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The NOT gate that flips a classical bit is ubiquitous in classical information processing. However its quan-
tum analogue, the universal NOT (UNOT) gate that flips a quantum spin in any alignment into its antipo-
dal counterpart is strictly forbidden. Here we explore the connection between this discrepancy and how
UNOT gates affect classical and quantum correlations. We show that while a UNOT gate always preserves
classical correlations between two spins, it can non-locally increase or decrease their shared discord in
ways that allow violation of the data processing inequality. We experimentally illustrate this using a
multi-level trapped '"'Yb* ion that allows simulation of anti-unitary operations.

© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

When given a quantum spin pointing in some unknown direc-
tion 7, is it possible to engineer a universal device that flips this
spin to point in the antipodal direction —#i? While this process is
easy to envision for classical vectors, it is strictly impossible for
quantum spins. The quantum operation that takes an arbitrary
quantum state |¢) to its orthogonal complement |¢p~) is anti-
unitary, and thus does not exist [ 1-4]. Like the no-cloning theorem,
this uniquely quantum constraint has drawn significant scientific
interest [5-7].

In contrast to cloning, the radical operational consequences of
the UNOT gate are not as readily apparent on a single qubit. Sup-
pose Alice secretly encodes a direction #i in 3-dimensional space
by preparing a spin aligned in . She then challenges Bob to esti-
mate 7i. If Bob can perfectly clone quantum states, then he can vio-
late the uncertainty principle by measuring each clone in a
different complementary basis. On the other hand, any measure-
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ment Bob makes after applying a UNOT gate on the input spin
can be simulated by measuring the input directly and reinterpret-
ing the measurement outcome (recording “up” as “down” and vice
versa). Thus UNOT gates do not allow Bob to retrieve information
about #i beyond standard quantum limits.

The consequences of the UNOT gate surface when an ancillary
qubit is introduced. Consider the same game, but now played on
two qubits. Instead of sending a single spin, Alice now sends a pair
of spins. Take two different strategies, either (1) sending Bob two
aligned spins, both in direction i, or (2) an anti-aligned pair, with
one spin in direction #i, and the other in direction —fi. Gisin and
Popescu [1] illustrated that the second strategy improves Bob’s
capacity to estimate 7i. They noted that if Bob possesses a UNOT
gate, he can deterministically convert a pair of aligned spins to
anti-aligned spins, and thus break standard quantum limits
whenever Alice adopts strategy (1).

This connection suggests that UNOT gate exhibits distinctive
effects on quantum correlations. Here we formalize this intuition
using recent methods that isolate the purely quantum component
of correlations between two systems. These correlations, known as
discord, are often motivated as correlations accessible only to
quantum observers [8-10]. We show that the UNOT gate preserves
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classical correlations between two spins, but can change their
shared quantum correlations in ways forbidden by fundamental
data processing principles (Fig. 1a). We illustrate this through
experiment — by adapting recent ion trap technology that allows
perfect simulation of anti-unitary operations [11-13]. We then
outline how these results rationalize the discrepancy in communi-
cation rate between aligned and anti-aligned spins, showing that it
exactly relates to the UNOT gate’s non-trivial effect on discord dur-
ing the decoding process.

2. Theory
2.1. Technical framework

Consider first two classical spins A and B. Let S(-) denote the
information entropy function, such that S(A) and S(B) quantify
the respective uncertainties of A and B when viewed indepen-
dently and S(AB) the uncertainty of the joint spin pair. The mutual
information I(A,B) = S(A) + S(B) — S(AB) then captures the total
correlations between A and B. This coincides with

Unitary

UNOT

Spin B

Fig. 1. UNOT gates on spin pairs. (a) Local reversible operations leave classical correlations J(B|A) and quantum correlations §(B|A) unchanged, where A and B are two
separable spins. A UNOT gate also preserves J(B|A), but can change J(BJA). (b) We simulate the effect of UNOT on p,; and p,,, where the two spins are encoded in the internal
and external degrees of freedom of a trapped '7'Yb" ion in a harmonic potential. Spin A is mapped to a 4-level system using Eq. (1), spanned by the basis |0), = |F = 0, m¢ = 0)
and [n =1,2,3) = |[F = 1,my = n — 2), where F and m; characterize the total internal angular momentum of '7'Yb*. The transition frequency from |F = 0, mg = 0) to |[F = 1,mg)
is (2m)(12642.8 + 9.0m¢) MHz. Spin B is mapped to the ground and first excited states of external motional mode, denoted by |0); and |1),, which are separated by the trap

frequency (2m)2.44 MHz.
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