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Quantum mechanics allows processes to be superposed, leading to a genuinely quantum lack of causal struc-
ture. For example, the process known as the quantum switch applies two operations .A and I3 in a superposition of
the two possible orders, A before 5 and B before .A. Experimental implementations of the quantum switch have
been challenged by some on the grounds that the operations .A and B were implemented more than once, thereby
simulating indefinite causal order rather than actually implementing it. Motivated by this debate, we consider a
situation in which the quantum operations are physically described by a light-matter interaction model. While for
our model the two processes are indistinguishable in the infinite-energy regime, restricting the energy available
for the implementation of the operations introduces imperfections, which allow one to distinguish processes
using different numbers of operations. We consider such an energetically constrained scenario and compare
the quantum switch to one of its natural simulations, where each operation is implemented twice. Considering a
commuting-versus-anticommuting unitary discrimination task, we find that within our model the quantum switch
performs better, for some fixed amount of energy, than its simulation. In addition to the known computational
or communication advantages of causal superpositions, our work raises questions about their potential energetic

advantages.

DOI: 10.1103/PhysRevResearch.5.023111

I. INTRODUCTION

In the standard view of both the classical and quantum
worlds, processes normally occur with a fixed causal order:
the order of successive operations is classically well defined.
Nonetheless, in quantum theory it is possible to consider
causally indefinite processes [1,2]. For example, by using a
quantum system in a superposition to coherently control the
order in which operations are applied, one can obtain quantum
processes in which the causal order is indefinite [2,3]. The
question of whether or not there is an advantage (of any kind)
in using superpositions of causal orders has been studied from
different points of view. It has been shown, in particular, that
the superposition of causal orders provides computational and
communication advantages over any standard quantum circuit
operating with a definite causal order [4-13].

The paradigmatic example of a quantum process with
indefinite causal order is the “quantum switch” (QS) [2].
In this process, a two-level quantum control system C is
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used to coherently control the order in which two quantum
operations—any two completely positive (CP) maps—.A and
B are applied to a target system S. If C is in the state |O¢)
(|1¢)), then the order A before B (B before A) is realized.
When C is in a superposition of these two control states, how-
ever, the causal order between A and B is itself superposed
and hence indefinite.

Formally, the QS is defined as a quantum supermap [14]
that transforms the two operations .4 and B into a new one,
which applies the latter in a coherently controlled order.
When A : pg — UA,OsUX and B : pg — UBpSUg are unitary
operations, then these are transformed into the new unitary
operation U : pr ® ps > U (pc ® ps)UBT acting on the
control and the target systems, with

U® =UB Uy, Up)
= 10c){0c| ® UUx + |1c){lc| @ UsUp. (1)

A more general definition valid for any CP maps A and
B (based on their Kraus decompositions) can be found in
Ref. [2]. In the case of a control system initially prepared in
the state |4+¢) = \/%(IOC) + |1¢))—which, for concreteness,
we henceforth restrict ourselves to—and for unitary opera-
tions A and B as above, the quantum switch then effectively
applies the transformation

1
[+c) ® [¥s) = ﬁ(loc) ® UgUxl|¥s) + |1c) @ UaUgl¥rs))
()
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for any arbitrary initial target system state |s). The fact that
the evolution given by Eq. (2) is obtained using, or imple-
menting, each operation .A and B only once is crucial for the
causal indefiniteness of the QS. Indeed, any quantum circuit
with a well-defined causal structure simulating the evolution
given by Eq. (2) would necessarily require at least two uses
(or “implementations”) of either A or B [2]. This difference is
behind many of the computational advantages offered by the
QS [4-7,11].

Over recent years, a number of experimental proposals
[3,5,15] and implementations [16-24] of the QS have been
presented. Depending on the details of the implementations,
and on which degrees of freedom were employed, a debate
emerged as to whether these experiments truly realized the
quantum switch, or whether they instead simply simulated
the evolution of Eq. (2) [25-30]. For example, for many of
the photonic demonstrations it has been argued that the imple-
mentations of the operations .4 and B differed depending on
which path the photon took (i.e., on the value of the control).
Hence, were A and B each really implemented once, rather
than twice?

Motivated by this debate, we investigate here a realistic
scenario in which both the quantum switch and a natural simu-
lation of it are applied to noisy operations. Indeed, simulations
exactly reproducing Eq. (2) for perfect unitary operations may
lead to different dynamics in the presence of imperfections. To
this end, we introduce an operational definition of a “box”—a
physical implementation of an abstract quantum operation—
in which a system physically interacts once with an auxiliary
quantum system in order to perform the desired operation.
This allows us to concretely compare the QS, in which two
boxes (realizing A and B) are used, with simulations, such
as the natural “four box” simulation (4B) in which four boxes
(realizing Ay, A, and By, B;) are used to superpose the causal
orders “Ag before 5y and 5; before .A;” rather than directly
“A before B and 5 before .A.” We adopt a noise model—and
thus a model for a box—that is motivated by the (approxi-
mate) implementation of unitary operations via the interaction
with some auxiliary systems. Specifically, we consider a cav-
ity quantum electrodynamics (QED) setup, consisting of an
atom that passes inside a cavity containing a single-mode
quantum field. We employ the Jaynes-Cummings Hamiltonian
as a light-matter model of interaction for the implementation
of the unitary operations on the atomic qubit system. Due to
the quantum nature of the field, it can generally become entan-
gled with the system, effectively leading to a noisy operation
on the target system. Only when the field contains an infinite
amount of energy is the ideal unitary operation recovered.

With this noise model, we show that the QS and the 4B
lead to different dynamics and thus different final control-
target states, allowing measurements to distinguish between
these two setups. Furthermore, this allows us to assess the
performance of this implementation of the QS from an en-
ergetic perspective. Considering a modified version of the
commuting-versus-anticommuting discrimination task intro-
duced in Ref. [4]—for which the QS is known, in the ideal
case, to provide an advantage over all quantum circuits using
two boxes in a fixed causal order—we find that in our model
the QS also provides an energetic advantage over the 4B.
Beyond the computational and communication advantages

brought about by the causal indefiniteness of the QS, our work
paves the way to study some of its potential energetic advan-
tages as well. Thus, our results complement recent theoretical
[31-36] and experimental [37-39] interest in the potential
utility of causal indefiniteness in quantum thermodynamics.

Our paper is organized as follows. In Sec. II we introduce
the key concepts we work with in this paper, introducing first
our general definition of a box (Sec. I A) before presenting a
specific box implementation based on the Jaynes-Cummings
model (Sec. II B), which we will use to study the energetics
of the QS and 4B protocols that we define in Sec. IIC. In
Sec. IIT A we define the discrimination task that we will use
to benchmark the performance of the QS and the 4B. We
then explain in Sec. III B how this allows us to compare the
QS and the 4B under finite-energy constraints on one of the
operations, and we describe in Sec. III C how we extend the
comparison to circuits with fixed causal orders. In Sec. IV we
present and discuss our numerical and analytical results. We
finally conclude in Sec. V.

II. PRELIMINARIES

We begin this section by first abstracting the notion of an
implementation of a quantum operation through the definition
of a “box.” Then, in the following section, we present the spe-
cific model of boxes as Jaynes-Cummings interactions that we
will use throughout the paper. These models are independent
of any particular experimental realization, which is beyond the
scope of the present work. Nonetheless, in Appendix A (see
also the caption of Fig. 1) we outline one possible realization
for the QS and 4B within our framework.

A. Implementing an operation: Our definition of a ‘“box”

To clarify the differences between the QS and the 4B, let
us properly define what we mean by a “box.” We consider
a target system S on which one wants to implement a given
operation. First, we need to distinguish the ideal operation one
wishes to realize from its actual implementation. The ideal
operation can be, for instance, a rotation in the Hilbert space
while its implementation is how this is realized in practice.
Does this implementation perfectly realize a unitary operation
on the target system? Or does it effectively act as a trace-
preserving (CPTP) map, which only approximates the desired
dynamics?

In order to implement a given, but otherwise arbitrary,
operation A in a controlled way on a quantum system S, one
would typically couple S with some auxiliary system F4. The
global Hamiltonian describing the evolution of S and F; will
generally have an expression of the form H = Hyg + Hp, +
H;‘}p;, where Hg and Hp, are the free Hamiltonians of S and Fj,
respectively, and HS”;‘A is the interaction Hamiltonian. Here we
will assume that the free Hamiltonians are given and always
present, while the controllable quantities are HS"}%q (choosing
F} appropriately), the time of interaction, and the initial state
of F5. We will consider that the operation .A corresponds only
to the controllable part of the dynamics, i.e., without the free
evolution, by considering the interaction picture [40].

More formally, for the implementation of operation A
through the Hamiltonian H, the time evolution operator in
the interaction picture with respect to Hg + Hf, is given
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FIG. 1. (a) The implementation of an operation .A by a “box”
consisting of the pair {Uy f,, |F, Ai)}, where Uy 5, is a unitary operation
acting on the target system and an auxiliary system initialized in the
state |F}). Such an implementation is meant to approximate an ideal
operation U, (in the unitary case) on the target system (see Sec. II A).
In the more specific model of Sec. II B that we use in our study, the
auxiliary system is taken to be a field in a cavity, initially prepared
in a coherent state |FAi) = |aa). General depiction of (b) the quan-
tum switch (QS) versus (c) its four-box (4B) simulation, employing
interferometric-like setups. In both cases, the control qubit starts in a
superposition of the states |Oc) and |1¢). The path taken by the target
system (solid or dashed lines), and thus the order of the operations, is
coherently controlled by the state of the control system. The coherent
splitting of the paths is generically depicted by orange squares akin to
polarizing beam splitters. The role of the depicted paths and orange
squares is to flip on which branch of the superposition the boxes act.
As these sketches illustrate, the basic conceptual difference between
the QS and 4B setups is the number of physical boxes needed to
obtain the final target state. A possible way to physically realize both
experiments (and in particular, the splitting by the orange squares) is
proposed in Appendix A.

by Usr, = T exp{—1i [0 dsH(s)}, where T is the time-
ordering operator, ¢ is the interaction time, and H;(t) =
el HstHE) Nt ¢3! HstHr) s the interaction Hamiltonian in
the interaction picture. The pair {Uy f,, |FAi)}, where |FAi) is
the initial state of the auxiliary system, thus describes the
controllable quantities; this is what we take to define the “box”
implementing operation A [see Fig. 1(a)].

Throughout this article we will take the ideal operations
that one wishes to perform on the target systems to be unitary,
described by unitary operators Uy (or Ug). The goal of the in-
teraction considered above is, ideally, to induce the evolution

Uar,(I¥s) ® |F)) = WUalys) ® |ES) Vivs),  (3)

where |FAf ) is some final state of F; which does not depend
on the target system’s initial state |ys). However, in general,
one may only be able to approximate such an evolution, the
final state typically being entangled (at least for some initial
state |g)). The operation effectively performed on the target
system will then be obtained by tracing out the auxiliary
system from the output state, and will be found to be a noisy
version of Uy rather than its ideal implementation [41-44].

B. Energetic model

The model of a box described above is deliberately rather
general. In this paper, we will focus on a specific model
of such an interaction, in which the auxiliary systems are
electromagnetic fields with finite energy. The noise in the
operations will thus originate from the fact that these fields
become entangled with the system S; the less energy there is
in the fields, the noisier the operations will be.

We thereby consider an atomic system, and take S to a be
a two-level (i.e., qubit) system defined by two energy levels
of the atom with the free Hamiltonian Hg = —h%az, where
wy is the frequency of the system S (and o, is the usual Pauli
matrix). The atom is coupled to a resonant electromagnetic
field through a Jaynes-Cummings interaction. Specifically, the
free Hamiltonian of the field and the interaction Hamiltonian
can be expressed using the bosonic annihilation (creation)
operator a (a") and the lowering (raising) operator of the atom
o_ (o4 = a'l') as

HFA = hwoafa, (4)
Hfj = =@ o ®ate o @a). )

respectively, where €2y is the vacuum Rabi frequency and
¢ is a phase that will determine the axis of rotation of the
qubit (see below). Since the electromagnetic field is resonant
with the system qubit, it shares the same frequency wg. In
the interaction picture with respect to Hy + Hp,, after having
performed the rotating wave approximation [40], the effective
Hamiltonian is simply that of the interaction, i.e., H = Hsi'}éA,
with HS‘}Z as defined in Eq. (5).

We take the auxiliary system of the box in this model to be
an electromagnetic field initialized in a coherent state |F/j) =

C(z n
lay = e ;;og %'n)’ where |n) are the Fock states (and

where we take o > 0 without loss of generality). The average
number of photons inside the coherent field is 7 = |«|?, the
energy in the field simply being E = fiwpii. The energy con-
tained in the field defines the energy of the box, which we take
to quantify the energy invested to realize the corresponding
operation; the energy invested in a process using more than
one box will simply be the sum of the energies of each box.

As we show explicitly in Appendix B, for a time of interac-
tion r = 6/(Q0~/72) and in the infinite-energy limit 7 — +o0,
such a Jaynes-Cummings interaction with such an initial co-
herent state for the field allows one to implement a perfect
rotation of angle 6 around the axis i = (cos ¢, sin¢, 0),,,; in
the Bloch sphere. In the finite-energy regime, this same choice
of interaction time only gives an approximation—i.e., a noisy
implementation—of the same rotation (see also Appendix C).
We note that in such a model not all rotations can thus be
approximated by means of this interaction, but only rotations
around an axis in the equatorial plane of the Bloch sphere.
This restriction is due (i) to the model of interaction we choose
and (ii) to the initial field state, and this scheme is standard
in light-matter experiments in cavity [40,45]. This restriction
will also motivate our choice of operations U, that we will
consider when benchmarking the QS and its 4B simulation in
Sec. III below.
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C. The quantum switch and its simulated implementation

As described in the Introduction, the QS induces, in the
ideal unitary case, the dynamics of Eq. (1) on a qubit “control”
system C and a “target” system S. The situation with noisy
operations A and B, implemented as boxes as per Sec. I A,
is, however, more subtle, and different implementations or
simulations of the QS will lead to different output states. To
be able to distinguish the different cases, we define the evo-
lution induced on the Hilbert spaces containing the control,
target, and auxiliary systems. The analysis here applies to the
general box model of Sec. IT A, and we will comment on the
specific energetic model described in Sec. II B at the end of
this section.

A first natural possibility is to consider using a unique box
each for A and B, and hence having one auxiliary system for
box A (living in the space Fy) and one auxiliary system for
box B (living in the space Fp), as sketched in Fig. 1(b). In such
an implementation the (unitary) evolution induced by the QS
on C, S, F4, and Fp becomes, following Eq. (1),

v (UA,FAy UB,FB) =10c)(0c| ® Up,r,Ua,F,
+ 1c)(1c| ® Ua,r,Up,F; (6)

where Uy r, (Upp,) makes S and F (Fp) interact through
the model of interaction considered above (and acts with the
identity on any other system, which for simplicity we do not
write explicitly). The final state of C, S, and the auxiliary
systems, recalling that for simplicity we take C to start in the
state |+¢), is then

1

[Vesta) = 75100 [96°) + 1o ¢®). @)

with
| W) = Ug g, Ua i, 1¥s) | ED)|Fi), 8)
"I’?S> = UA,FAUB,FB|WS>|F;>|F§) C))

(and with implicit tensor products). By tracing over the aux-
iliary degrees of freedom, one notices that the final density
matrix obtained on CS corresponds to the one obtained from
the general definition of the QS process for arbitrary CPTP
operations A and 3 [2]. Hence, our vision of using one box for
A and one box for B is consistent with the standard definition
of the quantum switch for noisy operations.

A second possibility is to try and implement the evolution
of Eq. (1) with what we call the “four box” (4B) setup, which
would require two boxes for A and two boxes for I3, and hence
four auxiliary systems living in the spaces Fj,, Fa,, Fp,, F3,
[see Fig. 1(c)]. In this case, the induced (unitary) evolution of
C, S, and all Fys is

U*e (UA,FAa UB,FB) =10c)(0c| ® Ug,Fy, Ua,Fy,
+ l1e)(lel ® Ua,r,, Up,fy, - (10

Here again, the UA,pAk (k € {0, 1}) only make S and F,, in-
teract, leaving any other degree of freedom intact, and we

assume that Us f, and Uy f,, have identical actions on their
respective spaces (with analogous behavior for the Ugf, ).
For a control initially in |4¢), the final state of C, S, and the
auxiliary systems is then

1
‘wgél]?AoFEOFAIF&) = _2(|0C>‘\I"3B> + |1C>‘\I’?B>) an
with
|\IISB> = UB’FBo UA~FA0 |ws>|F40>|Féo>|Ff;1>|FI;1)’ (12)

|\IJ?B) = UA’FA] UB'FEI |w5>’F:410)’Fé0)’F:411>|Fl;1) (13)

‘We thus observe a mathematical difference between the QS
and the 4B, even when the implementations of the operations
are perfect as one can see from Egs. (6) and (10). Formally,
when including the description of the auxiliary systems, the
mathematical structure of the evolution induced by the QS
consists in taking the ideal evolution [when we can ignore the
auxiliary systems, as in Eq. (1)], and performing for this case
the mapping Uy — Uy f,, Up — Up gy, |¥s) = |Ws)|F) | Fy).
For the 4B, as two different boxes are used for the two im-
plementations of both A and B, there is no such mapping.
For instance, Uy could be mapped to either Uy, Fy, OF Uy, Fy, -
This remark highlights the fact that it is important to con-
sider the way the operations are implemented to distinguish
the QS from circuits that are simulating it, as our practical
definition of a box allows us to do. Note finally that, in a
noiseless scenario (i.e., in the infinite-energy regime, when
the auxiliary systems never become entangled with S), tracing
out the auxiliary systems would give the same final state, and
thus effective evolution, for both the 4B and the QS, thereby
rendering the two setups indistinguishable.

In order to study the energetics of the QS and the 4B,
we will naturally adopt the specific box model described in
Sec. I B. There, the target is hence a qubit system correspond-
ing to an atom flying through the setups of Fig. 1, while the
control system C is encoded in the spatial degree of freedom
of the atom. An explicit possible implementation for both
setups is outlined in more detail in Appendix A.

III. BENCHMARKING VIA A DISCRIMINATION TASK

As we saw above, the QS and 4B do not implement the
same evolution in the noisy case. This motivates the main
question we address in this work: Is there an advantage in
using one setup rather than the other when the energy we can
invest is limited? For a fixed amount of energy to implement
a given operation, should one concentrate all of it in one box
and exploit causal indefiniteness (as in the QS), or do we get
the same by distributing it in more boxes and only simulating
the quantum switch (as in the 4B)?

Here, we use the concrete energetic model we introduced to
study this question. To this end, we will benchmark the perfor-
mance of the QS and the 4B in a concrete scenario—namely,
at performing a commuting-versus-anticommuting discrimi-
nation task along the lines of Ref. [4]—when the available
energy in the fields is constrained. As a baseline performance
indicator, we will also compare these processes to the standard
model of quantum circuits with fixed causal order (FCO),
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where one looks for the optimal quantum circuit to solve the
same task [46].

A. The commuting-versus-anticommuting discrimination task

Reference [4] introduced the following unitary discrimina-
tion task, for which an advantage of the QS was found over all
FCO quantum circuits. Assume one is given two black boxes
implementing some unitary operations Uy and Up, with the
promise that they either commute or anticommute. The goal
is to determine which of these two possibilities is the case. The
probability that a given strategy or process does so defines its
success probability.

Note that one only has “black-box” access to Uy and Usp,
meaning that one has no classical description of them. Here
we will adapt the task as follows: instead of having access to a
black box implementing U, perfectly, we assume one is given
access to a noisy implementation of Uy, implemented as boxes
in the finite-energy regime following the model described in
Sec. I B. For simplicity we still assume, however, that Uz can
be implemented perfectly (not through a Jaynes-Cummings
interaction). One is again asked to determine whether Uy (the
ideal unitary that the black box is meant to approximate) and
Up commute or anticommute.

For concreteness, it is necessary to fix the sets Sp; and
&y, of commuting and anticommuting unitaries that the pairs
(Uy, Ug) are drawn from, and how they are sampled: different
sets, with different distributions of the unitaries, will indeed
give different success probabilities for our task. Since we
consider a two-level target system, the unitaries Uy and Up
are rotations on the Bloch sphere; we generically denote by
R5(0) a rotation by an angle ¢ around an axis specified by
the unit vector i (irrespective of the global phase that it may
introduce, which is irrelevant in this paper). One can verify
that two such rotations with nontrivial rotation angles (i.e.,
with 6 # 0 mod 27) commute if and only if their rotation
axes are collinear, and they anticommute if and only if their
rotation axes are orthogonal and the rotation angles are .
To comply with the physical model we introduced for the
implementation of Uy, we will take its rotation axis in the
equatorial plane (Oxy) of the Bloch sphere (see Sec. 11 B),
but we again do not impose any restriction on Ug. This
leads us to define the sets Sj; and Sp) of pairs (Us, Up) as
follows:

Si1 = {(Ra(6a), Ra(6p)), 0 € (Oxy)}, (14)

S{,} {(RﬁA(TL’),RﬁB(T[)),ﬁA (S (Oxy),ﬁB J_l_.iA} (15)

In our task we will take the pairs (Uy, Ug) to be drawn from
either S ) or Sy with equal probability. Furthermore, we take
the axes Ui and ui4 above to be uniformly distributed in (Oxy),
tip to be uniformly distributed in the plane orthogonal to 4,
and the rotation angles 64, 65 to be uniformly distributed in
[—m, ]. (Note that these sets of commuting or anticommut-
ing unitaries differ from those considered in Ref. [47], which
did not single out any particular orientation in the Bloch
sphere.)

With this in place, we can now benchmark how the QS
and 4B perform on this commuting-versus-anticommuting

discrimination task by looking at how the probability of
successfully guessing from which set, S;; or S}, Uy and Up
are drawn from depends on the energy available to approxi-
mate U, within the box model considered.

B. Formal description of the benchmark protocol
1. The QS and 4B strategies to perform the task

In the case of ideally implemented unitaries Uy, Ug, the QS
and 4B can perform the task perfectly [4]. To see this, note that
the state of Eq. (2) can be rewritten in the {|4¢), |—¢)} basis
for the control as

[WEs) = L+ Ua, Updlrs) — |1—c)Ua, Ugllys)),  (16)

where {-, -} and [, -] are the anticommutator and commutator,
respectively. Recall that one has the promise that one of the
two is null; it then suffices to measure the control qubit in
the {|£¢)} basis to see which term survives in Eq. (16), and
thereby determine perfectly (i.e., with probability 1) whether
the unitaries commute or anticommute. Note that this strategy
works for any distribution of the unitaries, and any initial state
of the target system, |y).

In the finite-energy regime, we consider the same strategy
for the QS and the 4B: simply measure the control qubit at
the output in the {|£¢)} basis. If the result is |[+¢) (|—¢)), we
make the guess that Uy and Ug commute (anticommute). Here,
the noise induced by the entanglement between the target
qubit and the quantum field will make the success probability
lower than 1. In the situation we consider, where the operation
Up is ideal but the implementation of U, is not, the QS uses
one quantum field as an auxiliary system to approximate Uy,
while the 4B uses two, so one may expect their probabilities
of correctly guessing the commuting-versus-anticommuting
property to also be different. The question of the energetic
costs associated to the QS and the 4B to solve this task is
then legitimate to ask, so as to see what the most efficient
way to invest the energy is. We will thus compare the two
processes under the constraint that they use the same total
amount of energy in the boxes implementing Uy,: an average
of 71 photons in the single box of the QS, and 71/2 in each of
the corresponding two boxes of the 4B (for simplicity we take
the natural choice of sharing the energy evenly between the
boxes).

2. Success probabilities of the QS and 4B

For (Uya, Up) € ;. the task is thus successfully completed
if the outcome of the measurement on the control qubit is
|[4+c); for (Ua, Ug) € Sy, on the other hand, it is successfully
completed if one gets the result |—¢). From Eqgs. (7) and (11),
one easily finds that the probabilities for these events, for both
the QS and 4B—denoted below by € € {QS, 4B}—are

ey = L REIO6. U 910 U]

Psuccess 5 ’
(17)
1 —Re CI)G(UA’ UB) CDG(UA, UB)
piil}égess(UAv UB) = [< 0 5 | 1 >] ,
(18)
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where we made the dependency on (Uy, Ug) explicit, and with

|0 (U, Up)) = UpUn , [¥rs)leca), (19)
| Uy, Up)) = U, Usl¥s) ta), 20)
|3° (U, Up)) = UsUn i, |¥s) |y a, ), (21)
| @12 (U, Up)) = Un .k, Usl¥ss) |a, )| o, ). (22)

in accordance with Egs. (8), (9), (12), and (13), recalling that
U, is approximated through the application of Uy, Fag involv-

ing some auxiliary systems initialized in the states |FAi(k)) =
|eea,,) (cf. Fig. 1) and that Up is assumed to be implemented
perfectly (without involving any auxiliary system). As men-
tioned before, we will ensure that the QS and 4B are provided
with the same total amount of energy 7wy, so that we will
take oy = /7 and @y, = aa, = /71/2.

Averaging over the choice of unitaries (Uy, Up), either
from &;) or from S;; with probability %, we thus find that
the average success probabilities in the commuting-versus-
anticommuting discrimination task are

1
(pguccess) = 5 /S dM[,](UA» UB)pZﬁ[c’geSS(UA» UB)
[

1
+ 5/ i) (Ua, Up) pitle (Ua, Up),  (23)
Sy

where dy ) and dju ) are the measures on the sets S;j and Sy
that correspond to the way we chose to sample (Uy, Up) as
described following Eqs. (14) and (15).

Note that the success probabilities in Eqgs. (17), (18), and
(23) depend on the initial state |yg) of the target system. In
fact, expanding these equations [using Egs. (19)-(22)] it is
easily seen that these are linear in |5) (s|. Hence, from these
calculations we can also directly obtain the success probabili-
ties for any mixed initial state pg, after replacing |yg) (5| by
ps. For concreteness, and in order not to favor any specific
orientation of the Bloch sphere, in the following we will take
ps = 1/2 (see, however, Appendix D for calculations that
apply to any pg).

From here we can now compute and compare the success
probabilities for the QS and 4B, for any fixed value of 7. This
will allow us to see which of the two setups performs the best
at fixed energy—or reciprocally, for a fixed success proba-
bility that one targets, which process uses the least amount
of energy, i.e., is the most energy efficient. To gain more
insights about the performances of the two setups and relate
them to what is more commonly done in the literature, we also
compare these to general circuits with fixed causal order that
we now introduce.

C. Circuits with fixed causal order

The QS is a circuit with no definite causal order, using each
of the operations A and B once and only once. It is indeed
generally contrasted in the literature with quantum circuits
that apply A and B (once each) in a fixed causal order (FCO):
either with A before B, or with B before A.

Such circuits take the general form of Fig. 2, with the
operations A and B being inserted between an initial state

A B
Uar, Ug rpy
Ay Ao B, By
fay
S &
a b

Fixed Causal Order

FIG. 2. A general circuit with FCO where A is applied before 5.
The target qubit and (possibly) some entangled “memory” system
a are initially prepared in some state p. The target system then
undergoes operation .A, after which the target and memory systems
evolve through some channel C. Operation B is then applied to the
target system, and a measurement is finally performed on the target
and new memory system b, described by a positive operator-valued
measure (POVM) (E,, E_). In our unitary discrimination task, the
result of this POVM is taken as a guess for whether U, and Up (the
unitaries that the operations A and B implement or approximate)
commute or anticommute.

preparation, a transformation and a final measurement. Using
the framework of quantum circuits [46,48], it is, however,
not necessary to look into the internal details of these circuit
operations. One can instead encode all the circuit elements
other than A and B in a single mathematical object, a so-
called quantum tester, namely, a pair of positive semidefinite
operators (W,, W_) acting on the input and output spaces of
the operations A and B (denoted A, Ap, Bj, Bp in Fig. 2).
Each operator W.. corresponds to a possible outcome (a mea-
surement result “4” or “—") of the circuit; its probability is
obtained via the generalized Born rule:

p(£|A, B) = Tr[W/ (A ® B)], (24)

where A and B are the Choi matrices of the operations .4 and
B [as defined in Eq. (C3) in Appendix C 2], and T denotes the
transpose. Hence, (W,, W_) can be seen as a generalization
for quantum processes of positive operator-valued measures
(POVMs, ie., general quantum measurements on quantum
states). The fact that .4 and B are applied in a fixed order in
the circuit imposes some specific constraints on (W, W_); the
details are provided in Appendix E 1.

In our task, associating the measurement outcome “+”
(“="), with the guess that U4 and Up—the unitaries that A
and B are meant to implement—commute (anticommute), one
can obtain the success probability of a circuit with FCO at
performing the task by integrating over the commuting and
anticommuting sets ;) and Sy, similarly to Eq. (23):

1
(Prucoess) = 5 / dai)(Us. Up) p(+1A, B)
Si
1
+3 / Ay (Un. Up) p(—|A, B)
Sy

1 T 1 T
= 3 TIW/ G 1+ STrW! G| (25)
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with
Gy =/ dup(Ua, Up) (A® B), (26)
Spy
G- = f dieg)(Us, U) (A® B). @7
Si

To find the circuit with a given FCO that performs the best
at the task under consideration, one can directly maximize
the probability of success in Eq. (25) over all pairs (W,, W_)
satisfying the required constraints (see Appendix E 2).

As it turns out, by solving this optimization problem we
find that one can obtain a success probability of 1 when using
a FCO circuit with B before A in the ideal, unitary case. In-
deed there exists a quantum circuit with FCO that allows one
to perfectly discriminate between the sets of commuting or an-
ticommuting operations considered here (see Appendix E 3).
It is known, however, that for some other sets Sp, Sy the
probability of success of the best circuit with FCO is strictly
lower than 1 (in contrast with the QS) [4,47]. The reason we
could obtain a probability 1 for FCO circuits here is that the
sets Spj and Sy we consider are too restrictive—restricted in
particular to unitaries Uy with a rotation axis in the equato-
rial plane defined by the orientation of the z axis. The FCO
strategy giving a success probability of 1 for the sets we use
is optimized for this particular orientation: it would generally
give a strictly lower success probability for unitaries with
different rotation axes, i.e., for other more general sets of
commuting or anticommuting operations.

The strategies of the QS or 4B, on the other hand, are
oblivious to the specific choice of operations (Uy, Ug), and
therefore of the orientation used to define the sets Sy and
&yy. For a perhaps fairer comparison, and to obtain some
more insight, we will look below at how FCO circuits perform
when we moreover require that they should not single out
any particular orientation. Instead, we require that (just as
for the QS and the 4B) they act in the same way—giving
the same statistics—for all orientations of the axis used to
define the equatorial plane and the sets S;; and Sy}, making
them “isotropic.” The restricted subset of such isotropic FCO
circuits is formally defined in Appendix E 4.

IV. RESULTS

A. Comparing success probabilities across strategies

In this part, we study quantitatively the energetic differ-
ences between using the QS or the 4B. We find that, in
the commuting-versus-anticommuting discrimination task we
considered and within our specific energetic model, the QS
is more efficient than the 4B for a fixed energy limitation.
We then compare the QS and the 4B to the ensemble of
all isotropic circuits with FCO. The energetic constraint is
quantified by the average total number of photons, 72, that each
setup is given. We present numerical results for finite 77 and
analytical results in the limit where 7 is large enough.

In Fig. 3, the average success probabilities for the QS and
the 4B are shown for 1 < 77 < 20. As expected, the success
probabilities of the QS and 4B tend to 1 for large 7. All success
probabilities decrease when the amount of energy (i.e., 1)
decreases, as the implementation of the operation A becomes

1.00
0.951
—~0.901
7
80.85'
%0.80-
“R20.751 - s
0.701 = G st e
065' == = 4P first order
==fil= [sotropic FCO
0.60 T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

n

FIG. 3. Average success probabilities for our commuting-versus-
anticommuting discrimination task of the QS, the 4B, and the best
isotropic FCO circuit, for 1 < 71 < 20. The connected points are
obtained numerically for different values of 71, while the dashed lines
(for the QS and 4B) are the analytical first-order expansions in 1/7
[see Egs. (28) and (29)].

noisier. For a finite number of photons, we observe a clear
advantage of the QS over the 4B, with its average success
probability being above that of the 4B for any given value of 7.
We also observe that for 71 large enough, the average success
probabilities of the QS and the 4B are above those of the best
isotropic FCO circuits, which are optimized (and in general
different) for each value of 7, and whose limit for 7 — oo
is only >~ 0.93 (see Appendix E4). In the lower 7 regime,
we observe two crossings such that both the QS and the 4B
are outperformed by the optimized isotropic FCO circuits.
This can be understood by recalling that these FCO circuits
are optimized for each 7, whereas the QS and the 4B use a
fixed strategy that becomes very poor for low 7. (For 7 lower
than the values shown in Fig. 3, the approximation of U, then
becomes too bad for the QS and 4B strategies to be judicious,
and for their analyses to be relevant.)

In Appendix D, we also perform perturbative expansions
of the behavior of the success probability for the QS and the
4B in the large-7i limit. For an initial target system in the state
ps = 1/2, we found

3472 1
(PRcess) = 1= 55—+ 0<,¥), (28)
6 + 472/3 I
(pglllgccess> =1- 3T + 0(%), (29)
_347%/3

1
ot 0<ﬁ—2), (30)

(pglsccess) - (pgl?ccess> -

which indeed shows formally that in this limit, the QS outper-
forms the 4B. The success probabilities reach 1 at order zero
in 1/, in agreement with Fig. 3, and with the fact that the QS
and 4B always succeed in the task when Uy and U are com-
muting or anticommuting unitaries [2,47]. Graphically, the
first-order approximation agrees well for 7 2 8 (see Fig. 3).

023111-7



MARCO FELLOUS-ASIANI et al.

PHYSICAL REVIEW RESEARCH §, 023111 (2023)

B. Connecting the success probability with entanglement

A natural question raised by these results is why the QS
outperforms the 4B in the presence of noise in our benchmark
task. We can gain some insight into this question by looking
more closely at how and why the success probabilities de-
crease in both setups. In particular, we will see here that the
success probabilities are directly related to a more fundamen-
tal quantity, the entanglement entropy between the control and
the other systems.

The entanglement entropy between the control C and
the other systems (SFyFp for the QS and SFy Fy Fp,Fp,
in the case of the 4B), for any fixed (U, Up), is de-
fined as the von Neumann entropy S(p&(Ua, Up)) (with € €
{QS, 4B}) of the reduced state of the control. As we saw
[see Egs. (17) and (18)], for an initial pure state |is), the
success probabilities for the QS and 4B are directly re-
lated to Re[(D§(Uy, Up)| P} (Ua, Up))]. One can easily show
that, in this same case, S(p;(Uys, Up)) is directly related to
(DG (Ua, Up)| P (Uy, Up))| as

L+ |(®5(Us, Up)| @5 (Ua, Up))|
3 )
(€29)
where H(x) = —xlog(x) — (1 — x)log(1 — x) is the binary
entropy.

For the specific discrimination task we considered, the se-
ries expansions given in Appendix C 2 readily allow us to see
that Re[(®{(Ua, Up)|D{(Ua, Up))] = £(1 — C; + O(ﬁ%)) for
some constants c¢ depending in general on (Uy, Ug). A sim-
ilar calculation shows that Im[(®§(Uy, Up)|®|(Uya, Up))] =
“;l; + O(ﬁ%) for some other constants d€ that again depend in
general on (Uy, Up), from which we see

S(pe(Ua, Up)) = H(

€

(@4 (U, Up)| @5 (U, Up))| = 1 — % + o(ﬁ—lz), 32)
for the same constant c¢, independently of d¢. We thus observe
that, at first order in ll there is a direct monotonous connection
between the success probability and the entanglement entropy
of the control: one has S(o&(Us, Up)) = H(Pyiecess(Uas Up)),
with pi& e = P& for each pair (Uy, Up) in Sp; and
Plsccess = pgil}égess for (Us, Up) in S{,}-

In the large-n limit (in which the QS and 4B induce the
same effective transformation), the control does not become
entangled with the other systems. The reduction in success
probability for finite 7, i.e., when the operations become
noisy, can thus be explained by the loss of information due to
the control becoming entangled with the other systems (and,
notably, the inaccessible fields). Moreover, the difference in
performance for a given 7 between the QS and the 4B can
hence primarily be attributed to the fact that less entanglement
is created by the QS [which effectively reduces the length
of the Bloch vector of p¢(Ua, Up)], rather than, for example,
being due to an effective rotation of the Bloch vector, meaning
a measurement in the {|3=¢)} basis may no longer be optimal.
Understanding why less entanglement is created by the QS in
this task, and whether this is a general feature beyond what
we consider here, is an intriguing open question that may
help to further understand the differences between the QS and
the 4B.

V. CONCLUSIONS

The quantum switch (QS), and causal indefiniteness more
generally, has attracted significant recent interest as a po-
tential computational resource. This has led to some debate
around different experiments striving to implement the quan-
tum switch as to whether they are faithful implementations or
just simulations [25-30]. Motivated by these questions, in this
paper we introduced a practical definition of an operation as
a “box” relating it to its physical implementation, and based
on which we investigated some of the physical differences
between the QS and a natural “four box” simulation of it (the
4B). We employed an energetic approach for this comparison,
modeling the implemented operations as an atom interacting
with a coherent state of light through the Jaynes-Cummings
model, and where the noise is a consequence of the limited
energy budget in the coherent state. We used this model to
study which of these processes is the most energy efficient in
performing a specific benchmark task, involving determining
whether two operations commute or anticommute.

More precisely, by considering a specific set of single-qubit
rotations around the equatorial plane as in Egs. (14) and (15),
and assuming an ideal implementation of the unitary Us,
we showed numerically (and analytically in the high-energy
limit) that the QS performs better than the 4B for a fixed
amount of energy or, equivalently, that it requires less energy
to reach a desired success probability for the benchmark task.
We also showed that the QS and the 4B outperform (except
in the very low-energy regime) a natural class of quantum
circuits with fixed causal order (FCO) that, like both the QS
and the 4B, are “isotropic” and thus operate independently of
the reference frame used to define the operations of our bench-
mark task. We note, incidentally, that this class of isotropic
circuits with FCO that we introduced here may be of indepen-
dent interest beyond the context of this work.

In addition to shedding light on the differences between the
QS and its simulations, these results highlight the potential of
superpositions of causal orders as energy-efficient quantum
processes. We provided some initial insight into why this
might be the case, showing that the advantage of the QS in our
benchmarking task over the 4B is closely related to the amount
of entanglement the processes generate for a given energy
budget. Nonetheless, much work remains to understand the
generality of our results and the potential energetic advantages
that can be obtained: To what extent can they be generalized
beyond the specific physical model and task we considered
here? Do they still hold if both Uy and Up are taken to be
noisy or if the energy is not required to be shared evenly
(i.e., /2 photons per cavity) between the two “copies” of the
operation? Our work thus motivates a more systematic study
of the energetics of the QS, causally indefinite processes, and
their simulations.
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APPENDIX A: EXPERIMENTAL IMPLEMENTATION
UNDER CONSIDERATION

In the last decade, there has been a number of experimen-
tal investigations of the quantum switch, and more generally
the coherent control of unknown quantum operations, mainly
using photonic setups [16—24], but also spins in nuclear mag-
netic resonance [37] or superconducting circuits [39,49]. A
proposal with trapped ions was also presented [15]. Contrarily
to the model we considered, however, in these implementa-
tions the operations A and B are not implemented via the
Jaynes-Cummings interaction with a single bosonic mode
whose average number of excitations can be easily tuned. A
natural setup to implement an energy-constrained realization
of the QS and 4B, as we considered in this work, would be a
cavity quantum electrodynamics platform. Indeed, such cou-
pling is naturally realized by the electric dipole Hamiltonian
between atoms and field in the rotating wave approximation
[40]. We therefore propose an experimental implementation
of the QS and 4B in this platform.

More specifically, we consider a four-level atom on which
the control and target states are encoded. This atom interacts
via a Jaynes-Cummings Hamiltonian with a single two-mode

(a) Quantum Switch (QS)

Two mode cavity

4 level system

Control in |1.)

|4) = |1c1s)
13) = |1.0s)
Control in |0¢)
12) = |0¢1s)
|1) = [0.05)

|4) = |1c15)
13) = [1¢05)
Control in |0¢)
12) = 10¢15)
|1) =10c05)

cavity in the case of the QS, and with two such two-mode
cavities in the case of the 4B. These interactions mediate the
implementation of the operations .4 and B.

The four-level atom can be mapped to two effective qubits,
encoding the target and control, respectively. By properly
addressing the different levels, it is possible to change the
state of one of them without affecting the other. Let us denote
by {|1), |2), |3), |4)} these four atomic states. We consider the
subspace spanned by the two lower levels to encode the target
state when the control state is |Oc), and the subspace spanned
by the two upper levels to encode the target state when the
control state is |1¢). This defines the mapping {|1) = |0c0s),
[2) = |0c1s), |13) = |1c0s), |4) = |1¢1s)} between the Hilbert
space of the atom and the Hilbert space of the two qubits. The
initial state of the atom should be such that it corresponds to a
product state between the system and the control.

For the QS, as illustrated in Fig. 4(a), the passage of the
atom through the first half of the cavity will coherently im-
plement the operations .4 and B3 depending on the state of
the control, |O¢) or |1¢), respectively. When the atom reaches
the middle of the cavity, a fast electric pulse is applied, in-
verting the populations between the upper and lower atomic
subspaces and thus effectively implementing a Pauli o, gate
on the control qubit. In this way, the target state component
that underwent operation A (i.e., that was encoded in the
lower subspace) now becomes coupled to the field mode that
implements operation 53 (i.e., that is encoded in the upper
subspace). Similarly, the target state component previously
encoded in the upper subspace is now encoded in the lower
subspace. When the atom passes through the second half of
the cavity, the operations A and B are again implemented,
but to the target state component corresponding to the other
control state; i.e., B is implemented to the component that
underwent A in the first half, and vice versa. Just like the

(b) 4 Box(4B)

Two mode cavity Two mode cavity

4 level system

Control in |1.)

FIG. 4. Proposed implementation for (a) the QS and (b) the 4B setups with two-mode cavities and a four-level atom. The four-level system
encodes both the target and the control qubits. Each mode of the two-mode cavity field extends over the whole interior of the cavity; for a
pictorial representation, however, we represent these modes in the upper and lower parts of the cavity. For each cavity, the field mode F;
couples to the lower atomic subspace {|1), |2)} (corresponding to the control state |Oc)) while the field mode Fp couples to the upper atomic
subspace {|3), |4)} (control state |1¢)). The QS is implemented by the atom traversing a single cavity. The population inversion in the middle
enables the two operations .4 and B (or the “boxes” {Uy r, , |aa)} and {Ug f,, |op)}; see Sec. ITA) to be implemented sequentially in the same
cavity, with their order depending on the control state. For the 4B two such cavities are employed and the atom traverses sequentially the two

cavities.
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orange squares in Fig. 1, the role of o, is to flip on which
branch of the superposition the boxes act. When the atom exits
the cavity, its state corresponds to the bipartite control and
target qubit state after the operation of the quantum switch, as
in Eq. (7) (up to a flip of the control qubit).

In order to implement the 4B, two such cavities can
be used. The atom passes through the first cavity, coher-
ently implementing A on the upper subspace and B on the
lower subspace. In the passage through the second cavity, the
gates B and A are coherently implemented in the upper and
lower subspaces, respectively, thus implementing the 4B [see
Fig. 4(b)]. In contrast to the quantum switch, which employs
two quantum fields, one for each mode, the 4B employs four
quantum fields, in agreement with the description of Sec. II C.

The implementation described above provides a potential
means to experimentally observe an energy advantage of us-
ing superpositions of causal orders. We thereby challenge
experimental groups to realize this implementation.

APPENDIX B: APPROXIMATING UNITARY EVOLUTIONS
IN THE JAYNES-CUMMINGS MODEL
Recall the Hamiltonian in the Jaynes-Cummings model:
Qo . )
H = To(e’¢a+®a+e—l¢a,®ah (B1)
|

UDI) @ |a)

n=0

with o_ = |g)(e] and oy = ol =le) (¢g| (and with |g)
and |e) denoting the ground and excited states of the
atom). Applying this Hamiltonian for a given time 7, we
get the unitary U()=e 7 = eI B (@ o @ate ™o @a)
Expanding the exponential, using the (easily verified) facts
that (o, @a+e®o_@a)* =|g) (gl ® (a'a) +
leY(e] ® (aa™)* and (?orQ@a+e®o_ @a ) =
€' le)(g| @ a(a’a)k + e |g)(e| ® af(aa’)*, and introducing
the photon number operator N = a'a(= aa’ — 1), we can
write U(t) in the {|g), |e)} basis for the atom, as a block
operator:

U _ cos (QT ) et gt sin (j]NileiH-l)
(1) = .., sin (TO\F) o
—ietita——c cos (LN +1)

(B2)

Consider applying this unitary to a product state |) ®
|y of the atom-field system, with |y) = c,|g) + c.|e) and
lo) a coherent state with amplitude' o > 0 and mean pho-
ton number 7 = |o|?, i.e., written in the Fock basis, |a) =
20 ¢®|ny with ¢ = e=/2 /" /5/n!. Using the above ex-
pression, we get

= Zcfﬁ) |:(cos (%ﬁ)cglg) + cos (QZ vn+ )ce|e)) ® |n)

) Qot : Qot
— ie™* sin <TO«/n T 1>Ce|g) ® [n+ 1) — ieti® sin <T°ﬁ>cg|e> ® In— 1)}

n=0

Qt
— ™ ie” sin (%ﬁ)mg)

Assume now that |¢) has a large mean photon number:
71 > 1. In that case the (Poissonian) distribution of the weights
|2 is peaked around 7, with a width of the order of +/7;
beyond this peak, the weights ¢ are negligible. Expanding

J/n around its value for n =i, we have /n ~ /i + 2 3 f’

and we can thus write cos(%\/_) cos(Q"t Ji + 4 Qot)
Assuming now that the interaction time ¢ is small enough
so that ot < 1, then for all n Whose corresponding weight
¢'™ is non-negligible (for which 2 A f is typically smaller than
1), the second term in the cosine above is negligible [and

so would be all higher-order terms in (n — 71)]. We thus get,
in the relevant range of n, cos(Q"’ Jn) & cos(Q"’ /1), and

similarly, cos(=5* 2t Sp) ~ cos(Q"t /i) and sm(QU’ Jn) &
s1n(90’ «/ﬁ) sin(%\/ﬁ).

'Taking any complex value for o would simply shift the angle
¢ that defines the rotation axis: there is no loss of generality in
considering o > 0 here.

= [ (")(cos< tﬁ)Cglg) + cos (QZ vn+ >Ce|e>)

Qot
™ ie*i sin (T‘H/n + 1)cg|e>] ® |n). (B3)

Notice now that ¢ = %c(f‘) and ¢, = Jiicff). Still
VIIPOREN PN
in the relevant range of n around 72, we have WAV 1,

so that cfl )1 ~ c('_':l ~ ¢™. Allin all, we can then approximate

Eq. (B3) as [45]

UDI) @ ey~ Y [cos (%x/ﬁ)@gm) + cele))

n=0

— isin (%J@ (€ celg) + e+i¢cg|e>>}
® cV|n)
~ (Ry(QutvVA)|Y)) ® ), (B4)

where Ry(0) = e™! S(cos¢ortsingay) denotes a rotation on the
Bloch sphere by an angle 6, around an equatorial axis
defined by its azimuthal angle ¢ [thus corresponding to
the notation Rz(6) introduced in the main text, with i =
(cos @, sin¢, 0), , .; o, and o, above are Pauli matrices].
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FIG. 5. Fidelity of the approximate rotations in the finite-energy
regime. Here the fidelity of an operation F with respect to a unitary
U is defined as the fidelity of the output state with respect to the ideal
one, averaged over all input states; for two-dimensional systems it
can be calculated as F' = % + ﬁ Zj:m,,z Tr[UajUT}'(aj)] [50]. The
connected points are obtained numerically for different values of 7,
while the dashed lines are the analytical first-order expansions in 1/7
[namely, F =1 — %’:92/2 + O(ﬁiz)].

One thus recognizes that in the large-photon-number limit,
and under the above assumptions, the joint unitary U(t) ap-
plied to both the atom and the cavity initialized in a coherent
state effectively approximates a rotation R¢(Qot«/ﬁ) of the
state of the atom alone, while leaving the state of the cavity
essentially unchanged. If one aims at approximating a rotation
by a given angle 6, for a given (large enough) average number
of photons, 7, in the cavity, one should thus choose the time of
interaction ¢ such that Qot ~ 6/ /it (which indeed is such that
Qot < 1 when#n > 1, as assumed above). Note that the some-
what hand-waving calculations and approximations presented
here can be made rigorous: we will see in Appendix C how
precisely the above choice approximates the desired rotations
in the asymptotic limit of large 7.

In the finite-n regime, U (¢) does of course not induce a
perfect rotation of the state of the atom only. The time of
interaction, #, could in principle be optimized, for each finite
value of 7, so that the Jaynes-Cummings considered here gives
the best possible approximation of a given desired rotation.
However, for simplicity and as a rule of thumb we will simply
take this time of interaction to be Qo = 6/ /i, as dictated by
the approximation in the large-7 limit.? In Fig. 5 we show the
fidelity of the approximate rotation induced on the atom as
a function of 7, for various values of 0, to see how well this
approaches the ideal unitary case. Note that the smaller (in

We do not claim that this choice is necessarily optimal. E.g.,
choosing Qo = 60/+/in+ 1 instead, or Qut = 60/+/ii + § for some
other value of §, could give slightly larger fidelities in Fig. 5—and,
correspondingly, slightly larger success probabilities for the task
considered in the main text, shown in Fig. 3. However, this would
not qualitatively change our comparison between the QS and 4B
setups or any of our results [e.g., our first-order expansions in i of
the fidelity above, and of the success probabilities in Appendix D 2
would not depend on the (fixed) value of §], so for simplicity we will
stick to the choice Qo = 6/+/i.

absolute value) the angle 6, the better the approximation [for
a fixed value of 7i; in the large-7 limit, based on our analysis

in Appendix C below, we find F = 1 — % + 0(H)].
In particular, one loses the 2r periodicity for the approxima-
tions; in this paper we therefore consider all rotation angles to

be in the interval [—, 7 ].

APPENDIX C: KRAUS OPERATORS AND ASYMPTOTIC
BEHAVIORS OF THE INDUCED LINEAR MAPS

1. Kraus operators

From Eq. (B2), we can obtain the reduced dynamics of the
two-level system induced by the Jaynes-Cummings Hamilto-
nian. For that, we consider as above that the field is initialized
in a coherent state |«) where o = /7, 71 being the average
number of photons in this field. We also consider a time
of interaction 1 = 0/(2+/71) (6 being the angle of rotation
we wish to perform), as prescribed in Appendix B, and
denote by U™ the corresponding unitary operator: U™ =
U (%Lﬁ ). The reduced dynamics is then given by the map F™
such that, for any initial density matrix pg for the two-level
system,

+o0
Fps) =Y AP psA", (@)
n=0
where the Kraus operators A™ are defined as
AP =1 ® m)U” 1 ® )
=> A& nhUP (1@ |m))
m=0
™ cos (%iz) —ie~i*c™ sin(%%)
1e+’¢cfffﬁl sin(4 V:’/szl) ™ cos (4 V\”/J;fl
(€2

2. Asymptotic behaviors

We aim here at describing the dynamics in the regime of
large 7. For this purpose, in order to make the calculations
more compact, we will describe the maps under consideration
by making use of their Choi representation [51]. The Choi
matrix of a linear map M : L(H!) — L(H?), from some
“input” Hilbert space H' to some “output” Hilbert space H¢
and where L£(H) represents the set of linear operators acting
on the Hilbert space H, is defined as

M =" liy(kl' ® M(li) (k") € L) ® LH?), (C3)

ik

where {|i)'} is a fixed (“computational”) basis of . The Choi
matrix elements are thus (i, j|M|k, ) = {(jIMC(i){k]D|I).

We will look below at the asymptotic behaviors for two
different linear maps, in the large-7n regime. For that, us-
ing the facts that ¢, = ¥2c and ™ = J"{%cflﬁ), it will

n—-1= /5
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be convenient to write the Kraus operators of Eq. (C2) above as

o s/n e 1 Gin (242

A — cos(zf) ie ﬁs1n(2 ﬁ)
" " o Hip i 0 V/nt1 9 V/nt1
—ze*"b\/r%sm (5 3; ) cos (§ 3; )

o (=D” /(6 2p _ (—=1)? [0\2P+] pr+!
) 2 p=0 @pt (3)"% —ie™ 30 <2p+1>'( ) (C4)
_'Cn
—D? (0\2P+] a1y oo (=D (8\2P (n+1)?
—ie*t? Zp 0 (2p+1) (E) nﬁi’ szo (zp)v( ) nnl’

a. Effective map applied to the atom, F® : p > Y A® pA®F

We first calculate the Choi matrix of the map F® defined through Eq. (C1). In order to keep this section short, we will detail
the calculations for a single coefficient of the Choi matrix only. All other coefficients are obtained in a similar way. This Choi
matrix will then be used in Appendix D 2 to estimate the success probability of the QS at the commuting-versus-anticommuting
task, in the large-7 limit.

Using Eq. (C4), we have

. . . . . —1)? /O\?PpP —1) 70\ pa
<00|£<">|00>=<0|f<")(|0><0|)|0>=Z<0|A;">|0><0|A;"”|0>=Z(cf,">)22( ) (5) %Z( )<§) =
qz=

= = g 2p)! 7 (29)! il

_ (—1)rte 2p+2q 1 I
_,;; 2P>'<2q>'< ) %Z(cn ) P, )

n=>0

(

where we used the fact that the triple series is absolutely Evaluating the first two terms of the sum over j (using
convergent® to swap the sums in the last line. Z iq} =1 and {pﬁ:;zl} = W) and truncating the
In the last sum above we recognize the (p + ¢)th moment

! T abOve ! . higher-order terms in %, we obtain, after some algebraic ma-
of the Poisson distribution with mean value 7, which can be
written as [52]

nipulations,
ptaq
3 (M)t =Z{ pra .}ﬁp+qf, (C6)
j=0

"0 pra=Jj (001E100)
where {p_’ij} denotes a Stirling number of the second kind. — 1(1 1 cos) + L_(@ sinf — 62 cos0) + 0(_%)
Inserting this into Eq. (C5) and taking the convention that 2 167 n
{pf;zj} =0 for j > p+ g, we can then swap the sums again (C8)

SO as to obtain

(001E™100)

_ (=Dt (6N ptg
- aen(s) |

720 \ p=0 ¢=0 pta—ij

Beyond this first term, the other elements of the

1 Choi matrix are (i, jIF™|k, 1) = (jIFDi)(k]|l) =

} YL GIADi) (k|ADT|1), ie., are obtained as sums over
n of products of two elements (one being conjugated)

(CT) of the Kraus operators of Eq. (C4) (from which we get
two more sums Zp Zq, as above). After exchanging the

sums »_, with the sums > >  (as allowed by the fact

that the series are still absolutely convergent), we get

Al

)2 (=DP pnP (=1)? nd = . .
SIndeed, the sun?mands Supg = () ((zpq)).( PP Gar (5% terms of the form > is0(eP)n"(n + 1), which can now
satisfy |5, 4] < (™) (2;),(2)21’;7 (2;),(%)2‘1 2, 50 that 3" 15, p.ql be written [after expanding (n+ 1)°, using Eq. (C6) and
' ) ) N + sk
< (¢™)* cosh? (¥ ‘ﬁ) for each n. Using, for instance, rearranging the sums] as ZI S(me(3 /) ( ){;+§ ,})nrﬂ I =
Stlrlmg s formula it is then straightforward to see that  jr+s(] 4 W + 0(”2))' After swapping the sums

lim, - oo 2 [(c)? cosh’(5 %)] =0,  which  ensures that again, we can evaluate the leading terms (for j = 0, 1), as we
D npg Snpgl < H00. did above.
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For the case where ¢ = 0, these calculations lead to
0s9—62%cy

1 | i(s9—0(2—co)+0%s9)

16n i(s9—0cy+02sp)

—95'9 —926‘9

with ¢y = cos 6, sg = sin 6, and where

14co isg isg I+cq
1 —iSQ 1 —Cp 1—C9 —ng

EO(G) - E —ng 1—09 1—6‘9 —iS9 (CIO)
1+Cg ng ng 1+C(;

is the Choi matrix of the map p > R(6)pRo(6)" that applies
a perfect rotation by an angle 6 around the x axis of the Bloch
sphere. For some azimuthal angle ¢ # 0, one just has to mul-
tiply the second row and third columns of the Choi matrices
above by e/?, and the third row and second columns by e~
[in accordance with how ¢ appears in the Kraus operators A",
see Eq. (C2)*].

Thus, we clearly see from Eq. (C9) that, in the large-i
limit, the operation F™® (obtained as described above from the
Jaynes-Cummings interaction, with the choice Qot = 6 /v/7)
indeed tends to a perfect rotation by an angle 6, which con-
firms the approximate calculations of Appendix B. One can
also see that the elements of the first-order correction matrix
in Eq. (C9) are null for & = 0, and increase (up to a certain

J

G _ ( cos (g(

) —isin(
—isin %’ %

) cos(

1
+0;77

—i(s9—0(2—cp)+0%s9)
—0Bs9+63cy
—4(1—cp)+0s9+02cy
—i(sp—0co+62%sp)

8 i 20sin (£) — 6% cos (§)
) ) * 1o (i(4 sin (5) — 26 cos (5) + 67 sin (5))

—0s9—0%cy
i(sg—Bco+02sp)
i(sg+0(2—3cp)+6%sp)
—360sy—02%¢y

—i(sp—0cy+62%sp)
—4(1—cp)+0s9+0%cy
36594+6%cy
—i(s94+6(2—3¢5)+6%s5)

(€9

(

point) with |0[; in particular, as also noticed before, we lose
the 27 periodicity.

b. Induced map G™ : p = G™ pG™" with
G™ = (1 ® (a/~2)U™? (1 ® |a/~/2))

In our calculations of the success probability of the 4B at
the commuting-versus-anticommuting task we consider, we
are also led to consider the linear map G @ defined in the title
of this section. As we did for F® above, we will derive here
a perturbative expansion in the large-7 limit.

Contrary to F™ that involved infinitely many Kraus oper-
ators Aff’), the map G™ is defined in terms of a single Kraus
operator G™. We can thus first consider the expansion of G
in the large-ii limit. We do this in a similar way to what we
did for F™ above, noting that G® = ¥~ (c/?)"A®? and
starting from the form of Eq. (C4) for the operators A"/?); the
difference with the previous calculations is that here we only
have single sums ), (as opposed to double sums 3" ), to
be swapped with the sums } , and then } .

For the case where ¢ = 0 we thus get

i(4sin (§) — 26 cos (§) + 67 sin (g)))
—60 sin (£) — 6% cos (§)

(C11)

from which we then easily obtain the Choi matrix of the linear map G™:

059— % (14¢4)

- l.(Sg—e"‘%Sg)
G = Ry(0)+—
- By (®) 8n l'(Sg—e—‘r%Sg)

—0s— 5 (1+¢)

+o(z)

—i(Sg —9—‘1-%5‘9)

—2(1—co)+0sy— % (1—cy)

—i(so+0(1=2¢c0)+% 55)

—i(so—6+% s54) —059—% (14cy)

—2(1—cg)H0s9— 5 (1—cg)  —2(1—co)+0s9—% (1—co)  i(s9-+6(1—2¢5)+% 50)

—2(1—co)H0s9— S (1—cp)  i(sp-+0(1—2¢0)+%55)

—i(s9-+0(1—2¢o)+% 5) —3055—% (14cs)

(C12)

(again with ¢y = cos 6 and sy = sin0). As before, for ¢ # 0 one just needs to multiply the appropriate rows or columns of the

Choi matrices above by either ¢ or =,

“Note that F™ thus remains Hermitian, and even positive semidefinite, as required for the Choi matrix of a completely positive (CP) map.
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APPENDIX D: SUCCESS PROBABILITIES

following Eq. (23). For this purpose, we start by recognizing,

FOR THE QS AND 4B AT THE using Egs. (19)-(22), that
COMMUTING-VERSUS-ANTICOMMUTING
DISCRIMINATION TASK (©5° W, Up)| @ (Us. Up)) = Te(F P (Usps)Ug). (D)
1. Exact expressions _ .
(@58 (Ua, Up)| 1P (Us, Up)) = Tr(GP(Upps)Uy),  (D2)

Here we provide the exact analytic expressions for the
success probabilities of Eqs. (17) and (18), when averaged

|
where F™ and G™ are the linear maps previously defined in Secs. C 2a and C 2 b (which appear in the calculation after tracing
over the cavity fields), and where ps = |¥g)(1s|. Note that these expressions, as well as the success probabilities below, are all
linear in pg, so that these remain valid for any mixed input states of the target system. The average success probabilities for the

QS and 4B in the commuting and anticommuting scenarios can then be written as

1 i . 1 =
(Pl = 2(1 + /S dpay1(Us. Up) Re[Tr(f“*U“(UBps)U;)]) = 5<1 + ZX,B]’QS(ﬁ)) (D3)
[ —0
1
(Prkcess) = 5<1 - / A (Us, Up) Re[Tr(F ) (Upps)Uj)] ) ( Z QS(m), (D4)
S
1 1 +00 +o0
(Priicess) = 5(1 + / day 1(Us, Up) Re[Tr(g("’UA)(UBps)U;)]> = 5(1 + Y X )) (DS)
St m=0 n=0
1 +00 +00
(Plicts) = 2<1— / d()(Us, Up) Re[Tr(G ™ (Upps)U;) )l) <1—ZZXW ”> (D6)
Sty m=0 n=0
with
XLVELQS () = / dug 1) (Ua, Up) Re[Tr (A VDU psATUVTU Y], (D7)
St
Xy (@) = f dragyy1 (Ua, Up) Re[ (e2) e Te(452 0 Up psa 20U ) ], (D8)
Si

where we used the notations F U0 G-U0 "and A”U) 10 indicate explicitly the ideal unitary operation U, that these correspond

to.

To evaluate these expressions further, we can use the following parametrization for the unitaries in the sets S, S and for

their measures, in accordance with Egs. (14) and (15):

Si1: Us =Ru(6a) = Ry(04), Up = Ri(04) = Ry(6p), / dup1(Ua, Up) = /

d d
Sui U =Ra,() =R, (1), Up = Rey(m) = Ryp, (), / duy (UA,UB)—/ ¢’A/ Saiy
Sy

where Ry(6) = e~i2(c0soctsinéon) s a0ain  a  rotation
(in the Bloch sphere) of angle 6 around an equatorial
axis with azimuthal angle ¢, while R¢i,w8 (m) =
e—i%(sinqﬁA sin ¢p 0, —c0s ¢4 sin @p 0y+Ccos Pp 0-) denotes a rotation of
angle  around an axis with zenithal angle ¢p and azimuthal
angle ¢4 — /2 (so that it is orthogonal to the equatorial
axis with azimuthal angle ¢4). In Egs. (D7) and (D8), Aif”UA)
is then given by Eq. (C2), with the same angles (6, ¢) as
Us = R4(0) in the parametrizations above.

With this the terms of X!V/t}95(7) and XLVU-48() in
Egs. (D7) and (D8) can be evaluated analytically, for any
given state ps.> Their explicit forms are, however, rather te-

SNote that, as expected from the rotational symmetries of the two
sets of unitaries around the z axis of the Bloch sphere, the results

T do do
doy / 0 (DY)
Sp T 27T 27 J g

(D10)

(

dious to write, so we omit them here, and we now focus on
the asymptotic regime.

2. Asymptotic regime
Using Tr[M(o)v] = Tr[M - (0" ® v)] and Egs. (C9) and
(C12) in Egs. (D3)-(D6) [or using Eq. (C11) directly in
Egs. (D5) and (D6)], and with the explicit parametrization of
the sets Sp; and Sy as in Eqs. (D9) and (D10) above, we can
evaluate the average success probabilities in the large-7 limit.

only depend on the z component of the state pg, Tr[o,ps] (as we see,
in particular, in the asymptotic regime below).
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We obtain
(PO =1- 7+ (n ) (D11)
(p2d) =12 1+67 <%> (D12)
=1 - 24 316_,-,Tr 2 ro(z). @
() =12 f@’f + 0(%) (D14)
from which we then get
(PRcess) = 1= 3;2;:2 + 0(}%), (D15)
i) =1 - LT o), o1
(P8~ ) = LT (1),
(D17)

We thus see that for the task we considered, with the
prescribed sets of commuting or anticommuting operations
(Ua, Up), the QS always performs slightly better than the 4B
in the asymptotic regime, whatever the initial state pg of the
target system. The difference between the two is maximized
for pg = |1)(1| and minimized for pg = |0)(0[; for our com-
parison in the main text (and in Fig. 3 in particular) we take
the average situation with pg = 1/2.

APPENDIX E: CIRCUITS WITH FIXED CAUSAL ORDER
1. Probabilistic circuits representation

The most general circuit that applies two operations (CPTP
maps) A and B in a fixed causal order with A preceding 53
(each being applied once and only once), and that produces a
binary classical outcome, is depicted in Fig. 2 of the main
text. It consists in the composition of 4 and 5 with three
fixed operations. The first of these operations initializes the
target system as well as a “memory” system in some state
p € L(HA®), where HA is the input Hilbert space of oper-
ation A, H“ is some memory Hilbert space, and where we
use the short-hand notation HX' = HX @ HY. The second
fixed operation C is a channel (a CPTP map) that connects
the output space H4¢ of A and the memory space H to the
input space H5 of B and some other memory space H’.
After operation B is applied, the output state of the target
and memory systems is finally measured by the third fixed
operation, namely, a POVM (E,, E_). The probabilities for
each outcome =+ are, according to the Born rule,

P(EIA, B) = Tr[EL [(B&I") 0 Co (AR I(p)l, (ED)
where Z¢/% is the identity channel on the memory space H%/".
It is easily verified that these probabilities can be written in
terms of the Choi matrices of the various maps [defined as in
Eq. (C3)] as in Eq. (24) of the main text, namely, as

p(EIA, B) = TiW. (A® B)] (E2)

with
Wi =’1—‘I'ab[(E:7tw ® ]lA’AoaB’)
x (CT ® 14750)(p ® 140BiBob)] (E3)

and where Tr,, denotes the partial trace over the mem-
ory systems in H* and H’, superscript Ty, denotes the
partial transpose,’ and 1% is the identity operator in the
spaces indicated as a superscript. More technically speak-
ing: W, is obtained as the so-called link product [46,48]
of the Choi matrices of the elements p,C, E+ of the FCO
circuit.’

From Eq. (E3), and using the facts that all operators are
positive semidefinite (PSD), that E, + E_ = 1802 and that
Trp,,C = 1404 (which translates, into the Choi representation,
the fact that the channel C is trace preserving), one can easily
verify that the pair (W, W_) satisfies

Wi>0, W,+W_=wAdoB g 180
Trp, WAAB = wA @ 140 TrwA =1, (E4)

for some PSD matrices WA40B (= Tryp[(CT @ 1Y) (p @
1408:5)]) and W4 (= Tr,p). As it turns out, the converse is
also true: any pair (W,, W_)—a so-called quantum tester—
satisfying Eq. (E4) for some PSD matrices W4oBr ¢
L(HA40B) and WA e L(HA') can also be obtained from a
quantum circuit with fixed causal order of the form of Fig. 2,
for some appropriate choice of p, C, (E;, E_) [46,48]. Hence,
optimizing over all possible FCO circuits amounts to optimiz-
ing over pairs of operators (W,., W_) satisfying the constraints
above—or similar constraints for the order where B comes
before A.

2. Success probabilities at the commuting-versus-
anticommuting discrimination task

In the task under consideration, the outcomes =+ of the
POVM (E;,E_), or equivalently of the quantum tester
(W4, W_), correspond to the guess that the ideal operations
U, and Uy under consideration commute or anticommute,
which leads to the form of Eq. (25) for the success proba-
bility pfCO.. . Optimizing it over all circuits with fixed causal
order—i.e., over all testers (W, W_) satisfying the relevant

lem [47], which (for some fixed operators G ) can be solved
efficiently.

The operators G, and G_ from Egs. (26) and (27) are ob-
tained from the Choi representations of the maps .4 and B, and
from the definitions of the sets S;; and S given in Egs. (14)
and (15), which can be parametrized as in Egs. (D9) and
(D10). Recall that in the scenario we consider, the operations
B are always taken to be unitary, of the form B : p — UppU g .
On the other hand, in the finite-energy case the operations

®The transpose and partial transpose are taken in the ‘“com-
putational basis,” used to define the Choi representation (see
Appendix C2).

"For the familiar reader: in terms of the link product x,
p(EIA B)y=El BxCxAx p=(E] % Cxp)* (B*A) = Ws *
(A®B), withWx =ET % C % p.
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A are obtained from the Kraus operators A of Eq. (C2),
according to A : p > Y. AW pA™ T These are meant to ap-
proximate the unitary operations A : p > UppU AT , which are
reached only in the infinite-energy limit.

Let us derive the explicit forms of G; and G_ in
the infinite-energy limit, precisely. Writing [according to
Egs. (26) and (27) and Egs. (D9) and (D10), and in terms
of the Choi matrices 1_€¢(9) and I_€¢j, g03(7r) of the CPTP maps
corresponding to the rotations Ry(0) and R¢AL, 05 ()]

T dp [T doy ™ dog
Gy = — — —R (0 R, (6p), E5
. /_nzn _nzn/_n R0 ® Ry(Op),  (ES)

i d¢A T d(pB
G- Z[n 2 /ﬂ 57 B (T @Ry, (), (E6)

after some calculations one finds [written in the space
LOHA) @ LIHA) @ LIHE) ® L(HP?), with implicit tensor
products]

Gy = }‘[(]1]1 + %axax — %oyay)(l]l + %GXUX - %O’yo’_‘,)
+ %(Uxax + O‘yody)(O'xO‘x + Gya)r)
+ %(o’xay - U}'Ux)(axa)' - Uyox)]v (E7)

G- = (11 - 0,0) (11 - Lov0, + Loy0y)
- i(axax + QVUy)(axGx + O'yO'y)
— }T(O—xo—y — 0,0, )(0,0y — oyax)]. (E8)

With these operators G, optimizing pf<2, - from Eq. (25)
under the constraints of Eq. (E4), i.e., for FCO circuits with A
before B, we found an optimal success probability pieo,  ~
0.9489.

However, for the analogous constraints corresponding to
FCO circuits with B before A, we found pF2, = 1. Indeed
there exists such a circuit that allows one to discriminate
perfectly commuting pairs (Us, Ug) drawn from &;j, from
anticommuting pairs drawn from S,. This circuit can be
reconstructed from the results of the SDP optimization; it is
described in the next section.

The success probabilities for FCO circuits in the finite-
energy regime are shown in Fig. 6. For both fixed orders
between A and B, we see that these success probabilities
decrease when 71 decreases, as the operation A is more and
more noisy. As in the ideal unitary case, the best FCO circuits
with B before 4 are found to outperform the best circuits with

A before B.

3. Optimal FCO circuit for unitary operations Uy
and U from S ) or S;,

As just claimed, one can find a FCO circuit with B before
A which correctly guesses whether Uy and Up are drawn
from Sp; or S (when both A and B implement Uy and Up
perfectly, i.e., in the infinite-energy limit). This circuit is of
the form depicted on Fig. 2 of the main text, with the roles of
A and B being exchanged.

Specifically, the input state p can be taken to be a maxi-
mally entangled state

Bib
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FIG. 6. Success probabilities at our discrimination task for FCO
circuits with A before B (A < B) or B before A (B < A), for 1 <
i < 20.

with |®+)Bib = \/%(|OO)B”’ + |11)8%), where we introduced a

two-dimensional memory space H®, while the channel C can
be taken to be an isometric channel C : p — CpCT with

C = |@F)M110) (00177 + @)t 1) (1110

1014 2% (011 - [10)442)(10]%",  (E10)

where we introduced two more memory spaces: a two-
dimensional space H*' and a three-dimensional space H.

Let us indeed check that these choices allow one to solve
the task perfectly. For any unitary operations Uy and Ug, the
output state of the circuit before the POVM is |y )A0n@ =
Uy ® 19)C(Ug ® 1°)|®T). Considering that either Uy =
R4(04), Up = Ry(0p) if these are drawn from S, or Uy =
Ry, (), Up = Ry1 ,, () if these are drawn from Sy, [see
Egs. (D9) and (D10)], the corresponding output states are
easily calculated to be

0 % 0
|¥)) = cos ?B (cos ?Aldﬁ)A(’“‘ — isin EA|\I/¢)A°”‘> [+)%

0 0 )
— sin ?B ( sin ?A |44 1 jcos ?A |\11¢)A0”1> 12)%2,

[Yr()) = — cos @g| W, )0 =) + isin gp| D)0 [2),
(E11)

with |pE)doa = %(lOO)AO“1 + [11)A0ar), |Wg)A0a =
\/%(e*""’|01)A0“1 +€/?]10)404),  and |E£)® = %(|0)”2 +
[1)#). From these expressions we can clearly see (using in
particular that |®~) is orthogonal to both |[®*) and |Wy))
that |;) and [y;) are orthogonal (whatever the values
of ¢, 04,0, da, pp), so that one can find a POVM that
discriminates the two states—and hence, the commuting and
anticommuting cases—perfectly.

4. Isotropic FCO circuits

Despite the previous finding, it is known that no FCO
circuit can perfectly discriminate between any general pairs of
either commuting or anticommuting unitaries [4,47]. The ex-
istence of a FCO circuit that discriminates perfectly between
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Fixed Causal Order

FIG. 7. Isotropic FCO circuits are required, for any fixed opera-
tions A and B, to provide the same measurement statistics whatever
the unitary operations V and V' inserted at each input and output
port.

pairs in S ) or Sy} is due to the fact that these sets are restricted
to certain orientations of the unitaries (e.g., the rotation axes
of all U;s are in the equatorial plane of the Bloch sphere).

As discussed in the main text, it is also insightful to see
how “isotropic” FCO circuits, which cannot take advantage
of any specific orientation of the unitaries, perform at the
discrimination task. By such circuits, we mean circuits of the
form of Fig. 2 (or with 3 before .A) which are required, for any
fixed operations (any CP maps) A and B, to act in the same
way on (A, B) as on any operations (VT o AoV, V0o Bo V),
for any unitary channels V : p > VoV and V' : p s VTpV
(where V is some unitary operator): see Fig. 7.

J

Isotropic FCO circuits can most generally be obtained as
in Fig. 7, by starting from any FCO circuit and averaging
over the unitaries V sampled according to the Haar measure
d pygaar (V). Technically speaking, in the case of circuits (or
testers) with binary outcomes as considered here, these are of
the form

Wiiso =Tty u pp [(WE}A’DB;BQ; ® 14140B1Bo )T HA}A,A(;A’{,B}BIB(;B’O]
1207170
(E12)

for some tester (Wﬁ ;A,"B}Bb) satisfying Eq. (E4) (in the primed

spaces, introduced as in Fig. 7) and with the Haar-randomized
operator

FjAiAIA0A, B BiBoB),

+BoBy

- / d (V) VA @ V1A% @ yBiB @ yt50%o,
(E13)

where V and V' are the Choi matrices of the unitary maps V
and V' introduced above.’

The operator H4141A0A0B1B:1BoBo can be calculated explicitly,
but is too long and too tedious to write here. It is, however,
possible to further simplify the characterization above: one
indeed finds that matrices of the form of Eq. (E12) are just
restricted to be in the (only 14-dimensional) subspace

Liso = span(1440BiBo 1)) (144 @ 1880 140 @ |1) (1P 50, |1) (11440 @ [1) (1P P,
|1) (1[4Be @ 1840 1480 @ 1) (L [B4e, |1) (1140 @ 1) (1[Pre,
loy)) (o |45 @ 140B0 141 @ |a ) oy 1*0B0, 1oy ) 0y |21 @ |y ) oy [A0P0,

A;AoB; 1 B
(0x0,0; + 0100y + 0,010, — 0,0,0; — 0,0,0, — 0,0,0,)' "7 179,

(00,0, + 010.0y + 0,0,0; — 0,0,0;y — 00,0, — 0,0,
(o,0y0; + 0,0,0, + 0,0,0, — 0,0,0, — 0,0,0, — 0,0,

BoAiAp 1 B
(0,040, + 0,0,0, + 0,0,0, — 0,0,0; — 0,0,0, — 0,0,0,) "0 1"")

with  [1)) = 100) + [11), |oy) = (1 ® 0)|1)) =i(|01) —
[10)), and with implicit tensor products on the last four lines.

All in all, we thus find that isotropic FCO testers are sim-
ply required to satisfy Eq. (E4) (or the analogous conditions
for B before A), with the additional constraint that W}*° €
Liso. Optimizing Eq. (25) under these constraints gives, in
the infinite-energy limit, an optimal probability of success
preO - ~0.9288 for isotropic FCO circuits, for both orders
where A comes before B and where B comes before 4. The
results for the finite-energy regime are shown in Fig. 3 of the
main text. As it turns out, we find here, for 1 < 7 < 20, that
FCO circuits with B before A outperform slightly those with
A before B (with differences in the success probabilities of
the order of 1072).

8Note that in general V' # (V)" = V.

o, )loBiBo 1A

oy )BIBUAI ﬂAo ,

(E14)

Note, finally, that testing the performance of isotropic FCO
circuits at discriminating between pairs of unitaries (Uy, Up)
in 5 or S is equivalent to testing the performance of gen-
eral FCO circuits at discriminating between pairs of unitaries
of the form (VTU,4V, VTURV) with (U, Up) in S ; or Sy and
with V arandom unitary drawn according to the Haar measure
(as both cases correspond to the same physical situation of
Fig. 7). To analyze the latter situation, one can simply replace
the sets Spj, Sy) considered so far by the thus obtained sets
S[’, I Sg’} of such pairs, that include the Haar randomization.
Note that (VTU,4V, VUV have the same commuting or an-
ticommuting property as (Uy, Up), so that the interpretation
of the task in terms of a commuting-versus-anticommuting
discrimination problem is preserved; note also that both the
QS and 4B would give the same probabilities of success for

(7> S, as for 5y, Sy when the target system is initialized
in the state pg = 1/2. However, by inserting the Haar-random
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V’s we lose the physical motivation coming from the Jaynes-
Cummings model, which led us to restrict U, to rotations
around an equatorial axis.

Replacing §;jand Sy by §;; and Sy , in Egs. (26) and (27),
the G operators calculated previously, in the infinite-energy
limit [cf. Eqs. (E7) and (ES8)], become

G:,. — %[]l + %]lAIAOGIf’B" + %G?IAO 1B1Bo

+ &peaiPo 4 Leytofife] - (ELS5)

G_ =11 - t1tteghifo —

1 xAAo xBiBo __
+ 356,776
. _ T _ T, T

with &) = Zi:x,y,z oo/, Gy= Zi,j:x,y,z 0i0; 0i0; +

aiajTajaiT. (It can be verified that G/, € Lis, as expected.)

Optimizing Eq. (25) for these operators, over all pairs
(Wi, W_) satisfying Eq. (E4), we indeed find again
preO >~ 0.9288 (for both orders between A and B), as
in the case where we restricted to isotropic FCO circuits

above.

1 =ArAo 1 BiBo
36171
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