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Abstract: Quantum theory is consistent with a computational model permitting black-box
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The quantum switch

S — S(A, B)

What can we do with that?
The commuting, anti-commuting game:

Perfect discrimination of no-signalling channels via quantum superposition of causal structures
G. Chiribella, PRA 2012

Witnessing causal nonseparability
M. Aradjo, C. Branciard, F. Costa, A. Feix, C. Giarmatzi, &. Brukner, NJP 2015
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Commutation/Anti-Commutation game

> Let {(U}, U5)}Y | be a set of unitaries that commutes or
anticommutes.

» Given a pair of unitaries at random, can you decide if they
commute or anticommute?

» Standard ordered strategy:

auxy auxs

slot 1 slot 2
I O, I O

> We can find finite sets of unitaries such that podereq < 0.87.
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Commutation/Anti-Commutation game

» Great, the quantum switch is useful!
> But...

» How big is this advantage? What if we do not have the
quantum switch, but we have access to more queries?

> With a single extra query, sequential strategies can decide if
(Ua, Ug) commutes or anti-commutes

aux, auxo auxy
slot 1 slot 2 . slot k
I O, Iy 0, Iy O,
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Quantum switch circuit simulation

» Quantum computations without definite causal structure
G. Chiribella, G. M. D’Ariano, P. Perinotti, B. Valiron, PRA (2013)
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» The switch is essentially useless for query complexity tasks. . .
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Quantum switch circuit simulation

> Wait. ..
» What if the operations are not unitary?

> E.g., A(p) = B(p) =tr(p) &
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Quantum switch circuit simulation

Thm1: There is no quantum circuit that simulates the quantum
switch when one extra query of each channel is available.
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» Thml: There is no quantum circuit that simulates the
quantum switch when one extra query of each channel is
available.

» Probabilistic simulation:

c
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» Restricted probabilistic simulation:
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» How about the probabilities?

I+) I+)

v [oH " N
A KB order robabilit
(ka, kp) d probability
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5715

AAB P < 10000

(2,1) ABA P < {0000
BAA 5001

P < 10000




Quantum switch circuit simulation
» The result is also robust, F(S,Ssim) =1—¢
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» How about the probabilities when k = 47
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» How about the probabilities when k = 47

m . il
AABB p < ST
(2,2) ABAB p< B8L
ABBA p < 3598
AAAB p< 3313
(3,1) AABA p < 508
ABAA p < 29T
BAAA p< SBAS
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» How about identical channels?
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Quantum switch circuit simulat

» How about identical channels?

on

1+ 1+ ¢

) lEl P 'E
k order probability
2 AA p< fooL
3 AAA p< 2534
4 AAAA p=1(%)

If the target is not discarded, p < 0.942 for the AAAA order
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» How about unitary channels?
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» How about unitary channels?

(ka,kB) order (unitary only) probability
(1) AB p~ 0.400
AAB P~ 0.596
(2,1) ABA p=1
BAA p~0.607
AABB p=1(%)
2,2 ABAB p=1
ABBA p=1
AAAB p~0.708
(3,1) AABA p=1
ABAA p=1
BAAA p=1(7)

If the target is not discarded, p < 0.822 for the AABB order and
p < 0.667 for the BAAA order
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Quantum switch circuit simulation

> How these results were obtained?

» Optimise over finitely inputs:

{As}i that forms a basis for the space spanned by
A o k 4 copies of a channel
\ <~ V

{B;}; thatforms a basis for the space spanned by

kB copies of a channel
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» SDP (using splitting conic solver)

given {J*}i,{J};,ka, ks

max p

st. Cyx (IO @ (JBYTP) = p S« (JA © JP) Vi,j

Cs20, C-C, 20,

P(C) =C, tr(C) = de,dy,di P,

given {J{};, {JJB}]', ka,kp

mi tr(T)

n
At degde,
st Y tr[Ry (Sx (JA @ JP)] =1
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r>0, P(I)=T,

any feasible point that yields some
p<l1
constitutes a valid upper bound
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Quantum switch circuit simulation

» But...is that a mathematical proof?

> No! But, we can extract a proof out of it!

Algorithm:

—

. Construct symbolic non-floating point
operators '™ and R;!" by truncating them

: aym :
and obtaining a symbolic operator with 4. Project I'*'® onto the appropriate subspace

i B(Teym
only rational numbers. to obtain P(I'™).

[

. Force the operators I and Rf]"“ 5. Find 1 € R such that % := P(I'*") 4+ 41 > 0
to be self-adjoint by making use of and I — Z‘JR‘* JA@'CA ® J;—s@ku)T >0
the expression (M + MT)/2, which is
self-adjoint for any M.

o

. Dutput the quantity tr(I*¥)/d.,d:, d’;':)dﬁ“o,
which is a rigorous upper bound of the

@

Evaluate {5V :— Z tr[ !W(S*(JA JJ‘Bm , primal problem.

where S,J7, and J are also symbolic
operators. Define R := R;J"/t™ for all

ij.
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Very nice. .. But with the computer we are limited to a few
queries. . .

Thm2: Let d = 2" be the dimension of the target state.
If ka =1 and kg < 2", there is no QCQC simulation of the
quantum switch.

Proof idea: We analyse the constraints obtained from
imposing that the simulation holds for uniform convex
combinations of unitary operators.

We then analyse the case of Pauli operations using a
differentiation technique (from Analytical lower bound on
query complexity for transformations of unknown unitary
operations, T. Odake, S. Yoshida, M. Murao).

This allows us to note that imposing the simulation to hold
has very strong implications.

In particular, its eigendecomposition cannot be compatible
with QCQC processes.
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» How to go beyond?
» The quantum switch is not restricted to single-partite channels.



Quantum switch circuit simulation

» How to go beyond?

v

The quantum switch is not restricted to single-partite channels.

» How about instruments, bipartite channels?
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General simulation:
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» Thm3:
Ua
B
» The circuit:
cr & cO
auxu l I I &HXIO
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» The simulation from the first switch paper can be generalised

v

But not much

> Large advantages in query complexity with the quantum
switch is possible!

» Conjecture: for any d, ka, kg € N there is no deterministic
exact circuit simulation of the quantum switch.

» Open problem: Prove/disprove the conjecture, analyse the
scaling (how the probability scales, how the error scales)

» Dream: “Simple task” that is easy if we have the quantum
switch, but very hard if we only have standard circuits
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