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Quantum supermaps are transformations that map quantum operations to quantum operations. It is
known that quantum supermaps which respect a definite, predefined causal order between their input
operations correspond to fixed-order quantum circuits, also called quantum combs. A systematic under-
standing of the physical interpretation of more general types of quantum supermaps—in particular, those
incompatible with a definite causal structure—is however lacking. In this paper, we identify two types
of circuits that naturally generalize the fixed-order case and that likewise correspond to distinct classes
of quantum supermaps, which we fully characterize. We first introduce “quantum circuits with classi-
cal control of causal order,” in which the order of operations is still well defined, but not necessarily
fixed in advance: it can, in particular, be established dynamically, in a classically controlled manner, as
the circuit is being used. We then consider “quantum circuits with quantum control of causal order,” in
which the order of operations is controlled coherently. The supermaps described by these classes of cir-
cuits are physically realizable, and the latter encompasses all known examples of physically realizable
processes with indefinite causal order, including the celebrated “quantum switch.” Interestingly, it also
contains other examples arising from the combination of dynamical and coherent control of causal order,
and we detail explicitly one such process. Nevertheless, we show that quantum circuits with quantum
control of causal order can only generate “causal” correlations, compatible with a well-defined causal
order. We furthermore extend our considerations to probabilistic circuits that produce also classical out-
comes, and we demonstrate by an example how the characterizations derived in this work allow us to
identify advantages for quantum information processing tasks that could be demonstrated in practice.

DOI: 10.1103/PRXQuantum.2.030335

I. INTRODUCTION

The standard paradigm used in quantum information
theory is that of quantum circuits. In this framework,
quantum computations are performed through the appli-
cation of quantum operations on some quantum system
in a given, definite order. An approach that is relevant in
many situations is to consider quantum circuits with open
slots, into which arbitrary input operations can be inserted
[1,2]. Such circuits can be understood as higher-order
transformations that map quantum operations to quantum
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operations. Mathematically, they can be described as quan-
tum supermaps, i.e., maps that take completely positive
(CP) maps to other CP maps [3]. Quantum supermaps cor-
responding to circuits in which the input operations are
performed in a definite, fixed order are also called quantum
combs [1].

More generally however, quantum supermaps do not
need to presuppose a fixed causal order of the differ-
ent operations. The investigation of quantum structures
that go beyond the quantum circuit framework and that
are incompatible with a global causal order between the
operations has begun to receive significant attention, moti-
vated not only by foundational questions [4—6], but also by
the possibility of obtaining advantages in quantum infor-
mation processing [7]. A useful description of quantum
supermaps, encompassing those that are incompatible with
any definite causal structure, is given by the process matrix
framework [5].

Published by the American Physical Society
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Beyond quantum circuits with a fixed causal order
(those represented by quantum combs), one can consider
situations in which the causal order depends on how the
circuit is being used. The order can, in particular, be estab-
lished dynamically, i.e., the order of future operations can
depend on previous ones [4,8—10]. If the causal order is
thus controlled in a classical manner, then as the circuit
is being used the operations are still realized in a well-
defined causal order, established on the fly. However, one
can also consider situations in which the causal order is
indefinite, for instance, subject to quantum superpositions.
Indeed, a realizable example of a quantum process with
indefinite causal order—or, in a more technical jargon, of
a “causally nonseparable” quantum process [5,9—
the so-called “quantum switch” [7]. In this process, two
operations are applied to a target system in an order that
is coherently controlled by another quantum system. If
the control system is prepared in a superposition state, the
two operations are applied in a “superposition of orders.”
A generalization to N operations applied in a superposi-
tion of different orders has also been proposed [12—14].
Notably, the quantum switch can provide advantages in
various quantum information processing tasks over stan-
dard, causally ordered quantum circuits [7,12—35], and has
now been demonstrated in several experiments [30,36—42].

In light of such possibilities, it is notable that more
general, constructive formulations of classes of quantum
supermaps encompassing dynamical and coherent control
of causal order have not been forthcoming. In contrast, sig-
nificant progress has been made in classifying quantum
supermaps using the process matrix framework, notably
by studying their causal structure [9—11] and reversibil-
ity [43—45]. This framework, however, adopts an inher-
ently top-down approach, and it remains unclear whether
generic quantum supermaps can be given faithful physical
realizations. In this paper we instead adopt a bottom-
up approach, presenting two general classes of quan-
tum supermaps that are realizable by construction. These
classes can be described as types of generalized quantum
circuits, naturally extending the notion of quantum circuits
with fixed causal order (“QC-FOs,” Sec. III).

We first describe “quantum circuits with classical con-
trol of causal order” (“QC-CCs,” Sec. IV) in which the
causal order between N operations can be classically
controlled and thereby established dynamically, while
ensuring that each operation is applied once and only
once—a crucial assumption to ensure one obtains a quan-
tum supermap. Our study thus formalizes the description of
“classically controlled quantum circuits” proposed in Ref.
[9]. The classical nature of the control in QC-CCs means
that the causal order remains well defined (if not fixed),
so the corresponding processes are causally separable. It
is then natural to consider quantum circuits in which the
causal order is controlled coherently, which leads us to for-
mulate the class of “quantum circuits with quantum control

of causal order” (“QC-QCs,” Sec. V), which contains
the quantum switch as a particular example. This class,
however, also contains more general types of causally non-
separable quantum processes, a fact we illustrate with an
example that qualitatively differs from the quantum switch.
Nevertheless, not all quantum supermaps can be realized
as QC-QCs. In particular, we show that the correlations
generated by QC-QCs are always compatible with a well-
defined causal order, which means that processes that can
violate so-called causal inequalities [5,46—48] cannot be
realized as QC-QCs. The relation between these different
classes of quantum supermaps is summarized in Fig. 1.

For each of these classes of generalized quantum circuits
we show how they can be described as process matrices,
characterize the classes of process matrices they define,
and show how, given a process matrix from one of these
classes, one can construct the corresponding circuit.

In Sec. VI, we then generalize our analysis to prob-
abilistic (postselected) quantum circuits. We characterize
the classes of probabilistic quantum supermaps, or “quan-
tum superinstruments,” that can be realized in terms of
probabilistic QC-FOs, QC-CCs, and QC-QCs.

The perspective of higher-order quantum transforma-
tions has turned out to be very useful for the investiga-
tion of quantum information processing tasks that involve
the processing of unknown operations. For instance, the

g
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FIG. 1. Venn diagram illustrating the relation between the
classes of quantum supermaps studied in this paper. QC-FOs are
quantum circuits compatible with a single, fixed, causal order
(Sec. IMI), such as the process Wp_, 4,—4,—F described in Eq.
(21). QC-FOs form a nonconvex set since a mixture of QC-FOs
compatible with different orders is, in general, not compatible
with any single order, while some processes, such as the paral-
lel circuit W) of Eq. (22) are compatible with any causal order.
QC-CCs are quantum circuits with classical control of causal
order (Sec. IV), such as the “classical switch” Wcs [Eq. (33)];
all QC-CCs are causally separable processes. QC-QCs are quan-
tum circuits with quantum control of causal order (Sec. V), such
as the quantum switch Wqgs [Eq. (65)] and the quantum process
Wes) we describe in Eq. (68), both of which are causally non-
separable. QC-QCs are a strict subset of all quantum supermaps:
those violating causal inequalities, such as the Wocp of Ref. [5]
cannot be described as QC-QCs.
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description of quantum combs (i.e., QC-FOs) in terms of
quantum supermaps has been used to formulate and study
various such tasks as semidefinite optimization problems
[49]. This approach can be extended to the more general
classes of QC-CCs and QC-QCs, based on the character-
izations that we provide in this work. In particular, our
characterization of QC-QCs and their corresponding prob-
abilistic counterparts allows one to investigate possible
quantum information processing applications of quantum
processes that go beyond quantum circuits with a well-
defined causal order, but for which a concrete realization
scheme exists. We illustrate this in Sec. VII, where we
consider a generalization of a recently studied black-box
discrimination task [50] and show that QC-QCs can pro-
vide a higher probability of success than any QC-FO or
QC-CC.

Our work thus paves the way for a more system-
atic study of possible quantum processes with indefinite
causal order, beyond the quantum switch, that are real-
izable in practice with current technologies, and of their
applications for quantum information processing.

II. QUANTUM CIRCUITS AS QUANTUM
SUPERMAPS

Before proceeding further, let us first introduce the
mathematical tools we use to manipulate and study quan-
tum supermaps, and recall how a quantum circuit can be
described by a so-called process matrix [5].

A. Preliminaries: mathematical tools

In this paper we generically use the notation H* (for
various different superscripts X') to denote a Hilbert space.
L(HX) is then defined as the space of linear operators
on HX (operators HY — H¥X); in particular, the iden-
tity operator is written 1% € £(HY) [51]. For two Hilbert
spaces H¥ and H?, we use the short-hand notation H* :=
HY ® HY to denote their tensor product (the order in
which we write the factors being irrelevant, as long as we
keep track of which space each of them corresponds to).
Try (Try) then denotes the partial trace over H* (over HY),
while Tr denotes the full trace.

1. The Choi isomorphism

Linear operators and maps are conveniently expressed
using the Choi isomorphism [52], which allows one to
write them in the form of vectors or matrices. To define
this we choose, for each Hilbert space H* under consider-
ation, a fixed orthonormal basis {|i)* }—the computational
basis of HX. For a Hilbert space H*? obtained as the
tensor product of two Hilbert spaces H¥ and H' with
computational bases {|i)*}; and {|j)" };, respectively, the
computational basis is naturally taken to be {|i,j)! :=
10" @ 1) iy

The choice of fixed computational bases is used, in
particular, to define, for any pair of isomorphic Hilbert
spaces H¥ and H*' with computational basis states |i)*
and |i)X" in one-to-one correspondence [53], the unnormal-
ized maximally entangled state—written as a “double-ket
vector”

™ =" e n er eor. )

The computational basis is also used to define transposi-
tion of operators in £(HX), denoted 7, or 7¥ for the partial
transpose over H¥ only, in the case of an operator over a
composite system in £(H*Y).

In this paper we make use of two (directly related) ver-
sions of the Choi isomorphism: the “pure case” and the
“mixed case” versions.

For the first case we define, for any linear operator V' :
HY — 'HY, its Choi vector as [54]

M) = (1" @ V) I
=> W eri* e )

For the second case, for any linear map M : L(HY) —
L(HY) we define its Choi matrix as [55]

M = (T @ M)(11)(LI)
=Yl @ M) e L(HY),  (3)

[where Z% denotes the identity map on £(H*)]. A funda-
mental property is that a linear map M is completely pos-
itive if and only if its Choi matrix is positive semidefinite
[52].
The inverse Choi isomorphism is easily obtained, in the
two cases, as
v=m =0 e 1" ) arr, )

and
M(p) = Try [(p" ® 1")M], (5)

for any p € L(HX). This implies, in particular, that
Tr[M(p)] = Tr[p (Try M)], from which one can see that
M is trace preserving (TP) if and only if Try M = 1%,

2. The link product

We now introduce a special kind of product for vec-
tors and matrices—the so-called link product [1,2}—which
will prove useful in describing the composition of quantum
operations in terms of their Choi representations.

030335-3
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Let HXY = H* @ HY and H'* = HY ® HZ be two ten-
sor product Hilbert spaces sharing the same (possibly
trivial) space factor H?Y, and with nonoverlapping H*, HZ.

The link product of any two vectors |a) € HX' and
|b) € H is defined (with respect to the computational
basis {|i)}; of HY) as

jay * |b) = (1% @ (11")(la) ® b))
= (o)™ ® 17) b)
=Y la)* @ b)* eHY,  (6)

with |a;)" = (1Y ® (i|") |a) € HY and |b;))? = ((i|' ®
1%)|b) € H? (so that |a) =Y ;|a)* ® i)’ and |b) =
0T @ 1b:)%).

Similarly, the link product of any two operators 4 €
L(HXY) and B € L(H'?) is defined as [1,2,56]

A%B:= (17 o (11")1 ® B) (1% ® [1)'7)
=Try[(4" © 17) (1" ® B)]
= 4y ®B; eL(HY), ™

with 4% := (1¥ ® (iINA(1Y ® 1)) € LHY) and B, :=
(il" ® 19)4(1#)" ® 17) € L(H?) (sothatd = Y, , 4% ®
i)i'|" and B =", |iXi'|" ® B%).

Let us state some properties of these link products that
will be useful. Firstly, note that they are commutative (up
to a reordering of the tensor products). For a trivial one-
dimensional space H'—i.e., for |a) € H¥ and |b) € H?,
ord € L(HY) and B € L(H?) in distinct, nonoverlapping
spaces [57]—they reduce to tensor products (|a) * |b) =
la) ® |b) or A% B =A® B). For trivial spaces H* and
H? on the other hand—i.e., for |a),|b) € HY, or A4,B €
L(HY) in the same spaces—they reduce to scalar products
(la)  |b) = Y, (ila) (ilb) = |a)" |b) or A% B =Tt[4"B]).
Note also that the link product of two positive semidefi-
nite matrices is positive semidefinite (or a nonnegative real
number for trivial spaces H* and H?).

We often consider link products of vectors |a),|b) or
matrices 4, B in (or acting on) some Hilbert spaces given as

&;eaM and @; g, for some (nonoverlapping) tensor

factors H/ and some sets of indices A, B. The defini-

tions above are then used by taking H* = @, o’

H =@, casH and H” = ®,gaH/ . The two-fold
products can also be extended to define n-fold link prod-
ucts of n vectors |a;) € HA = ®jeAkHj or n matrices
A € L(H™), for n sets of indices A;. Provided (as is the
case for all n-fold link products written in this paper) that
each constituent Hilbert space 7/ appears at most twice in
all HM—i.e., that Ay, N Ay, N Ay, =@ for all ki # ky #
ks—the n-fold link products thus defined are associative

(in addition to being commutative) [1,2], and can unam-
biguously be written without parentheses as |a;) * |ay) *
coexk|ap) or Ay k Ay k- - % A,

The initial motivation for introducing the link product
(originally for matrices) [1,2] was to give a convenient
way to write the Choi representation of a quantum oper-
ation obtained as the composition of two operations in
sequence. To illustrate this, consider two linear operators
Vi:HY — HYY and Vs : HY? — HZ, with the output
space of V| overlapping (through the tensor factor HY)
with the input space of V5: see Fig. 2. It can easily be
verified that the Choi vector of the composed operator
Vi= (1Y @ V) (V) ® 1%) : H — HX'? is obtained, in
terms of the Choi vectors |V)) € HX'Y and |V5)) € HY%Z
of V1 and V5, as

Py =)« e N @®)
Similarly, for two linear maps M, LOHY) — LHX'Y)
and M, : L(HY) — L(H?) the Choi matrix of the com-
position M = (Z¥ @ My) o (M, ® %) : L(H?) —
L(HY'?Y is obtained, in terms of the Choi matrices M; €
LHX'Yy and M, € LIHY) of M, and M., as

M=MxM, eL(HX%) ©9)

Finally, we note that the link product allows one to write
the inverse Choi isomorphism in a simple way. Indeed,
the Choi matrix of the operation that consists in prepar-
ing some state (or density matrix) p € £(H¥)—i.e., of the
map 1 — p, with a trivial input space—is p itself. The
Choi matrix that represents the preparation of M (p)—i.e.,
the composition of the preparation of p with the map
M—is also M(p) itself, and is obtained by link multi-
plying the Choi matrices M (of M) and p:

M(p) =p M, (10)

which is indeed equivalent to Eq. (5) [58].

X Ml X’

Mao—

A

FIG. 2. Composition of two linear maps M, : L(HY) —
LHYY) and M, : L(H?) — L(HZ) (as indicated by the
labels on the wires, to be read from left to right). The Choi
matrix of the composed map M := (Z¥ @ M,) o (M, ® Z?)
is obtained as the link product of the Choi matrices of M/ and
M3, as in Eq. (9)—and similarly for the “pure case” of two linear
operators V; : HX — HX'Vand ¥, : H'? — HZ , as in Eq. (8).
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B. Process matrices

The sequential composition of two linear maps is an
example of a quantum supermap [1-3]: a process that takes
any two “freely chosen” maps (say, A1, .4,) to some new
map (namely, M = A, o A,). The process matrix frame-
work allows one to describe all possible ways to combine
some “free” maps and define a new map (or originally, a
probability distribution [59]) in a consistent manner [5,43].

Let us make this more precise. Throughout the paper,
we consider scenarios with N > 1 free quantum opera-
tions A; (k € N :={1,...,N}), from some input to some
output Hilbert spaces HA and HAY , of (finite, possibly dif-
ferent) dimensions ¢ and d?, respectively. That is, the N
operations are any completely positive (CP) linear maps
Ay £(HAi) — E(’HAkO). We use the shorthand notations
HA = M @ HAY and HAY = Qe NHA{fO, or more
generally HAX = Re ,CHAiO for any subset L € .

We are interested in how one can combine these NV oper-
ations so as to define a quantum operation M : L(H') —
L(HT), from some dp-dimensional Hilbert space H” to
some dp-dimensional Hilbert space H’, which can be
thought of as embedding quantum systems in a “global
past” and a “global future” of all N operations, respec-
tively; see Fig. 3. That is, how to define a function

fi(Ar L Ay e ML (11)

For consistency with a probabilistic interpretation, we
impose that f must be N-linear—so that if a given
operation A4, is obtained as a probabilistic mix-
ture of some operations AV then the resulting map
M should also be obtained as the corresponding

ij(f)f (Ay,..., AV ... Ay). Furthermore, we require
not only that / must transform any set of N CP maps Ay
into another valid CP map, but that it can also be applied

locally to extended maps Aj : LOHAEY — LOHATAD )

involving some ancillary Hilbert spaces ’HA{; and HA/?/
and still gives valid CP maps in such cases. Functions f
that satisfy these constraints define so-called completely
CP-preserving (CCP) quantum supermaps [1,3].

The “supermapping” of Eq. (11) can be written at
the level of the Choi matrices M € L(H"") of M and
Ay € [,(HAiO) of the operations Ay, as (41,...,4Ay) — M.
Translating the previous constraints on f, it can be shown
that the dependency on the Choi matrices can be written in
terms of a Hermitian operator—a so-called process matrix
[5,43]

probabilistic mixture: f (Aj, ..

W e L(HPNF), (12)

Al A9 —
— A Al g, A2
P F
Al A9
22 A, 22 AL A9
2 N AN 2N
L J
Y
M
FIG. 3. A completely CP-preserving quantum supermap takes

N quantum operations—i.e., CP maps—A; (for k=1,...,N)

with input and output Hilbert spaces HA and HAY , respectively,
to a new CP map M with an input Hilbert space H” in the
“global past” of all operations A; and an output Hilbert space
H” in their “global future” [5,43]. The Choi representation M
of the global map M is obtained from the Choi representations
Ay of the maps Ay according to Eq. (13), in terms of the pro-
cess matrix W (represented by the salmon-colored area), which
describes how the N operations are combined together to define
the induced map M. Note that how exactly the N operations are
connected—i.e., their causal relations—need not be specified «
priori.

in the form

M =Truo (U] @ - @4y @ 1")W]

=U Q- QA x W € LHT), (13)

where in the second line we use the link product nota-
tion defined previously, see Eq. (7). The requirement that
f above must be completely CP-preserving is equivalent
here to W being positive semidefinite, W > 0.

Process matrices were originally introduced to describe
deterministic supermaps, such that if all CP maps Ay are
trace-preserving (TP), then so must be the induced map M
(they have thus sometimes been called superchannels [60,
61]). This condition imposes some “validity constraints”
on the allowed process matrices W—namely, that they
must belong to some particular subspace £ of L(H" ANF ),
and be normalized such that Tr W = dp(I;¢ Nd,?) [5,9,11,
43]; see Appendix A 2. By default, by “process matrices”
we refer to such deterministic ones—as considered in Secs.
III-V below. One may, however, also relax these con-
straints and consider probabilistic process matrices, which
turn TP maps into a trace-nonincreasing induced map, and
which may be part of a so-called quantum superinstrument

030335-5
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[62]—mnamely, sets of probabilistic process matrices sum-
ming up to a deterministic one. We consider this possibility
further in Sec. VI.

We emphasize that in the general construction of the
process matrix framework, one does not specify a priori
how the N variable operations A; are to be connected,
and how these are causally related. In fact, while certain
process matrices describe some clear causal connections,
the framework also allows for process matrices, which
are incompatible with any well-defined causal structure
between the N operations [5]. Some of these process matri-
ces (like, e.g., that of the “quantum switch” mentioned
in the Introduction [7]) can be understood as exhibiting
some kind of quantum superposition, or quantum coher-
ent control, of causal orders. In general, however, it has
proven unclear how to interpret causally indefinite pro-
cess matrices or, indeed, to determine which such pro-
cesses can be given an interpretation of this (or any other)
kind.

In the present paper, we study several different classes
of process matrices for which one can give a clear inter-
pretation for the underlying causal relations. These classes
can be described as types of generalized quantum circuits
defining CCP quantum supermaps, into which the free,
“external” operations A; can be “plugged in” in either a
fixed, a classically controlled, or a coherently controlled
causal order. This latter possibility can notably lead to
causally indefinite process matrices, defining a broad class
of such supermaps, which, by construction, can be mean-
ingfully interpreted. For each type of circuit, we calculate
the induced global map M as a function of the opera-
tions A4; (in their Choi representations), and write their
dependency in the form of Eq. (13), so as to identify the
process matrix W that describes them—noting that as the
Ay can be any CP maps, then 4; ® --- ® Ay spans the
whole space of Hermitian matrices in ,C(HAiof), so that
the Hermitian matrix W that gives the correct induced
map M, or M for all possible 4y, ...,Ay via Eq. (13), is
unique.

III. QUANTUM CIRCUITS WITH FIXED CAUSAL
ORDER

Quantum circuits with fixed causal order (QC-FOs)
have been studied in detail before, often under the
name of “quantum combs” [1,2]. Here we simply recall
their description (Proposition 1) and characterization
(Proposition 2) in terms of process matrices so as to
make the paper self-contained and to set the stage for
the study of quantum circuits without a fixed causal
order.

A. Description

We thus consider a quantum circuit with N “open slots”
into which the CP maps Ay, ..., Ay are placed in a fixed
order (so as to define the global map M, as described
above). We denote, for example, the ordering in which A,
is applied first, then A,, etc., as (A, As, ..., Ay). A QC-
FO connects these “external” CP maps through “internal”
quantum operations My, ..., My that take the output
of each external map to the input of the subsequent one,
as shown in Fig. 4. These internal circuit operations may
involve additional ancillary systems or “memories” that
are entangled with the “target systems” that the external
CP maps act upon. For the moment, we consider deter-
ministic circuits that do not themselves produce random
transformations. The internal circuit operations M, must
therefore preserve the trace of their input states, i.e., they
must be CPTP maps.

More specifically, the circuit initially applies a CPTP
map M, : L(HP) — L(H*1*1), which takes the circuit’s
input in the global past H” and outputs a state in the
input Hilbert space HA of the first operation A; (the
target system), which in general may be entangled with
an ancillary system in some Hilbert space H*!. Then,
for 1 <n < N — 1, the output state of each external CP

map A, in the Hilbert space H4% and the ancillary
system in H* are jointly mapped to the input Hilbert

1 . .
space H+1 of A,,; and an ancillary system in some

"N
. A[ g9 Iy i Bl B
— ~ ] > aF
f o 3 " - T
3 S s
o as 1l ay

A\ 4

Fixed causal order

FIG. 4. A quantum circuit with fixed causal order (or, equivalently, a “quantum comb” [1,2]), here shown with the order of operations

(A, Ay, ..

internal circuit operations M,,, as in Proposition 1.

., Ay). Tts process matrix representation is given by W= M| * M, * - - - x My, in terms of the Choi matrices M,, of the
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Hilbert space H*+! by a CPTP map M,,;; : L(HATny —
E(HAZH“”“). Finally, after the last operation Ay, a
CPTP map My : E(HAgO‘N ) — L(HF) takes the out-
put state of Ay in ’HAZC\;, together with the ancillary state
in H*NV, to the global output state of the full circuit in
the global future H’. The maps M, M, 1, and My
above have Choi representations M; € L(H" Aje) ), M,y €
E(HAQ “"Af1+1°‘"“), and My, € E(HA%“NF ), respectively.

Let us elaborate further on the trace-preservation con-
ditions we impose on the internal circuit operations M,,.
As mentioned, these should preserve the trace of their
input states; note however that we only require this for
their possible input states—i.e., not necessarily for their

full input spaces E(’HA"O*W”“), but only for its subspace
that can actually be populated following the internal and
external circuit operations previously applied. Indeed if,
for instance, a subspace of H*—! is never populated by
the previous internal operation M,,_1, then we do not care
about how M, acts on that subspace.

It is in this relaxed sense, restricted to the possi-
bly populated input spaces—which we call the effective
input spaces—that the TP conditions are to be understood
throughout the paper [63]. In the present case of QC-FOs,
we show in Appendix B 1 that these TP conditions can be
expressed as the following constraints on the operations’
Choi matrices:

_ 1P
TrA{w1 M, =1", (14)
Vn=1,...,N—1, TrA;HanH(Ml>|<-~->|<M,,>1<M,,+1)

= Tro, (M 5 -+ % M) ® 147, (15)
and Trp(Mj *--- % My *x My11)

= Tryy (M, *---*MN)®]IA1(V), (16)

which are in general weaker than (and indeed implied by)
the TP assumptions applied to the full input spaces of the
operations M, (which can be written as Tr Al

Un+1 Mn+1 =

147 forn =1,...,N—1, and Try My41 = ]lAI%aN).

The previous description of the process represented
in Fig. 4, with the internal circuit operations satisfying
the TP constraints of Egs. (14)~(16), formally defines
what we call a quantum circuit with fixed causal order
(QC-FO). These processes are indeed “standard” quan-
tum circuits and, as shown in Refs. [1,2], are the
most general CCP quantum supermaps (obtained with an
“axiomatic approach”) that respect the fixed causal order
(A1, Az, ..., Ay), ie., that do not allow for any signal-
ing “from the future to the past” [64]. More precisely, this
means that for any n, the output state following A, (i.e.,

the target system in HAY ) does not depend on the external
operations A, 1, ..., Ay applied “later” in the circuit.

Let us now consider how to obtain the description of
a QC-FO as a process matrix. Recall first that the Choi
matrix of the sequential composition of quantum opera-
tions is obtained by link multiplying the composite oper-
ations. Here, the Choi matrix of the induced global map
M LCHDY — L(HE) is thus

M =M xAy x My *---x My x Ay * My,
= (A] ®®AN)*(M1 *Mz*”'*MN *MN+1)
e LCH™), (17)

where in the second line we used the commutativity and
associativity of the link product, and the fact that it reduces
to tensor products for nonoverlapping Hilbert spaces, to
write it in the form of Eq. (13). This allows us to identify
the process matrix W as the second term in parentheses
above, and which, as noted at the end of Sec. II, is more-
over unique. This thus proves the following description.

Proposition 1 (Process matrix description of QC-FOs):
The process matrix corresponding to the quantum circuit
of Fig. 4, with the fixed causal order (A1, As, ..., Ay), is

W=MMs%-xMyxMyy € LHMNE). (18)

We note that this coincides precisely with the descrip-
tion of quantum combs given in Refs. [1,2].

B. Characterization

This description of QC-FOs allows us to obtain the
following characterization of their process matrices.

Proposition 2 (Characterization of QC-FOs): For a

given matrix W e L(H" ANF ), let us define the reduced
matrices [for 1 <n <N, and relative to the fixed
order (A1, Az, ..., AN] Wiy :=[1/@d0dS, - - - d)]

P40 Al
TrA,(,)AIO N]F WG E(H {1,...n—1} n).

{n+1,...,

10
The process matrix W € L(H™NT) of a quantum circuit
with the fixed causal order (Ay, As, ..., Ay) is a positive
semidefinite matrix such that its reduced matrices W, just

defined satisfy
_ 1P
TI‘A{ W(l) =1 5
Vn= 1,...,N—1, TrA1+1 W(nJr]): W(n)®1].A'?,

and TI'F W= W(N) X I].A/(\a
(19)

Conversely, any positive semidefinite matrix W e

10 . .
L(HPANTY whose reduced matrices Wy satisfy the con-
straints of Eq. (19) is the process matrix of a quantum
circuit with the fixed causal order (A1, A, ..., Ay).
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Equivalent results were already proved in Refs. [2,65].
We give a self-contained proof in Appendix B 1, and here
simply outline the proof approach.

To prove the first direction (the necessary condition),
one needs simply to note that, for a QC-FO as described
above, the reduced matrices defined above are of the
form W,y = Tr,,(M; * --- % M,) and, according to Egs.
(14)«16) indeed satisfy Eq. (19). Note that Eq. (19)
implies that I satisfies the validity constraints for process
matrices (cf. Appendix A 2).

For the second direction (the sufficient condition), we
provide an explicit construction: for a given W whose
reduced matrices W, satisfy Eq. (19), we construct CPTP
maps M, (with Choi matrices M, obtained from the
reduced matrices), which, for 1 <n < N, act as isome-
tries on their effective input spaces, and whose link product
gives W as in Eq. (18). That is, given such a W, we
provide a way to explicitly construct the corresponding
QC-FO. Note that this realization is not unique, and differ-
ent circuits may be described by the same process matrix.
Moreover, a process matrix of this class may be compatible
with different fixed causal orders.

The description we gave of QC-FOs includes, as a spe-
cific case, the situation where the CP maps A, (or just
some of them) are used in parallel. The parallel compo-
sition of CP maps is equivalent to their composition in
an arbitrary fixed order, with internal circuit operations in
between that send the different input systems to the respec-
tive CP maps one at a time, while passing on the outputs
of the preceding CP maps, as well as the inputs of the
subsequent ones, via some ancillary systems; see the sec-
ond explicit example below, and Appendix C for further
details. For completeness and ease of reference, let us state
here how the process matrix characterization of Proposi-
tion 2 simplifies for such quantum circuits with operations
used in parallel (QC-PARsS).

Proposition 3 (Characterization of QC-PARs): The
process matrix of a quantum circuit with operations
used in parallel is a positive semidefinite matrix W e

L(HP ANF ) such that

Trp W= Wiy @ 1 with Ty Wiy =17, (20)

. I
Jor some matrix W, € L(HPAN.
Conversely, any positive semidefinite matrix W e
10 . . . .
L(HMNEY satisfying Eq. (20) is the process matrix of a
quantum circuit with operations used in parallel.

A proof of this proposition, as well as a more detailed
exposition of QC-PARs, are given in Appendix C.

C. Examples

As a simple example of a QC-FO, consider a process in
which two CP maps 4, and A, are applied successively

Wp_a—a,—F

Ay

FIG. 5. A QC-FO applying the CP maps A; and A, succes-
sively to a system initially provided in the global past H”. The
internal operations M, M,, M3 are simply identity channels
between the respective Hilbert spaces (cf. Fig. 4).

to the input state from the global past, and then the output
is sent to the global future; see Fig. 5. This scenario corre-
sponds to a QC-FO with the order (A;, A,), with internal
circuit operations that are (clearly TP) identity channels
(between isomorphic Hilbert spaces H” and HA , HA? and

HAé, and H*Y and HF , with Choi matrices of the form
[1)(1*7), and that do not involve additional ancillary sys-
tems. The corresponding process matrix, as per Proposition
1,is

Whooty o ayor = DN @ [T @ |1H(LIAT
1)

and it is straightforward to verify that it satisfies the
characterization of Proposition 2.

Another example is a scenario where a bipartite state
is prepared in the global past and sent (via identity chan-
nels) in parallel to A; and A,, whose outputs are then
sent (again via identity channels) to the global future;
see Fig. 6. Here the past Hilbert space decomposes as
HP = HP' @ HP2, with each HP* isomorphic to HAI{, and
the future Hilbert space decomposes as H" = H/ ® H'2,
with each H’* isomorphic to HAY. The corresponding
“parallel” process matrix is

Wy = DML @ L)L © (L)L
® L)L 22)

W) is the process matrix of a QC-PAR, as can be veri-
fied from Proposition 3. It is thus also a QC-FO, com-
patible with both orders (A, A;) and (A, A;) (and
satisfies Proposition 2 for both orders). Indeed, a real-
ization of W as a QC-FO conforming to the descrip-
tion above with the causal order (A, Ay) is given
through the circuit operations (in their Choi representa-

tion) M = [L)(LIP1 @ [L)CLIP, My = |LLIT
T2, and Ms = [L)(LFE7 @ [1)(1|%", by intro-
ducing some ancillary Hilbert spaces H*! isomorphic to
HP2 and HAQ, and H*2 isomorphic to HA? and HP
(see Fig. 6 and Appendix C). A realization of W) in
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M\

P i ; F

P Fy
M|

FIG. 6. A QC-FO which applies the CP maps A, and A, to
the respective parts of a bipartite system prepared in H"' ® H'2,
and then sends the outputs to H/" ® H'™. The process matrix
describing this QC-FO, W, could also be implemented as a QC-
FO compatible with the order A, < A, or directly as a QC-PAR
(cf. Appendix C).

terms of a QC-FO with the order (A,,.A;) is similarly
given by the operations M| = |1)(1|"*1 ® | |22,
My = 1)L @ |T)GLI“, and M; = D)7 @
| 1)1 |22, with now H®l isomorphic to H”! and HA{,
and H* isomorphic to HAS and H™. It can easily be
checked that My x M, x M3y = M| x M} x M5 = Wj.

This example illustrates the fact that a given process
matrix may have different realizations, and, more particu-
larly, that process matrices described in the class of QC-FO
may be compatible with different causal orders, or even
with a parallel composition of the external operations. Note
also that the class of QC-FOs (i.e., quantum circuits com-
patible with some fixed order) is not convex (in contrast
to those compatible with a single fixed order): a convex
mixture of process matrices compatible with two different
orders may not be compatible with any single fixed order,
and thus not describe a QC-FO.

IV. QUANTUM CIRCUITS WITH CLASSICAL
CONTROL OF CAUSAL ORDER

While QC-FOs form an important and well-studied
class of quantum supermaps, it is nonetheless a rather
restrictive class. Indeed, there are supermaps that are
compatible with a well-defined causal structure (i.e., are
causally separable [5,9,10]) but which cannot be described
as QC-FOs. This is the case, for instance, of many
supermaps representing probabilistic mixtures of QC-FOs
with different causal orders, or of processes in which the
causal order is established dynamically [4,8—10]. Here,
motivated by a preliminary formulation in Ref. [9], we
present a circuit model encompassing such possibilities,
in which the causal order between the N quantum oper-
ations Aj; is still well defined, but not fixed from the
outset. Instead, in these quantum circuits with classical
control of causal order (QC-CCs) it can be established
dynamically, with the operations in the past determin-
ing the causal order of the operations in the future. We
show below how to describe QC-CCs in terms of process

matrices (Proposition 4), and characterize the set of pro-
cess matrices they define (Proposition 5).

As recalled in Sec. 1B, in order for such circuits to
define valid quantum supermaps they must be linear in the
operations Ay. It is thus necessary to require that QC-CCs
always apply each operation exactly once. This excludes
scenarios, for instance, where certain operations may or
may not be applied, depending on the state of some con-
trol system [66—68]. Thus, only the order, and not the use,
of the operations can be controlled classically within the
framework considered here.

A. Description

We consider a generalized quantum circuit as repre-
sented schematically in Fig. 7, with N “open slots” at
different time slots #, (1 < n < N). At each time slot, one
(and only one) operation A; will be applied (and each
operation A; can a priori be applied at any time slot #,)
[69]. Compared to the previous case of QC-FOs, however,
precisely which operation is applied at each time slot ¢, is
not predefined in a QC-CC. Instead, before the first time
slot #;, and between each pair of consecutive time slots
taytar1 (for 1 <m < N — 1), the circuit applies an inter-
nal quantum operation, which determines, in particular,
which (thus far unused) operation .4; shall be applied next
(while also transforming its input state and, potentially,
additional ancillary systems). A final internal operation is
then applied, taking the output of the operation applied at
the last time slot #y to the output of the circuit in H*".

The internal operations thus not only map the output
state of the preceding operation to the input state of some
subsequent one (together with potential ancillary systems):
they now also produce a classical outcome, indicating
which is the subsequent external operation to be applied.
Such operations that keep track of both the classical and
the quantum output are called quantum instruments [70].
Mathematically, a quantum instrument is a collection of CP
maps (associated to the different classical outputs), which
sum up to a CPTP map.

More precisely, before the first time slot ¢, the circuit

applies some internal quantum instrument {/\/l;k1 Ve ens

1
where each operation M;k' : L(HP) — C(HA’HO”),
attached to the classical output k; that “controls” which
external operation shall be applied first, maps the circuit’s

1
input in " to the incoming space H'4 of the opera-
tion Ay, and (possibly) also to some ancillary system in
some Hilbert space H*! [71]. Between the time slots ¢,
and #,1, for 1 <n < N — 1, the circuit applies a quantum
. _>kn+
instrument { M

Leees Koo
sequence (ki, ..., k,) of operations that have already been

performed [72]. Each operation ./\/l(_,;k"*}(n) : /J(HA/?n"‘") —

,,,,,

Al .
L(H "n+1a”+1), attached to the classical output k, 1

030335-9



WECHS, DOURDENT, ABBOTT, and BRANCIARD

PRX QUANTUM 2, 030335 (2021)

AI

0 1 0
£y _Ak] A 4, A

vkg
(k,k2)

M
-~ M
— M

l

|
M

2
M

Al A9

I )
kna Aky,l ki AkN AkN Akw

)
k)
)

—sflesy
> K
(K. .

(k...
(A15e

—ky1

<

\4

Classical control of causal order

FIG. 7.
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Quantum circuit with classical control of causal order (QC-CC). The causal order is controlled, and established dynamically,

Ay, at each time slot t, indicate that any of the NV external operations Ay can a priori be apphed at any time slot we illustrate here the

case where the causal order of operations ends up being (ki, k2, . . .

,kn—1,kn). The process matrix I that represents the circuit above

is a (classical) combination of the different contributions corresponding to the different (dynamically established) orders (i, .. ., ky).

It is obtained from the Choi matrices M(ZI k” o

indicating the next operation to apply, takes the output
system of the last performed operation Ay, , together with

I
the ancillary system in H%, to the incoming space H e
of some yet unperformed operation Ay ., (hence with
ko1 € N\{ki,...,k,}) and an ancillary system in some
Hilbert space H*+!. Before the time slot £y only one oper-
ation Ay, is left to be performed (so that the instruments

{M(_,;kf‘.’. kNil)} only have one possible outcome ky), and

after 7y all operations A; have been performed exactly
once. The circuit then applies a CPTP map M (ki """" ) -

E(HA"NQN ) — L(HF) that takes the output system of
Ay, together with the ancillary state in H*V, to the output
of the circuit in H”.

Let us elaborate further on the constraints required
for the internal circuit operations to be valid quantum
instruments (and thus for the circuit to be determinis-
tic). While each individual CP map of an instrument,

,,,,,,,,,,

[i.e., the quantity ka """

the effective input space of the operatlon As we show
in Appendix B2, analogously to Egs. (14)+16), these
(effective) TP conditions translate here into the following
constraints on the operations’ Choi matrices [73]:

Y Try o M =17, (23)
i !
Va=1,...,N—=1, VY (ki,..., k),
—>k —ky —ky
> Ty Ham My™ e MG M)
n+l
— —ky 0
= Tr,, (M, - s MZ" Y@ 1M, (24)

) of the internal circuit operations M(Zlkf’” o

) according to Proposition 4.

and V (ki, ..., ky),

—ky —ky —F
Trp (M@ Kook M(ki ky—p) * M(kiy---,kzv))

.....

o
= Try, (M;kl * - *M(ZkN ,1>) ® 1% (25)
The previous description of the process under consid-

eration, as represented in Fig. 7 and with the internal

circuit operations M, pad ./\/lﬁk_”f_rl SMGE ) satisfying
the TP constraints of Egs. (235—(25) ilorinally defines
what we call a quantum circuit with classical control of
causal order (QC-CC). Note that QC-FOs are a special
case of QC-CCs as the internal CPTP maps of a QC-
FO can be seen as instruments with only one nontrivial
classical output.

Let us now see how to obtain the description of a QC-
CC as a process matrix. As for QC-FOs [cf. Eq. (17)],

in the case where the operations M; kl, M(_,;kf, M(_,;k’;’{z),

. ./\/l(flkN ) and ./\/lfle &y are applied in between the
external operations A;—which thus end up being applied
in the dynamically established order (ki, k, . . ., ky)—

Choi matrix of the global CP map induced by the circuit is

obtained as the link product
—>k1 —>k2 —>k3
My * Ay, *M(k) * Ay, *M(kl o)
—ky
K M(ki AAAAA kn—1)

=1 ® - ®Ay) * (M, *"‘*M&’?*M&"é)

F
*AkN*M(Z ’’’’’ o)

K M(:lf--,kjv—i) * M(k] ,,,,, kN))’ (26)
where we used, in particular, the fact that each operation
Ay appears once and only each in Ay, * Ay, * - - - * Ay, to
reorder these terms.

As just stated, this induced map is conditioned on
the causal order ending up being (ki, ko, ..., ky) [74].
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However, we want to describe the deterministic map that
does not “postselect” on this order; indeed, the outcomes
of the internal quantum instruments are internal to the pro-
cess. We thus need to sum Eq. (26) above over all possible
orders (ki, k», . . ., ky) to obtain the induced global map:

kn

,,,,,

M= Z MQ)_)I‘1 *Akl*M(Zl)‘z*
(ki kN)

=
*M(kl kn—1) *AkN

e L(HTF). (27)

,,,,, k)

Noting that the sum can be applied only to the sec-
ond term in parentheses in Eq. (26) [which, for each
(ki, ..., ky), belongs to the same space L(H" AF )], and
that the induced map is then written in the form of Eq. (13),
we can directly identify the process matrix W and obtain
the following description.

Proposition 4 (Process matrix description of QC-CCs):
The process matrix corresponding to the quantum circuit
with classical control of causal order depicted in Fig. 7 is

W= Z W(kl ..... kn,F)» (28)
k1, kn)
where
e —)kl —>k2 —>k3 ‘>kN
Wik, 1= My % My™ 5 Mg oy % - Mg
F PAIOF
>|<M(?1 AAAAA k) € LH™ND, (29)

B. Characterization

The above description of QC-CCs allows us to obtain
the following characterization of their process matrices.

Proposition 5 (Characterization of QC-CCs): The pro-

. 10 .. .

cess matrix W e L(HPNT) of a quantum circuit with
classical control of causal order can be decomposed
in terms of positive semidefinite matrices W(k1

Lt oy and Wy, .
nonempty ordered subsets (ky, .. k ) of N (with 1 <n<
N, ki # k;j for i # j), in such a way that

(30)

and

Y Tryg Wy =17,
kq !

Vn=1,...,N=1,V (ki,..., k),
o
ZTrAI Wtk = Weta, by @ 1%,
n+1
AO
andv (k19 s 9kN)a TrF W(kl ..... k. F) — W(kl ..... kn) ® 1 ky .

10
Conversely, any Hermitian matrix W € L(HPNT) that
admits a decomposition in terms of posztlve semidefinite
matrices W, i) € E('H

AC('HPAi\OfF) satisfying Eqs. (30) and (31) above is the pro-
cess matrix of a quantum circuit with classical control of
causal order.

.....

The full proofis given in Appendix B 2; here, we simply
outline briefly the proof approach.

As was the case of QC-FOs, the necessary condition fol-
lows from the form of Eqs. (28) and (29), and the TP con-

.....

—ky
M) .
To prove the sufficient condition, we again provide an
explicit construction of a QC-CC: given a matrix W with a

decomposition satisfying Egs. (30) and (31) we construct

the operations M;kl, /\/l(zlk’”rl and M ", (which,
except in general for the last one, can each be taken to have
a single Kraus operator) whose induced process matrix is
precisely W. As was the case for QC-FOs, this construction
is not unique and different QC-CCs may be described by
the same process matrix.

It can be verified that Eqgs. (30) and (31) imply that W
satisfies the validity constraints for process matrices (cf.
Appendix A 2). Note, however, that the individual matri-
ces Wi,....ky.Fp) in Proposition 5 may or may not be valid
(deterministic) process matrices.

If the W, .. xy.F) are valid process matrices (up to nor-
malization), each compatible with the fixed causal order
(k1,...,ky), then W is simply a probabilistic mixture of
quantum circuits with different fixed causal orders. We
recover the case of QC-FOs when there is only one term in
the sum of Eq. (30); if that single term corresponds to the
order (ki,...,ky) = (1,...,N), the constraints of Eq. (31)
simply reduce to those of Eq. (19) (with W,
and Wi, nr = W).

If the W, ... ky ) are not valid process matrices, then the
causal order depends, at least in part, on the input state of
the circuit (in the global past space H’) and on the exter-
nal operations A, inserted in the slots of the QC-CC. The
,,,,, ky,F) can, in that case, be interpreted as probabilis-
tic process matrices, which are postselected on the order
(k, ..., ky, F) being realized (see Sec. VI).

We finish by noting that if we consider the case with triv-
ial one-dimensional global past and global future Hilbert
spaces H” and H'—i.e., the “original” version of pro-
cess matrices as supermaps that take linear CP maps to
probabilities [S]—then the characterization of Proposi-
tion 5 (given more explicitly for this case in Appendix
A 3) coincides precisely with the sufficient condition for
the causal separability of general N-partite process matri-
ces obtained in Ref. [10]. Hence, unsurprisingly, QC-CCs
define causally separable processes [75].

n = W

.....
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FIG. 8. The two possible realizations of the classical switch.

In this QC-CC, the order of the two CP maps .A; and A, is con-
trolled incoherently through the “control system” in "¢, which
is measured as part of the first internal circuit operation. The pro-
cess matrix Wcg is obtained as the sum of the two corresponding
probabilistic process matrices W » r) and W21 ) [cf. Eq. (33)].

C. Example

The simplest example of a QC-CC without a predeter-
mined (even probabilistic) causal order is the “classical
switch” [7], in which a classical “control system” is used to
incoherently control the order in which two CP maps, A
and Aj, are applied to some “target system”; see Fig. 8.
These two systems are initially provided in the global past
HP = HP* @ HPe and, after the operations are applied, are
sent to the global future H' = H* @ H*. Here, H’* and
H* are d,-dimensional Hilbert spaces for the target system
and He and H’ are two-dimensional Hilbert spaces (with
computational bases denoted here {|1),]2)}) in which the
classical control bit is encoded. The operations A; and

A, thus also act on d;-dimensional spaces HA§ R HAIé. The
circuit begins by performing a measurement on the con-
trol system, and depending on the (classical) measurement
outcome, the target system is sent (via identity channels)
first to A; and then to A, (outcome “1”), or vice versa
(outcome “2”). The order is thus not fixed a priori, but is
established through the preparation of the control system
in the global past.

To see that the classical switch can be described as a
QC-CC, we can take the internal circuit operations with
Choi matrices

N I
MR = 1 @ Yk |
O 41
M =1t (32)
[0}
MEh = 1INLR" @ [k )y e

These operations can be interpreted intuitively: ./\/l;k1
an identity channel sending the initial target system in H’
to the input space of the first operation Ay, , postselected
on the outcome k; of the measurements on H’<; ./\/l(_)k)2 i
an identity channel sending the target from the output of
Ay, to the input of Ay,; and M", | sends the output of
the second operation to the global future while preparing
the control system in 7/ in the appropriate state, |k )(k;]|.
It is easy to verify that these operations indeed satisfy the
TP conditions of Egs. (23)+25).

The process matrix describing the classical switch
defined by the operations (32) is thus

Wes = Ml) *M(Tff)-i—Mﬂ_)z Mz) *M(;F)
= |1>(1|Pf LD PAT Dy AT Ty e e
+ 120217 TIL P T
€ L(HPPATA ey, (33)

LD ATF [2)(21

(where the tensor products are implicit). One can read-
ily check that Wcs indeed satisfies the characterization
of Proposition 5, with Wy, = M, Wy, 4 = M, ©
My @ MJ 8 Mk

Note that this process goes beyond a probabilistic mix-
ture of two fixed-order quantum circuits. Indeed, the two
individual summands in Eq. (33) do not satisfy the valid-
ity constraints for process matrices, and only their sum
does. This reflects the fact that the first internal operation
applied by the circuit, {./\/l;k1 J,enr> is probabilistic, and
if we postselect on one of the two outcomes, we do not
end up with a valid (deterministic) supermap. (Indeed, as
we see later in Sec. VI, the individual terms are probabilis-
tic process matrices.) To obtain a valid process, we thus
need to combine the terms corresponding to the different
outcomes. This also proves (as was already shown in Ref.
[7]), that such a classical switch cannot be realized by a
standard QC-FO.

Lastly, let us observe that if one traces out F from the
process matrix of the classical switch, the resulting matrix
Trg Wes is also a valid QC-CC (with now a trivial global
future) with a still well-defined, but not predefined, causal
order. (This is also the case if one only traces out F; or

F..) Indeed, taking M; ! and M(k )2 as in Eq. (32) and

49 .
My ‘22) = 1"%, one recovers the corresponding process
matrix.

k
M(Z)z, and W(kl,kz,F) =

V. QUANTUM CIRCUITS WITH QUANTUM
CONTROL OF CAUSAL ORDER

In this section we go one step further, defining a class of
circuits in which the causal order is controlled not classi-
cally, as in QC-CCs, but coherently in a quantum manner.
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Such circuits may no longer always combine the oper-
ations A; in a well-defined causal manner, but instead
they do so in an indefinite causal order. As for the classes
above, we show how to describe these quantum circuits
with quantum control of causal order (QC-QCs) as pro-
cess matrices (Proposition 6) and characterize the set of
process matrices they define (Proposition 7). Before we
present these QC-QCs, however, we revisit QC-CCs from
a slightly different angle. In particular, we first present a
different, but equivalent, description of QC-CCs that will
lead more naturally to this class of QC-QCs.

A. Revisiting the description of quantum circuits with
classical control of causal order

1. Introducing explicit control systems

In the previous section we said that each internal oper-
ation ./\/l(k1 ,,,,, ) i, applied by the circuit between the time
slots ¢, and ¢, was conditioned on which operations Ay
had already been performed (thereby allowing us to ensure
that each external operation is applied once and only once,
as required), and their order (ky, . .., k,). This conditioning
can, in fact, be included in the description of the opera-
tion applied between ¢, and ¢, by introducing a physical
“control” system that explicitly encodes the outcomes £,
of the instruments {M(Z]?_,k,,_ ) Jk» and stores on the fly
the dynamically established causal order.

To this end, we add an explicit control system to the cir-
cuit, in which we encode the full order of the preceding
(and currently applied) external operations in the compu-

tational basis states |(ky, . . ., k;))© v of some Hilbert space

Hcfi) (for 1 <n < N). Here C, denotes the control sys-
tem just before the external operation Ay, (at time ¢,) is
applied, while C, denotes the control system just after
(see below). As these control systems will, for now, act
“classically,” it will be useful to use the following notation:
W1V = |k, WY (34)

[k, ..., kn)X(ky, ..o

Note that while the example of the classical switch in Sec.
IV C utilized a control qubit in the global past H” and
future H’', the role of the explicit control system we intro-
duce here is more precise. In that example, it would be
used, e.g., to propagate the control qubit in 7" through
the circuit to H'e and apply the correct external operation
at each time slot.

This control system is used to control both the choice
of external operation A, and the internal operations

/\/l(zlk’”r,lc )» as illustrated in Fig. 9. To formally achieve this,
we need to embed the input and output Hilbert spaces at
each time slot #, within a common Hilbert space, before
introducing global controlled operations acting in these
spaces. To simplify this, we henceforth, and without loss of

generality [76], assume that all the external operations Ay

have the same input space dimension (¢} = @’ Vk), and the
same output space dimension (d¥ = d© Vk). All their input
spaces are thus isomorphic to each other, and likewise for
their output spaces. As a result, the “target” system at each
time slot is always of the same dimension, regardless of
which external operation is applied to it (although the input
and output dimensions may still differ, i.e., if &/ # d°).

At each time slot ¢,, we first introdu~ce the “generic”
input and output spaces HAn and HAY (with tildes),
I o
isomorphic to the H% and H spaces, respectively.

1 ~
We can then formally “identify” each H% with HA
O ~
and each H'% with HA"O, and write the external
I o
operations Ay, : [,(HAkn) — E(HAkn) as operations of
the form Ay, : L(H™) — L(HAY), with Choi matri-
ces zzlkn € E(’HAiIA'? ), and the internal circuit operations

N 1
MGIE Ly > L) of a QC-CC as
M(‘,;’ffﬁtlkn L LOHADom) — L(H19+1), with Choi matri-
cesM ”“ ) € [,(HA O{”An+1°"’“) [77]. Similarly, we write

.....

/\/l_)k1 and M(_k’F ky) S /\/l_)k1 LHY — L(HA 191

Toeees
and /\/l ,,,,, : E(HA/?/"‘N ) — L(HF), with respective

Choi matrices ]%_’k‘ e L(HPA)  and M(;ifu,kzv) €
[,(’H’a/(v)“NF),

This allows us, at each time slot #, (for 1 <n < N), to
then embed the external operations ftkn into some “larger”
conditional operations .4, which use the control system to
apply the correct flkn:

A, = Z Akn @;T(i'l’_’c) . ﬁ(’]—‘/:‘{;cn) N K(HZWOCZ),

.....

(35)
C:Z) is the (classical) map that projects the

control system onto the state [(ki, ..., k,)]", while rela-
beling the control system C, to C,. The corresponding

Choi matrix of fln is

Co—
where 7

,,,,,

S A @ k) ® [k, k)T
(kl ~~~~~ kn)
€ LHAOATCy, (36)

Similarly, we can embed the internal circuit operations
~ _)kn+1 : (13 95 : .
M, [y, Into some “larger” operations that also involve

.....

the control systems, as shown in Fig. 9. These enlarged
operations, unlike the ./\/l(k ..... k )» are deterministic (i.e.,
CPTP) operations since the probabilistic choice of out-
come k,; is now encoded in the (classical) correlations
between the control system and the joint target-ancilla
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Classical control of causal order

FIG. 9. Another possible representation of a QC-CC, equivalent to Fig. 7. Here we show explicitly the transmission of the informa-

. . . . 0
tion about the causal order, established dynamically and stored on the fly in the states [(ki, ..., k,)]* of some control system. The
double-stroke lines indicate that this information is classical. This information is used to control which external operation Ay, is to be

applied at each time slot #,, thus defining the joint operation A, of Eq. (35) on the target and control systems. It is also used to control

. . . . k —k,
the internal circuit operations M, M

on the target, ancillary, and control systems.

.....

system. More precisely, we now have (for1 <n <N — 1)

v ._ ~ > kny Ch—>Chp .
Moy 1= Z M(iq ,,,,, ) ® Tl i) en 1
(kls“~5knskn+1)
- 71
E(HAnO“nCZ) — £(HAn+1an+1Cn+l), (37)
Ch—>Chp

where 7, " : LOHCn) — L(HC1) s the (clas-
sical) map that projects the control system onto
[k, .., kn)]]q1 (the state just after the conditional oper-
ation fln, with a prime) and updates it to [(k,...,
ki, k1)1 (the state of the control system just before
the next conditional operation Ani1, with no prime). Like-
wise, the edge cases of the first and last operations are
now

M= 3 MM @mg s LD — LoD,

ky
(3%)
and
- ~F C}V—>(7J
MNH - Z M(kl ~~~~~ kN)®7T(k1 ,,,,, k) F
(k1 seeeskny)
LHARN ) > L(HD), (39)

where JT[?’ZCI and n(i’lv iZN)»F are the maps that create the
initial control states [[(k;)]]! and that project onto the final
control states [ (ky, . . . ,kN)]]qV , respectively.

We can thus see explicitly that the control system C,
controls which external operation A;, is applied at time

,,,, k> and M(_,;F k) defining the joint operations M, Mn+1 ,and My of Egs. 37)~39)

slot #, (and hence the causal order) as well as the inter-

nal operations M(:ff’_t,'cn), and that it does so in a classical
manner. Indeed, the internal operations cannot create any
entanglement between the control system and the target
or ancillary systems; instead, there is only ever classical
correlation between the (classical) state of the control sys-
tem and the other systems. This justifies, in particular, the
terminology of QC-CC.

The Choi matrices of the internal operations, for com-
pleteness, are
S @ [hI € LN, (40)

k
Mot = L)
ntl = (TP )
(k1 skl 1)

® [[(k15 ceey kn: kn+1)]]cn+l

A9a,Cl AL | a1 C
c E(H n%nbpdy,  1%nt1 n+1)’

Q [(ki,. .., k)]

(41)

My = Mg o ® Lk k)Y
(k1,....kn)

€ LHNaNaT), (42)
The TP conditions for the internal operations of a QC-
CC previously given in Egs. (23)«25) (in terms of the

Choi matrices M;kl, M(,:k’“’kln) and M(zi,kzv) of the cor-
responding maps) are readily recovered in this alterna-
tive formulation by imposing that the enlarged operations
M, are TP (on their effective input spaces) and that
they preserve the probabilities for a given order of the
thus-far applied external operations to be realized; see

Appendix B 2.
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Finally, let us check that this formulation of QC-CCs
is indeed equivalent to that given in the previous section.
Note first that the operations A, and M,, described above
are applied in a well-defined order. The global induced
map (in its Choi version) is then obtained, similarly to
Eq. (17) for the QC-FO case, by link multiplying all these
operations:

MZMI *1211 *Mz*-'-*MN *AN *MN—H

_ ~r—ky ~ —ky
- Z MVJ >i<Akl*[w(k) *e *M(kl ,,,,, kn—1)

,,,,,

—k —ky
ZM Lk gk MYk M

.....

hr oy € LCH™), (43)
where the second equality is obtained by “contracting”
all control systems in the link products (in particular,
by exploiting that [(ki,..., k)] * [(K},..., k)] =
Sk k) Sk with § the Kronecker delta), and where our
formal identification (via the appropriate isomorphism, see
Ref. [77]) of the external operations’ input and output
spaces HAin and HA’?n with the generic spaces HAn and
HA"O at each time slot #, allowed us, in the last line, to
remove the tildes and obtain the third equality.

We thus recover Eq. (27) from the previous descrip-
tion of QC-CCs, and consequently also the same process
matrix description of our QC-CC as in Proposition 4, and
the same characterization of QC-CC process matrices as in
Proposition 5.

2. “Purifying” the internal circuit operations

With the goal of progressing towards circuits with quan-
tum, rather than classical, control of causal order, we make
here one further simplification. We show that it suffices to
consider only “pure” QC-CCs, in which all the internal cir-
cuit operations are isometries, and to consider the action of
such QC-CCs when pure external operations are inserted
in them. This will make it significantly easier to describe
coherence between the control and the target and ancil-
lary systems, which will be a crucial aspect of the shift
to quantum control.

To this end, let us note that since we do not make any
particular assumption about the ancillary Hilbert spaces
H* (e.g., about their dimension) they can be used to

“purify” [78] the operations /\/l(k1 ..... yfor 1 <n<N.
Without loss of generality, we can "thus assume they
consist of the application of just one Kraus operator,

A7 | dn—1 AL
which we denote V> /n i H R H W (30

(K senes
—>kn knt . 5
that M nfl)(Q) - V(;)l sssss knfl)QV(Zl ~~~~~ 1))’ the ChOI

representations of the operations are then simply

—ky kn kn
M(kl ..... kn—1) — |V(7{>1 ..... Ky — l)»« V(;; ,,,,, o l)l s (44)
n— A n
where |V ) e o Ry e
'HPA"lal for n = 1) is the Choi vector representation of

V(—/:ik -1’
final operations MG ky)» One can introduce an ancil-
lary Hilbert space H"‘F s0 as to purify these operations and
write them in terms of only one Kraus operator V ..... k)
before tracing out the ancillary system in H*F. Without
loss of generality we can thus write

as 1ntroduced in Sec. II A. Similarly, for the

.....

MGy = T VG g MV i (45)

o
with |V7F ) e Hwevrer,

(ks ekn)

It will similarly be convenient to assume that the exter-
nal operations 4 correspond to the application of a single
Kraus operator. In a slight, but generally unambiguous,
conflict of notation we reuse the notation A4 for this Kraus

operator, with Choi vector representation |A;)) € 'HAiAI?
[so that the Choi matrix of the map A, is now |4;){(A| €

L’(HAI[cA?)]. The general case of multiple Kraus operators
can then easily be recovered by summing what we would
get for different combinations of Kraus operators for each
Ay

With these simplifications, the calculation of the induced
map M following Eq. (27) is made significantly easier.
More importantly, when we consider a quantum control
system it will allow us to directly study a pure global map
V:HP — HFer with Choi vector | V) € HPFF asa func-
tion of all pure external and internal operations (and only
trace out the H*F ancillary system at the very end).

B. Turning the classical control into a coherent control
of causal order

The reformulation of QC-CCs above provides a clearer
view of how to proceed towards quantum control of causal
order, namely by turning the classical control system into
a quantum one which can be used to coherently con-
trol the internal circuit operations. In order to capture
the most general form of quantum control, however, it is
necessary to make one crucial adjustment to the control
system. Recall that in the case of a classical control, the

state [[(ky,... ,k,,)]]c'(p of the control system was used to
keep track of the whole history of which operations had
been applied so far. For a quantum control we instead use
the control system to record only which operations have
already been applied and to encode which operation should
be applied at a given time slot, but, importantly, we do not
require that it keep track of the order in which the previous
operations were applied.
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For these circuits to define valid supermaps, recall that
we need to ensure that each external operation is applied
once and only once. The unordered set {ki,...,k,_1} of
operations already applied is thus the minimal informa-
tion needed to ensure that, at each time slot ¢, and in
each coherent “branch” of the computation, an operation
is applied that has not previously been used in that branch.
This relaxed control system will notably allow, for exam-
ple, for different orders (ki,...,k,—1) and (k|,...,k,_))
corresponding to the same set /C,_1 = {ki,..., k,_1} =
{k,...,k,_,}to “interfere” and thus make the causal order
indefinite.

In what follows, it will be useful to adopt the following
notation. We generically denote by /C, a subset of A/ with
n elements (with 0 < n < N), so that, in particular, Ky =
@ and Ky = N. We identify singletons with their single
element, so as to write, for instance, JC\k = IC\{k}, ky =

{kN} = N\]CNfl, or ICnfl ) kn = ,Cnfl ) {kn} = K:n'

1. General description

In order to define quantum circuits with quantum control
of causal order (QC-QCs), we thereby consider general-
ized quantum circuits of the form represented in Fig. 10.
As anticipated by the above discussions, we exploit a quan-

which now
)

. . Q)
tum control system in the Hilbert spaces H%" ,

have computational basis states of the form |C,_1, &,
where /C,,_ specifies the (unordered) set of n — 1 opera-
tions that have already been applied before the time slot
t,, and k, ¢ KC,_ labels the operation to be applied at
time slot #,. This control system thus controls coherently
both the application of the external operations Ay, (which,

recall, we now identify with a single Kraus operator) as
well as the pure operations V ”+}C
n

circuit operations.
To achieve this, we work, as in the previous subsection,

with the “generic” 1nput and output spaces HAn and HAY

b

within the internal

isomorphic to H* b and H* kn, respectively. The external
I o

: H% — H* can then be rewritten as

operations on these spaces as ;lkn . HA — HAY with Choi

vectors |;1kn hES HAAD [79]. These are then embedded into

larger conditional operations A4, (for 1 <n < N), which

use the control system to apply the correct ;1/«,1 at time slot
t, [cf. Eq. (35)] [80]:

operations Ay,

Z ‘an ® |,Cn—ls kn)C;’ (K:n—lokn|cn :

/Cn—lakn

HICn s HATC, (46)

where here, as in the remainder of what follows, summa-
tions of this form assume &, ¢ IC,—;. The corresponding

Choi vector of ;1,, is

Z |1akn» ® |Kn—lakn>cn ® |ICn—lakn>C;1

K:nflakn

c H;l{,C,,;I,(,]C;, (47)

|4,) =

In place of the CP maps ./\/l(k "*}cn) for QC-CCs,

,,,,,

the internal circuit operations now control (coherently)
. . ]
the application of “pure” operators V "*}Cn S HAR

I
HY%r1 M (for 1 <n< N —1, with ky & K1, knes &
K,—1 U k). These operators depend on both C,,_; and %,
and take the output of Ay, (along with the ancillary sys-
tem in ) to the input of 4, ,, (and the ancillary system
in ‘H*+1). Similarly, the first and last internal operations

ki . q4p Allc —F .
control the operators ¥}, ;" : H” — H"4™! and Vidy_ ik

o
H'WN s HFr (with ky = N\y_1). As with the
external operations, we work with the translation of these
operators into the generlc input and output spaces HA” and

—>k
HAY, denoted Vog' : HP — HA Vie HATen
HAn+1an+1 (for1 <m <N —1)and VZ{,]J«N ,HANaN —
. . . =~ i
HFer and with respective Choi vectors |VZ @kl ) € HPe,

ot ) € Moot and [Per | ) € Hientar,

The circuit, as shown in Fig. 10, is then obtained by
embedding these operations into larger operations that
involve the control system. More precisely, before the time
slot ¢, the circuit transforms the input state into a state
that is sent coherently to all operations 4;, and, possibly,
also to some ancillary system in H“!, while accordingly
attaching the control state |, k;)€! to each component of
the superposition. That is, instead of the operation Ml in
the QC-CC case, the circuit now applies a (pure) operation
of the form

7= Z Vol @10,k HY — HANC (48)

Between the time slots #, and #,,.1, for | <n <N — 1,

the circuit acts coherently on the target, ancillary, and con-

trol systems. It coherently controls the operation V "“

to apply depending on the state |KC,_1, k) G of the con-
trol system, before coherently sending the target system to
all remaining 4y, ., (with k1 ¢ KC,—1 U k,) and, possibly,
an ancillary system in H%+!, while updating the control
system to |/C,_; U ky, kyi1) "+, thereby encoding the next
operation to apply, k,+; and erasing the information about
the specific previous operation &, (among all the previ-
ously applied operations) by just recording the whole set of
previously applied operations /C,, := KC,,_; U k,,. Formally,
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Quantum control of causal order

FIG. 10. Quantum circuit with quantum control of causal order (QC-QC). We replace the classical control system of Fig. 9 by a
quantum control system with basis states |{ky,...,k,—1}, k)", which only store information about which operations ({k, ..., k,—1})
have already been applied (but not about their order) and the currently performed operation (k,). (Note that in contrast to the previous

figures, the “boxes” are labeled by linear operators, rather than linear CP maps). We illustrate here the component [w,
., ky)—which is coherently superposed with other components, corresponding to different

process, corresponding to the order (ki, . .

orders, in order to obtain the process matrix ¥ from the internal operations V,C

the circuit applies the operation

§ : n+l
Kn— lkn

kn kn+1
® |’C -1 Uknakn—i-l) Crt1 ( n—lakn|cn .
HA NG > HArronn Gt (49)

where the sum assumes, extending our established conven-
tion, that k,, k, 1 € N\’Cn_l with &, #£ k1.

Finally, after time slot fy, the application of the oper-
ations V2" (with Ky_1 = M\ky) is coherently con-
trolled on the control system, taking the output of 4y,,
together with the ancillary state in H*V, to the global out-
put of the circuit in H and, possibly, an ancillary system
in H*F. The circuit thus applies the operation

Vg = Z Vo oy © ® N\, ky |V
kn
HARNCy _, pFor (50)

The final ancillary system in H*F is subsequently dis-
carded by the circuit. Note that, in this final operation
Vy+1 the control system does not need to be updated as,
with F replacing 4; . it would always be in the state

IN, FY*¥+1_ Indeed, this is crucial to allowing different
causal histories to interfere within the QC-QC. Moreover,
this highlights the fact that, at the end of the circuit,
each external operation has been applied exactly once,
as required if the circuit is to give us a valid quantum
supermap.

kN,F)) of the

,,,,,

—k . ..
”*l _ of the circuit; see Proposition 6.

The Choi vectors of the operators, for completeness, are

) = Z Vi) ® 0.k)ST e P (51)
n+1 Z | nn;rllcn ® |K:n—1,kn>q1
kn kn+1
® |ICn 1 Ukn,knJrl) Cit1
c HA anCZA,,HanHCnH’ (52)
|f/N+1 Z | N\kN kN ® |N\kNakN)C;V
c HANC{NCNFQF. (53)

From these, the Choi matrices for the internal operations as
CPTP maps (as considered in the previous sections), can
be recovered as M, = |V,)(V,| for n < N, and My, =

Tt Vst NV -

2. Trace-preserving conditions

The TP conditions on the internal operations arise from
the requirement that the operators V, : o — V0 7! must
act as isometries on their effective input spaces. As for the
previously considered classes of circuits, we simply state
the TP conditions here, while their full derivation is given
in Appendix B 3.
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To express the conditions in a compact form, let us first

define, forall 1 <n < N and all (ky,...,k,),
Weky, o) = Vg 0 o (V) oo [P0 )
(kyseeskn) ! -— 1V g0 @,k (k1 ek —2 }n—1
10 I
& H M htu (54)
in terms of the Choi vectors of the operators Vznli’r}c}q

(i.e., in the original, nongeneric, Hilbert spaces) and, for
all strict subsets KC,,_; of A with |K,_;| =n — 1 and all
kn € N\,Cnfl,

10 1
PA’C,,,lAkna” ,

Wic, 1) = Z Wy, d)) €H

(kyseeskp—1):
{ktseskny—11=K,—1

(55)

where the sum is taken over all ordered sequences
(kiy ..., ky_1) of k1. For the case of n = N + 1, replac-
ing kyi1 by F, we similarly obtain, for all (ki,...,ky),

.....

(61) and (62) in Proposition 6 below for explicit defini-
tions]. Note that by construction we have [w, ...k, k1)) =

— k11
Wk ..e)) * 1V g, ,.n.tk,,,l},kn ) and

.....

— k11
Wiktkyn) = D Wacaknkn) * Vi ik . (56)
knekn

In terms of these vectors the TP conditions can then be
written as

ZTrqual Wk Wakl = 17, (57)
ky

Yn=1,...,N—-1, VI,

> Try L W0y )XW (e )|
n
kn+1¢K:n

AO
= Y Tra, WG k)XW k)| ® T, (58)
knekn

and

Ttrae [Wv,m Xwov,m)

AO
= Z Tray W ky o) XW ARy ) | @ 174V, (59)
kveN

where we note that, in the first condition, [wgs)) =

k
Wa) = 1V )
The previous description of the process under con-
sideration, as represented in Fig. 10 and with internal

. . . kl —>kp1 F ..
circuit operations V(Z@ , V)C,,,l,kn’ Vf/\{w,k]y giving vectors
(W@k)) > W) ) » WKy k) satisfying the TP con-
straints of Egs. (57)~59), formally defines what we call

a quantum circuit with quantum control of causal order

(QC-QO).

3. Process matrix description

To obtain the description of a QC-QC as a process
matrix, we proceed analogously to the previous sections.
Indeed, note that as in the previous cases, the operations
V, and 4, are applied in a well-defined order. The global
operation V' : H” — H'*F induced by the circuit (prior
to tracing out H“") when the external operations A are
applied is obtained by composing all these operations 7,
and A, in that well-defined order. Correspondingly, and
similarly to the previous cases [see, e.g., Egs. (17) and
(43)], its Choi vector | V)) € HFF is obtained by link mul-
tiplying the Choi vectors of all these operations. With the
Choi vectors given by Eq. (47) and Eqgs. (51)+53), we
obtain

V) = V1) % [A1) % [ T2) % - - % [Py ) * [AN) * [Py1)
= > VM A ) 1T 20
(k1 ey kn)
|T/{7€)11‘:-~,kzv72},kzv71>> * |‘;lkN>> * II7{7’; kn—1}.kN »

where the second equality is obtained by contracting the
control systems [similarly to Eq. (43)], and the final
two follow by identifying the external operations’ Hilbert
spaces with the corresponding generic ones (via the appro-
priate isomorphism, see Ref. [79]), reordering the terms
in the link product [as in Eq. (26)], and rewriting the
link product of internal operators in terms of the vectors

and (55) [with ky; replaced by F; cf. Egs. (61) and (62)
below].

Analogous to the identification of the process matrix
in the previous sections, we can identify |[wu ) as a
“process vector” describing the QC-QC in the pure Choi
representation prior to H%" being discarded. In order to
obtain the process matrix, we write the corresponding Choi
matrix and trace out H*". We thus obtain the following
process matrix description for general QC-QCs.

Proposition 6 (Process matrix description of QC-QCs):
The process matrix corresponding to the quantum circuit
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with quantum control of causal order depicted on Fig. 10 is

W = Trop W, my Xwov.m

] 1
with |W(N,F)> = Z |W(k1 ’’’’’ oy F)> (6 )
(ky ..k )
and with
. — k1 —ky
Wk, ) = Vg ) * |V@,k1 hVERLZ kl}kz»
kn
* * |V{7€>1 ,,,,, kaz},qu»
10
IV i) € HPWTEE(62)

Note that the process vector Wy r)) is a superposition
of terms in each of which the target system is passed to
each external operation exactly once (possibly in different
orders). This ensures that W is linear in the operations,
allowing us to obtain a valid quantum supermap, and
reiterates the sense in which each operation is applied
once and only once, even in the case where the order
of application is placed in a superposition. This more-
over excludes, for instance, situations where a coherent
control is used to control which operations are applied
(rather than their order), as considered, for example, in
Refs. [66—68,81]—scenarios that indeed do not correspond
to quantum supermaps.

C. Characterization

The description of QC-QCs above allows us now to
obtain the following characterization of their process
matrices.

Proposition 7 (Characterization of QC-QCs): The pro-

] 10 .. .
cess matrix W e L(HPNT) of a quantum circuit with

quantum control of causal order is such that there exist

PAI
positive semidefinite matrices W, |y, € L(H ~Fn-1 "”)

for all strict subsets K,_1 of N and all k, € N\K,_1,
satisfying

Z TI‘AI W(V)kl) = ]l

kIEN
vy C ’C C N Z TrA[ l W(]Cn,kn-H)
n+l€N\}Cn
49
= D Wikt © 10,
knelkln
49
and Trg W= Z Wiy ) © 1 4, (63)
kveN

.. . 10
Conversely, any Hermitian matrix W € L(HNT) such
that there exist positive semidefinite matrices W, | k) €

PA]C

L(H a1 "”)for all .oy C N and k, € N\K,_ satis-
fying Eq. (63) is the process matrix of a quantum circuit
with quantum control of causal order.

The full proof is given in Appendix B 3, and below we
simply outline the proof approach.

The necessary condition is obtained by taking W, , )
= Troz,, |W(ICn_1,kn)><W(ICn_1,kn)|a with |W(Kn—1,kn)> defined in
Eq. (55). The constraints then follow readily from the form
of Eq. (61) and the TP conditions Egs. (57)~59).

To prove the sufficient condition, we once more show
how to obtain an explicit construction of a QC-QC for any

W with such a decomposition; i.e., we show how to obtain

k o
the operators Vv} , VZn_”:’}(n, and V3, satisfying the

TP conditions needed to construct the circuit. As for the
other classes of circuits we have considered, this construc-
tion is not unique and different QC-QCs may be described
by the same process matrix.

Finally, one can again verify that the constraints of Eqs.
(63) indeed imply that W satisfies the validity constraints
for a process matrix (cf. Appendix A 2).

As one may expect, QC-CCs are a (strict) subset of
QC-QCs. One way to see this is from the character-
izations of the corresponding classes: given a process
matrix W for a QC-CC with a decomposition in terms
of positive semidefinite matrices W, . 4, as in Proposi—
tion 5, it is easily checked that the matrices W, k) =
D ooy etk sy V =Ky Wty ) SALESTY  the con-
straints of Proposmon 7, and thus W is also the process
matrix for a QC-QC. The fact QC-QCs are a strictly larger
class of circuits (for N > 2) follows from the examples
presented in the following subsection.

One way to explicitly recover QC-CCs from QC-QCs
is by projecting the control system onto the “classical”
basis [KCp_1, knll" = 1K1, kn)ICp_1, k| prior to each
time slot [cf. Eq. (37)]. This corresponds to the case where
the control system of a QC-QC is decohered, and any
coherence between the different causal orders is destroyed.
Although this leads to circuits with an effectively classical
control system recording only (K,_i,k,) rather than the
full order, such a control is already sufficient to describe
fully the class of QC-CCs. Indeed, the full order of oper-
ations can always be recorded in an ancillary system and
used to further control the internal operations. We could
thus have also defined QC-CCs as using the classical con-

trol systems [[/Cn_l,k,,]]c'(fl) and would have obtained the
same class of process matrices.

One can similarly use ancillary systems in QC-QCs to
coherently control the order of operations based on the
full order of previous operations (as is indeed done in the
“quantum N-switch” described in Appendix D 1). How-
ever, in the case of a quantum control, storing only the
pair (KC,,_1, k,) allows the order of the operations in /C,_;
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to be forgotten, creating interference between the differ-
ent causal orders and leading (in general, for N > 3) to a
larger class of circuits than if control systems of the form

|(kq,. .. ,k,,))cg) were used.

Finally, we note that QC-QCs can also be defined for the
case of process matrices with trivial global past and future
Hilbert spaces. For this case, corresponding to the origi-
nal formulation of process matrices, we give a simplified
formulation of the constraints of Proposition 7 in
Appendix A 3.

D. Examples
1. The “quantum switch”

The canonical example of a causally indefinite QC-QC
is the “quantum switch” [7]. It can be seen as a gen-
eralization of the classical switch, which we presented
as a QC-CC in Sec. IVC, to the case where the qubit
system provided in Hc in the global past is used to
control coherently, rather than classically, the order in
which N =2 external operations 4; and A, are applied
to the d,-dimensional target system, initially provided in
HP'. Adopting the same notation employed in Sec. IV C
(notably, for the global past H” = H"* @ H"< and future
HE = HFt @ HFe), the circuit begins by coherently send-
ing (via identity channels) the target system to A; then
A> when the “control qubit” provided in H* is in the
state |1), and vice versa when it is |2) (cf. the possible
implementation shown in Fig. 11).

It is important to note here that, while the system in H’e
(and subsequently recovered in H*) is generally referred
to in the literature as the “control qubit,” it is distinct from

what we call the control system in the Hilbert spaces HC'('/)
in the description of a QC-QC. Instead, the information
in H"* is propagated through the circuit in the QC-QC’s
control system and used to control the internal and external
operations.

To see that the quantum switch can be described as a
QC-QC, we can take [cf. Eq. (32) for the classical switch]

7
Vs = 1) @ [k,

O 41
ey = 11y (64)

o
Wk = 11y’ @ k).

The corresponding operations can be interpreted intu-
itively: V(Z @kl is an identity channel sending the initial
target system in H”* to the input space of Ay, when the
state in H’e is |k ); V(Zk]? is an identity channel sending the
output of 4y, to the input of 4;,; and V{‘kﬁ k sends the out-
put of 4y, to the global future, while recording coherently
|ki) in He, thereby completing the transmission of the
control qubit initially provided in H”¢ (and whose state is

transferred via the enlarged operations ¥, and 75, as these
update the control systems to |, k)€ and I{k1}, ko) €2). Tt
is easy to verify that these operators indeed satisfy the TP
constraints of Eqs. (57)~59).

The process matrix describing the quantum switch
defined by the operations (64), according to Proposition
6, is thus

Waos = [was)wes| — with
[was) = 1) [L)PE LA 14271 1)
(65)
+12)7 TP LA Ty )

P.PiAOAIOF,F,
c H cltd " Ay It c’

where the tensor products are implicit. We see clearly that
we have a coherent superposition of terms corresponding
to different causal orders, in contrast to the incoherent mix-
ture in the process matrix Wcg of the classical switch in Eq.
(33). Indeed, one recovers Wcg by projecting the systems
in H"e and/or H’¢ onto the basis {|1),]2)} (or, similarly,
by decohering the control system on the QC-QC; cf. the
discussion at the end of Sec. V C). Note also that one can
readily check that Wyg indeed satisfies the characteriza-

tion of Proposition 7, with W) = |VZ£ ! ))((VEJ 'I and

Witk = Vs WV a1 ® V2 WVl .

The form of Eq. (65) can be interpreted intu-
itively in a similar way to the individual opera-
tions in Eq. (64) discussed above. When the con-
trol qubit in the global past is prepared in the state
[1)P¢, the induced “conditional” process vector for the
remaining systems is precisely leQS) = |1)Fe lwos) =

|L)PAT | 1)AT42 [1)A5F | 1)Fe, corresponding to identity
channels taking the target system from P; to A}, then to 4,,
and finally to F; (while F, receives the untouched “con-
trol” qubit |1)7*). Likewise, for the initial preparation of
|2)P¢ one obtains the conditional process vector |W<ng> =
12)7e % |[wgs) describing identity channels first to 4,, then
A;. More interestingly, when one prepares a superposition
lp.)Pe = a|1)Pe + B |2)F<, the conditional process vector
is |wgcs) =« |W(lgs> + B Iwés), corresponding to a superpo-
sition of the two causal orders. Of particular interest is the
case of an equal superposition witha = 8 = %’ and when

the target system in H’* is a qubit prepared in some state
|,)F". Then, the conditional process vector (now with a
trivial global past) is given by

1 / 04l 0
") = = (I Ly Ty

Iy [ Ly )7 ) € pP TR
(66)
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with corresponding conditional process matrix W(S’S‘/” =

|w+ w’)( g’sl/" |, which is precisely the process matrix for the

quantum switch given originally in Refs. [9,11].

Since the process matrix of the quantum switch, as
written above, is rank-1 (hence it cannot be further decom-
posed as a nontrivial mixture of different process matrices)
and since |w+’sw’ ) 1s clearly not compatible with a given,
fixed causal order between A4; and A4,, it follows that
the quantum switch is causally nonseparable [9,11]. Note,
however, that if we trace out the system in H* one is left
only with an incoherent mixture of terms corresponding to
the two different causal orders. Indeed, one has Trr, Wos =
Trp, Wes, so one essentially recovers the classical switch
and all coherent control is lost. On the other hand, if one
traces out only the target system sent to the global future
in !, one still has a nonclassical switch with the coher-
ence between the different causal orders maintained by the
system in H e [11].

The natural generalization of the quantum switch to a
superposition of the N! possible orders of N external oper-
ations [12—14] can also be described as a QC-QC, as we
show in Appendix D 1. One key difference worth mention-
ing in the general case is that one needs to use the ancillary
systems H** to record the full causal order, as the pair
(Kn_1, k) stored by the QC-QC’s control systems does not
keep track of the full permutation to be applied. (For the
N = 2 case described above, this was not an issue as K,_;
never contained more than one element.)

1 o

ke _ |10 o'
Vj,k - 4 o
ot arte

ki —

I 0] Il o
ot _ [0y o) e 4 nta ym e itk
Ak 49 AL A9 .
|0> 1) (0] 2 4 [1)78 10)* (1] R if k,

(2)

(1)
0{—)0!
Vittorhs = 1% " Rlk)r

where we introduce an ancillary two-dimensional system

a3 (but no ay,®y), a four-dimensional system ag), and

a three-dimensional system ozF , defining ap 1= cxg) @

(with corresponding Hilbert spaces H*F := H”‘; )a})) and

[v) is an arbitrary qubit state. One can verify that the Choi
vectors of these operators indeed satisfy the TP constraints
of Eqgs. (57)+59), as required.

These operations can be interpreted as follows. VQ
sends the state /) to 4, (and to each choice of k; with

ithy=h( +1
iflp =k +2 (mod 3)

2. A QC-0C with both dynamical and coherently
controlled causal order

The quantum switch (and rather straightforward gener-
alizations with more operations) has, thus far, been the
only causally nonseparable process for which a physical

implementation is known. Our general description pro-
vides a framework allowing us to find QC-QCs beyond
this example. As an illustration, we present here a three-
operation QC-QC which differs qualitatively from the
quantum switch in several key ways. Firstly, unlike the
standard “3-switch” (cf. Appendix D 1), it allows for
the causal order to really be established “dynamically,”
depending (coherently) on the output of external oper-
ations (and not only a subsystem of H’). Secondly,
it exploits the fact the control system only stores the
unordered set of already applied operations in order to
create interference between terms corresponding to differ-
ent causal histories. And lastly, its process matrix remains
causally nonseparable, with no well-defined “final” opera-
tion, despite having only a trivial global future H’".

This type of circuit fits our general description of QC-
QCs as follows (cf. also the possible implementation dis-
cussed in the following subsection and Fig. 12). Consider a
QC-QC with N = 3 external operations, two-dimensional
. Al 40 . o >
input and output spaces H", H"* (i.e., a qubit “target
system, with computational basis {|0), |1)}), and with triv-
ial global past and future H”, H (i.e., dp = dr = 1) [82],
defined by the operators

(mod 3)

(67)
=k +1
=k +2

(mod 3)
(mod 3)

equal weight, in a superposition). ¥, kz sends the output

of A4j, to one of the remaining operatlons Ay, (for ky #
k1) dynamically and coherently depending on the state of

. . 49 .
said output: the component in the state |0) % is sent to
. . 49 .
Ak +1 (mod 3)» While the component in the state [1)"% is
k
sent to Ag, 42 (mod 3)- V{_k)1 }sz then sends the output of Ay,

to the remaining operation Ay, and attaches an ancillary
state |0)*3 if iy = k1 + 1 (mod 3) or |1)*? if ky = k1 +2
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(mod 3), that is then flipped if Aé is in the state |1)Ai3 (i.e.,
a controlled NOT gate is applied) [83]. Finally, V{_k’f ko) ks
sends the output of 4, along with the system in H* to
a}l), while |k3) is sent to afpz).

The (tripartite) process matrix of this QC-QC, according
to Proposition 6, is

W = Tty |w) (W|
. —k —k —k
with )= 3 1V = V) = Vi) (gg)
(ky,k2,k3)

F
Vi gy ) -

Using the technique of causal witnesses [10,11,84], one
can check, for any fixed but arbitrary state |1), that this
process matrix is causally nonseparable (see Appendix
D 2). It is interesting also to note that although tracing out
ar (or even just osz)) turns W into an (incoherent) sum of
three matrices (one for each value of £3), these three matri-
ces are not themselves valid process matrices: W is not
simply a convex mixture of three tripartite process matri-
ces, each compatible with one operation 4y, being applied
last [85] (as is, for instance, the “3-switch,” cf. Appendix
D1, after tracing out F'). This is due to the fact that the
causal order here is established dynamically.

Our general description of the QC-QC class thus
allowed us to present here a type of example that combines
both a coherent and dynamical control of causal order in
a way not done by the quantum switch or its direct gen-
eralizations. In Appendix D2, we present a slightly more
general family of such processes that may be of further
interest and provides further insight into the form of the
particular example presented here. We hence see that QC-
QCs provide an interesting class of quantum supermaps
with concrete interpretations that go beyond the well-
studied quantum switch and its generalizations. Further
study of this class, and of other types of QC-QCs, may
uncover further interesting examples, and we believe this
to be an important direction for future research.

E. Possible implementations

The theoretical description of QC-QCs above raises of
course the question of their practical realization. Here we
present some basic ideas, which show that such implemen-
tations are indeed possible.

The problem at hand is to find some physical systems
on which the desired operations can be implemented. In
particular, one needs to find suitable systems to encode the
control states of the form [86] |C,_1, kn)C” that can be used
to control both the external operations ;lkn (acting on some

other, target systems) as in Eq. (46), as well as the internal

f/_)kn+1

circuit operations V. ™" . and be updated by the ¥, as in

Eqgs. (48)(50).

One natural choice is to let the external operations be
implemented at NV different spatial locations, and to let the
target systems be carried by a physical entity (e.g., a pho-
ton) that passes through them; which operation is actually
realized on the target carrier then depends on its path. This
idea leads one to consider control states of the refined form

C Cpast ops. Cpath Cpal
K1, k)™ = 1ICpmttha) ™ @ lka)™ , where |k,)™"
denotes the path £, of the carrier that undergoes operation

Ay at time t,,, and |, \kn)cEaSt ™ is the state of some com-
plementary control system that records the required infor-
mation about /C,,_; (which, in general, may be encoded dif-
ferently for different &,,) [87]. This complementary system,
just like potential ancillary systems, could be encoded,
e.g., on some different degrees of freedom of the physical
carrier, other than the path and the target system.

In such an implementation, the internal circuit opera-
tions ¥, need to route the physical carrier while performing

_>kn+1

the operations V. "'} ., i.e., to act jointly on the path and
internal degrees of freedom of the carrier, so as to recover
Egs. (48)+50). As these internal circuit operations are, in
general, different for each value of n =1,...,N + 1, one
possibility for their implementation is to have a circuit with
fast-switching elements. Another possibility is to introduce
yet an additional system that acts as a “timer” (of dimen-
sion at most N + 1), to be “incremented” at every time
slot #,, and which also controls (in an essentially classi-
cal manner) the application of the correct internal circuit
operation.

In what follows, we outline more concretely how such
generic approaches to implementing QC-QCs can be
applied to the two examples discussed above [i.e., the
quantum switch, and the QC-QC defined by Eq. (67)] using
photons as the physical carriers.

Let us first note, however, that the same ideas can
of course be used for implementing QC-CCs, as par-
ticular cases of QC-QCs. Indeed, this would actually
be simpler experimentally as the control systems need
not be kept coherent. One then has refined classi-
cal control states of the form [(ki,..., k1, k)] =
[k DI ™ @ [k, and the physical car-
rier can be routed to the correct external operation at each
time slot using only classical routers. Note, nevertheless,
that although all QC-CCs are causally separable it remains
an open problem whether all causally separable process
matrices correspond to a QC-CC or, more generally, are
physically realizable [9,10].

1. The quantum switch

The generic implementation procedure described above
can be applied to the example of the quantum switch pre-
sented in Sec. VDI1. One possible such implementation
using photonic particle carriers is shown in Fig. 11, where
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fast-switching removable mirrors are used to implement
the different internal operations.

Interestingly, this proposal differs from previous pho-
tonic implementations of the quantum switch [36—42], and
highlights previously overlooked redundancies in some
such implementations. Indeed, compared with the imple-
mentation initially proposed in Ref. [13] and realized
experimentally in Refs. [39,40], this proposal exploits
fewer degrees of freedom of the photons (at the price of
using such fast-switching optical elements in the circuit):
just the path as the control, and some internal degree of
freedom of the photon (e.g., polarization or orbital angu-
lar momentum) as the target systems. In contrast, in Refs.
[13,39,40], the control system is copied (coherently) from
the polarization to the path degrees of freedom, induc-
ing a redundancy in the implementation [88]. Similarly,
in the implementations of Refs. [36,37,42], four spatial
degrees of freedom are exploited, rather than the two in
the implementation we propose here. As a result, the inter-
nal operations can be ensured to be applied to photons in
the same spatial modes (although at different times), ensur-
ing that the applications of each A; at different time slots
are truly indistinguishable.

As suggested above, one could avoid using fast-
switching elements by introducing an explicit “timer” sys-
tem. Here, for instance, if the target system is encoded
in some other internal degree of freedom of the photon,
then polarization could be used as such a “timer” by ini-
tially preparing it in the state | V), replacing the removable
mirrors in the setup of Fig. 11 by fixed polarizing beam
splitters (which reflect |V) and transmit |H)), and adding
wave plates, e.g., at the exit ports of 4; and A4, that
switch the polarization, |V) <> |H) (so as to “increment”
the timer). We then simply have a passive optical circuit,
which uses the path, polarization and some other degree

A
==

/lj/}(\)j)’ @ . ) A
%

o
\
!

Y'Y
a

V.

FIG. 11. A possible photonic implementation of the quantum
switch, in which the control qubit gets encoded in the path degree
of freedom, and the target system in an internal degree of free-
dom of the photon. The dashed optical elements (%) are reflecting
mirrors, which are momentarily removed between the time slots
t; and t, (i.e., between the applications of the operations 4| and
A», in either order). Example operations in the global past P (the
preparation of an initial target state |v/,)* and the control qubit
in a superposition state |¢. )™, see Sec. V D1) and future F (the
measurement of the final control system in F, in a superposition
basis) are shown in gray for clarity.

of freedom of the photon as the target system—as in Refs.
[13,39,40], although in a structurally different manner.

2. QC-QC with dynamical and coherently controlled
causal order

The implementation procedure we outline can also be
used to give a concrete proposal for the implementation
of the QC-QC presented in Sec. VD2 and defined by
Eq. (67). In Fig. 12 we depict a possible such photonic
implementation, in which a two-dimensional target sys-
tem (initially in the state |y)’, in the generic target space
H") is encoded in some internal degree of freedom of a
photon (e.g., its orbital angular momentum). The control
systems C; and Cj are simply the path of the photon, such

C Cpath C Cpath
that [, k1)~ = |k1)™1  and [{ki, k), k3)™3 = |k3)™3 5 to
define the control system C, on the other hand, we need
to make use of some further two-dimensional degree of
freedom « of the photon, which we take to be the polar-
ization (with basis states |0)* = |V),|1)¥ = |H)), such

ath
that |k}, k)2 = 10)* ® k)2 if k = k; + 1 (mod 3),

k1), k2)© = 1)® @ 1) if ky = ky + 2 (mod 3). The
ancillary system a3 is also taken to be the polarization.

The “CcOPY” and “CNOT” gates implement the opera-
tions Vcopy = ), 1) 10)% (il and Venor = 224520
1)) i j)* (i|' (j|* (with @ denoting addition modulo 2),
respectively. (Note that V'copy could be realized by prepar-
ing the polarization in the state |0)* and applying VeNoT.)
As can be checked, with the choice of encoding above,
the circuit shown in Fig. 12 indeed realizes the internal
operations V, obtained from Eq. (67), via Eqs. (48)~(50).
It can clearly be seen in this circuit how the causal order
is established dynamically: which operation 4y, the pho-
ton is routed to after undergoing the first operation Ay,
depends on its polarization (with |V) being reflected, |H)
being transmitted at the polarizing beam splitters}—which
the output of 4;, is “copied” onto (in the {|0),[1)} basis)
by Vcopy. It can also be seen (by following the trajectories
taken by each of the |V) and |H) components, which are
untouched between the COPY and CNOT gates) how the pro-
posed configuration of the beam splitters guarantees that
each operation is applied once and only once on each path.

While the realization of this QC-QC in the lab would
undoubtedly be a major challenge, it would represent a
major step towards showing that more general QC-QCs
exploiting dynamical, coherent control of causal order can
be realized and, eventually, exploited in the laboratory, and
we challenge experimental groups to the task.

F. Correlations generated by quantum circuits with
quantum control of causal order

One of the initial motivations in the study of processes
with indefinite causal order was the possibility that they
might allow one to generate correlations incompatible
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FIG. 12. A possible proposal for the realization of our QC-
QC defined by Eq. (67) in a photonic circuit. The target system
on which the external operations A; act is an internal degree of
freedom of a photon, while the control and ancillary systems
are encoded in the path and polarization degrees of freedom, as
described in the main text. The COPY gate, as part of Vs, copies
the internal state onto the polarization state, which contributes to
the control system C,. The polarizing beam splitters (PBS) route
the photon based on its polarization. The CNOT gates finally act
jointly on the internal and polarization degrees of freedom, so as
to realize the desired operation 73, as prescribed by Egs. (49) and
(67). Note that the circuit is depicted here in an “unfolded” form,
for clarity. In fact, each operation A, should be realized once and
only once, and the boxes depicted here thus identified as a single
operation delocalized in time [89]. Correspondingly, each phys-
ical “box” A should be built only once: the circuit connections
should “loop back” between time slots #, and #,,, from the out-
put of one box to the input of some other boxes—e.g., using fast
switching elements (or a “timer” system) to realize the different
operations 7, as in the implementation of the quantum switch in
Fig. 11.

with any well-defined causal structure, thereby provid-
ing a particularly strong, model independent proof of the
nonclassical causal structure of the world [5]. This, in par-
ticular, was a question the process matrix framework was
originally conceived to tackle [5]. In this approach, the
external operations A are interpreted as being applied by
“parties” Ay in closed, locally causal, laboratories, and the
process matrix W as describing the physical process by
which these parties interact, possibly in a causally indefi-
nite manner. Since we are interested in the relation between
the parties—and, in particular, the correlations they can
observe—we take both the global past and future to be
trivial (i.e., dp = dp = 1). Each party A; can then apply
an instrument, potentially conditioned on some setting (a
classical “input™) x;, producing outcomes (the “outputs”)
ay and hence with Choi matrices denoted {4, )y, }4; -

The correlation between all N parties’ inputs and out-
puts is represented by the conditional probability distri-
bution P(ay,...,ay|x1,...,xy), which can be calculated,
within the process matrix formalism [see, in particular, Eq.
(13) and Ref. [59] in Sec. II B], from the process matrix
W and the Choi matrices of the parties’ instruments by the

so-called “generalized Born rule” [5,11]:

P(al"' --’xN)=(Aa1|x1®"'®AaN\xN)*W

=Tr [(Aal\xl (I ®AaN|xN)TW]-
(69)

Sanlx,.

Of particular interest is whether correlations obtained from
a process matrix are “causal”—i.e., can be explained by
referring to a well-defined causal structure (allowing for
probabilistic causal structures and for dynamical causal
orders)—or not [5,9,46]. More specifically, in the multi-
partite case, causal correlations can be characterized [9]
or directly defined [46] in a recursive manner, as con-
vex combinations of correlations compatible with a given
party acting first, and such that whatever that party does,
the conditional correlation shared by the remaining ones
is again causal (with a single-partite correlation being
trivially causal). It was shown that the set of causal cor-
relations (for a given scenario, i.e., a given number of
parties, each with a given number of possible inputs, and a
given number of possible outputs for each input) forms a
convex polytope [9,46,47], delimited by so-called “causal
inequalities” [5].

The correlations generated by causally separable pro-
cesses are necessarily causal [5,9,46,47]. However, by
only imposing a quantum description for the parties’
local operations, and without making any assumption on
the global causal structure, the general process matrix
formalism allows in principle for (causally nonsepara-
ble) processes that generate noncausal correlations (and
thus violate causal inequalities) [5]. Nevertheless, not all
causally nonseparable processes can generate noncausal
correlations [9,11,90]. In fact, it is an open question of
considerable interest whether any physically conceivable
process, that could be built in the lab, can indeed violate a
causal inequality.

The class of quantum circuits considered here does
not, unfortunately, allow us to answer this open question.
Indeed, even though QC-QCs may define causally nonsep-
arable processes, in Appendix E we prove the following
result.

Proposition 8 (Causality of QC-QC correlations):
Quantum circuits with quantum control of order can only
generate causal correlations.

Hence, QC-QCs cannot violate causal inequalities. (This
implies, a fortiori, that QC-CCs, or QC-FOs, can also
not violate causal inequalities, although this was already
known; indeed, as we showed in the previous sections,
those classes contain only causally separable processes.)
This generalizes the previous results of Refs. [9,47] for the
quantum switch.
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VI. PROBABILISTIC QUANTUM CIRCUITS

So far, we have studied quantum circuits that, although
taking probabilistic external operations as inputs, are by
themselves deterministic; that is, they arise from the com-
position of deterministic internal operations and can be
realized without postselection. In general, however, one
can also consider circuits consisting of probabilistic oper-
ations that can produce several classical outcomes. In
this section, we characterize the probabilistic quantum
supermaps obtained when allowing for probabilistic cir-
cuit operations in the classes that we introduced above.
To that end, we replace each internal CPTP map in the
above descriptions by a set of (trace nonincreasing) CP
maps (each corresponding to a given outcome) that sum up
to a CPTP map [91]—i.e., by a quantum instrument [70].

Such combinations of CP maps define “probabilistic
quantum circuits” that can be represented by a set of
“probabilistic process matrices,” and that can be realized
by postselecting on the corresponding classical outcomes
(where the probability of postselection may depend on
the external operations plugged into the circuit). Techni-
cally speaking, such probabilistic quantum circuits define
so-called “quantum superinstruments” [62].

In what follows, we characterize the probabilistic quan-
tum circuits thus obtained—and their elements, i.e., the
probabilistic process matrices—for fixed causal order
(Propositions 9 and 10), for operations used in parallel
(Proposition 11), for classical (Propositions 12 and 13)
and quantum (Propositions 14 and 15) control of causal
order, and even for general quantum superinstruments
(Proposition 16).

We note that results similar to those developed in this
section have recently been presented in Ref. [92], where
Bavaresco et al. define so-called “two-copy parallel,”
“two-copy sequential,” “two-copy general” and ‘“two-
copy separable” testers. These correspond to the particular
case with N =2 and trivial H” and H’ of the classes
characterized in our Propositions 11, 10, 16 and 15 respec-
tively. Here, we derive these characterizations (as well
as that of an additional class in Proposition 13) for the
general N-operation case using our constructive approach.
Our results notably imply that the “two-copy separable”
testers (in the terminology of Ref. [92]) can be realized as
probabilistic circuits with quantum control of causal order,
providing a physical interpretation for that class.

A. Probabilistic quantum circuits with fixed causal
order

Let us start with the probabilistic counterpart of QC-
FOs. This case has previously been studied in the literature,
and equivalent or closely related concepts have been intro-
duced under the names of probabilistic quantum network
[2,93], generalized instrument [2,93], measuring strategy
[65], quantum tester [2,49,93], and process POVM [94].

A given realization (for a given set of classi-
cal outcomes) of a probabilistic quantum circuit with
the fixed causal order (A,,..., Ay) consists of inter-

nal CP maps ME”] : L(HD) — E(HA{al), M[rn+l]:

n+1
LOHATony — LRty for 1<n<N—1, and
M%ﬁl] L LOHANNY = L(HF), which are composed as
in Fig. 4, with r,...,ry4; denoting the classical out-
comes, and with each of the CP maps being part of a quan-
tum instrument—that is, with their sum over the classical
outcomes yielding a CPTP map.

To simplify the description, we note that the classical
outcomes can always be encoded onto suitable orthogonal
states of the ancillary systems, and the postselection can be
performed at the end as part of the last internal operation
(before F'). This allows us to describe any such probabilis-
tic circuit without loss of generality as a circuit in which all
internal operations are still deterministic, except for the last
one, which is a CP map ME(,]JFI, belonging to an instrument

{M%]+1 }» with classical outcomes 7 [2].

The TP conditions satisfied by the internal operations
are thus given by Egs. (14) and (15) and by the TP con-
dition for the final instrument, which is simply obtained
by replacing My by >, M]E,qu in Eq. (16) (see Appendix
B 2). We formally call any such process with circuit oper-
ations My,..., My and {M%]Jrl}r that are composed as
in Fig. 4 and that satisfy these trace-preserving condi-
tions, a probabilistic quantum circuit with fixed causal
order (pQC-FO). Similarly to Proposition 1, we obtain the
following process matrix description of pQC-FOs.

Proposition 9 (Process matrix description of pQC-—
FOs): The probabilistic process matrix describing the
specific realization of such a pQC-FO, corresponding to
the classical outcome r, is

W = My« My % - % My *Mmrl € ﬁ(HPAg\?F).
(70)

The entire pQC-FO is described by the set {W'1}, of
all such probabilistic process matrices, for all classical
outcomes r.

The corresponding characterization follows directly
from that of QC-FOs given by Proposition 2, and is proven
in Appendix B 1. An equivalent result has also been proven
in Ref. [2] (Theorem 4).

Proposition 10 (Characterization of pQC-FOs): A4
probabilistic quantum circuit with a fixed causal order
is represented by a set of positive semidefinite matrices
(Wi e L(HP AN )}, whose sum W =" W\ is the pro-
cess matrix of a quantum circuit with the same fixed causal
order (as characterized in Proposition 2).

Conversely, any set of positive semidefinite matrices

10
(W e L(HPANT)), whose sum is the process matrix of
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a QC-FO represents a probabilistic quantum circuit with
the same fixed causal order.

That is, for a probabilistic quantum circuit with the fixed
causal order (Ajy,..., Ay), the reduced matrices W, of
W =", W', as defined in Proposition 2, satisfy the con-
straints of Eq. (19). A given matrix W1 e L(HPMNT) is
then a probabilistic process matrix describing a particular
realization of a pQC-FO if and only if it is an element of a
pQC-FO {1}, characterized as in Proposition 10 above.

As a simple example of a pQC-FO, we revisit the
first example from Sec. IIIC, where the two external
operations are applied one after the other. Let us add
a measurement in the computational basis after the sec-
ond external operation, with the postmeasurement state
being sent to the global future. That is, the identity

to H' gets replaced by a quan-
tum instrument {Mgi]}i, with /\/l[;] : E(HAE) )y = L(HF)
given by ./\/lgi](p) =Tr [,0 |i)(i|Ag] li)(i|”, with Choi matri-
ces M = |ixil*? @ JiYil" and where {|i)*?}; and {|i)};
are the computational bases (in one-to-one correspon-

dence) of HAS and HF. According to Proposition 9, the
probabilistic process matrix that describes the specific real-
ization of such a pQC-FO, corresponding to a particular
measurement outcome i, is

channel from HAZO

WAL g apr = DL @ (1)L

® liil"? @ |iYil" (1)

The entire pQC-FO is described by the set
{W[;L 41— 4,—Fi» and it is straightforward to check that it

satisfies the characterization of Proposition 10.

The particular case with operations used in parallel is
discussed in Appendix C. There, we outline a proof of
the following characterization of probabilistic quantum
circuits with operations used in parallel (pQC-PARs):

Proposition 11 (Characterization of pQC-PARs): 4
probabilistic quantum circuit with operations used in par-
allel is represented by a set of positive semidefinite matri-
ces (W' e L(HP A F )}, whose sum W=y W' is the
process matrix of a quantum circuit with operations used
in parallel (as characterized in Proposition 3).

Conversely, any set of positive semidefinite matrices
(W e L(HP AGF )} whose sum is the process matrix of
a QC-PAR represents a probabilistic quantum circuit with
operations used in parallel.

B. Probabilistic quantum circuits with classical control
of causal order

To obtain the probabilistic counterpart of QC-CCs, the
deterministic objects that need to be replaced by proba-
bilistic ones are the CPTP maps obtained by summing

up the elements of the circuit instruments {./\/l; k Yeyen
etc. Equivalently, one replaces these circuit instruments
by more “fine-grained” instruments that admit addi-
tional classical outcomes. A particular realization of
such a circuit thus starts with a CP map ./\/l_)k1 nl,

L(HP) — E(H "la‘) which is part of a quantum instru-
ment {./\/l_>k1 il Ykenr, With a classical output value k
that determmes the first external operation to be applied,

as well as an additional classical output ;. Similarly,

. . . —kpr1lrn1] |
the subsequent circuit maps are given by M ™" "

A0 AL
L(H )y — L(H 1) and belong to instruments
M N enib it [95]

Similarly to the QC-FO case above, the fine-grained
outcomes can be encoded in the ancillary systems of the
circuit, and the postselection can be deferred to the last
map. This gives rise to a circuit which is determinis-
tic except for the last internal operation before F—this
gets replaced by CP maps ./\/lﬁi[f,]w), which belong to
instruments {./\/l ,,,,, kzv)}’ The TP conditions satisfied by
the internal operatlons are thus given by Egs. (23) and
(24), together with the TP conditions for the last internal
operation, which are obtained by replacing M by

> My r [VkN) in Eq. (25) (see Appendix B 2).

.....

We formally call any process of the kind described, with

. . . [
internal circuit operations {M,,’ 1}k1, {M(_,; " i) M1 » a0

{Mgi-[:/]w)}’ that are composed as in Fig. 7 and that satisfy
these trace-preserving conditions, a probabilistic quantum
circuit with classical control of causal order (pQC-CC).
The process matrix description of pQC-CCs is obtained

similarly to Proposition 4.

Proposition 12 (Process matrix description of
PQC-CCs): The probabilistic process matrix describing
the specific realization of such a pQC-CC, corresponding
to the classical outcome r, is given by

J r]
W= e (72)
(k1 5eeeskN)
with
r L —ky —ky —k3 —ky
WE’H ----- ko F) =M, *M(k) *Mk J) ¥ *M(lq ..... kn—1)
—F[r]
* My (73)

The entire pQC-CC is described by the set (W1}, of
all such probabilistic process matrices, for all classical
outcomes r.
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Probabilistic quantum circuits with classical control of
causal order can then be characterized as follows.

Proposition 13 (Characterization of pQC-CCs): A4
probabilistic quantum circuit with classical control of
causal order is represented by a set of positive semidefi-

. . . 10
nite matrices {W'1},, where the matrices W'l € L(HPANT)
can be decomposed in terms of positive semideﬁnite

,,,,,,,,,,

and such that the matrices W, . i) and W, . iy.r) =
>, WE'I;]I»---,]CN,F) satisfy Eq. (31) of Proposition 5.

Conversely, any set (W'}, of positive semidefinite
matrices with the properties above represents a proba-
bilistic quantum circuit with classical control of causal
order.

The proof extends directly from that of Proposition 5;
see Appendix B 2. We then have that a given matrix W'l ¢
L(H" ANF ) is a probabilistic process matrix describing a
particular realization of a probabilistic QC-CC if and only
if it is an element of a pQC-CC {J#"1},, characterized as in
Proposition 13 above.

Note that, contrary to the case of pQC-FOs and pQC-
PARs above (Propositions 10 and 11) and to the cases of
pQC-QCs and general quantum superinstruments (pGENs)
discussed below (Propositions 15 and 16), simply requir-
ing that the sum over the classical outcomes should yield
the process matrix of a QC-CC is not sufficient for a
set {W'1}, to have a realization as a pQC-CC. A coun-
terexample that satisfies this weaker condition, but not the
stronger constraints of Proposition 13, is discussed at the
end of Sec. VIC below (see also Ref. [96] in the proof in
Appendix B 2).

We already encountered an example of a pQC-CC ear-
lier in this paper. The matrices W, k) introduced in
Sec. IV that describe the particular realization of a QC-
CC where the order ends up being (ky,k,...,ky) are
probabilistic process matrices, and the set of all such
matrices, for all possible orders, constitutes a pQC-CC. It
describes the situation where the additional, fine-grained
outcomes on which one postselects coincide with the out-
comes ki, ..., ky that determine the order of the external
operations. Formally, the classical outcomes 7 are taken to
be the ordered sequences (ki,...,ky) of elements in NV,
and the last internal CP maps are given by /\/l(ZF [r,]w) =

.....

........

(=t kN)]}(k koy)» With =i ] = Wky,...kn.F)-

.....

C. Probabilistic quantum circuits with quantum
control of causal order

As we did for the previous classes of circuits, we can
once again use the circuit’s ancillary systems to encode
the classical outcomes (and defer the postselection to the
last operation only), and to purify all internal operations
(so that all circuit operations, except for the last one, have
a single Kraus operator). Without loss of generality, we can
thus describe a probabilistic quantum circuit with quantum
control of causal order as we did for a (deterministic) QC-
QC in Sec. V B, with circuit operations 7, I7n+1 as in Egs.
(48) and (49), and simply replacing ¥y, in Eq. (50) by a
set of operators

i

W= Z Vil @ (N \ky, ky|N (75)

each corresponding to the classical outcome » of the circuit.

The first N operations 7, are required to satisfy the
TP conditions of Egs. (57) and (58), as before. For the
final internal circuit instrument, it is now the map ¢ —
>, V[]C]JFIQV[AF,]JFI (rather than o — Vy,10Vy41) that must
be TP. The corresponding TP condition is simply obtained
(see Appendix B 3) by replacing Trry,. (Wi F))(w( N | by

> Trpg |W(NF))(W£;3[F)| in Eq. (59), with |W(NF)) given

below in Eq. (77). That is, it reads
Z Ttrap Wi XWE- )|

AO
= ) Tray Wit Wby o | © 17 (76)

kN eN

We formally call any process abiding by the above
description, with internal circuit operations 7, V,,+1 and
V[N 41 given by Egs. (48), (49), and (75), respectively,
which are composed as in Fig. 10 and which satisfy
the TP conditions of Egs. (57), (58), and (76), a prob-
abilistic quantum circuit with quantum control of causal
order (pQC-QC). Similarly to Proposition 6, we obtain the
process matrix description of pQC-QCs as follows.

Proposition 14 (Process matrix description of
pQC-QCs): The probabilistic process matrix describing
the particular realization of such a pQC-QC, correspond-
ing to the measurement outcome r, is given by

W = Tryy (WA o XWEN- )| with

[V] . —)kl _>k2
Wvpy) = Z Vi ) 1Vl ) = Vg kz»
(k] ,,,,, kN)
Ky Fr]
o VN e VRV )

(77)
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The entire pQC-QC is described by the set {W'}, of
all such probabilistic process matrices, for all classical
outcomes r.

The following proposition then characterizes proba-
bilistic quantum circuits with quantum control of causal
orders.

Proposition 15 (Characterization of pQC-QCs): A4
probabilistic quantum circuit with quantum control of
causal order is represented by a set of positive semidefinite
matrices {W' e L(H" ANF )}, whose sum W =Y Wl
is the process matrix of a quantum circuit with quantum
control of causal order (as characterized in Proposition
7).

Conversely, any set of positive semidefinite matrices
(W e L(HP ANF )}, whose sum is the process matrix of
a QC-QC represents a probabilistic quantum circuit with
quantum control of causal order.

The proof extends directly from that of Proposition 7;
see Appendix B 3. We then have that a given matrix W'l ¢
L(H" ANF ) is the probabilistic process matrix describing a
particular realization of a pQC-QC if and only if'it is an ele-
ment of a pQC-QC {11}, characterized as in Proposition
15 above.

Similarly to the example that we discussed above for the
QC-CC case, the matrices W nr\ry ky) in Proposition 7 are
probabilistic process matrices that constitute a pQC-QC.
They are realized when the last internal operation ¥y
is replaced by an operation that measures the control sys-
tem C), (while also transforming the output state of the last
operation and the ancilla). Formally, one takes » € A/ and

ey = Srioy Virhi, 1, i Eq. (75). The pQC-QC thus
obtained is {WI'="1},  with W=kl = Wk dy)-

As another example, let us once again consider the
quantum switch, with its process matrix description Eq.
(65), and where the control qubit is measured at the end
of the circuit in the basis {|+), =)}, with |£)/ :=
MREIAEY V2. The internal operations that consti-
tute the corresponding probabilistic quantum circuit are (in

. . . ki P P,
their Chot representation) |V ;")) = |ki)™ @ [1)) ~% and
AR 4 : F[:I:]
|V @kr )) = |Il)) 1", as in Eq. (64), and now IV_) N =
(~Dk 1y V2.
The corresponding probabilistic process matrix descrip-
tion is therefore according to Proposition 14, {W[Q+S], W[ ]

with W[is = |ul Wos )(WQS|, and
1 I 041 0
[£] P P4 494 A9F,
w, = — | [1) e | | D) o2 L)

= [2)7 [P [ Lyt 78)

We then have that W[JS] + W[Q_] = Trg, Wos is indeed the
process matrix of a QC-QC. In fact, it is even the process
matrix of a QC-CC [97], since Trg, Wos = Trr, Wcs, with
Wes the process matrix of the classical switch [Eq. (33)].
Nevertheless, W[QS , W[ ¢} is not a probabilistic QC-CC. In
order to realize it, the two causal orders need to be coher-
ently superposed in the switch before the control qubit is
measured.

To see this, note that the matrices W[Qis] do not sat-
isfy the additional constraints in Proposition 13. That

is, W[Qis] cannot be decomposed as W{Qis] = W[1 25 T
+ .

WEZ]IF)’ such that with W, 21:)':W{(12F) + VV[(12F) and

Waoir:= (2 1 nT W[2 1.F)» We obtain a decomposition of

W[QJr wid Qs = = Waar) + W1 r) as in Proposition 5. This

follows from the fact that W= are rank-one projectors, and
can therefore not be further decomposed into a (nontrivial)

sum of positive semidefinite matrices, and neither W[QJ”S] nor

W[Q;] satisfies individually the constraints on either W1 r)
or W(Z,l,F) in Eq (3 1)

Note that the example we described here is precisely the
probabilistic quantum circuit that one uses in the canonical
application of the quantum switch, a task where one has
two unitaries that either commute or anticommute, and the
aim of which is to determine which of the two properties
holds true [15]. The pQC-QC described here allows one to
discriminate between the two cases with certainty, while
this is not possible with a pQC-CC [11,15].

We thus recover straightforwardly this known advantage
of the quantum switch over causally separable processes.
However, the characterization of the full class of QC-QCs
and of their probabilistic versions now also allows us to go
beyond that simple, canonical example, and to search for
new applications of physically realizable, causally nonsep-
arable processes in a more systematic way. In Sec. VII, we
illustrate this through a specific example.

D. General quantum superinstruments

As already mentioned in Sec. II B, one can also con-
sider probabilistic supermaps in the most general situation,
where it is not specified a priori how the external opera-
tions are to be connected. A particular such probabilistic
supermap takes the N external operations A; to a CP map
MU LCHPY — L(HF), associated to a classical output
r, such that summing over all r yields a deterministic
supermap [i.e., such that the induced map > MUI(.) is
TP whenever all external operations are TP]. We call the
set of such probabilistic supermaps for all classical out-
puts » a general quantum superinstrument (pGEN). Such
general quantum superinstruments have previously been
characterized in Refs. [61,98].

It follows from Eq. (13) that the process matrix descrip-
tion of a particular realization of a pGEN is given by a
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positive semidefinite matrix W11, with the sum over all W]
being a valid (deterministic) process matrix. We therefore
have the following characterization.

Proposition 16 (Characterization of pGENSs): A general
quantum superinstrument is represented by a set of posi-

. . . . 10
tive semidefinite matrices {WU € L(HPNT)),, whose sum
W =Y W' is a valid process matrix.

Conversely, any set of positive semidefinite matrices

10 . . .
(W e LOHPANT)), whose sum is a valid process matrix
represents a general quantum superinstrument.

VII. APPLICATIONS

One of the motivations for the investigation of quan-
tum causal structures is the prospect that indefinite causal
orders could enable new quantum information process-
ing tasks and protocols, and that causal nonseparability
could be used as an information processing resource [7].
Indeed, some advantages in this respect have recently been
identified, for instance, in regard to quantum query com-
plexity [12—15,30], quantum communication complexity
[16,17], and other information processing tasks [18-29,
31-34]. These studies have focused particularly on the
quantum switch and its straightforward N-operation gen-
eralization, since these were so far the only known exam-
ples of causally nonseparable processes with a physical
interpretation.

The process matrix descriptions of the different classes
of circuits we introduce here, as well as their proba-
bilistic versions, allow us to more systematically search
for advantages in quantum information processing arising
from causal nonseparability. By finding tasks for which
QC-QCs provide an advantage over circuits with definite
causal order, we can thereby identify new applications
of causally nonseparable processes that are more gen-
eral than the quantum switch and for which a physical
implementation scheme exists.

One natural type of information processing task in the
context of higher-order maps are “higher-order quantum
computation” problems, such as the cloning [1], the stor-
age and retrieval [1], or the replication of the inverse
or transpose [49,61,98] of some undisclosed, black-box
operation of which one or multiple copies are available.
Another natural type of task are generalized channel dis-
crimination problems, in which one is given some black-
box operations which, collectively, belong to one of a finite
number of classes (or, equivalently, are promised to obey
one of several properties). Examples are the discrimination
of phase relations between unitary operations [13,15,30] or
the discrimination between different cause and effect struc-
tures of unitaries [99]. To quantify how a given class of
circuits performs for some task, one needs to optimize over
the corresponding higher-order transformations in order to
maximize some figure of merit, such as the channel fidelity

between the desired “target” channel and the output of the
supermap, or the success probability of the task.

The characterizations provided in this paper allow us to
optimize the performance of different classes of circuits
in both these types of problems by exploiting semidefinite
programming (SDP) techniques. In this section, we present
a concrete example of one such problem and show, in par-
ticular, a gap between the performance of probabilistic
QC-CCs and QC-QCs. The task is a natural generaliza-
tion of the discrimination task studied in Ref. [50], which
we call the K-unitary equivalence determination prob-
lem. One is given K reference boxes, which implement
black-box unitary operations Uy, . . ., Uk, and a further tar-
get box that implements one of the Uy (1 < k < K) with
probability 1/K. The aim is to determine which of the
reference boxes is implemented by the target box, while
using each of the K 4+ 1 boxes exactly once. For sim-
plicity (as in Ref. [50]) we consider the case where the
boxes all implement qubit unitaries, with the reference
boxes chosen randomly according to the Haar measure on
SU(2) [100].

Let us denote the input and output spaces of the refer-
ence boxes as HA{r and 'HAkO (with k= 1,...,K), those

1 o
of the target box as H“k+1 and H?k+1, and the proba-
bilistic quantum circuit that we have at our disposal by

(W, _y. k, with W € ﬁ(HAflOw-’KJf”), where P and F
are trivial, and the outcome r of the probabilistic circuit
corresponds to the guess of which reference box is imple-
mented by the target box. The success probability (for a
specific choice of Uy, ..., Uk) is then

p(Ul ,,,,, Ug) = —ZS(Ul,...,UK, Ur)* W[r], (79)

where S(Uy, ..., Uk, U,) = [UNU® - Q@ |UII§»«UK|
® |UMW(U,| (which lives in the same space LHAT k1)
as W, so that the link product above returns a scalar
value, as required).

For the case we are considering of Haar random Uy, the
probability of success is obtained by averaging Eq. (79)

over the (normalized) Haar measure u, giving

K
1 -
:EE:&*WQ (80)
r=1

where S, := [ - [du(U)) - - dp(Ug)S(U, . . ., U, Uy).
For qubits, the S, can be calculated analytically by using
the fact that, for U € SU(2), one has [ du(U) |U)U| =

11 and [du(U) [UNUI @ IUNUI = 1A+ 15, 0@
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TABLE I. Maximal success probability pg,. for the K-unitary
equivalence determination problem for K = 2, 3 for probabilistic
quantum circuits from the indicated classes. Starred figures were
already given in Ref. [50].

K pQC-PAR pQC-FO pQC-CC pQC-QC pGEN
2 0875 0.875* 0.875 0.875  0.875
3 0.6919 0.6998  0.6998  0.7080  0.7093

0; ® 0; ® 0j) (where the o; are the three Pauli matrices
Oy, 0y, 02).

For a given class pX of K-outcome probabilistic quan-
tum circuits, with pX € {pQC-PAR, pQC-FO, pQC-CC,
pQC-QC, pGEN}, the problem is thus to find

X
Psyec = MaX  Psuce

s.t. {W{r]}rzl K € pXK

.....

81

For each of the classes pXy specified above, characterized
by one of the Propositions 10, 11, 13, 15 or 16, this opti-
mization task is a SDP problem and is thus tractable for
small enough K.

For K = 2, Ref. [50] found pS&™® = pQ&TO = 0.875.
Using the SDP solver SCS [101,102], we found that no
improvement over this was possible even with general
quantum superinstruments (and thus also for the classes
of probabilistic QC-CCs and QC-QCs since pS?JSC'PAR <
PR ” < pReC < pRa®e < pSEN) [103]. For K =3,
however, we found a (admittedly small, but still) strict
separation between all the classes of probabilistic quan-
tum circuits except pQC-FOs and pQC-CCs (indicating
that dynamical definite causal order provides no advantage
in the 3-unitary equivalence determination problem). The
results are summarized in Table 1. Finally, we note that,
for K > 3, the SDP problem (81) became too large for us
to solve [104].

This shows that causal indefiniteness is indeed a
resource for the 3-unitary equivalence determination prob-
lem, and moreover that an advantage can be obtained
using probabilistic QC-QCs, i.e., in a way that is phys-
ically realizable, at least in principle. This is in contrast
with other problems such as the exact probabilistic rever-
sal of an unknown unitary operation. For the particular
instances of that problem studied in Ref. [98], we found
no advantage using QC-QCs, although (as shown in Ref.
[98]) general quantum superinstruments can provide an
advantage over QC-FO ones. This means that the results
presented in the present paper do not provide a physical
interpretation of the advantage identified in Ref. [98]. We
expect further study to unveil new quantum information
tasks for which (probabilistic) QC-QCs provide advan-
tages over all circuits with a definite, possibly dynamical,
causal structure.

VIIIL. DISCUSSION

The central question of our paper was which completely
CP-preserving (CCP) quantum supermaps beyond those
that correspond to standard, fixed-order quantum circuits
have a physical interpretation. A major motivation for
this study was that general CCP quantum supermaps can
exhibit indefinite causal order, a phenomenon which has
recently attracted substantial interest and whose physical
realizability is a crucial open question. Similarly to pre-
vious investigations that focused on the fixed-order case
[1,2], we adopted a constructive, bottom-up approach in
order to find concrete realizations of more general types
of quantum supermaps in terms of generalized quantum
circuits. This first led us to introduce quantum circuits
with classical control of causal order (QC-CCs), in which
the order of operations is established dynamically in a
classically controlled manner. A crucial point in our con-
struction was to keep track of which “external” input
operations had already been applied, in order to ensure
that each external operation is applied once and only once
throughout the circuit. We then moved on to quantum cir-
cuits with quantum control of causal order (QC-QCs) by
including explicit control systems that encode the rele-
vant information and by introducing coherences between
the target and ancillary systems and the control. Impor-
tantly, in the QC-QC case, we let the control system record
the unordered set of previously applied operations rather
than their full order, allowing different orders to “interfere”
while still ensuring that each external operation appears
once and only once in each coherent “branch” of the
circuit.

Although we have thus-far overlooked this point, in
the case of coherent control, it is no longer obvious
that the latter can be understood as each external oper-
ation being applied once and only once in the over-
all circuit. For the quantum switch, in particular, this
has led to some controversy, and it has been argued
by some authors that its standard quantum-mechanical
realizations should be considered simulations rather than
genuine realizations of the corresponding supermap with
indefinite causal order, given that each external opera-
tion is associated with two spacetime events [105,106].
In Ref. [89], it has been shown that the external opera-
tions in the quantum switch are indeed applied once and
only once on some well-defined input and output sys-
tems. These systems are time-delocalized subsystems, that
is, they are nontrivial subsystems of composite systems
whose constituents are associated with different times.
This argument applies also to general QC-QCs, where
one can similarly identify time-delocalized input and out-
put subsystems for all external operations, and which
can therefore be seen as genuine realizations of quan-
tum supermaps with indefinite causal order in that same
sense.
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All the types of generalized circuits we described cor-
respond to distinct classes of quantum supermaps, which
we fully characterized in the process matrix framework
(Propositions 2, 3, 5, and 7). These characterizations in
terms of convex semidefinite constraints notably allow one
to verify whether a given process matrix is in a given
class or not. Using similar techniques as for witnesses of
causal nonseparability [10,11,84] one can, for instance,
show that the classical switch does not have a fixed order,
that the quantum switch cannot be described by a classi-
cal control (in that case the problem reduces to a witness
of causal nonseparability), or that the process matrix Wocp
originally introduced by Oreshkov ef al. [5] or the tripar-
tite “classical” example of Baumeler et al. [107] are not
realizable as QC-QCs [108].

Let us elaborate further on how the classes of quantum
supermaps we identified here relate to other classes that
have been studied before. As noted in Sec. IV, the pro-
cess matrices describing QC-CCs are causally separable.
Whether the converse holds—i.e., whether any causally
separable process matrix satisfies the constraints of Propo-
sition 5 and can therefore be realized as a QC-CC—is an
open problem in the general N-operation case [10]. A sim-
ilar open question is whether the process matrices in the
QC-QC class are the only process matrices that cannot vio-
late causal inequalities, i.e., whether any extensibly causal
process matrix [9,90] can be realized as a QC-QC. Another
important class is that of unitary or pure supermaps, which
map unitary input operations to a unitary output oper-
ation. This class was introduced in Ref. [43], where it
was argued that physically realizable supermaps should
be unitarily extensible, that is, recoverable from a unitary
supermap by preparing a fixed state in some subsystem
of the global past, and tracing out some subsystem of the
global future. One can check that by introducing suitable
additional Hilbert spaces and suitably extending the inter-
nal circuit operations, one can find such a unitary extension
for any QC-QC process matrix (and therefore also for any
QC-CC, QC-FO, and QC-PAR process matrix). For the
case of two input operations, the converse also holds, that
is, any unitarily extensible supermap with two input opera-
tions can be realized as a QC-QC. This follows from Refs.
[44,45], where it was shown that all unitary supermaps
with two input operations are “variations of the quan-
tum switch,” which can straightforwardly be verified to
satisfy the characterization of two-operation QC-QCs. In
the general case, however, the set of unitarily extensible
process matrices is strictly larger than the QC-QC class,
since there exist unitarily extensible process matrices with
three input operations that violate causal inequalities [43].
This finding in fact motivated the authors of Ref. [43] to
suggest a bottom-up approach of the kind taken in our
paper.

The fact that there remains a gap between the class
of QC-QCs obtained from our bottom-up approach and

the class of general quantum supermaps, which was
obtained from a top-down approach by just imposing
some consistency constraints, stands in contrast to the
fixed-order case, where the form of QC-FOs obtained
constructively and with an axiomatic approach matched
[2]. Another central question for future research is there-
fore whether and how quantum supermaps outside the
QC-QC class can be given a physical interpretation.
In an upcoming work [109], it is shown that certain
supermaps that go beyond the QC-QC class have real-
izations on time-delocalized subsystems as introduced in
Ref. [89]. Note also that while we relaxed the assumption
of a well-defined causal order for the external opera-
tions, there remains some well-defined causal order “inside
the circuit,” for the internal circuit operations. One may
wonder whether there could be a way to also relax
this definite causal order of the internal operations, and
whether it could allow one to realize more general CCP
supermaps.

More generally, another direction is also to study new
types of circuits beyond quantum supermaps in which the
requirement that each operation should be applied once
and only once is relaxed [66—68,110], or where the trace-
preserving constraints are not required to hold for all
possible external operations, but only for some limited sub-
sets that are allowed to be plugged in. We note in this
regard that our negative result on the impossible viola-
tion of causal inequalities would still hold in the latter case
(with a similar proof).

Our approach allowed us to find examples of physically
realizable processes with indefinite causal structure that go
beyond the quantum switch and its straightforward gener-
alizations, and we discussed one such example in detail in
Sec. VD 2. On that basis, an interesting future research
direction is to devise laboratory experiments that imple-
ment such processes in practice. A suitable experimental
platform could be photonic setups, similarly to those used
in laboratory implementations of the quantum switch, with
spatially separate “boxes” realizing the operations .4, and
with the control system including the path, as outlined in
Sec. VE. Other types of implementations could also be
conceivable, for instance, based on superconducting qubits
[111] or trapped ions [112].

Indefinite causal order has also been speculated to arise
at the interface of quantum theory and gravity, and a grav-
itational realization of the quantum switch, which involves
a massive object in a quantum superposition of locations,
has been proposed as a thought experiment [6]. A natural
question is whether other QC-QCs could have realizations
in similar gravitational settings.

Finally, in Sec. VI we extended our characterizations
to probabilistic quantum circuits (Propositions 10, 11,
13, 15, and 16). These results open the door to a more
systematic search for applications of quantum circuits
beyond causally ordered ones. We illustrated this by an
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example in Sec. VII, a discrimination problem where prob-
abilistic QC-QCs yield a higher success probability than
probabilistic QC-CCs. Identifying further such tasks for
which QC-QCs perform better than circuits with well-
defined causal order will shed more light on the useful-
ness of indefinite causal order for quantum information
processing.
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Note added in proof—In a recent work [113], it
is shown independently that causal inequalities can-
not be violated in some similar circuitlike quantum
models.

APPENDIX A: PROCESS MATRICES WITH OR
WITHOUT “GLOBAL PAST” AND “GLOBAL
FUTURE” SYSTEMS P, F

1. Equivalence between the two process matrix
frameworks

Process matrices were initially introduced as the most
general way to map quantum operations to probabilities
in a consistent manner (so as to only output nonnega-
tive and normalized probabilities), without assuming any
a priori global causal structure [5]. Here, as in Ref. [43],
we consider a slightly different version of process matri-

ces that take the N CP maps Ay : L(H™) — L(HA),

with Choi representation A; € L(HAQO), to a new CP map
M : L(HP) — L(HF) (rather than to some probabilities),
from some “global past” Hilbert space H” to some “global
future” Hilbert space H’', with Choi representation M €
L(HPF); see Fig. 3.

Any mapping from quantum operations to probabili-
ties, as described by a process matrix W in the original
version of the framework [5], can equivalently be seen
as a deterministic CCP quantum supermap conforming to
the definition in Sec. II B, which acts as in Eq. (13), and
where the “global past” and “global future” Hilbert spaces
are trivial, i.e., one-dimensional (dp = dr = 1). As men-
tioned in Ref. [59], the “generalized Born rule,” which
yields the probabilities in the original formalism, is for-
mally recovered by identifying in that case the (scalar)
output of the induced map M : 1+ (4; Q@ --- ® Ay) *
W with the probability distribution P(A,,..., Ay). The
nonnegativity and normalization of these probabilities,

as imposed in the original framework, implies that the
corresponding supermap must indeed be CCP and deter-
ministic.

Conversely, the process matrix W that specifies the
action of a deterministic supermap [cf. Eq. (13)] can be
seen as a process matrix in the original framework where
one has two additional operations, one of which corre-
sponds to a state preparation in the “global past” Hilbert
space (i.e., its output Hilbert space is H” and its input
Hilbert space is trivial), and the other to a measurement
of the output system in the “global future” Hilbert space
(i.e., its input Hilbert space is H’ and its output Hilbert
space is trivial). The constraints on a CCP and determin-
istic quantum supermap imply that one indeed obtains a
mapping to valid (nonnegative and normalized) probabil-
ities, as required in the original version of the process
matrix framework, when these two additional operations
are included.

2. Validity conditions for process matrices

The requirement that process matrices must yield non-
negative and normalized probabilities can be expressed
more directly in terms of some simple conditions that these
matrices must satisfy. These validity constraints were first
derived for the case of two operations in Ref. [5] and gen-
eralized to more complex scenarios (including the general,
N-operation case) in Refs. [9—11,43]. With the equivalence
of the two frameworks established above, we can use these
previous characterizations in order to formulate the valid-
ity constraints for a matrix W to describe a completely
CP-preserving and deterministic quantum supermap as per
Eq. (13).

We use a somewhat different notation here. For any W €

L(HPANTFY and any nonempty subset K of N, we define
the partial traces [114] WIPKF] .= TrAﬁ\O/\’C W e LOHPART),

— P40 .
WPKL .= TrAﬁ\’CF W e L(HK) and WP .= TrAﬂF We

L(H?). We furthermore use the “trace-out-and-replace”
notation of Ref. [11], defined as

X

1
xW:=(Trx W) ® o0 X W=Ww-—xWw, (Al)
X

where dy :=dimH¥ [and where the second part of
the definition above can be applied recursively, in a
commutative manner, so that, e.g., ke do.. o 1=Xa W =

We then have that W e L(H" ANF ) is a valid process
matrix if and only if W > 0, Tr W = dpIljepnd’, and W

.. 10 .
is in some subspace LN of L(HPANT), characterized as
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For trivial spaces H” and H”', one directly recovers Egs.
(AS5) and (A6) from Ref. [10].

One can check that all (classes of) deterministic pro-
cess matrices characterized in the paper (cf. Propositions
2, 3, 5, and 7) satisfy these validity constraints. To see
this directly, e.g., for the QC-QC class (which contains the
other classes under consideration), one can show recur-
sively, from || =N down to || =1 [115], that the
constraints of Eq. (63) imply that

0
W[PIC] — Z d}%/ TrA‘[S. ! Z W(N\/C/k,k) ® lAk ’
PGS/ SN\ \ ke
(A3)

and W1 = 4,17 (using the short-hand notations d?, :=
er;c/d,?, KK :=KUK’, and K'k:=K' U {k}), from
which the first set of constraints in Eq. (A2) above are
easily verified.

3. Characterization of quantum circuits with
trivial “global past” and “global future” systems

For ease of reference, we give here explicit versions of
our characterizations for trivial “global past” and “global
future” systems (dp = dr = 1)—i.e., for the original ver-
sion of process matrices that map quantum operations to
probabilities.

For QC-FOs, Proposition 2 becomes as follows.

Proposition 2 (Characterization of QC-FOs with
trivial HP,HF): The process matrix W e ﬁ(HAj\? )
of a quantum circuit with the fixed causal order

(A1, As, ..., Ay) is a positive semidefinite matrix such
that its reduced matrices Wy = [1/(d9d°,, - --dQ)]

n%n+1"
TerAfo 5 We E(H A{’) (defined for 1 <n <N,
n+

relative to the fixed order just specified) satisfy
Tr W(]) = 1,

Vi=lo G N=1 Trg W =W ® 1%,
Cll’ld W= W(N) ® ILA%

(A4)

Conversely, any positive semidefinite matrix W e
E(HAK? ) whose reduced matrices W, satisfy the con-
straints of Eq. (A4) is the process matrix of a quantum
circuit with the fixed causal order (A, A, . .., Ay).

VV[P)C] =0 and [1-P] W[P] =0

W[PN] = 0 and [1-P] W[P] = (A2)

MMrenrl1-491

For QC-PARs, Proposition 3 becomes as follows.

Proposition 3’ (Characterization of QC-PARs with triv-
ial HP, HF): The process matrix W e ﬁ(HAj\?) of a
quantum circuit with operations used in parallel is of the
form

W=Wy® 1% with TtWyy =1,  (AS5)

for some positive semidefinite matrix W, € L(HAN)
(which is nothing but a density matrix describing a quan-
tum state sent to all N operations).

Conversely, any positive semidefinite matrix W e
E('HAf\Of) satisfying Eq. (A5) above is the process matrix
of a quantum circuit with operations used in parallel.

For QC-CCs, Proposition 5 becomes as follows.

Proposition 5’ (Characterization of QC-CCs with triv-
ial HP, HF): The process matrix W e E('HAK}) of a quan-
tum circuit with classical control of causal order can
be decomposed in terms of positive semidefinite matrices

410 i
Wik dony € LOH F1--ka117kn) - for all nonempty ordered
subsets (ki,. ..

) of N (with 1 <n <N, k; #k for
i #J), in such a way that

0]
W= " Wik ® 1'%, (A6)
(ke eskn)
and
ZTI‘ W(k]) = 1,
ky
Vn=1,....N=1, VY (k,...,k,), (A7)
ZTrAI bk = Wtk ® 1%k

knt1

e . 10
Conversely, any Hermitian matrix W € L(HAN) that
admits a decomposition in terms of posmve semidefi-

nite matrices W, i, € LeH' 11 "")satlsﬁ/ngqs
(A6) and (A7) above is the process matrix of a quantum
circuit with classical control of causal order.
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As mentioned in the main text, this characterization
is equivalent to the sufficient condition for causal sep-
arability presented in Ref. [10]—albeit using different
notation: what is denoted W, .. 1, here corresponds to

[1/y - ]TerA{o . & in Ref. [10]; Eq.
,,,,, N

(A6) corresponds to Eq. (30) in Ref. [10] and the last line
in (A7) is equivalent (forn = 1,...,N — 1) to Eq. (32) in
Ref. [10].

Note that for N = 2, in the case of a trivial H” (and
in fact, whether H’ is trivial or not) the characteriza-
tion of Proposition 5 just reduces to a probabilistic mix-
ture of the two possible fixed causal orders (A, .A,) and
(Ay, Ay). Indeed, the constraints in this case read W =
Waoar +Weir, TtWay +Tr W) =1, TrAiz Wik i) =

,,,,,

.....

o o

W(kl) ® IlAkl , and Trp W(kl,kz,F) = W(kl,kz) X ]lAk2. One
thus sees that W is the convex mixture, with weights
Tr W), of the process matrices [1/(Tr W))W i, k,,r) (OT
0if Tr W,y = 0), each compatible with the corresponding
fixed order (A, Ax,). In order to have an order between
the N operations A that is not predefined (even proba-
bilistically), in that case with trivial H”, we therefore need
N > 3. In contrast, for N = 2 and a nontrivial /", a non-
predefined order is possible: an example is the classical
switch considered in Sec. IV C (even with H/ traced out).

Finally, for QC-QCs, Proposition 7 becomes as follows.

Proposition 7' (Characterization of QC-QCs with triv-
ial P, HF): The process matrix W € [,(HAj\O/ ) of a quan-
tum circuit with quantum control of causal order is such
that there exist positive semidefinite matrices W, , i, €

10 1
LH Fnmt My, for all strict subsets K,_i of N and all
k, € N\K,_1, satisfying

Z Tr W@’/q) = 1,
k] eN

VOCK, CN, Y Ty
Knt1

n+1 GN\’CH

W (ki)

(A8)

49
= > Wity ® 17,
kn€kn

AO
and W= Z W(N\kN,kN) ® 17k,
kNGN

.. . 10
Conversely, any Hermitian matrix W € L(HN) such
that there exist positive semidefinite matrices W, , i, €

10 1
E(HA’Cn—lA"")for all Koy € N and k, € N\K,_; satis-
fying Eq. (A8) is the process matrix of a quantum circuit
with quantum control of causal order.

Note that for N = 2, with a trivial H’ (and now, whether
‘H" is trivial or not), the characterization of Proposition 7

coincides with that of Proposition 5, i.e., QC-QCs reduce
to QC-CCs. In that case, the last line of Eq. (63) becomes
W=Wq® 147 + Wiy ® ]lA? and the constraints
are identical to those in Proposition 5, with W,y = W(@ k)»

W(lq d) = Witk o) and Wey 1) = Wik o) ® 1'%, For

= 2 with a nontrivial H*, on the other hand, the two
classes do not coincide. A counterexample is given by the
quantum switch [even when taking its “global past” space
H® to be trivial, by fixing the input state as in Eq. (66)],
which is causally nonseparable.

Together with the observation made after Proposition
5, it follows that for N =2 with both dp =dr =1,
the classes of QC-QCs and QC-CCs both collapse to a
probabilistic mixture of QC-FOs.

The characterization of the various classes of probabilis-
tic quantum circuits for dp = dr = 1 (Propositions 10, 11,
13, 15, and 16) can be obtained similarly to what we have
done here for the deterministic case.

APPENDIX B: PROCESS MATRIX
CHARACTERIZATION OF QUANTUM CIRCUITS

In this Appendix we prove the process matrix char-
acterizations of the different classes of quantum circuits
considered in this paper. For each of these classes, we first
derive the TP conditions that the respective internal circuit
operations must satisfy so that they act trace-preservingly
on all input states they can receive, i.e., on their “effective
input spaces.” We then prove the necessary and sufficient
conditions for the deterministic case separately. In order to
prove the sufficient condition, in particular, we provide a
method to construct an explicit circuit from a given process
matrix in the class under consideration. We then extend the
proofs to the respective probabilistic circuits.

In the proofs (for the sufficient conditions) below we
use the following lemma to “invert” the link product for
vectors.

Lemma 17 (Link product inversion): Let |a) € H*Y and
lc) € H¥, and define Ay = Try|a)a| € L(HY).

A necessary condition for the existence of |b) € H'
such that |a) * |b) = |c) is that |c) € range(dy) ® HZ.
Under this condition, a solution is given by

|b) := |a™) * |c)

with la*) = ((al 4} ® 1") e H, (B

where A} is the Moore-Penrose pseudoinverse of Ay.

Proof. Let us denote by {|i)'}; the computational basis of
HY and define, for any |a) € HX and |b) € H'?, |a;) ==
(1 ® (i|") |[a) € HX and |b;) := ((i|" ® 1) |b) € H~.
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By noting that |a) % [b) = Y. |a;) ® |b;) [as in Eq. (6)]
and Ay = ) ;|a;)a;l, it appears clearly that the link prod-
uct |a) x |b) is in range(4dy) ® H#, which proves the
necessary condition stated in the proposition.

Suppose that this condition is indeed satisfied. The vec-
tors |a™) and |b) above can be written more explicitly, in
terms of the |a;), as [116]

la*) = ¥,({ail47) @10,
(B2)
1b) =310 © ((ail4f ® 17 |c)).
We then have [a)  [b) = 3 |a;) ® |bi) = 3, |ai) ® (ai| Ay,
® 1% |c) = Ax A} ® 17 |c) = |c), where we used the fact
that AxA) is the projector onto (and therefore acts as
the identity within) the range of Ay. This proves that |b)
defined in Eq. (B1) is indeed a solution to |a) * |b) =
lc). |

To verify the necessary condition |c) € range(dx) ®
'H# when using Lemma 17 in the proofs below, let us also
make the following observation.

Observation 18: Let {|cy)}r be a family of vectors,
with each |cy) € H¥ = H* ® H% for some (possibly
different) Hilbert spaces HY,H%, and define Cy :=
>k Tz lederl € LOHY).

One has that for each k, |c;) € range(Cy) ® H%.

Proof. Denoting by Tly:=CyC} the projector onto the
range of Cy and by I3 := 1% — Iy its orthogonal pro-
jector in H¥, one has

D Tr[(My @ 1%) exderl | = D Tr [Ty (Trz, lecxl)]

k k

=Tr[yCx] =0. (B3)
Since the individual summands in the sum above cannot
be negative, we conclude that each of them [and hence,
(Hfg ® 1%) |cx)] must be zero, and therefore that (ITy ®
17%) |cx) = |ex)—i.e., |cx) € range(Cy) ® H%. [ |

1. QC-FOs: Proofs of Propositions 2 and 10

Here, we prove the characterizations of QC-FOs (Propo-
sition 2) and pQC-FOs (Proposition 10). Equivalent results
were already proven in Refs. [2,65]. Below we make the
constructive proofs for the sufficient conditions somewhat
more explicit. Also, the proofs for QC-CCs and QC-QCs
will follow very similar paths, so it is useful to first present
the simpler case.

For ease of notations and to avoid repetitions, it will be

e ) )i
convenient in this section to define HV+1 ;= HF .

a. Trace-preserving conditions

Let us first derive the TP conditions of Eqgs. (14)<16)
that the internal circuit operations of a QC-FO must sat-
isfy. Consider for that a QC-FO as depicted in Fig. 4, and
suppose one inputs some state p € L(H") into the circuit.

We first require the state M (p) = p * M, after apply-
ing the first internal circuit operation M to have the same
trace as p. That is, we want

Tr[p * My] = Tr{(p” ® 141°1)M;]

= Trlp" (Tryr,, MD] = Tilp] (= Tr[p"D).
(B4)

As this must hold for all p € L(H"), this constraint is
equivalent to

Tryrq, M1 = 17, (BS)

as in Eq. (14), which is indeed the standard trace-
preserving condition for the Choi representation of a
quantum map.

Forn =1,...,N, the states of the global system going
through the circuit right before and right after the applica-
tion of M,y are obtained (in terms of the Choi represen-
tations and link products) as p * M| x A} x My % - - - x M,
¥4, =(PRAIQ®--+ ® A)xM «My*---xM,) e
E(HA'?"") andpx My x Ay x My x - x M, x A, x M, | =
(P ®AI @+ Q@A) * (My * My * -+ % My x My 1) €
L(H %), respectively (with 4%, | = F and a trivial
ancillary space H*V+! for n = N). Their traces are

Tr(p ® A1 ® -~ ® A,) * (M) * - - % M,)]
=Tr[{(p® 4 ®--®4,) ® 1%}
(M 55 M) @ 147]]
=Tr[(p®4 ® - ®4,)"

[ Try, (M % x M) @ 1%}],  (B6)

and

Tr(p @41 Q@+ @ Ay) * (My -+ % My x My11)]

=Tr[{(p®4, @ ®4,)T ® I+
(M) % -+ % My % Myyy) ]
=Tr{(p®41®@---®@4,)"
Tr My *---xM, *Mn+1)].

n+1%n+1

(B7)

We require these to be equal, for all possible initial states
p € L(H?) and all possible external CP maps with Choi
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matrices Ay € E(HAiO). As p®A Q- ® A, spans the

(My * -k My % My 1)

Tr,r
Ay]+] p+1

= Tr,, (M % -+ % M,) ® 1%, (B8)
as in Egs. (15) (for 1 <n < N) and (16) (for n = N).

The TP conditions for probabilistic QC-FOs follow from
the exact same reasoning, with the last internal circuit
operation My replaced by ), M%]H, the CPTP map
obtained by summing over the classical outcomes.

b. Proof of Proposition 2: Necessary condition

Consider the process matrix W = M| %« My % - - - % My
of a QC-FO, as per Proposition 1, with the Choi matrices
M, satisfying the TP conditions of Egs. (14)H16).

Note first that as all M,, > 0, it directly follows that /¥ is
positive semidefinite.

Defining Wy 41):=W, the reduced matrices W, defined
in Proposition 2 can be obtained recursively (fromn = N,
down to n=1) as W, = (l/dno) Tr 0,0 1 Wot1). Simi-

n

larly, Eqgs. (15) and (16) imply that Tr,, (M * - - - x M,) =
(1/d2) Tr 40 [T,y (M s - My, M), Sinee W)
and Try, (M) * - - - x M,) are equal for n =N 41 (with a
trivial H*V+1) and satisfy the same recursive property, it
follows that they are the same foralln =1,...,N + 1:

W(n) = Troz,, (M] koo. *Mn) (B9)
The constraints of Eq. (19) are then simply equivalent to
(and therefore readily implied by) the TP conditions of

Egs. (14)~(16).

c. Proof of Proposition 2: Sufficient condition

. .. . . . 10
Consider a positive semidefinite matrix W € L(H™~T)

whose reduced matrices W, = [1/(d2d2, - --d))]

Al . .
Tryogo0 g We LOH - n—11"7) satisfy the constraints

(o]
n+l,...
of Eq.( (+19) We show that ¥ is the process matrix of a QC-
FO with the causal order (Ay,..., Ay), by constructing
some internal circuit operations M, [CPTP maps, in the
sense of the constraints of Egs. (14)+16)] explicitly.

Since W > 0, then all W, > 0 as well (for 1 <n <
N + 1, with again Wy1):=W), which admit a spectral
decomposition of the form

Wiy =D Wi Xwi,| (B10)

for some eigenbasis consisting of r, := rank W, (non-
normalized and nonzero) orthogonal vectors |w(,) €

10 1
HPA(I,...,nfl}A” .

Let us then introduce, for each n =

1,...,N + 1, some r,-dimensional ancillary Hilbert space
H*» with its computational basis {|i)**}"" , and define

i=1°

. 10 I
Wan) 1= 3 Iwhy) @ 1) € e (B11)
i

such that W,y = Try, (W) YW -
For n=1,...,N, the assumption that TrAI+1 Wt =

o . .
Try Wt 1) ¥Was )| = Wiy ® 140 implies, after fur-

+1%+1
ther tracing out over 49 and via Observation 18 (here
with a single vector |cx)), that |wg,1)) € range(W(,) ®

HAT A1 Using Lemma 17 above, this property
ensures that one can relate [w,) and |w,1)) by defining,
forl <n <N,[117]

(o

)
W) o= (we| W) ® 1907 € HMTavher - (B12)

()

0(1 ! o
V1) i= [Wiy) s [weugny) € HA et 0 (B13)
so that
(W) * [Vagr1)) = [Wtn)) - (B14)

By further defining |V1) := |wq) € H” All"l, one recur-
sively obtains that
V1) % (V2 % - V) = W) » (B15)
foralll <n <N + 1.
From the double-ket vectors | V},)) just introduced we can
then define the operators

My = Vi) (Val  forl <n<N

(B16)
and My = Troy | (Vi XVl
such that
Try, (M) % -+ - % My) = Tro, W) W)l = Wiy (B17)

and My x---xMy, 1 =W.

As the W, are assumed to satisfy the constraints of Eq.
(19), then by construction the (positive semidefinite) M,
satisfy the [equivalent, once Eq. (B17) is established] TP
conditions of Egs. (14)~«16). This proves that the oper-
ators M, define CPTP maps M, : L(H") — E(HAIID“),
Mo s LOHAR@Y =5 LOHA) for n=1,...,N —
1, and My : E(HAI\Of"‘N) — L(HF), as required for the
internal circuit operations of a QC-FO. The second line
of Eq. (B17) above shows, according to Proposition 1,
that W is indeed the process matrix of the QC-FO thus
constructed.
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d. Proof of Proposition 10

The proofs of both the necessary and the sufficient
conditions above extend easily to the characterization of
probabilistic QC-FOs, as given by Proposition 10 in Sec.
VIA.

For the necessary condition, recall that a pQC-FO with
the order (A, ..., Ay) is described by the matrices W]
given in Proposition 9. Since all M,,,M][\,qrl > 0, then
clearly each WUl is positive semidefinite; furthermore,
sinceall M, for]l <n < N,aswellas ), M]E,rll, satisfy the
TP conditions of Egs. (14)<16), then the sum ), i =
My My %My + (3, ML) is indeed the process
matrix of a QC-FO (with the same fixed causal order) as
per Proposition 1.

Conversely for the sufficient condition, let {1},
be a set of positive semidefinite matrices whose sum
is the process matrix of a QC-FO with the order
(Ai,..., Ay). Introducing a Hilbert space H’ " with com-
putational basis states {|r)" /},, let us define the (pos-
itive semidefinite) “extended” matrix W :=) W1 ®
1 € LOHPANFE'), such that W' % |r(r|F = W) and
Tre W =Y, W'l so that W and ), W'} have the same
reduced matrices W, (as defined in Proposition 2). As
> W is assumed to satisfy the constraints of Eq. (19),
then so does W (with F replaced by FF’), so that W
is the process matrix of a (deterministic) QC-FO with
the same order and with the global future space H'* as
per Proposition 2. We can thus decompose it as W =
My x My % - % My x My, where all M| € E(HPA{“I),
Moy € LR ety and MY, | € LOHAYNTT) are
CP maps satisfying the TP conditions of Egs. (14)+16).
Defining the CP maps M]E,FL:M](,H * |r)(r|F/, whose
sum ), MIE,FL = Trpr My, satisfies the TP condition of
Eq. (16), we then obtain W' = W « IP)r|F = My % My *
.- % My % MY |, which is of the form of Eq. (70) and
thus proves according to Proposition 9 that {#1}, indeed
has a realization as a pQC-FO with the fixed causal order

(.A], ... ,.AN).

2. QC-CCs: Proofs of Propositions 5 and 13

In this section, we derive the TP conditions for QC-CCs,
and prove Propositions 5 and 13.
To avoid repetitions we define here kyy:=F),

Al il .
Hove .= HF and HAN+1 .= HF, as, for instance,

an) = p My x Ay % Myx Ay 5 - % M, % 4,

—ky —ky —
Z (,o * M, * Ay, *M(kl) * Apy k- *M(kl

.....

. —kyy1 F AI? ay Ai _
in Mg = MGy Te Lo ey <
LHWYY) and W, —w (e
(kyeeskN kN4 1) (ki yeneskny JF)
PAOAL 10
E(H N kN+l) — E(HPAN’F)]'

a. Trace-preserving conditions

The TP conditions of Egs. (23)~25) for QC-CCs can
be obtained in the very same way as those for the QC-FO
case (see Appendix B la) after noting that, according to
the description of QC-CCs given in Sec. IV A, it is now

[for each (ki, ..., k,)] the sums [118] ka Mglk”}{n) that
must preserve the trace of all possible input states (rather
than the internal operations M, in the QC-FO case).

Note that these constraints can also similarly be obtained
from the alternative description of QC-CCs given in Sec.
V A, by requiring that the global internal circuit operations
M, preserve the trace of their global input states (includ-
ing the control systems), as well as the probabilities for a
given order (ki,...,k,) (for the thus-far applied external
operations) to be realized. Let us indeed check that, for
consistency.

Suppose that one inputs some state p € L£(H’) into the
circuit. Requiring first that M [with Choi matrix given in
Eq. (40)] preserves the trace of p, we must have

Tr[M(p)] = Tr[p * M]
= Tr[(p" ® 159 (3, 34, © [ 1)]

=Tr [ (S, Tryg o My™")] = Trlp)
(B18)

. . i AL
(where the isomorphism between H“1 and each H'*«
allowed us to remove the tildes in the last line, that is,

h ~ ki e IERVE At al
we use that Tr/]{al My = Tri{al[Mw * LA =
Tr L M; kl, see Ref. [77]). As this must hold for all
1

p € L(HP), this constraint is indeed equivalent to Eq.
(23). i

For n=1,...,N, the states o[, € /J(HA"O“”C;) and
O+ GE(HA{M“”“C”“) of the global system going
through the circuit right before and right after the appli-

cation of Mn+1, [119] respectively, are easily obtained
recursively as

kn

.....

o # A # (IR ) @ [h,. . k)T, (B19)
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and

O(n+1) =p*1\711*;11*1\~/12>x<22*...

= Z (P*Mw * Ay, * (k) 2k Ay, *
(K sk K1)
® [ ks - ks ony )T,
where the isomorphism from Ref. [77] allows us

again to use the ‘“nontilde” versions of the inter-
nal and external circuit operations, as we did also in
Eq. (43) of the main text; only the identifications of

0 . y Al . i
H% with HAY , and that of H %+ with H%+1 need

J

Tr[(1%0% @ [k, . . ., k)10l ]

— TI‘[(,O ®Ak1 Q- ®Ak,,)T{ Tran(Mg_’kl *

and

1411 ® [k, . ..

Z Tr[{1

knt1

—ZTr px M, 1>|<Ak1>l<

kn41

=Tr[(0 @Ay ® - ®Ay) Y Try . (M7 %

Kknt1

For a classical control these probabilities must be
preserved—i.e., the expressions in Eqs. (B21) and (B22)
above must be equal—for each (well-defined) order
(k1,...,k,). (Note that imposing that all these probabilities
are preserved also implies that the whole trace of an) and
O(u+1) is preserved.) As this must hold for all p € L(HF)

and all 4; € E(HAiO), we then obtain the TP conditions
of Egs. (24) (for 1 <n < N) and (25) (for n = N, with

4
kyiy1 =F, HAkNH = H¥ and a trivial H*V+1), as claimed
above.
To derive the TP conditions for probabilistic QC-CCs,
one again follows the exact same reasoning as for the deter-

F —F[r]
ministic case, with M~ ) replaced by >, My, ko

..........

b. Proof of Proposition 5: Necessary condition

,,,,,,,,,,

of a QC-CC, as per Proposmon 4 with the W, . iy, p)
of the form of Eq. (29), and with the Choi matrices

* M, * 4, *M,,H

=Tr[p *M;kl

kM,

Ai n+1
Gt o ¥ Ay % M ™ o [T er et

(B20)

(

to be maintained here [120]. The probability that a
given order (ki,...,k,) is realized can be obtained

in both cases as Tr[{]l%“” ® I[(kl,...,k,,)]]cﬁi},g(n)] and

Sy T 100 @ [k o Ko )1 Yo )
w1th [s1m11arly to Egs. (B6)+(B7)]

k Ak, * *M(kl ,,,,, ko 1)*Akn]

—ky
Myt )1 41, (B21)
s K D1 Y0 1)
ok Ay >|<M_>k’“rl ]
n (k1 5eeeskn)
—ky
Sk M )] (B22)

(

M(:l k"“ ,(= 0) of the internal circuit operations satisfying
the TP condltlons of Egs. (23)+25).

Let us then define, forall 1 <n < N andall (ky,...,k,),
the matrices

k
M2 %

._ —k
) = TTq, (MVj * M

—ky
K M(kl ,,,,, ke — 1))

,,,,,

10 I
e LOH Wk Mhn). (B23)

..........

(mcludlng the W(/q ,,,,, vdyan) = W(/q ,,,,, Ky F) for n=N +
1) are also positive semidefinite. Furthermore, the con-
straints of Eq. (31) are simply equivalent to the TP con-
ditions of Egs. (23)+25), and are thus readily satisfied by
assumption.

c. Proof of Proposition 5: Sufficient condition

. .. . 10
Consider a Hermitian matrix W e L(H™NT) that
admits a decomposition in terms of positive semidefinite
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..........

L(HPNFY satisfying Eqgs. (30) and (31). We show that
W is the process matrix of a QC-CC by explicitly

. . . . . —k
constructing some internal circuit operations ./\/l(k "

satisfying the TP conditions of Egs. (23)—(253, as
required.

The positive semidefinite matrices W, ., (for 1 <
n <N + 1, recalling that ky,; = F) admit a spectral
decomposition of the form

Wikt = D Wity Witk s (B24)
i
for some eigenbasis consisting of 7y, .k, := rank
W,,...k, (nonnormalized and nonzero) orthogonal vectors
: PAIO AL .
Wik, .. k) € H 7 H0-fa=17n Similarly to what we did for

the QC-FO case, let us introduce, for each n=1,...,N
+ 1, some ancillary Hilbert space H*" of dimension r, >
Max, ... k) ’(ky....kyy With computational basis {|i)°"‘};il,
and define [121]

; . P49 AL ay

|W(kl ’’’’’ kn)> = Z'Wl(kl ..... kn)> ® |l>0tn cH (LT S e M ,
i

(B25)

such that W, .. k) = Tra, Wiy, XWiky o) -

Similarly again to the QC-FO case, it can be
seen here, via Observation 18, that the assump-
tion [from Eq. (31)] that an+1 TrA{'n+1 Wikyodendips 1) =

o . .
14 implies  that |wg, ..k, ) € range(Wy, . .k,) ®

[
HA"”A""HQ”H. Recalling again Lemma 17, this property
ensures that one can relate |wg,,. .4,)) and (W, k. 1)
by defining, for 1 < n < N and for each (ky, ..., k,, ky+1)
[122],

|WEII;1 ..... i) = (W e | W(ng ..... oy @ 1o’
Ayl (B26)
Vgt ) = W o) % Wety k)
c HA/?r’anAin+]an+l’ (B27)
so that
Wtk * Ve L) = Wty k) - (B28)

1
By further defining |V;k1)) = |wu) € HPA"lal, one
recursively obtains

.....

(B29)

foralll <m <N+ 1landall (ky,...,k,).
From the double-ket vectors |V(_k)1f.-,kn71)» just intro-

duced we can then define the operators

—>kn R kn kn
M(kl ,,,,, kn—1) "7 |V(_k>1 ,,,,, kn—l)»«V(_k)]

.....

...............

(B30)
such that
—ky —ky —>kn
Tran(MQ) >kz‘/[(kl) e *M(kl ,,,,, kn—l))
= Tro, Wiy do) XW ki) | = Wik oo i)
k k F
and M, " *M(Z)z ok MG gy = Wik )
(B31)

As the Wy, . .r) are assumed to satisfy the
constraints of Eq. (31), then by construction the
(positive semidefinite) M(Z f}?,knq) satisfy the [equiv-
alent, once Eq. (B31) is established] TP conditions
of Eqgs. (23)+25). This proves that the operators
M(,: ?-,knq) define valid QC-CC internal circuit operations
MM LHP) - L), Ml LH Gy =

.....

..... ky)

[
LH'"®™) — L(HF). The last line of Eq. (B31)
above shows, according to Proposition 4, that W=

,,,,,,,,,,

QC-CC thus constructed.

d. Proof of Proposition 13

The proofs above extend again easily to the characteri-
zation of probabilistic QC-CCs, as given by Proposition 13
in Sec. VIB.

For the necessary condition, recall that according to
Proposition 12, a pQC-CC is described by a set of positive
semidefinite matrices W'l obtained indeed as in Eq. (74),
matrices M(Z f}?,knq) and ), M(Zl F[;EN) must satisfy the TP
conditions of Egs. (23)~25), then the (positive semidef-

—ky o 7] _ —k
Mg ™" kn,l)) and W, _ky.F) =D, W[(k1 ..... vF) =My ¥

—)kz %kN %F[}’]
M2 e s M * (ZVM(,C1 77777 kN)) are those that

(k1) (K senskiy—1)
enter the decomposition of the process matrix of a QC-CC
(see Sec. B2b above), and therefore must satisfy Eq. (31)
of Proposition 5.

Conversely for the sufficient condition, consider a
set of positive semidefinite matrices Wl that can be

decomposed in terms of positive semidefinite matri-

::::::::::

030335-39



WECHS, DOURDENT, ABBOTT, and BRANCIARD

PRX QUANTUM 2, 030335 (2021)

and define again the “extended” matrix W' := Y W1 ®
P e LOHP ANFF ') by introducing an additional Hilbert
space H' " with computational basis states {|r)" ,},.
We note now that W is the process matrix of
a (deterministic) QC-CC with global future space
HEF'[96], since it has a decomposition as in Propo-
sition 5 (with I/V(k1
w

and Trep W | o pey =
the corresponding constraints by assumption). One can
knt1

.....

,,,,,

therefore construct internal circuit operatlons M

,,,,,

dition of Proposmon 5 above, satisfying the TP

conditions of Egs. (23)—(25) such that, in partic-
_ a7k —ky —ky
ular, W(/q ..... kg ey =My ok My sk M
1 —FF’ : —>F[r] .__ s —FF
M(k1 ..... k) Defining the CP maps M(k1 ..... kN) M(k1 .... kN)

M~>F r]

F
[r)rl” (whosesum }_, M "~

,,,,,

the required TP condltlon), we obtaln WZ{]‘ dF) =
F _ —ky —ky —ky
WV(’H ,,,,, kn FF') * )™ = M@ *M(kl) K *M(/q ,,,,, kN—1)

(72) and (73), which proves, according to Proposition 12,
that {W!"1}, is a pQC-CC.

3. QC-QCs: Proofs of Propositions 7 and 15

In this section, we derive the TP conditions for QC-QCs,
and prove Propositions 7 and 15.
As in the previous section, we define kyyj:=F,

Al Wi
H w1 = HE and HV+1 = HF, and here also'H‘)‘N+1 =

k)
H*F, as for instance in |V V[, )=

N\KN kN IV x N\kN kN» (€

AC andal  ay A9 ayFa
k, k +_ oy ONL AR _
RO = T ) and Wocy iy, ) = Wvim

— We LR iy = LOHPF)] (with Ky = A).
|

a. Trace-preserving conditions

The TP conditions of Egs. (57)«59) are obtained by
imposing that each internal circuit operation ¥, in a QC-
QC preserves the norm (as we consider pure states and
pure operations) of their global input state, involving the
target, the ancillary and the control systems.

Suppose that one inputs some state |1/) € H” into the
circuit. The global state [¢(1)) € e HAIC right after the first
internal circuit operation 7, is

=Y (1) =175 )) ® 10, k)

ki

o) = 1¥) * V1)

(B32)
We want its norm to be equal to that of |)—i.e., we want

= ST [ T T 1]

ky

(emlem)

= Tr[(1y)wl) ZTrAfa Vo WV 1)]
= 1Y) {=Tr[(|w><w|)]}, (B33)

where, similarly to Eq. (B18), we removed the tildes by
using the appropriate isomorphism (see Ref. [79]).
As this must hold for all |/) € H”, this constraint is

indeed equivalent to Eq. (57) (with [wgs,)) = [W,)) =
— Kk

Vog D)- )
For n=1,...,N, the states |(p£n)> e HAPnCh and

|Qm+1)) € HA'I1+'O‘”+1C"+1 of the global system going
through the circuit right before and right after the applica-
tion of ¥,1, respectively, are easily obtained recursively,
and can be expressed—by rearranging the sums, intro-

10
= 1¥) Qpexc, 1) € H Ko

A’ A’ o
" defined

ducing the vectors |y, Ak, )

and using the vectors [wgc, | &,)) € H"
in Egs. (55) and (61)—as

100) = [W) * |71 A1) * | 72) s o)) o - | T))  |A)
= 3 (1) IV 0 1Ai ) * IV + 1) --*|V{;’l’ffi,,kn,2},kn,l>>*|Akn»*m»/‘?ﬂ? )
(kl ~~~~~ kn)
® ki, k1) o)

ky

W, Aic,) # (Vg 0 V2

Ky (ke skn) LK

o
= D (19, Ak,) * Woc, k) 11

K kn€lCn

Ve ) IR © (i,

Y @ 1\ )

Jon 1}, he)

(B34)
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and
Q) = 10) % (V1)) % [Ar) 5 - (V) 5 |A,) % | Vgr))

— n An
= Y (R ) e ) IV e ) @ [ ) o) O
(k1 5eveskin ki 41)

N N . ab Al
= > i) x (VN # V2hs V) (1) e @ [k, kb K) O

al
= Y (1A # Wetyn) * D) e ) @ 1, ) Ot (B35)
’Cn,kn+1¢]cn

(where the sums chn are over all subsets K, of N such that |K,| = n). From the second lines in Eqs. (B34)~(B35), we
again removed the tildes using the appropriate isomorphism [similarly to Eqs. (B19)+B20) above, and as in Eq. (60) in
the main text].

The squared norms of |¢)En)) and |@,+1y) are then

0 70
Gl P = D Tr[ 10 Ar, X, A, | % W0 o YWt | % 1D ]

Knkneky,
T o
= Tr[ (1. Aic, X0 Ak, ) () Tra, Wi, e X Wi o] @ 1%0) ], (B36)
Kn kn€lln
and
A Al
@urnlearn) = D Tr[ [ Aie, Xvr, Aic, | % Wi, by ) KW,y | % DN et T4 ]
Kn,kn+]¢K:n
=3 T [l A, XA, 1) (Y Tr  apr Dk )¥ k)] (B37)
Kn n+1¢K;n

We require these norms to be the same, for all possible |y) and all 4;. Let us take, for a given /C, with |IC,| = n, all
Ay =0 forall ¥ ¢ IC,. The sums chn in Egs. (B36) and (B37) above then reduce to just the single term corresponding
to that particular K,,. Hence, the equality of Egs. (B36) and (B37) must in fact hold for each /C,, individually (and not just
for their sums):

Tr [(1, A, X, Ak, 1) (Y Tr gyt W00t W ki) ])]
n+1¢’cn

= Tr[( Iw,A/cn)(W,A/cnl) ( Z T, W0\ ko) KW\ i) | @ ]lA’?")]- (B33)
kn€n

i

As this must hold for the |y, Ax, XV, Ax,| spanning the  which indeed gives the TP conditions of Egs. (58) (for 1<
whole spaces E(H‘D Aign), this implies that one must have, n < N) and (59) (for n = N, with ky,; = F, 7—( k/v+1 =

for all Iy, HE, ayi1 = aF and [wocy v ) = Wovm)-
For the case of probabilistic QC- QCs the only differ-
Z TrAI it Wi ) WK iy 1) | ence is that we impose 3, { ‘/’(N+1)|¢’<N+1>> (@ o)
+1 ~ ~
k1 €K where |<P(N+1)) =) V1) # [AL) % - [Py = |Ay)) =
] .
_ Z Tra, Weke, o W0 k)| © ILAkOn . (B39) V[A; 1) is the (unnormalized) state of the global sys-

feyekon tem after the last internal operation f/[]\;]ﬂ, corresponding

030335-41



WECHS, DOURDENT, ABBOTT, and BRANCIARD

PRX QUANTUM 2, 030335 (2021)

to the classical outcome r of the probabilistic circuit.
The same reasoning as above leads to the same con-
straint as Eq. (59), with Ttz Wy F) W, | replaced by

[r] [r]
> Trrg, |W(IN,F) XW(;\/ Ml

b. Proof of Proposition 7: Necessary condition

Consider the process matrix W = Try,. [wov.r) )(w( N F)|
with |W(/\[ F)

.....

.....

form of Eq. (62), and with the internal circuit operations
Vznkft}% satisfying the TP conditions of Egs. (57)H59),
written in terms of the vectors |w, ,,) defined in Eq.
(59).

Let us then define, forall 1 < »n < N, all subsets K,,_; of
N with |[C,_i| = n — 1and all k, € N'\K,_, the matrices

Wac, 1 = Tra, Wic, 1ty XWaC, o |
10 I
e L(H Knriny, (B40)

It is clear, from their definition, that all Wy, ) are
positive semidefinite. Furthermore, the constraints of Eq.
(63) are simply equivalent to the TP conditions of Egs.
(57)+59), and are thus readily satisfied by assumption.

c. Proof of Proposition 7: Sufficient condition

. " . 10
Consider a Hermitian matrix W e L(H™~T) such that
there exist positive semidefinite matrices Wy, |1, €

10
E(HPA n—1 "") for all K,_y C N and k, € N\K,_; sat-
isfying Eq. (63). As in the cases above, we show that W is

the process matrix of a QC-QC by explicitly constructing

—k,
now some internal circuit operations V@ , Vi ”:“}cn and

VN\k satisfying the TP conditions of Egs. (57)+59), as
requlred

The positive semidefinite matrices Wy, |, (for 1 <
n < N + 1, with ky;1:=F and Wy r):=W) admit a spec-

tral decomposition of the form

Wiword = 9 W, i Wi, inl>  (B4D)

i

for some eigenbasis consisting of 7, ., :=rank

Wk, (nonnormalized and nonzero) orthogonal vec-
AIO 1

tors |W(/c ik ) € H K1Yl Similarly to what we did
for the previous cases, let us introduce, for each n =
1,...,N + 1, some ancillary Hilbert space H% of dimen-
sion 7, > Max, .k, 'k, .k With computational basis
{li)**}~,, and define [123]

PAQ 4]

Z |w()Cn lkn) ® |l> € H

|W(’Cn 1s kn)

(B42)

such that Wk, k) = Tt [Woc, 1 ) XWoc, 1 o |-
Contrary to the previous two cases, we do not want to
relate [wc,_, k,)) and [wk, k., )) directly by a link product
[as in Egs. (B14) and (B28)], but via a sum as in Eq. (56).
Some more preliminary work is therefore required. To this
aim, let us introduce some Hilbert space H¢ isomorphic

to any HAI? (which we assumed to all be isomorphic)
and some N-dimensional Hilbert space I with computa-
tional basis {|k)" }xenr, and let us define, for each nonempty
subset KC,, of \V,

D Wbk ® 1) @ |k)"

knen

|, ) =

c HPA{gnano/r’ (B43)

such that QICn = TI'D,"O/F |a);<n )((,();Cn| = an Tran

WOk o) ) W ki i) | B 1 = 2 Wi k) @ 1 ¢
L(HMn.

As before it can be seen here, via Observa-
tion 18, that the assumption [from Egq. (63)] that

an+1 TrAin-H W(’Cn,kn+1) = an+1 TrAin_'_la"‘Fl |W(K:n,kn+1)>
49 . .
Wkcndwsd | = 2o, Wikci\bnky ® 17 = Qy, implies that

Al n . .
(Wi, ks ) € TaNge(2xc,) ® H 1 1L Using once again
Lemma 17, this ensures that one can relate |wx,) and
Wik k1)) DY defining, for each K, and k11 ¢ K,

/ (0} /
o) = (o, | 25 ® 19T e HHKE,“OT | (Bad)

P20 o) wigeyisn) € OO (B4s)
so that
lwrc, ) * IV,ké’f) = Wik ki) - (B46)
From |Vk ) thus obtained, let us then define [124]
| Enk\nk:lkn» = (|1>>A"” ® lk)" ) * |Vk”+1
€ H iy it (B47)

With this, and using the definition of Eq. (B43), Eq. (B46)
gives

> Wi k) * Vit ) =
knellp

Wi hpin)) - (B48)

I
By further defining |VZ@k1 )= |wei) € H ™ and
Vg ) # V) 5 V)

kn
>|<|V{_k)1 —2 bk 1>>’

(Wky o)) =

(B49)
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for all (ky,...,k,), one recursively obtains from Eq. (B48)
W dps 1) = Z Wk oo dondins 1)) 5 (B50)
(K1 5eees kn):
(korekin} =K

for all 0 <n <N and all K,, k,, as desired [see Eq.
(55)].

Recall that the matrices W, | k) = Tra, [Wic, | )
(Wi, | are assumed to satisfy Eq. (63). This implies

that the operations V—)@kl, Zk\"k* Yo and V2h o con-
structed above (via their Choi representations) satisfy the
[equivalent, once Eq. (B50) is established, with [wg, . 4,)
defined in Eq. (B49)] TP conditions of Egs. (57)~59), and
thus define valid internal circuit operations for a QC-QC.

All in all, we thus find that

W= Wuwr = Tte: lwnp)wo .l (B51)

with  op == ayii, |W(/\/,F) ’’’’’

according to Eq. (B50) (for n =N 4+ 1, with agaln
kyy1:=F), and with the [wg,  iyv.F) deﬁned by Eq.
(B49)—as in Proposition 6. This proves that W is indeed
the process matrix of the QC-QC thus constructed.

d. Proof of Proposition 15

Once again, the proofs above extend easily to the char-
acterization of probabilistic QC-QCs, as given by Proposi-
tion 15 in Sec. VI C, in an analogous way to the proofs for
pQC-FOs and pQC-CCs.

For the necessary condition, consider a pQC-QC
(W'}, —ie., according to Proposition 12, a set of
matrices W1 of the form of Eq. (77), with the

operations VQ , Vzn](j’:illcn, and VI,C{[;]J{N satisfying the
TP conditions of Egs. (57)+«58) and (76). Introduc-
ing some additional ancillary system o with com-

putational basis states |r)°‘F, and defining VX}\,{N Ay

F /
X Vi ® 1) and [wov ;) = X, |wE1]fF>> ® |r)°F,
one can then write . W' =" Tr,, |w(NF))(w(NF)| =
Tr Tapal, (Wov.py Xwov.myl, with |w(,\/ ry) of the form of Eq.

(61), and with the operations VQ V ”1+,1€ ,and VX)/\kN v
now satisfying the appropriate TP condltlons (57)+59) for
a QC-QC (with af replaced by ara). This shows, accord-
ing to Proposition 6, that > W'l is indeed the process
matrix of a QC-QC.

Conversely for the sufficient condition, consider a
set of positive semidefinite matrices {#" e L(HPMNTY,
whose sum is the process matrix of a QC-QC. As we
did before, let us define the “extended” matrix W :=
S W@ " e LOHP ANFF'Y by introducing an addi-
tional Hilbert space H* with computational basis states

11", The decomposition of 3, W' in terms of posi-
tive semidefinite matrices W, , x,) obtained from Propo-
sition 7 readily gives essentially the same decomposi-
tion for W, which also satisfies the required constraints
(with just F' replaced by FF’}—which proves that W
is also the process matrix of a QC-QC. According to

the proof in the previous subsection, we can thus con-
_>kn+l

struct internal circuit operations V_> 4 Ky 1k LSAISTY-
ing the TP conditions of Egs. (57)~(58)] and N\ijjv/ -

such that W' = Try,. (W Fr) ><W(N rryl with [wovpen)
|wk )
{k1,ees kaz},kN—l

.....

.....

.....

|V{7;F[’],€N Dk )) = |wov.rrn) * 1) [whrch now satisfy the
TP condition of Eq. (76)], we find that each W'l = I %
)T = Tray e g YWiAe )| is of the form of Eq. (77),
which proves, according to Proposition 14, that {1}, is
indeed a pQC-QC.

.....

APPENDIX C: QUANTUM CIRCUITS WITH
OPERATIONS USED IN PARALLEL

In this Appendix we describe quantum circuits with
operations used in parallel (QC-PARs), and show explic-
itly how these can be obtained as particular cases of
QC-FOs.

We consider a circuit as on the left-hand side in Fig. 13,
with just a first internal circuit operation Mp : L(H') —
L(HAN®) [with Choi matrix Mp € L(H™N®)] and a
final internal circuit operation M : L(HA?V *y — L(HF)
[with Choi matrix My € £(HA%*F)], which satisfy the TP
conditions [easily obtained in the same way as those of
Egs. (14)(16) for the more general QC-FO case]

Try o Mp = 17 (CI)

and  Trp(Mp % Mp) = Tr, Mp @ 14%. (C2)

The corresponding process matrix is easily obtained as

W=MpxMp € LHPNT), (C3)

The fact that such a (positive semidefinite) pro-
cess matrix satisfies Eq. (20) in Proposition 3 fol-
lows directly from the TP conditions above, with
Wy = Try Mp. [Note that it also clearly satisfies Eq.

(19) in Proposition 2, with W, :TrAr{r »
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L o]
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FIG. 13.

The left-hand side shows a quantum circuit with operations used in parallel (QC-PAR), with its process matrix represen-

tation given by W = Mp x M. The right-hand side shows an equivalent circuit that conforms to our description of QC-FOs, with

internal circuit operations M, ...,

ancillary systems, and with process matrix representation W = M| x M * - - -

are a particular case of QC-FOs.

]lA<01»-~»"—” for each n.] Conversely, consider a posi-
tive semidefinite matrix W e L(H" ANF ) satisfying Eq.
(20). Following the proofs of the previous appendix
(see Appendix B lc, and Ref. [117], in particular), one
can diagonalize Wy in the form Wy = 3=, |wi, Xwi,|
with orthogonal nonzero vectors |Wil)) € HPAi\/ , intro-
duce a (rank W()-dimensional ancillary Hilbert space
H* with computational basis {|/)*};, and define |w()) 1=

Z |W(1) [i)* = [wnXwa| (such that Tr,Mp = W([))

and My = Z,.,i/ i | ®[((w(,)|/(w(1)|w(1)) ® 1'%F)w

(|w’("1)) / (w’&) |w’(1)) ® 14%°F )] One can check that the maps
Mp and My thus defined satisfy the TP constraints
(C1)HC2) above, and allow one to recover W = Mp x Mg
as the process matrix of the corresponding QC-PAR.

In order to see that our presentation of QC-PARs here
fits in the more general description of QC-FOs, let us
introduce, for each n=1,...,N, some ancillary systems
H“" = HO‘
HA% and each H isomorphic to HAY s0 as to transfer the
inputs of subsequent operations and the outputs of previous
ones via these ancillary systems (as hinted at in the main
text); cf. Fig. 13.

The internal circuit operations can then be defined as
follows. The first operation M : L(H?) — [,C('HAi“l) =
E(HAiaé”‘“ll\'“)] is taken to be formally the same
as Mp: L(HP) — L(HAN®), up to the identification

= A} (via the isomorphism that relates each H%

AL NS “N"‘ w1th cach H% isomorphic to

to HAif) [125]. The subsequent internal circuit oper-
ations IM”“ L [L(HAR ) = E(h](/‘ Rap e o, aiay)

[L(H Aoty = E(HAH1 LA “N“)] are taken to
be the 1dent1ty, up to the identifications 42 = o? and
a, +1 =A! +1- Finally, the last internal operation MN+1 :

[E('HAN"‘N) = L(HA/Q/“IO"'“g—I“)] — L(HT) is taken to be

My that simply transfer the inputs of subsequent operations and the outputs of previous ones via

* Myy1 = Mp * Mp. This demonstrates that QC-PARs

formally the same as ,C(HA/OV *)y — L(HF), up to the iden-
tification o = A¢.

One can easily Verify that one thus recovers the process
matrix as W= My « My * -+ - x Myy1 = Mp x MF.

The probabilistic counterpart of a QC-PAR is obtained
by replacing the last internal circuit operation My by an
instrument {M[Fr]}r, which satisfies the TP condition of
Eq. (C2), with My replaced by Y, ME. It is immedi-
ate to check that the set of probabilistic process matrices
(Wi, with W' = Mp « M,Ef] satisfies the characteriza-
tion of Proposition 11. Conversely, for a set of positive
semidefinite matrices {1 € L(HPANT)), whose sum is
the process matrix of a QC-PAR, we define (as we did
for pQC-FOs, pQC-CCs, and pQC-QCs in the previ-
ous Appendix) the “extended” matrix W =Y W1 ®
|r)(r|F, € E(HPAi\?FF,), which is the process matrix of a
(deterministic) QC-PAR with the global future space H**"
as per Proposition 3, and can thus be decomposed as W' =
Mp % M}, where Mp € L(HPN®) and M}, € L(HA X"
satisfy the TP conditions of Egs. (C1) and (C2). Defin-
ing the CP maps M":=M/. % |r)(r|”, we obtain W =
W s |r)r|f " = Mp x M, [r], which provides a realization of
the matrices W1 as probabilistic process matrices of a
pQC-PAR.

APPENDIX D: FURTHER EXAMPLES OF QC-QCS

Here we present some generalizations of the examples
of QC-QCs presented in Sec. V D.

1. The “quantum N-switch” and generalizations

The quantum switch can easily be generalized to a
setup involving N operations A4; (all with isomorphic
d-dimensional input and output Hilbert spaces, for sim-
plicity) and a “control system” used to coherently control
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between applying the operations in the N! possible permu-
tations of orders (or some subset thereof) [12—14,23,28,30,
33,34,126,127]. Such an N-operation quantum switch (or
“quantum N-switch”) requires, in general, a control sys-
tem of dimension N! so as to encode each of the possible
permutations :=(ky,...,ky) of the N operations. It can
be obtained as a QC-QC, for instance by introducing d;-
dimensional Hilbert spaces H’* and H’" (for the “target”
systems in the global past and future) and N!-dimensional
isomorphic Hilbert spaces He, HFe, and H* (for the
global past and future “control” systems, and for the ancil-
lary systems) with orthonormal bases {|7)}em,,, with ITxs

denoting the set of all permutations 7 = (w(1),...,7(N))
of NV, and by taking [128]
Vi, M=) e Y ) eln)e
wellp:
7 (1)=k)
» O I
YV Kntskns kg1 Ve "1 ) = |1 o e
® Z |7T Oln ® |7T O‘n+1
mwellpn
(r (D= D))= Kn_t>
7T (n)=kp, 7 (n+1)=kp, 4|
F )
Vv,  Vam ) = ‘® > M)
wellp:
T (N)=ky
(D1)
These indeed satisfy the TP constraints of Egs. (57)+59),
and give W(N) g\é) (WQ )| with
Wt = Y iyt
(k1 ,....ky)=:1
Ly bt T e @ R,

(D2)

according to Proposition 6. Note that in the quantum
N-switch, while the control of causal order is indeed
quantum, there is no real notion of “dynamical” causal
order, as the full order 7: _(lq, .. kN) corresponding to

each component |7 )¢ | 1)) Pud "1 . |]l))A"N |7 )Fe oflw(N))
is encoded from the start in the state of the control sys-
tem [and, with the choice of Eq. (D1), is transmitted,
untouched, throughout the circuit by the ancillary states
)],

As was the case for the quantum switch (i.e., when N =
2), the process matrix Trr, W(QAQ obtained by tracing out
the system in H’ from the quantum N-switch is simply
an incoherent mixture of terms corresponding to the N'!
different orders. Indeed, one obtains a “classical N-switch”
generalizing the classical switch described in Sec. IV C.

While the quantum N -switch is the most straightforward
and extensively studied generalization of the quantum
switch, further generalizations are possible. The simplest
such possibility would be to replace all the identity chan-
nels in the quantum N-switch [i.e., the |1)) in Eq. (D1)
or (D2)] applied to the target system by any, potentially
different, arbitrary unitaries (or even, taking the external
operations to have nonisomorphic input and output Hilbert
spaces, isometries), as was considered, for instance, for
the case of N = 2 in Refs. [45,129]. Such a choice would
indeed still give QC-QCs satisfying the TP constraints of
Egs. (57)59), as is easily verified. Taking this one step
further, one could introduce further ancillary systems c;, to
act as “memory channels” across the different time slots.

Like the quantum N-switch, none of these generaliza-
tions exhibit any form of really dynamical causal order,
and instead exploit only coherent control conditioned on
some quantum system that remains fixed throughout the
process. Indeed, this is also true of other previous attempts
to define coherent control of causal order (see, e.g., Ref.
[127]).

2. A family of QC-QCs with dynamical and coherently
controlled causal order

Here we present a more general family of QC-QCs, of
which the example given in Sec. V D2 of the main text is a
specific case.

We consider, as in the main text, QC-QCs with N = 3
operations 41, A», As. For simplicity, all input and output

Hilbert spaces HA and H% are taken to be isomorphic (of
the same dimension d;). In contrast to the example of Sec.
VD2, we consider here a nontrivial global past P:=P,P,
(with corresponding Hilbert space H := H e, dp, = d,
and dp, = 3) and global future F:=F,F,F, (with corre-
sponding Hilbert space H := HItFele dp =d, dr, > 2
and dpc = 3)

A relatively simple way to satisfy the TP constraints of
Egs. (57)+59) is to consider operators V@ V ":“}c , and
VN\kN iy Of the form

> 1
V;@h = ]lPt Akl ® <k1|PC , (D3)
V—>k2 _ HA{‘Z @y D4
®7k1 _( ® <G(k],k2)| ) ki ( )

for some isometries [130] Vg, :HAQI — 7'{4‘20(, where
we introduced a two-dimensional auxiliary Hilbert space
H* with orthonormal basis {|0)*,[1)*}, which encodes
the “signature” of the order (k,%;) in such a way that
a(kl,kz)::O ifky =k +1 (mod 3), and a(kl,kz)::1 if kb, =
ki + 2 (mod 3) (and such that V k, Zkz 10y Je) KOy i) |
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V{;ﬁ b = Vka(l 2 ® |O(k1 kz)) )a (DS)

. . / A]? ot/ Ai o3
for some isometries V, :H*" — H'5, where we
similarly introduce a two-dimensional auxiliary Hilbert

Wity ey ks 7)) =

space H® , as well as an ancillary (dr,-dimensional) sys-
tem o3; and

A %Ft

Vihiow =187 @197 @ k)" (D6)

According to Proposition 6, the process matrix correspond-

Va0 5 V) 5 WV 0 Vg o)

= k) @ 1) @ (Ve )00 s (o, 1))%)

ing to the choice of operators above is then W = |w)w|
with [w) := Z(kl,kz,k3) Wy ey s ) and
|
49 o o A9 F,
® (Vi)' 2 |0y k) % 1)) @ (1) "' @ [ks)e (D7)

Since W = |w)(w]| is a rank-1 process matrix, and since
there exists some preparation of states in the global past
such that the induced process is not compatible with any
given operation being applied first, then it follows (refer-
ring to the same argument as for the “pure” quantum switch
[9,11]) that W is causally nonseparable.

As in the example of Sec. V D2, one may now choose
to fix the preparation of some particular global past
state, and/or (perhaps partially) trace out some systems
in the global future. Whether the resulting process matrix
remains causally nonseparable or not may then depend on
the choice of initial state and of isometries V, and V,/Q. The
specific example of the main text corresponds to inputting
the initial state |¥)"" ® % Z/q k1), choosing Vi, =
Vcopy and V,% = Venor (see Sec. V E2) and tracing out
F completely, which indeed results in a causally nonsepa-
rable process [131]. Had we chosen, for instance, V,% =

A0 a4l / . . e
172 7k @ 1* 7% instead (with the same initial state

preparation and the same Vj,, corresponding to removing
the CNOT gates in Fig. 12), the resulting process matrix

after tracing out F would have become causally separa-

ble. Indeed, one would have |V}, ))A b iy

[1)te =

/
¥ x |U(k1,k2)>a *

11)"2% @ o 4y))"*, and thus

Tee W= Ttr Wity ks o)Wk by | - (DS)

(ky.k2.k3)

The sum above gives a decomposition of the process Trg W
(now with a trivial F') into terms Wy,  ,r) satisfying
the conditions of Proposition 5, thereby showing that this
process is a QC-CC and thus causally separable.

The construction above thus provides a family of QC-
QCs that can exhibit a range of different behaviors. One
can imagine yet further generalizations, for example by
introducing further ancillary systems in a nontrivial way.

(

The exploration of such possibilities, or of completely new
families of causally nonseparable QC-QCs, provides a key
direction for future research.

APPENDIX E: QUANTUM CIRCUITS WITH
QUANTUM CONTROL OF CAUSAL ORDER
CANNOT VIOLATE CAUSAL INEQUALITIES

In this final Appendix we prove Proposition 8, that
QC-QCs (and a fortiori, QC-CCs or QC-FOs) can only
generate causal correlations.

For any subset K = {ki,...,k,} of N, we denote
by Xi := (k5. .., Xk,) and dx := (ag,,...,ax,) the list
of inputs and outputs for the parties in K, and by
Azeiie = QpexcAapiy € E(HA%)) the corresponding joint
operations (in their Choi representation). With these nota-
tions, the correlations P(dar|Xx) obtained from a QC-QC
are given, as in Eq. (69) (and for all X, axr), by [132]

P(an|Xn) = Aayiin * W, (E1)
with W satisfying the constraints of Proposition 7/,
i.e., such that there exist positive semidefinite matrices
WK,k for all strict subsets K,_i of N and all k, €
N\K,_1, satisfying Eq. (A8). In order to lighten the nota-
tions, we replace here the dummy labels K, &, and £,
used in Eq. (A8) by just K, k, and ¢, respectively.

Let us define, for any nonempty strict subset C of N/,
any k € K and any £ € N\,

rac,e (A |Xic) i =Aac iz * (TrAé W),
(B
Sucven @10 =Aax ke * (Wocwkn @ 14% ),
with the first definition extending to rye) (dylXy) ==
Tr Wy for K = ¢, and the second one also applying to
K = N. We note that F(;C,[)(Zl;d)_é}c) and S()C\k,k)(alcb_é}c)
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are nonnegative functions of the inputs and outputs of the
parties in /C, which inherit the following properties from
Eq. (A8):

> g @l = 1,

LeN
VICKCN, Z rocn (@xlxc) = ZS(K\k,k)(aicﬁic),
LeN\K ke
and  P(ay[in) = Y sovin @vl¥n). (E3)
keN
This incites us to further define the functions
Jic(axlxc) = Z rac,e (Ax |Xic)
LeN\K
= ZS(IC\k,k) (ax|Xi), (E4)
ke

with fi(ag|Xg) ==Y, rue @plXg) = 1 and fir (an|Xn) ==
st(/\/\k,k)(a/\[b?j\/) = P(apn|xy) for C=@Pand K = N,
respectively.

As the ryy are nonnegative, it is clear from
the definition above that for each K C N, Xk,dx
there must exist some weights gj.; , >0 such that

14 —
ZZGN\]C qK:,)—CK,Zl;C = land

roce (@ %) = fic@cX0) g5 2 a» (ES)

for all £ € N\K. Furthermore, using the fact that (for
each x,) the sum Za@ Aqy 1, is @ CPTP map, i.e., that
Tr 40 > Aage, = ]lAz, one finds [replacing C\k by K and
k by £(¢ K) in the definition of Eq. (E2)] that

Z se,0 @ruelXrcue)

ay

= (Aarsie ® Y Auie) * Wi ® 17)

ag

= (axix @ Tryo D Aui) * Wik

ag

DD saoven @x i) P

K':|K'|l=n+1 teK’

Z Z se,0 @ruelXcue) P

K:|K|=n LeN\K

Z Sic(ax|xx) Z qgcj;c,é;cp

KK =n LeN\K

P(dn|Xn) pr

cau:
Ku

causal

= (daie ® 1) % Woc )

= AGlix * (Tr% Wico) = rocelacl¥c).  (E6)
It follows, as above, that one can define (for all /C, ¥k, dx
and all £ € AM'\K) a valid conditional probability distribu-
tion P)(CZ}’ICJUC (a¢|x¢) for party A,—which, as indicated by
the subscript, depends on X, Xx- and a@x—such that

- - s o ¢
suco (cudlFeun) = rocn @xlFe) Pk, s (alxe). (E7)
With this in place, we are now in a position to prove the

following claim.

Proposition 19: For any n=0,...,N, one can decom-
pose the correlations P(an|Xn) as

causal
Kxic.ax

Paylin) = Y fe(axlic)P
K:|K|=n

(@nielXane)s
(E8)

where the sum runs over all n-partite subsets K of N,
with fi-(ax|Xx) defined in Eq. (E4), and where (for all
KC,Xxc, axc) the P,C(:”"gs)glj,c (aniclXani) are causal correla-
tions for the parties in N\K [and with Pﬁ‘}”}f/”a/\[ (aglxg) =
1 for the n = N case].

Proof. We prove the above claim recursively, starting from
n=N,downton=0.

For n = N, the result follows directly from the fact
that fj-(an|Xn7) = P(an|Xnr) [as noted above, and which
follows from the third line of Eq. (E3)].

Suppose that a decomposition of the form of Eq. (ES)
exists, with a sum over subsets X' of cardinality »n + 1
(withn + 1 > 1). Then using the definition of fi/ (@i’ [Xx/),
rewriting the sums Y 2,1 2pex in the equivalent
form Dy iz Dperne (With K= K'\¢, so that K’ =
K U £) and using Egs. (E7) and (E5), we obtain

(Anie X))

I

sal

s @A EEAN KV

()

1
/| . Pcausa
KXi.ax

(@) PR Ry i @A A K- (E9)
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¢
One can see that 3, .-\ qujK,aKP,(C?;K’;,K(aMXD

%@%{KUMKU@ (@nievelXangcye) in the above expression
defines (for each /C, Xk, dx) a causal probability distribu-
tion for the parties in N\K [9,46]: indeed it is written
as a convex mixture (with weights qfcjba)c) of correla-
tions compatible with a given party £ € N'\K acting first
[with a response function Pl(é))?;cﬁ;c (ae|x¢), which does not
depend on the inputs of the other parties in A"\ \¢] and
such that whatever that party’s input and output, the con-

e : causal - >
ditional correlations P E e Lt (anx\elXak\e) shared

by the other parties in A\ \ ¢ are causal.

This shows that Eq. (E9) provides a decomposition of
P(ayr|xy) in the form of Eq. (E8), and thereby proves, by
recursion, that such a decomposition indeed exists for all
n=0,...,N. [ |

To conclude the proof of Proposition 8, it then suffices
to notice [remembering that f;(ag|xy) = 1] that the latter
simply corresponds to the case n = 0 of Proposition 19
above.
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