaling condition). In this way, we
can define these types of maps for arbitrary order; that is, a
supermap of order n, Wn ∈ Wn is an operator that satisfies

PðnÞ
12 ðWnÞ ¼ Wn (together with the positivity and trace-

rescaling condition). It takes a valid supermap of order
n − 1, with corresponding Hilbert space H1, to a valid
supermap of order n − 1 with corresponding Hilbert
space H2.

IV. CONTINUOUS AND REVERSIBLE
TRANSFORMATIONS PRESERVE

THE CAUSAL ORDER OF A PROCESS

In this section, we formulate and state the main result of
our paper, namely, that the causal structure of a process
remains invariant under continuous and reversible dynam-
ics. Consider a bipartite process matrix with a correspond-
ing Hilbert space H ¼ HAI ⊗ HAO ⊗ HBI ⊗ HBO . Let
U∶LðHÞ → LðHÞ be a continuous, i.e., continuously con-
nected to the identity, and reversible transformation from
process matrices to process matrices. Concretely, the
continuity and reversibility requirements for U mean that
there exists a one-parameter family of valid, reversible
process matrix transformations Uλ, such that Uλ¼0 is
the identity transformation and Uλ¼1 ¼ U. Since, by
assumption, Uλ is a valid process matrix transformation
for all λ, it is a CPTP map for all λ. Moreover, since Uλ has
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an inverse for all λ and the inverse is also a valid process
matrix transformation, there exists a family of unitary
matrices Uλ ¼ e−iλH, for some traceless, Hermitian oper-
ator H, such that UλðXÞ ¼ UλXU

†
λ for all X ∈ LðHÞ. As a

consequence, the condition for Uλ to be a valid process
matrix transformation is Pðe−iλHWeiλHÞ ¼ e−iλHWeiλH for
all W ∈ W, where we have omitted the subindices in the
operator P because the input and output Hilbert spaces are
isomorphic. If we take λ to be infinitesimal, the condition
above reads PðW − iλ½H;W�Þ ¼ PðWÞ − iλPð½H;W�Þ ¼
W − iλPð½H;W�Þ ¼ W − iλ½H;W�, where we have used
the fact that W is a valid process matrix. From this result,
we conclude that

Pð½H;W�Þ ¼ ½H;W�: ð12Þ

In Appendix C, we show that condition (12) can only be
satisfied by local unitaries, that is, unitaries of the form

U ¼ UI
A ⊗ UI

B ⊗ UO
A ⊗ UO

B ; ð13Þ

and we generalize the proof for an arbitrary number of
parties and dimensions of the local laboratories’ systems.
In conclusion, if W is any process matrix and U is a

continuous and reversible process matrix transformation,
in the sense specified above, then U is merely a product
of local unitaries, of the form of Eq. (13), see Fig. 3.
Importantly, this fact implies that the causal structure of W
remains unchanged under the action of U. This result points
to the idea that causality is a robust feature of physical
processes: Any transformation that changes the causal
order of a process must be either discontinuous or
irreversible.

V. EXAMPLES

Let us now consider some interesting examples of
process matrix transformations.

A. Maps that trivially change the causal structure

The formalism for transformations of process matrices
developed in the previous section trivially allows for
transformations that map a process matrix with a given
causal order (for example, one in which A can signal to B)
to another process matrix in which the causal order might
be different (for example, one in which B signals to A) or
even indefinite, like the one in the process given in Eq. (4).
In fact, given any process matrix W̃, we can define a
constant map A such that AðWÞ ¼ W̃ for all process
matrices W. The process W̃ can have any causal structure.
One can also define a map that trivially interpolates
between W and W̃ for any process W, that is, a map A
such that AðWÞ ¼ ð1 − pÞW þ pW̃, for p continuously
varying between 0 and 1. This map leaves the input W
unchanged with probability 1 − p and prepares the process
W̃ with probability p. It is an example of a continuous
(yet nonreversible) transformation (more precisely, contin-
uously connected to the identity) that changes the causal
order.
Although the formalism for process matrix transforma-

tions allows us to trivially change the causal structure of a
process, the examples presented rely implicitly on the
physical realizability of the process W̃, which might not
be clear to begin with. Therefore, it is natural to require that
the transformation A satisfy reasonable physicality con-
ditions in addition to conditions (8).

B. WOCB cannot be obtained from a causally
separable process via a reversible transformation

In view of the fact that process matrix transformations
with no restrictions other than the consistency conditions
(8) can trivially produce an output process matrix that has a
different causal structure than the initial process matrix, we
now consider reversible transformations. This is a natural
requirement on transformations of states in all generalized
probabilistic theories (GPT) approaches to reconstructions
of quantum theory [22–24]. As states are a particular
subclass of process matrices, it is natural to assume the
same requirement for a general process matrix.
In particular, we consider reversible, but not necessarily

continuous, transformations between bipartite process
matrices with two-dimensional input and output Hilbert
spaces. Let us consider the process matrixWOCB as defined
in Eq. (4) and ask whether there exists a reversible process
matrix transformation that reaches WOCB from a causally
ordered process matrix. As we will show now, there is no
reversible process matrix transformation that can achieve
such a task, suggesting that WOCB is not physically
realizable.
The first thing we note is that, as shown in Appendix D,

WOCB is an extremal process, in the sense that WOCB ¼
λW0

1 þ ð1 − λÞW0
2 implies W0

1 ¼ W0
2. If AðWÞ ¼ WOCB,

then W has to be extremal since W ¼ μW1 þ ð1 − μÞW2

FIG. 3. All continuous and reversible process matrix trans-
formations are of the form depicted, for the bipartite case, in this
picture. Because all of these transformations amount to local
unitary operations in each party’s input and output Hilbert space,
continuous and reversible transformations always preserve the
causal order.
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implies WOCB ¼ μAðW1Þ þ ð1 − μÞAðW2Þ, which means
AðW1Þ ¼ AðW2Þ. Since A is an injective map, we have
W1 ¼ W2, showing thatW is extremal. If we require thatW
be causally separable, the fact that it is extremal implies that
it is causally ordered.
The second thing we note is that WOCB is a rank-8

process matrix. Because reversible transformations are rank
preserving, it follows thatW has to be an extremal, causally
ordered, rank-8 process. We will show that no such process
exists. Without loss of generality, assume thatW ¼ WA≤B is
a channel (possibly with memory) from A to B. The
following theorem—proven by D’Ariano et al. [25]
and adapted here to bipartite causally ordered W matrices
with signaling from A to B—provides necessary
and sufficient conditions for WA≤B to be extremal: Let
WA≤B be a causally ordered process matrix and let
suppðWA≤BÞ be its support. Let C be a basis of
Hermitian operators in the space L(suppðWA≤BÞ). Define
D ¼ fσBI

i σBO
μ σAI

ν σAO
ρ ; 1BI1BOσAI

i σAO
μ g, for Greek indices

running from 0 to 3 and Latin indices from 1 to 3. The
process WA≤B is extremal iff the disjoint union C ⊔ D is
linearly independent.
From this theorem, it is straightforward to see that there

is no extremal, rank-8, causally ordered bipartite process.
The process being rank 8 implies that C has 82 ¼ 64
elements. The set D has 204 elements, which means their
disjoint union C ⊔ D has 268 elements. The dimension of
LðHÞ is 256, implying that C ⊔ D is not linearly inde-
pendent. This shows that WA≤B is not extremal. We
conclude that WOCB cannot be obtained reversibly from
a causally ordered process. Note that the restrictions we
impose on the transformations in this example are weaker
than those leading to our result in Sec. IV; that is, we ask for
the transformations to be reversible but not necessarily
continuous. Nevertheless, as we have shown, the process
(4) cannot be obtained by transforming a causally ordered
one, even without the continuity restriction.

C. C-SWAP transformation: Obtaining
the quantum switch from a channel

We have shown that the process matrix (4) cannot be
obtained from a causally ordered process via a reversible
transformation. We now show that this is not the case for
the quantum switch: There exists a reversible process
matrix transformation that takes a causally ordered process
(a channel in one direction) to the quantum switch.
Consider the Hilbert space corresponding to the quantum

switch H¼HAI ⊗HBI ⊗HAO ⊗HBO ⊗HCT ⊗HCC and
the transformation

V¼1ABCT ⊗ j0ih0jCCþSWAPAB⊗1CT ⊗ j1ih1jCC; ð14Þ

where, for simplicity of notation, we have written A to
denote the Hilbert space HA ¼ HAI ⊗ HAO and similarly

for B. We define SWAPAB ¼ SWAPAIBI ⊗ SWAPAOBO ,
where the well-known SWAP operator acts as
SWAPjψi ⊗ jϕi ¼ jϕi ⊗ jψi. The transformation V is a
proper process matrix transformation in the sense that it
obeys the conditions (8) and yields the quantum switch
when acting on the channel jABCiABCT jþiCC , with the
notation used in Eq. (3) and jþi ¼ ðj0i þ j1iÞ ffiffiffi

2
p

:

VjABCiABCT jþiCC ¼ 1ffiffiffi
2

p jABCiABCT j0iCC

þ 1ffiffiffi
2

p jBACiABCT j1iCC ¼ jSi: ð15Þ

The transformation V is a reversible supermap that
takes a causally separable process as an input (a quantum
channel) to a causally nonseparable process (the quantum
switch). One could ask if this transformation can be
cast in such a way that it is also continuous, i.e., if there
exists a continuously parametrized set of supermaps that
reduces to V for some value of the parameter and to
the identity transformation for some other value. A seemingly
good candidate is the transformation Vλ ¼ expð−iλHÞ, for
H ¼ ðSWAPAIBI ⊗ SWAPAOBO − 1AIBI ⊗ 1AOBOÞ⊗ 1CT ⊗
j1ih1jCC . This transformation reduces to the identity for
λ ¼ 0 and to V for λ ¼ π=2. However, applying Vλ to the
process vector jABCiABCT j1iCC yieldsVλjABCiABCT j1iCC ¼
expðiλÞðcosλjABCiABCT − isinλjBACiABCT Þj1iCC , which
is not a valid process matrix since, as a straightforward
calculation shows, it contains, for instance, “forbidden” terms
of the form σi ⊗ σi ⊗ σi ⊗ σi ⊗ 1 ∈ LðHAI ⊗ HBI ⊗
HAO ⊗ HBO ⊗ HCIÞ. The failure to find a continuous and
reversible process matrix transformation that changes the
causal structure is a particular instance of the more general
result of Sec. IV, namely, that all continuous and reversible
transformations of process matrices reduce only to local
unitaries in the parties’ input and output Hilbert spaces,
showing that no continuous and reversible process matrix
transformation can change the causal structure.

D. Local operations of one party that influence the
causal structure of the remaining parties

It is known [5,8] that, in a general multipartite process
matrix, local operations performed by one of the parties can
influence the causal structure of the remaining parties. We
show now that this feature can be expressed naturally in
terms of process matrix transformations. Consider an N
partite processWN over a Hilbert spaceHN for N > 2, and
let the Xth party perform a localCPTPmapM in his or her
laboratory. This will induce an N − 1 reduced process
matrixWN−1 over the Hilbert spaceHN−1. The causal order
of the reduced process can, in general, depend on M.
Define the process matrix transformation AM∶LðHNÞ →
LðHN−1Þ as
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AMðWÞ ¼ TrXðCMWÞ; ð16Þ

where CM denotes the CJ representation of the map M.
The supermap AM is a well-defined process matrix trans-
formation that can, in principle, yield processes with
indefinite causal structure. Note, however, that the process
WN−1 being causally nonseparable implies that the process
WN itself is also causally nonseparable. To see this, suppose
that WN is causally separable. This means that for any
choice of local operations, the resulting multipartite experi-
ment can always be explained in terms of a convex
combination of states and channels. This fact holds for
the particular case in which the Xth party chooses to
apply the map M. But this choice would imply that the
process WN−1 is causally separable, contradicting our
initial assumption.
Let us now analyze a concrete example of a process

matrix transformation where the action of a party in the past
decides the direction of the signaling of parties in the
future. This party can even decide whether the remaining
process is causally separable or not. Our example, depicted
in Fig. 4, is motivated by the experimental implementation
of the quantum switch in an optical setup [26,27]. In this
experiment, a photon traverses a beam splitter that divides
its trajectory into two paths. In one path, the local operation
MA is applied to the polarization degree of freedom of the
photon before local operation MB, while the other path
corresponds to exactly the opposite: The operation MB is
followed byMA. By continuously changing the reflectivity
of the beam splitter, we can go continuously from a
situation in which A signals to B to the situation in which
B signals to A, passing through an intermediate situation
that corresponds to the quantum switch.
Formally, the action of changing the reflectivity

of the beam splitter corresponds to adding an extra

party D to the quantum switch (3). The initial process
W that we consider therefore has a Hilbert space
H¼HAI ⊗HBI ⊗HDI ⊗HAO ⊗HBO ⊗HDO ⊗HCT ⊗HCC .
Note that W is given by W ¼ jWihWj, where

jWi ¼ jABCiABCT j0iDI j0iDO j0iCC

þ jBACiABCT j0iDI j1iDO j1iCC; ð17Þ

using the same notation as in Eq. (3). We consider the case
in which D performs a unitary map U∶LðHDIÞ → LðHDOÞ
defined as UðρÞ ¼ UρU†, specified by the matrix

U ¼
�
cos λ − sin λ

sin λ cos λ

�
: ð18Þ

The output process is obtained when D acts locally with U.
This defines a supermap AU in the sense described above.
Its action on W yields AUðWÞ ¼ TrDðCUWÞ ¼ jWλihWλj,
where

jWλi¼cosλjABCiABCT j0iCCþsinλjBACiABCT j1iCC: ð19Þ

Here, jWλi is a channel from A to B for λ ¼ 0; it reduces to
the quantum switch for λ ¼ π=2 and to a channel from B to
A for λ ¼ π. The party D can change the causal structure of
the remaining three parties by applying a transformation
locally. Note that, although the transformation applied byD
is continuous and reversible, the map AU is not reversible
because it sends a four-partite process matrix into a three-
partite one. Note that the necessity for adding an extra party
D to describe the change in reflectivity of the beam splitter
comes from the definition of process matrices as operations
that yield objects with no open ends. Because process
matrices are conveniently defined to describe the physics of
everything external to the local laboratories, had we not

(a) (b) (c)

FIG. 4. A four-partite process matrix for parties A, B, C, and D can be mapped to a continuous family of three partite processes for
parties A, B, and C. By choosing different local operations for D, one can map the four-partite input process matrix to processes that
exhibit different causal order. In a concrete quantum optical realization of this transformation, D controls the reflectivity of a beam
splitter (see main text). The transformation can go continuously from (a) a channel from A to B to C to (c) a channel from B to A to C,
passing through (b) the quantum switch [see Eq. (3)].
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added the party D, the probabilities and the causal order of
operations would not have been determined only by the
local operations and the wiring between them, but also
by the “external” system operating on the beam splitter. In
fact, as discussed in Sec. IV, no continuous and reversible
process matrix transformation can change the causal
structure.

VI. DISCUSSION

The process matrix formalism is an operational quantum
framework that assumes the existence of a definite causal
order between events locally while making no assumption
regarding the global causal structure. This resembles the
situation of general relativity, where one arrives at the
notion of a curved space-time from the assumption that
special relativity holds locally.
Process matrices reduce to a state or to the time evolution

of a state (channel) when the global causal order between
events is definite, but they represent a more general notion
when the causal order is indefinite. The latter may appear,
for example, when matter degrees of freedom of quantum
systems are prepared in a state of spatial superposition,
such that the metric induced and, consequently, the
spatiotemporal distances between events become indefinite
[28,29].
In this paper, we have developed a theory of dynamics of

process matrices or, equivalently, transformations of proc-
ess matrices into process matrices. Just like states and
channels, general process matrices can be dynamical. For
example, if we consider an arrangement of laboratories,
together with the corresponding physical systems travers-
ing them, occupying a region of space-time, the process
matrix describing the experiments carried out in the
laboratories can be subjected to transformations as a
consequence of the different values of the metric field
along the space-time trajectory of the arrangement.
We have focused on transformations that are continuous

and reversible. This restriction is motivated by the fact that
the evolution of physical systems that we know in nature
are of this type. In fact, continuous and reversible trans-
formations of physical states have been considered as
axioms from which one derives quantum theory [22–24].
We have shown that no continuous and reversible trans-
formation can change the causal order of a process because
all such transformations amount to local unitary operations
in the parties’ input and output spaces. Crucially, in order to
apply our result, the process under consideration has to
yield a closed system, meaning that all the probabilities
predicted by the process are specified by the following:
(1) the local operations performed by the parties and (2) the
way the local laboratories are connected. For the causally
ordered case, this connection is specified by all the wires
that link the different local laboratories. For the general
case, where causality can be indefinite, the wires are
exchanged by an E-shaped diagram representing a process

matrix. Once the process yields a closed system in the
specified sense, its causal order cannot change if we subject
it to continuous and reversible transformations. This fact
shows that there are strong restrictions on the physical
transformations that might be needed in order to implement
processes with indefinite causal structure. Under the
assumption that all transformations of processes are con-
tinuous and reversible, our results might provide an
explanation as to why no process that violates causal
inequalities has been realized physically by “evolving”
causally ordered processes.
The type of dynamics of causal structures introduced

here requires transformations that output valid process
matrices for any input process matrix on which the trans-
formation acts. However, one could think of different types
of restricted transformations that are well defined only for
certain classes of process matrices, e.g., processes having
the same causal structure (or, for example, transformations
that apply only for the case of states or only for the case of
channels). Although such transformations would not cap-
ture the dynamics of causal structures in a unified fashion,
they might prove to be relevant because of the less stringent
conditions imposed on them.
Our formalism captures the notion that, in a multipartite

process, local operations of one of the parties can alter
the causal order of the remaining parties, as noted in
Refs. [5,8]. In these cases, it is important to note that if one
can obtain a causally indefinite process via the action of a
local operation by one of the parties, then the total process,
including this party, is causally nonseparable to begin with.
As a final remark, we note that, as for the case of quantum

states, any process matrix transformation has a dilation, that
is, a representation in terms of a unitary operator acting on
the joint Hilbert space of the process matrix and an ancillary
system. In contrast to the case of quantum states, however, it
is not guaranteed that the initial process matrix remains a
valid process throughout its unitary evolution coupled to
the ancilla before tracing it out. One might call a dilation
“physical” if it preserves the validity of all process matrices
throughout the unitary evolution before tracing the ancilla
out. Given the important role that dilations play for the
realization of quantum networks [20,30,31], it is an inter-
esting question whether causally separable processes can
evolve into causally nonseparable ones via transformations
that have only continuous, physical dilations. In view of the
strong restrictions on continuous unitary transformations
found in this work, it seems reasonable to conjecture a
negative answer to this question. A rigorous proof of this fact
is left for future work.
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APPENDIX A: FURTHER DETAILS ON THE
CHARACTERIZATION OF PROCESS MATRICES

In this section, we give, for the sake of completeness,
a description of the projector P introduced in Sec. II in
the main text. For our purposes, it suffices to focus on the
bipartite case, corresponding to the Hilbert space
H ¼ HAI ⊗ HBI ⊗ HAO ⊗ HBO . Let the two parties, A
and B, perform local operations described by completely
positive (CP) maps MX

i , X ¼ A, B. The label i denotes a
possible measurement outcome of the corresponding local
operation. The CP maps act from the input Hilbert space
LðHXIÞ to the output Hilbert space LðHXOÞ of each party
X ¼ A,B. The local operations fMX

i g, where i takes values
on the set of possible outcomes, form a quantum instrument;
that is, they add up to a completely positive, trace-preserving
(CPTP) map MX ¼ P

iM
X
i . The joint probability for A to

obtain outcome i, corresponding to the operation MA
i , and

for B to obtain outcome j, corresponding to the operation
MB

j , is given by the “generalized Born rule” [Eq. (1)]:
pij ¼ TrðWCMA

i
⊗ CMB

j
Þ, whereW ∈ LðHÞ is the process

matrix describing the physics outside the local laboratories,
and CMX

i
denotes the CJ representation of the map MX

k ,
for X ¼ A, B and k ¼ i, j. The conservation of probability
means that the sum of all probabilities equals unity:P

ijpij ¼ TrðWCMA ⊗ CMBÞ ¼ 1. It is known that the
CJ representation of a map satisfies TrXO

CMX ¼ 1XI if
and only if the map MX, X ¼ A, B, is trace preserving.
Therefore, the conservation of probability for process
matrices can be stated as

TrðWCMA ⊗ CMBÞ ¼ 1; ðA1Þ

for all CMX , X ¼ A, B, satisfying TrXO
CMX ¼ 1XI . It was

shown in Refs. [3,4] that this condition implies, apart from
the normalization of the trace of W given in Eq. (2b),
TrðWÞ ¼ dO, that the process matrix W belongs to a proper
subspace of the total Hilbert space of operators LðHÞ.
Explicitly,W is invariant under the projector P introduced in
Ref. [4], given by

PðWÞ ¼ AO
W þ B0

W − AIAO
W − BIBO

W − AOBO
W

þ AOBIBO
W þ BOAIAO

W; ðA2Þ

where XW ≔ d−1X 1X ⊗ TrXðWÞ for any subspace X
of LðHÞ.
In order to acquire some physical intuition regarding

the structure of P, it is useful to write down the elements
of LðHÞ in terms of the Hilbert-Schmidt basis
B ¼ fσα ⊗ σβ ⊗ σγ ⊗ σδg, where all Greek indices run
from 0 to d2 − 1, with d equal to the dimension of a single
tensor factor of the total space, for example, HAI . For
simplicity of notation, we assume that each tensor factor of
H is equal to the space Cd. Note that this assumption can
be made without losing generality because we can always
add dimensions to laboratories with trivial operations. By
definition, σ0 ¼

ffiffiffiffiffiffiffiffi
2=d

p
1, and σi is a Hermitian, traceless

operator for all values of the Latin index i, running from
1 to d2 − 1. In this basis, the projector defined in Eq. (A2)
has a particularly simple form. Note that the operator
σ0 ⊗ σ0 ⊗ σ0 ⊗ σ0 is trivially left invariant by P. The
other elements of B invariant under P are called “valid” or
“allowed” terms. The condition given by Eq. (2c) then
implies that any process matrix can be written as a (positive
and suitably normalized) linear combination of the identity
operator and valid terms.
Following Ref. [3], we briefly list the set of different

valid terms and mention their physical meaning. Terms
of the form σα ⊗ σi ⊗ σj ⊗ σ0 describe channels without
memory (for α ¼ 0) and channels with memory (for α ≠ 0)
from A to B [3]. A process matrix containing a term of
this form describes signaling correlations from A to B.
Analogously, terms of the form σi ⊗ σβ ⊗ σ0 ⊗ σj re-
present channels, possibly with memory, from B to A.
Terms of the form σα ⊗ σβ ⊗ σ0 ⊗ σ0 represent states
shared between A and B. As the states might be entangled,
all nonsignaling correlations are described by process
matrices containing these terms.
It is also instructive to look at the so-called “invalid” or

“forbidden” terms F, that is, terms for which PðFÞ ¼ 0.
These terms are always absent in any valid process matrix
since, as we will discuss with some examples, their
presence would imply that probabilities are not conserved.
First, consider terms of the form σ0 ⊗ σ0 ⊗ σi ⊗ σα and
σ0 ⊗ σ0 ⊗ σα ⊗ σi. These terms can be interpreted,
respectively, as postselection of measurement results for
party A and postselection of measurement results for
party B. When α ≠ 0, both parties perform postselection.
Clearly, postselection terms lead to the nonconservation of
probability: If, for example, we choose quantum instru-
ments that reprepare the system in a state that is orthogonal
to the postselection subspace, then the postselected state is
never realized and all probabilities will vanish.
Let us now examine terms of the form σi⊗σ0⊗σj⊗σα

and σ0 ⊗ σi ⊗ σα ⊗ σj. These terms can be interpreted,
respectively, as “local loops” in A and “local loops” in B.
When α ≠ 0, these terms also involve postselection. Local
loops describe signaling from the output of a party’s
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laboratory to the input of the same party. As noted in
Sec. II, such terms correspond to closed timelike curves.
They allow a party to send a signal into his or her past and
give rise to “grandfather-type” paradoxes. Processes con-
taining local loops do not conserve probabilities. As a
simple example of this fact, consider a case where only A is
nontrivial, and let the input and output spaces be two
dimensional. The total Hilbert space is then HA ¼
HAI ⊗ HAO ≈ C2 ⊗ C2. Let the “process” be given by
WLL ¼ j1⟫⟪1j. This process corresponds to an identity
channel from the output of A to the input of A. Note that
WLL satisfies all conditions for process matrices except
the one given by Eq. (2c). Now, consider the quantum
instrument fM0 ¼ j0ih0j⊗ j1ih1j;M1 ¼ j1ih1j⊗ j0ih0jg,
describing a projective measurement of the system in the
basis fj0i; j1ig and a repreparation in the state j1i for the
outcome 0 and in the state j0i for the outcome 1. Note that
this scenario leads to a paradoxical situation in which,
loosely speaking, “0 equals 1.” This is just an instance
of the grandfather paradox. Using Eq. (1) to calculate the
probability pi to obtain outcome i, i ¼ 0, 1, we find that
both probabilities vanish, violating conservation of prob-
ability. Finally, terms of the form σi ⊗ σj ⊗ σk ⊗ σl are
called “global loops.” These terms also lead to paradoxical
situations and nonconservation of probability. In particular,
if one of the parties performs an identity channel as his or
her local operation, a global loop becomes effectively a
local loop and leads to the consequences discussed above.

APPENDIX B: COMPLETE POSITIVITY OF
PROCESS MATRIX TRANSFORMATIONS

Let A∶LðH1Þ → LðH2Þ be a valid process matrix trans-
formation. In general, LðH1Þ and LðH2Þ are tensor
products of Hilbert spaces corresponding to many parties,
each of them with input and output subspaces. If
W1 ∈ LðH1Þ is a valid process matrix, then AðW1Þ ¼
Tr1ðCAWT

1 ⊗ 1Þ ∈ LðH2Þ is a valid process matrix.
Because it will be useful below, we have expressed the
action of A on W1 in terms of the inverse of the Choi-
Jamiołkowski isomorphism. As in the main text, CA ∈
LðH1 ⊗ H2Þ denotes the CJ representation of A. Now
suppose there exists an additional Hilbert space H0

1 such
that LðH0

1Þ also possesses an input-output structure with
two or more parties. Now, let W ∈ LðH1 ⊗ H0

1Þ be
a valid process matrix. The map A ⊗ 1∶LðH1 ⊗ H0

1Þ →
LðH2 ⊗ H0

1Þ is a transformation that acts only on a subset
of the parties that composeW, namely, those corresponding
to the space LðH1Þ, leaving the others intact. Clearly, this
transformation is physically sound, and we must therefore
demand that it is a valid process matrix transformation for
all (finite-dimensional) Hilbert spaces H0

1. We show that
this requirement, together with the assumption that the
parties of the transformed process matrix can share
entangled ancillary systems (as discussed, for example,

in Ref. [4]), implies that A is a completely positive map.
For concreteness, we assume that A transforms bipartite
process matrices into bipartite process matrices. The
extension to more general situations is straightforward.
The complete positivity of A is equivalent to the non-

negativity of its CJ representation, CA. In what follows, we
show that, under the assumptions stated in the previous
paragraph, CA is indeed non-negative. The action ofA ⊗ 1
on W can also be written in terms of CA by means of
the inverse of the Choi-Jamiołkowski isomorphism:
A ⊗ 1ðWÞ ¼ Tr1ðCAWT1 ⊗ 1Þ, where the subscript 1
denotes the “initial” Hilbert space H1, the superscript T1

denotes transposition with respect to H1, and the identity
operator acts onH2. LetW ∈ LðH1 ⊗ H0

1Þ be a four-partite
process matrix with two parties A and B corresponding to
the Hilbert space H1 ¼ HAI ⊗ HBI ⊗ HAO ⊗ HBO , and
two parties A0 and B0 corresponding to the Hilbert space
H0

1 ¼ HA0
I ⊗ HB0

I ⊗ HA0
O ⊗ HB0

O . For our purposes, we
can consider the output space of H0

1 to be trivial and refer
to A0

I and B0
I simply as A0 and B0. The transformation A

has a CJ representation CA ∈ LðH1 ⊗ H2Þ, where H2¼
HCI ⊗HDI ⊗HCO ⊗HDO corresponds to the “final” parties
C and D. We assume that the four parties of the “final”
process, A0, B0, C, D, share a (possibly entangled) ancillary
state. For this purpose, let ρT be an arbitrary state in a
supplementary Hilbert spaceH00¼HA00⊗HB00⊗HC00⊗HD00

,
and consider the laboratories corresponding to the labels A0
and A00 as a single laboratory, as well as the laboratories
corresponding to the labels B0 and B00, C and C00, andD and
D00. The non-negativity of probabilities then reads

0 ≤ TrðCABCD
A ðWTABÞABA0B0

EA0A00
EB0B00

×MCC00
MDD00 ðρTÞA00B00C00D00 Þ; ðB1Þ

where EA0A00
and EB0B00

denote, respectively, positive-oper-
ator valued measure (POVM) elements in the spaces of A0

and A00 and of B0 and B00, and MCC00
and MDD00

denote,
respectively, the CJ representations of CP maps from the
input spaces to the output spaces of the partiesC andC00 and
of D and D00. In Eq. (B1), we have adopted a notation in
which the superindices label the Hilbert spaces in which the
matrices act. For example, the label A denotes the Hilbert
space HA ¼ HAI ⊗ HAO . The superscript TAB denotes the
partial transpose with respect to HA ⊗ HB.
In order to prove the non-negativity of CA, we consider

the case in which the following Hilbert space isomorphisms
hold: HX00 ¼ HX00

1 ⊗ HX00
2 ≈HX0 ¼ HX0

1 ⊗ HX0
2 ≈HX ¼

HXI ⊗ HXO , for X¼A, B; and HX00 ¼HX00
1 ⊗HX00

2 ≈HX¼
HXI ⊗HXO , for X ¼ C, D. Here, we have defined the
subspaces HX00

i , for X ¼ A, B, C, D and i ¼ 1, 2, and the
subspaces HX0

i , for X ¼ A, B and i ¼ 1, 2 in order to give
an explicit tensor product structure to the primed and
double-primed Hilbert spaces. We now choose the

CASTRO-RUIZ, GIACOMINI, and BRUKNER PHYS. REV. X 8, 011047 (2018)

011047-12



operations EX0X00 ¼ jΦþihΦþjX0X00
, where jΦþi denotes the

(normalized) maximally entangled state, for X ¼ A, B,
and MXX00 ¼ j1⟫⟪1jX00

1XI ⊗ jΦþihΦþjX00
2XO , for X ¼ C, D.

Let the process matrix be given by WABA0B0 ¼
j1⟫⟪1jAA0 ⊗ j1⟫⟪1jBB0

. Note that W is a valid process
matrix that represents channels with memory from A to A0
and from B to B0. It is straightforward to check that this
choice of operations and process matrix, when inserted
in Eq. (B1), leads to

0 ≤ TrðCABCD
A ρABCDÞ: ðB2Þ

Since ρ is an arbitrary (normalized) positive matrix, the
non-negativity of CA follows.

APPENDIX C: CHARACTERIZATION OF
CONTINUOUS AND REVERSIBLE PROCESS

MATRIX TRANSFORMATIONS

As mentioned in Sec. IV of the main text, a continuous,
reversible transformation U from process matrices to
process matrices is of the form UðWÞ ¼ UWU†, for a
unitary operator U ¼ eiλH. The Hermitian and traceless
operator H satisfies

Pð½H;W�Þ ¼ ½H;W� ðC1Þ

for all valid processes W. In the following, we show that
every transformation of this form consists only of local
unitary operations. In other words, we show thatH contains
only single-body terms. For simplicity, we focus on the
bipartite case; the proof can then be generalized straight-
forwardly to an arbitrary number of parties.
Let H ¼ HAI ⊗ HBI ⊗ HAO ⊗ HBO be the Hilbert

space on which bipartite process matrices act. As in
Appendix A, we assume that each tensor factor of H is
equal to the spaceCd, without loss of generality. In terms of
the Hilbert-Schmidt basis, H can be written as

H ¼ hαβγδσα ⊗ σβ ⊗ σγ ⊗ σδ: ðC2Þ

Here, as in Appendix A, σ0 ¼
ffiffiffiffiffiffiffiffi
2=d

p
1, and the operators

σi, with 1 ≤ i ≤ d2 − 1, are the (traceless and Hermitian)
generators of the Lie algebra suðdÞ. They satisfy

σiσj ¼ δij1þ dijkσk þ ifijkσk; ðC3Þ

where dijk is totally symmetric and traceless (i.e., diik ¼ 0),
and the coefficients fijk, called the structure constants of
suðdÞ, are totally antisymmetric (for further details, consult
Ref. [32]). In our notation, Greek indices run from 0 to
d2 − 1, and Latin ones from 1 to d2 − 1. When an index is
repeated, we assume that it is summed over.

Requiring condition (C1) is equivalent to requiring

Trð½H; T�FÞ ¼ 0 ðC4Þ

for all valid terms T [i.e., matrices satisfying PðTÞ ¼ T]
and forbidden terms F [i.e., matrices satisfying PðFÞ ¼ 0].
As noted in Appendix A, the allowed terms T are terms

of the following forms: σα ⊗ σi ⊗ σj ⊗ σ0 (channel,
possibly with memory from A to B); σi ⊗ σβ ⊗ σ0 ⊗ σj
(channel, possibly with memory from B to A); σα ⊗ σβ ⊗
σ0 ⊗ σ0 (state shared between A and B). The projector P is
precisely the projector onto the subspace of LðHÞ spanned
by the valid terms. Its generalization for an arbitrary
number of parties follows the same logic and can be found
in Refs. [4,5].
Now, let T ¼ σλ ⊗ σm ⊗ σν ⊗ 1. This is a valid term

for all λ; ν ¼ 0;…; 3 and m ¼ 1;…; 3. A straightforward
calculation gives

½H; T� ¼ hαβγδðσασλ ⊗ σβσm ⊗ ½σγ; σν� ⊗ σδ

þ σασλ ⊗ ½σβ; σm� ⊗ σνσγ ⊗ σδ

þ ½σα; σλ� ⊗ σmσβ ⊗ σνσγ ⊗ σδÞ: ðC5Þ

In order to prove our result, it is useful to extend the
definition of dijk and fijk to Greek indices. We set the
symbol fμνρ to be equal to the usual structure constant,
when the indices run from 1 to d2 − 1, and to be equal to
zero when any index is zero. A similar definition applies for
dijk. It is then easy to check, with the use of Eq. (C3), that

Trð½σμ; σν�σρÞ ¼ 4ifμνρ: ðC6Þ

Now, take the forbidden term F ¼ 1 ⊗ 1 ⊗ σn ⊗ ση.
Equation (C4) then reads

0 ¼ Trð½H;T�FÞ ¼ 32ihλmcηfcνn: ðC7Þ

BecauseH generates a valid process matrix transformation,
Eq. (C7) has to be satisfied for all values of ν and n.
Note that we have substituted the Greek index γ with the
Latin index c because fγνn is trivially zero when γ ¼ 0.
Equation (C7) yields

hλmnμ ¼ 0 ðC8Þ

for λ; μ ¼ 0;…; d2 − 1 and m; n ¼ 1;…; d2 − 1. In order
to see that this is the case, we note that the structure
constant fijk is the j, k matrix element of the ith suðdÞ
generator in the adjoint representation, whereby
suðdÞ ∋ X ↦ AdX∶suðdÞ → suðdÞ, defined by AdXðYÞ ¼
½X; Y� (see, for example, Ref. [33]). With this fact in mind,
we note that Eq. (C7) is just a linear combination of basis
elements of suðdÞ. Because the adjoint representation of
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suðdÞ is faithful, it preserves the linear independence of
the generators. It then follows that the coefficients hλmnμ

must vanish.
Because the linear condition PðWÞ ¼ W is symmetric

in A and B, a completely analogous argument to the one
leading to Eq. (C8) leads to the same result but with A and
B interchanged:

hmλμn ¼ 0: ðC9Þ

Now, consider the forbidden term F¼1⊗ση⊗1⊗σn.
Equation (C4) reads

32ihλbνnfbmη ¼ 0: ðC10Þ

As in the previous case, this leads to

hλmνn ¼ 0: ðC11Þ

By symmetry, we also have

hmλnν ¼ 0: ðC12Þ

Now, consider the forbidden term F ¼ ση ⊗ 1 ⊗ σn ⊗ σξ.
Equation (C4) reads

16ihαmγξðTrðσασλσηÞfγνn þ TrðσνσγσnÞfαληÞ ¼ 0: ðC13Þ

Choosing η¼0 and λ¼ l∈f1;…;d2−1g gives hlmcξ ¼ 0.
On the other hand, choosing ν ¼ n and summing over n
yields hlm0ξ ¼ 0 after using Eq. (C3) and the fact that dijk
is traceless. We conclude that

hmnλμ ¼ 0: ðC14Þ

Finally, evaluating Eq. (C4) for the forbidden term F ¼
1 ⊗ ση ⊗ σξ ⊗ σn leads to hλ0mn ¼ 0 for the choice η ¼ m
[we again use Eq. (C3) and the fact that dijk is traceless] and
hλimn ¼ 0 for η ¼ 0. We conclude that

hλμmn ¼ 0: ðC15Þ

Equations (C8), (C9), (C11), (C12), (C14), (C15) imply
that H consists only of single-body terms, as we wanted
to show.
At this point, it is clear that the argument can be extended

to the case of arbitrary parties. In fact, there are only four
essentially different types of contributions toH that need to
be ruled out:

(i) Terms in which h has one Latin index in some
input variable, one Latin index in an output variable
corresponding to a different party, and Greek indices
everywhere else.

(ii) Terms in which h has one Latin index in some input
variable, one Latin index in an output variable

corresponding to the same party, and Greek indices
everywhere else.

(iii) Terms in which h has two Latin indices in two input
variables and Greek indices everywhere else.

(iv) Terms in which h has two Latin indices in two
output variables and Greek indices everywhere else.

Each type of term can be ruled out by a natural generali-
zation of the arguments presented here for the bipar-
tite case.

APPENDIX D: WOCB IS
AN EXTREMAL PROCESS

In this section, we show that the processWOCB, given by
Eq. (4) in the main text, is extremal. By definition, a process
W ∈ LðHÞ, for a given Hilbert space H, is extremal if it
cannot be written as a nontrivial convex combination of the
form W ¼ qW1 þ ð1 − qÞW2, where W1 and W2 are two
different processes and 0 < q < 1.
Let S ¼ suppðWÞ ⊆ H be the support of W, and let

ΠS∶H → H be its corresponding projector. Define the
projector PT ∶LðHÞ → LðHÞ by PT ðXÞ ¼ ΠSXΠS for all
X ∈ LðHÞ. Here, T ¼ S ⊗ S† denotes the subspace cor-
responding to the projector PT . Now, consider the projector
PV∶LðHÞ → LðHÞ into the subspace of valid process
matrices V. This projector is denoted by P in the main
text. The fact that WOCB is extremal can be seen as a
consequence of the following fact: A processW is extremal
if the rank of the projector into the intersection of T and V
is equal to 1. Let us prove this fact. Assume that W is not
extremal; that is, W ¼ qW1 þ ð1 − qÞW2 for different
processes W1 and W2. Let us first show that suppðWiÞ ⊆
S for i ¼ 1, 2. This is equivalent to showing that kerðWÞ ⊆
kerðWiÞ for i ¼ 1, 2, where kerðXÞ denotes the kernel
of X. Let jψi ∈ kerðWÞ, and write Wi in diagonal form,
Wi ¼

P
jλ

j
i jλjiihλji j, for i ¼ 1, 2. Since Wjψi ¼ 0, the

positivity of the eigenvalues λji implies Wijψi ¼ 0

suppðWiÞ ⊆ Sfor i ¼ 1, 2, meaning that kerðWÞ ⊆
kerðWiÞ, or, equivalently, suppðWiÞ ⊆ S, for i ¼ 1, 2.
Therefore, PT ðWiÞ ¼ Wi, for i ¼ 1, 2. Moreover, since,
by assumption, Wi is a valid process, PVðWiÞ ¼ Wi for
i ¼ 1, 2. Thus,Wi ∈ T ∩ V, i ¼ 1, 2. BecauseW1 andW2

are different processes, they are linearly independent.
This means that S ∩ V is at least two dimensional. This
proves our claim.
It is then straightforward (with the help of a computer) to

build the corresponding projectors for the case of WOCB
and to verify that, in this case, T ∩ V is indeed one
dimensional.
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[12] P. A. Guérin, A. Feix, M. Araújo, and Č. Brukner,
Exponential Communication Complexity Advantage from
Quantum Superposition of the Direction of Communication,
Phys. Rev. Lett. 117, 100502 (2016).

[13] P. Perinotti, Causal Structures and the Classification of
Higher Order Quantum Computations, arXiv:1612.05099.

[14] A. Jamiołkowski, Linear Transformations which Preserve
Trace and Positive Semidefiniteness of Operators, Rep.
Math. Phys. 3, 275 (1972).

[15] M. D. Choi, Completely Positive Linear Maps on Complex
Matrices, Linear Algebra Appl. 10, 285 (1975).

[16] D. Deutsch, Quantum Mechanics Near Closed Timelike
Lines, Phys. Rev. D 44, 3197 (1991).

[17] S. Lloyd et al., Closed Timelike Curves via Post-selection:
Theory and Experimental Demonstration, Phys. Rev. Lett.
106, 040403 (2011).

[18] J. M. Allen, Treating Time Travel Quantum Mechanically,
Phys. Rev. A 90, 042107 (2014).

[19] Ä. Baumeler and S. Wolf, Non-Causal Computation,
Entropy 19, 326 (2017).

[20] G. Chiribella, G. M. D’Ariano, and P. Perinotti, Theoretical
Framework for Quantum Networks, Phys. Rev. A 80,
022339 (2009).

[21] T. Heinosaari and M. Ziman, The Mathematical Language
of Quantum Theory: From Uncertainty to Entanglement
(Cambridge University Press, Cambridge, England, 2012).

[22] L. Hardy, Quantum Theory from Five Reasonable Axioms,
arXiv:quant-ph/0101012.

[23] B. Dakic and Č. Brukner, Quantum Theory and Beyond: Is
Entanglement Special? Deep Beauty—Understanding the
Quantum World through Mathematical Innovation, edited
by H. Halvorson (Cambridge University Press, New York,
2011).

[24] L. Masanes and M. P. Müller, A Derivation of Quantum
Theory from Physical Requirements, New J. Phys. 13,
063001 (2011).

[25] G.M. D’Ariano, P. Perinotti, and M. Sedlák, Extremal
Quantum Protocols, J. Math. Phys. (N.Y.) 52, 082202 (2011).

[26] L. M. Procopio, A. Moqanaki, M. Araújo, F. Costa, I. A.
Calafell, G. E. Dowd, D. R. Hamel, L. A. Rozema, Č.
Brukner, and P. Walther, Experimental Superposition of
Orders of Quantum Gates, Nat. Commun. 6, 7913 (2015).

[27] G. Rubino, L. A. Rozema, A. Feix, M. Araújo, J. M. Zeuner,
L. M. Procopio, Č Brukner, and P. Walther, Experimental
Verification of an Indefinite Causal Order, Sci. Adv. 3,
e1602589 (2017).

[28] M. Zych, F. Costa, I. Pikovski, and Č. Brukner, Bell’s
Theorem for Temporal Order, arXiv:1708.00248.

[29] A. Feix and Č. Brukner, Quantum Superpositions of
“Common-Cause” and “Direct-Cause” Causal Structures,
arXiv:1606.09241.

[30] A. Bisio, G. M. D’Ariano, P. Perinotti, and G. Chiribella,
Minimal Computational-Space Implementation of Multi-
round Quantum Protocols, Phys. Rev. A 83, 022325 (2011).

[31] A. Bisio, G. Chiribella, G. M. D’Ariano, and P. Perinotti,
Quantum Networks: General Theory and Applications, Acta
Phys. Slovaca 61–3, 273 (2011).

[32] I. Bengtsson and K. Życzowski,Geometry of Quantum States
(Cambridge University Press, Cambridge, England, 2006).

[33] H. Georgi, Lie Algebras in Particle Physics: From Isospin
to Unified Theories (Westview Press, Boulder, Colorado,
1999).

DYNAMICS OF QUANTUM CAUSAL STRUCTURES PHYS. REV. X 8, 011047 (2018)

011047-15

http://arXiv.org/abs/1610.09052
https://doi.org/10.1038/ncomms2076
https://doi.org/10.1038/ncomms2076
https://doi.org/10.1088/1367-2630/17/10/102001
https://doi.org/10.1088/1367-2630/17/10/102001
https://doi.org/10.1088/1367-2630/18/9/093020
https://doi.org/10.1088/1367-2630/18/11/113026
https://doi.org/10.1088/1367-2630/18/11/113026
https://doi.org/10.1098/rsta.2011.0326
https://doi.org/10.1103/PhysRevA.94.032131
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysRevA.88.022318
https://doi.org/10.1103/PhysRevLett.113.250402
https://doi.org/10.1103/PhysRevLett.117.100502
http://arXiv.org/abs/1612.05099
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1103/PhysRevD.44.3197
https://doi.org/10.1103/PhysRevLett.106.040403
https://doi.org/10.1103/PhysRevLett.106.040403
https://doi.org/10.1103/PhysRevA.90.042107
https://doi.org/10.3390/e19070326
https://doi.org/10.1103/PhysRevA.80.022339
https://doi.org/10.1103/PhysRevA.80.022339
http://arXiv.org/abs/quant-ph/0101012
https://doi.org/10.1088/1367-2630/13/6/063001
https://doi.org/10.1088/1367-2630/13/6/063001
https://doi.org/10.1063/1.3610676
https://doi.org/10.1038/ncomms8913
https://doi.org/10.1126/sciadv.1602589
https://doi.org/10.1126/sciadv.1602589
http://arXiv.org/abs/1708.00248
http://arXiv.org/abs/1606.09241
https://doi.org/10.1103/PhysRevA.83.022325

