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Abstract

Uncertainty relations represent one of the most fundamental constraints in
quantum theory and have been extensively studied from the early days of
quantum mechanics to the present. The importance of uncertainty relations
has further increased with the emergence of innovative quantum informa-
tion processing protocols and the recent advances in high-precision control
of quantum-scale physical systems. In particular, the uncertainty relations
derived by Xiao et al. for quantum testers, also known as process positive-
operator-valued measures (PPOVMs), provide quantitative trade-offs that
characterize the (im)possibility of quantum processes, and thus offer formu-
las of great significance from both foundational and applied perspectives.
On the other hand, it is possible to obtain more practical uncertainty rela-
tions for quantum testers by restricting classes of quantum processes or by
considering a formulation that allows an arbitrary number of testers. The
purpose of this thesis is to present theoretical results on uncertainty relations
for quantum testers obtained from these viewpoints. Specifically, the thesis
addresses the following three topics:

1. derivation of an exact uncertainty relation for a simple physical system;

2. derivation of a scalable uncertainty relation applicable to an arbitrary
number of testers;

3. derivation of explicit formulas characterizing uncertainty that arises
from restrictions on the class of time evolutions.

Since the main results are given in explicit and directly evaluable forms, they
are expected to be applicable to several tasks in quantum technologies, such
as performance evaluation in quantum computation and quantum cryptog-
raphy, as well as experimental verification of quantum mechanics. Indeed,
applications to a quantum key distribution protocol, a certain state transfor-
mation problem, and a detection problem of a channel property are discussed,
supporting the usefulness of the main contributions of this thesis.
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Chapter 1

Introduction

Uncertainty relations are at the heart of quantum theory. They impose re-
strictions on the probability distributions of measurements performed on a
state, thereby describing a kind of impossibility in quantum systems. For in-
stance, the inequality derived by Robertson in Ref. [4] expresses such a con-
straint on the probability distributions of Hermitian operators by bounding
the associated standard deviations from below by a quantity which depends
on the commutator of the Hermitian operators. In particular, Robertson’s
inequality implies that the probability distributions of a particle’s position
and momentum cannot be arbitrarily localized at the same time, indicating
that, unlike in classical mechanics, it is not possible to assign definite values
to the position and momentum in quantum mechanics.

Although Robertson’s inequality demonstrates a crucial difference be-
tween the quantum and classical worlds, it is not a perfect formulation of
uncertainty relations. In Ref. [5], Deutsch provided an alternative uncer-
tainty relation by employing the Shannon entropy as the measure of uncer-
tainty while pointing out non-negligible drawbacks of Robertson’s inequality.
Deutsch’s uncertainty relation has had a significant impact on subsequent
research. In particular, uncertainty relations formulated with information
entropies, including the Shannon entropy, have been investigated from both
fundamental and practical points of view, constituting a wide and deep area
of study [6].

Besides entropic uncertainty relations, other formulations have been pro-
posed and analyzed. Among them, majorization uncertainty relations and
fine-grained uncertainty relations impose strong and detailed restrictions on
probability distributions, respectively. The idea of using majorization, which



is a preorder comparing two real vectors, was initiated by Partovi [7], and
was further developed in subsequent works [8, 9, 10]. Majorization uncer-
tainty relations are comprised of inequalities, thereby strongly confining the
probability distributions associated with measurements performed on a state.
Similar to majorization-based formulations, fine-grained uncertainty rela-
tions are defined as sets of inequalities [11]. Each element of a fine-grained
uncertainty relation restricts the possible probabilities associated with a com-
bination of measurement outcomes, making it possible to quantify how large
these probabilities can be at the same time. Majorization-based and fine-
grained uncertainty relations can be considered more refined formulations
than entropic ones, because some entropic inequalities are derived from them
7, 8,9, 10, 11].

A large number of uncertainty relations, including those described above,
are formulated in the case where several measurements are performed on a
state. In contrast, in Ref. [12], Xiao et al. presented uncertainty relations
for measurements that are carried out to probe a quantum channel by utiliz-
ing a mathematical framework known as the quantum tester [13] or process
positive-operator-valued measure (PPOVM) [14]. Their uncertainty relations
are highly interesting and innovative in that they quantify the impossibility
of quantum dynamical behaviors from the perspective of uncertainty. In ad-
dition, since every state can be identified with a state-preparation channel,
these uncertainty relations encompass those for measurements performed on
a state as special cases.

Thus, the uncertainty relations derived by Xiao et al. extend the concept
of the principle itself, shedding new light on universal constraints in quantum
systems. However, when one considers applications to quantum computa-
tion, quantum cryptography, and verification of quantum mechanics, even
more flexible forms of uncertainty relations are required. In particular, the
majorization-based uncertainty relations of Xiao et al. involve optimization
over all physically allowed quantum evolutions, making their applications
to large-scale quantum information processing protocols or Avogadro-scale
physical systems practically infeasible. Therefore, from a foundational per-
spective, it is of great importance to derive uncertainty relations that are
evaluable—in particular, those that provide explicit constraints—when one
aims at applications to large-scale physical systems.

This doctoral thesis presents a series of research results on uncertainty
relations for quantum testers, obtained through the author’s primary contri-
butions [1, 2, 3]. These works pursue the goal of deriving explicitly evaluable



formulas from three complementary perspectives. First, a detailed analysis
of an uncertainty relation for a simple physical system is carried out, leading
to an explicit closed-form expression that does not require any optimization.
Second, an uncertainty relation with a relaxed bound is formulated, yielding
a scalable expression that remains tractable even for large physical systems.
Third, uncertainty under restricted classes of time evolutions is investigated,
resulting in explicit upper bounds on the achievable probabilities for various
classes of quantum channels.

The structure of this thesis is as follows. Chapter 2 provides preliminaries
for later chapters. They include the introductions of state, positive-operator-
valued measure (POVM), channel, and tester, each of which is a basic concept
in quantum theory. A brief review of uncertainty relations is also described
in this chapter. Chapters 3, 4, and 5 constitute the main parts of this thesis.
Each chapter examines one of the research topics described in the previous
paragraph, based on Refs. [1], [2], and [3], respectively. Most of the results
are presented as mathematical lemmas, theorems, propositions, or corollaries
without proofs (see Refs. [1], [2], and [3] for the details of their proofs).
Chapter 6 is the summary of this thesis.



Chapter 2

Preliminaries

2.1 States, POVMs, Channels, and Testers

States, positive-operator-valued measures (POVMs), channels, and testers
are building blocks in this thesis. They can be interpreted using the language
of information processing as follows: states are mathematical expressions of
information packed in systems, POVMs are devices for retrieving information
encoded in states, channels are converters for manipulating states, and testers
are devices for inspecting channels. The aim of this section is to introduce
these concepts based on Refs. [15, 16, 17, 18].

2.1.1 States

Let ‘H be a d-dimensional Hilbert space, and let £(H) denote the set of all
linear operators on H. Unless otherwise stated, we assume that all Hilbert
spaces are finite-dimensional. A state is a positive operator on ‘H with trace
equal to 1. Here, the positive operator and the trace are respectively defined
as follows.

Definition 2.1.1 (Positive operator). A positive operator is a Hermitian
operator A such that all the eigenvalues are nonnegative. We write A > 0 to
indicate that A is positive.

Definition 2.1.2 (Trace). The trace of a linear operator, denoted tr [-], is



the function from £(H) to C defined as

U

Al = S (6] Ales) (2.1)

i

I
=)

for every A € L(H). Here, {|e;)}¢=4+ is an orthonormal basis for H.
With these definitions, a state is formally defined as follows.

Definition 2.1.3 (State). A state is an operator p € L(#H) such that p > 0
and tr [p] = 1. In particular, a state p is said to be pure if its rank is 1, i.e.,
it is expressed as p = [¢) (¥| using a unit vector [¢) € H.

A state that frequently appears in this thesis is the mazimally entangled
state P, on H ® H given by

Proi= W) (Wy (2.2)

where
W)= LY e, (23)
and {|#)}9=¢ is an orthonormal basis for A.

2.1.2 POVMs

As stated in the beginning of this chapter, POVMs describe devices for mea-
suring states. Formally, a POVM is defined as follows.

Definition 2.1.4 (POVM). Let €2 be a finite set, and let E be a function from
2 to L(H). The function E is said to be a positive-operator-valued measure
(POVM) if and only if E(z) > 0 for every x € Q and ), E(x) = I, where
I denotes the identity operator on H.

A pair consisting of a POVM and a state induces a probability distribu-
tion. Let E be a POVM defined on a finite set 2. The set 2 is interpreted
as the all possible outcomes in a measurement. If the system in a state
p € L(H) is measured using the device described by E, the probability of
obtaining an outcome x € () is given by

p(x]p) = tr [E(x)p], (2.4)



which is referred to as the Born rule. It is clear that p(z|p) > 0 for every
r € Qand ) _p(x|p) =1 are respectively guaranteed by the conditions
E(z) > 0 for every x € Q and >, E(x) = 1.

A special type of POVM is projection-valued measures (PVMs) defined
as follows.

Definition 2.1.5 (PVM). A POVM P: Q — L(H) is referred to as a
projection-valued measure (PVM) if and only if, for every x € Q, P(z) is
a projection, i.e., P(z) = P(z)" = P(x)? is satisfied. In particular, a PVM is
said to be rank-1 if and only if every element of the PVM is rank-1.

For instance, let A be a Hermitian operator on H whose spectral decom-
position is given by

A=Y "aP, (2.5)

where a is an eigenvalue, and P, is the corresponding projection. It is obvious
that the function P given by P(a) := P, defines a PVM. In particular, if all
P, are rank-1, or equivalently, A is nondegenerate, then P is a rank-1 PVM.
Thus, every Hermitian operator induces a PVM.

2.1.3 Channels

In this subsection, we formally define channels, and then introduce several
types of channels.

To define channels, we need to introduce a few preliminary concepts. Let
A be a linear map from L(H;,) to L(Hou) where Hi, and Hoye are Hilbert

spaces.

Definition 2.1.6 (Positive map). The linear map A is said to be positive if
and only if A(A) > 0 for every A > 0.

Definition 2.1.7 (Completely positive map). The linear map A is said to be
completely positive if and only if id ®A: L(H) @ L(Hin) — L(H) @ L(Hout)
is positive for every finite-dimensional Hilbert space H. Here, id denotes the
identity map on L(H).

Definition 2.1.8 (Trace-preserving map). The linear map A is said to be
trace-preserving if and only if tr [A(A)] = tr [A] for every A € L(H;y).



Using these definitions, a channel is defined as follows.

Definition 2.1.9 (Channel). A channel is a linear, completely positive, and
trace-preserving map.

At first glance, it seems difficult to determine whether a given linear
map is a channel or not. Fortunately, two useful necessary and sufficient
conditions for a linear map to be a channel are known [19].

Proposition 2.1.10. The following statements are equivalent.

e The linear map A is a channel.

o The operator Ju := (idsyn @A) (P) referred to as the Choi operator of
A is positive and satisfies trou [Ja] = Lin. Here, P is defined as

din—1

PL= )l (il @) (il (2.6)

i,j=0

e There is a family of linear operators { K;}; such that A(A) = 3, K;AK]
for every A € L(Huy), and 3, KIK; = I,,.

The second statement indicates that the positivity of J, is not only nec-
essary but also sufficient for A to be a channel. Recall that a linear operator
is said to be positive if and only if it is Hermitian and has nonnegative eigen-
values. Thus, the second statement is equivalent to say that A is a channel
if and only if all of the eigenvalues of J, are nonnegative and troy [Jp] = Iin.

The third statement of Proposition 2.1.10 enables us to readily show that
a linear map is a channel. For instance, we can prove the following corollary
as a direct consequence of the third statement.

Corollary 2.1.11. Let Ho, H1, and Hy be Hilbert spaces. Let Ag be a channel
from L(Ho) to L(Hi1), and let Ay be a channel from L(H1) to L(Hs). The
composition of Ay and Ay, defined as (Ay o Ng)(A) := A1(Ao(A)) for every
A€ L(Hyo), is also a channel.

Proof. From the third statement of Proposition 2.1.10, there are families of
linear operators such that

No(A) =D K AK)! (2.7)
AM(B) =Y KWB(KM)! (2.8)
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for every A € L(H,) and B € L(H;1). Therefore, it holds that
(AroAg)(A) =Y KK AKV K. (2.9)
2]

The family {KJ(.DK.(O)}M satisfies Zi’j(K;l)Kfo))TK;DK;O) = Iy, so that A; o

Ay is a channel again from the third statement of Proposition 2.1.10. [l

The composition A; o Ay of channels A; and Ay physically corresponds to
the transformation that applies Ay to a state, and then immediately applies
A1 to the output state.

Having defined what channels are, we introduce several typical types of
channels.

Preparation of states

An extreme type of channel is those defined on C. Physically, each chan-
nel from C to L(H), where H denotes a Hilbert space, is identified with a
device for preparing a state on H. For instance, a channel A on C serves
as the preparation of a state A(1). Furthermore, we can show the following
proposition, from which states can also be understood as channels on C.

Proposition 2.1.12. There is a channel A such that A(1) = p for every
state p on a Hilbert space H.

Proof. Let \; and |4;) respectively denote an eigenvalue and the correspond-
ing normalized eigenvector for each 0 < i < d — 1, where d denotes the
dimension of H. The third statement of Proposition 2.1.10 ensures that the
linear map A: C — L£(H) defined as

d-1
Aler) =" VN ) o (] /N (2.10)

i=0
is a channel. It holds that A(1) = p because of A(«a) = ap. O

Trace

Another extreme type of channel is those whose output spaces are C. Phys-
ically, each channel from £(H), where H is a Hilbert space, to C is regarded
as a transformation that discards any state on H. The trace is an example
of such channels, which is clear from its definition and the third statement
of Proposition 2.1.10. In fact, the trace is the only channel from £(H) to C.

11



Proposition 2.1.13. [t holds that A = tr for every channel A: L(H) — C.

Proof. Let A be a channel from £(#H) to C. For an A € L(H), we have
A(A) = a for some a € C because of the definition of A. The trace-preserving
property of A implies

tr[A] = tr[A(A)] =tr[a] = a. (2.11)

Consequently, it holds that A(A) = tr [A] for every A € L(H). O

Depolarizing channels

Corollary 2.1.11 states that the composition of the preparation of a state
and the trace is also a channel. Channels of this type are referred to as
depolarizing channels, and formally defined as follows.

Definition 2.1.14 (Depolarizing channel). A channel A: £(Hi,) = L(Hout),

where H;, and H,,; are Hilbert spaces, is referred to as a depolarizing channel
if and only if for every A € L(H;y,) it acts as

A(A) =tr[A]p (2.12)
where p is a state on Hoyt.
Every depolarizing channel can be interpreted as a transformation that

discards the input state, and then prepares a new state as the output.

2.1.4 Random unitary channels

Of course, unitary evolutions, which describe transformations of states in a
closed system, are also channels. Such channels are referred to as wunitary
channels, and formally defined as follows.

Definition 2.1.15 (Unitary channel). A linear map A is said to be a unitary
channel if and only if there is a unitary operator U on a Hilbert space H
such that

A(A) = UAUT, (2.13)

where A is a linear operator on H.

12



A convex combination of unitary channels is also a channel. We call such
channels random unitary channels, and formally define them as follows.

Definition 2.1.16 (Random unitary channel). A channel A is said to be a
random unitary channel if and only if there are a probability distribution
{pi}, i.e., a family of nonnegative numbers satistying > . p; = 1, and a family
of unitary operators {U;};, each of which acts on a Hilbert space H, such
that

A(A) =D pUAUY, (2.14)

where A is a linear operator on H.

Random unitary channels are representative expressions of noise in quan-
tum information processing. For instance, the linear map A defined as

A() :==poi(-)or + (1 —p)id(-) (2.15)
where oy is the first component of the Pauli operators, i.e.,
o1 = [0) (1] +[1) (0], (2.16)

is a model of bit-flip noise, which applies a bit-flip error, represented as o,
to a state with the probability p, and leaves a state alone with the remaining
probability 1 — p.

2.1.5 Entanglement breaking channels

Entangled states are crucial resources for quantum information protocols
like quantum teleportation [20]. Therefore, it is of great interest to know
whether a channel breaks entangled states, i.e., transforms entangled states
into separable states, motivating the following definition.

Definition 2.1.17 (Entanglement breaking channel). A channel A : £(H;,) —
L(Hout) is referred to as an entanglement breaking channel if and only if
(id ®A)(p) is separable for every state p on H ® Hi, and every Hilbert space

H.

It seems difficult to determine whether a channel is entanglement break-
ing or not because the definition requires us to check the separability of
(id®A)(p) for all p. Fortunately, it is known that we can verify the en-
tanglement breaking property of a channel by examining its action to the
maximally entangled state. Specifically, the following proposition holds [21].

13



Proposition 2.1.18. A channel A : L(Hiy) — L(How) i entanglement
breaking if and only if (id @A)(Py) = Jp/d is separable.

Thanks to this proposition, it is easily proven that several types of chan-
nels are entanglement breaking. For instance, a depolarizing channel A,
which discards the input state and output a state p, is entanglement break-
ing because of Jy =1 ® p.

Another typical example of entanglement breaking channel is a measure-
and-prepare channel, which is interpreted as a transformation that mea-
sures an input state using a POVM, and then outputs a state depending
on the obtained measurement outcome. To be more specific, a channel
N: L(Hin) — L(Hout) is referred to as a measure-and-prepare channel if
and only if it acts as follows for any linear operator A on H,:

N(A) =) tr[E()A] 7, (2.17)

where E is a POVM defined on a set €2, and 7, is a state on H,,; for each
x € Q. If a state p on Hj, is input, then A’ outputs 7, with the probability
tr [E(x)p]. The map A’ is indeed a channel, and this fact can be shown from
the following equalities:

N(A) =D (Vg ) (1 VE@) AN Aus ) (il VE@)T,  (218)

D (Vg [eg) (I VE@) 'V Aa [2) (il VE() = L, (2.19)

x?/LL]

where )\, ; denotes an eigenvalue of 7, for each x € Q, [¢), ;) represents the
corresponding normalized eigenvector, and {|i)}%=;" is an orthonormal basis
for Hi,. It is direct to verify that A’ is entanglement breaking, from the
separability of

I tr[E(z)] E(x)T

T wE@)] © ™ (2.20)
ze{zeE(x)#0}

where (-)T represents the transpose of a linear operator with respect to the
orthonormal basis {|i)} "

We note that every depolarizing channel is also a measure-and-prepare
channel whose POVM is defined on a singleton, i.e., a set with a single
element. Hence, the set of all entanglement breaking channels encompasses
the set of all depolarizing channels.

14



2.1.6 Testers

This subsection describes testers [13], also known as process POVMs (PPOVMs)
[14]. We introduce a scheme that is designed to measure channels, and then
define a tester as a mathematical expression of this scheme. After discussing

a general case, we provide two special types of schemes and the associated
testers.

General testers

Let A be a channel which transforms states on a Hilbert space H;, into states
on another Hilbert space Hoy. Measuring A means gaining information
about A. More specifically, a measurement to probe A is performed as the
following procedure:

1. Preparation of a state p on Hane ® Hin, Wwhere H,ye is the Hilbert space
of an ancillary system.

2. Application of id,,. ®A to p.

3. Execution of the measurement on the composite system Hane ® Hout
described by a POVM E: Q — L(Hane) @ L(Hout)-

The outcome of this measurement for A is that produced in the third step.

The measurement procedure can be interpreted as a device having a space
into which a channel can be inserted. Each time this device runs, it supplies
a state p to the inserted channel, performs a measurement E for the state,
which the channel outputs, and as a result displays a measurement outcome
with a probability.

Let p(xz|A) denote the probability of obtaining an outcome z € 2. Clearly,
p(z|A) is given by

p(x[A) = tr [E(z)(idane @A) (p)] (2.21)

Although all the probabilities are computed using this formula in principle,
the right-hand side of Eq. (2.21) can be rewritten as a more useful expression
with the following lemma.

Lemma 2.1.19. There is a unique completely positive map Y ,: L(Hin) —
L(Hane) such that (T, ®id;,)(P}) = p.

15



Proof. Let |¥) be a unit vector in Hape ® Hin, and let Ky be the linear
operator from H;, to Ha,. defined as

danc in ™

Ky=Y_ Z |a) (a ®i|W) (i] (2.22)

a=0 1i=0

where d,,. and d;, respectively denote the dimensions of H,,. and H;,. It is
easy to see that

(To @idin)(PL) = [¥) (V] (2.23)

where Ty is the completely positive map defined as Ty (A) = K\I/AK‘} for
every A € L(Hiy).

Let {)\; }d"‘“d“‘_1 be the eigenvalues of p, and let {|V¥; )}dancd‘“—1 be the
correspondlng eigenvectors of p, i.e., p|¥;) = \; |¥;). We have

(T, @ idi) (PL) = p, (2.24)
where T, = Zj‘"‘z“gdinfl AjTy,;. This map is uniquely determined because
T, =T, is implied if a linear map T/, satisfies (1}, ® idi,)(P}) = p. O

Consequently, the probability p(x|A) can be expressed as follows.
Proposition 2.1.20. [t holds that

p(z|A) = tr [S(z)Jy] . (2.25)
Here, S is the function from Q to L(Hy) @ L(How) defined as
S(x) = (T @ id ) E(2)) (2.26)

where Y7 is the dual map of T, given by Lemma 2.1.19.

Proof. The assertion can be shown from the following equalities:

p(z|A) = tr [E(z)(idane @A) (p)] (2.27)
= tr [E(x 1danC®A )(T, @ idi) (P})] (2.28)

= tr [E(2)(Y, @ idout ) (idin @A) (P})] (2.29)

= tr [( T: 1dout (E(2))(idin @A) (PL)] (2.30)

= tr[S(x)Jy]. (2.31)

O
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An advantage of Eq. (2.25) is that A is expressed as its Choi operator
Ja, and thereby useful tools, like the spectral decomposition of Jy, can be
applied.

Another advantage of Eq. (2.25) is that the information about p and
E, which are used to measure A, is packed into S. As stated earlier, the
measurement procedure can be understood as a device, which supplies the p
to channel and then performs a measurement E on the output state. Thus,
S can be interpreted as a mathematical representation of this device.

In Eq. (2.25), S exhibits behavior analogous to the POVM in Eq. (2.4).
In fact, S is called a tester or process POVM (PPOVM). A crucial difference
between a POVM and a tester (or a PPOVM) lies in the normalization
conditions; while the sum of all values of a POVM coincides with the identity
operator, the sum of all values of a tester is in general not equal to the
identity operator. Indeed, using T;(Ianc) = pl . where py, = traep, we
obtain Y. _oS(z) = pi, @ Lout, and its right-hand side is not equal to the
identity operator if and only if di, > 1. Formally, a tester or PPOVM is
defined as follows.

Definition 2.1.21 (Tester). Let €2 be a finite set, and let S be a function from
Qto L(Hin)@L(Hout)- The function S is said to be a tester or process POVM
(PPOVM) if and only if S(z) > 0 for every z € Q and }°, ., S(2) = pf, ® Lo
where py, is a state on L(Hiy,)-

Testers play central roles in this paper. In the following, we introduce
typical types of testers for later chapters.
Ancilla-free testers

A tester of a measurement procedure that does not utilize the correlation
induced by an ancillary system is referred to as an ancilla-free tester. A
typical ancilla-free tester is given by choosing H,,. = C. In this setting, the
state and POVM can be written as

=18 pi, (2.32)
E(2) = 1@ Egy(2) (2.33)

where py, is a state on Hi,, and {Eou(7)}eeq is a POVM whose range is
L(Hout). Equation (2.26) implies

S() = pi © Eou () (2.34)
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for each x € Q.
Every measurement on states, described by a POVM, can be regarded as
an ancilla-free measurement on preparation channels, i.e., channels from C

to L(Hou ). Indeed, if Hane = Hin = C, S(z) and J, become

S(z) = 1 ® Eou (), (2.35)
Jr =1® pous, (2.36)

which are respectively identified with E,. and the prepared state pou =
A(1). Furthermore, the probability p(z|A), given by Eq. (2.25), becomes

p(l’|A) = tI‘ [Eout(x)pout] ) (237)

whose right-hand is equal to that of Eq. (2.4). Thus, the concept of tester
generalizes that of POVM, and Eq. (2.25), a formula for calculating a prob-
ability, can be considered an extension of the Born rule, expressed as Eq.
(2.4).

Testers induced by maximally entangled input states

Other typical examples of testers are those associated with measurements on
channels in which maximally entangled states are employed as their input
states. Let Hane = Hin, and let p = |¥) (V| where |¥) is a maximally
entangled state in Hi, ® Hi,. In this case, Eq. (2.26) implies

S(2) = HU1 ® Lu E(@) (U © Low). (2:33)

where U is the unitary operator given by |V) = (U ® [;,) |V, ).

Investigating how a channel transforms maximally entangled states is a
crucial task. This is because maximally entangled states play prominent
roles in several quantum information schemes, like quantum teleportation
[20]. Thus, measurement devices implemented by maximally entangled input
states serve as basic tools for performing such investigations.

2.2 Uncertainty Relations

In this section, we describe two notions of uncertainty relation. First, un-
certainty relations for measurements of states are briefly reviewed, and then
those for measurements of channels, derived in Ref. [12], are presented.
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2.2.1 Uncertainty relations for measurements of states
Robertson’s uncertainty relation

In a nutshell, any mathematical object expressing a restriction on probabil-
ity distributions is referred to as an uncertainty relation. First, we explain
Robertson’s inequality, because it is described in most textbooks on quan-
tum mechanics and hence considered a natural starting point for the review
of uncertainty relations.

Let H be a Hilbert space of dimension d, let A and B be Hermitian
operators on H, and let |¢)) be a unit vector in H. Robertson’s uncertainty
relation is expressed as the following proposition [4].

Proposition 2.2.1. The following inequality holds:
1
AwA- Ay B = S|4, Bl (2:39)

where Ay X denotes the standard deviation of a Hermitian operator X de-

fined as Ay X = \/(@Z)|X2|¢> — (Y| X|)?, and [A, B] is the commutator of
A and B defined as [A, B] == AB — BA.

Equation (2.39) induces a restriction on the probability distributions of
A and B, and thereby reveals a fundamental difference between the quantum
and classical worlds. Specifically, by letting A = X and B = P, where X and
P respectively denote the position and momentum of a particle, we obtain

Ay X - Ay P >

h
— 2.4
g (2.40)

because X and P satisfy the canonical commutation relation, i.e., [X, P] =
ihl (this example is the only case in this thesis that involves an infinite-
dimensional Hilbert space). The standard deviation represents the spread
of a probability distribution. Therefore, Eq. (2.40) provides the significant
physical implication that the probability distributions of the position and
momentum cannot be sharpened at the same time in the quantum world.
This conflicts with a naive intuition that the position and momentum have
fixed values at each point in time, on which classical mechanics relies. Thus,
Robertson’s uncertainty relation, expressed as Eq. (2.39), is regarded as an
inequality characterizing quantum theory.
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However, there is a non-negligible drawback in Robertson’s inequality.
Specifically, the dependency of the right-hand side of Eq. (2.39) on |¢) be-
comes a problem if Eq. (2.39) is applied to Hermitian operators on a finite-
dimensional system. For instance, let us suppose that H is a two-dimensional
Hilbert space with an orthonormal basis {|0),|1)}, and the Hermitian op-
erators are respectively given by A = oy and B = o3, where oy and o3
respectively denote the first and third Pauli operators, defined as

o1 = 10) (1] + 1) (0], (2.41)
o = (—i) 0) (1] + 7 [1) (0], (2.42)
o5 = [0) (0] — 1) (1] (2.43)

If [¢) = |0), which is an eigenvector of o3, Eq. (2.39) becomes
A|w>0’1 : A|w>0’3 2 0. (244)

This inequality is trivial because the standard deviations are nonnegative by
definition. Although the probability distribution of o; cannot be determin-
istic (in fact, it is the uniform distribution), Eq. (2.44) does not reflect this
restriction.

Furthermore, it is not necessary to use the standard deviation to estab-
lish uncertainty relations. In fact, the standard deviation of a probability
distribution depends on the values of outcomes, and therefore cannot be
considered a perfect measure of uncertainty. For instance, let us imagine a
fair coin whose heads and tails are marked 1 and —1, respectively. While
the standard deviation of this coin is 1, it changes into 2 when the values
of the heads and tails are rewritten as 2 and —2, respectively. Thus, the
standard deviation can change by rewriting the values assigned to the heads
and tails, although the uncertainty related to a coin flip is invariant under
such a relabeling.

The drawbacks of Robertson’s inequality have motivated researchers to
seek alternative formulations of uncertainty relations. In the following, we
describe three types of uncertainty relations, each of which serves as such a
contemporary formulation.

Entropic uncertainty relations

In Ref. [5], Deutsch pointed out the shortcomings of Robertson’s inequality,
stated above, and derived an uncertainty relation using the Shannon entropy,
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which is defined for a probability distribution {p(x)}.cq as follows:

H(p):=— Y plx)np(x), (2.45)

zesupp(p)

where supp(p) = {x € Q : p(z) # 0}. As a basic property, H(p) satisfies 0 <
H(p) <In|Q|, in which H(p) = 0 if and only if p(x) = 1 for some x € Q, and
H(p) = In|Q] if and only if p(x) = ﬁ Furthermore, the Shannon entropy is
invariant under a relabeling of outcomes, unlike the standard deviation. To
see this, let {p'(2')}rreqr be a probability distribution such that p = p’ o f,
where f: Q — Q' is a bijective function representing a relabeling. Clearly, it
holds that H(p') = H(p). Thus, the Shannon entropy is considered a suitable
measure to quantify the uncertainty of a probability distribution.

Deutsch’s inequality is expressed as follows [5].

Proposition 2.2.2. Let Q; and 2y be finite sets respectively specified by
Q= A{xo,..., 291} and Qs = {yo,...,ya_1}, and let P: Q; — L(H) and
Q: Qo — L(H) be rank-1 PVMs respectively given by P(z;) = |e;) (e;| and
Q(y;) = |f) {f;], where {|e:)}Y2=) and {|f;) ?;é are orthonormal bases for H.
Then, the following inequality holds:

1 + max; ;|{e;| f;)]
2 b

where p and q are the probability distributions of the measurements described
by P and Q on a state |¢) € H, i.e., they are given by p(x;) = |[{e;|V)|* and
q(y;) = [{f;|0))?, respectively.

Note that the bound of Eq. (2.46) does not depend on the state |¢), unlike
Robertson’s inequality, given by Eq. (2.39). Because of this, Eq. (2.46)
implies that if max; ;|(e;| f;)| < 1, H(p) and H(q) cannot be 0 simultaneously,
or equivalently, p and ¢ cannot be deterministic simultaneously. For instance,
if d =2 and |{e;|f;)| = \/Li’ then the right-hand side of Eq. (2.46) becomes
positive, imposing a nontrivial restriction on p and ¢, which Robertson’s
inequality fails to capture.

Equation (2.46) has undergone various improvements so far. Maassen
and Uffink refined Eq. (2.46) in Ref. [22], Krishna and Parthasarathy
extended the Maassen—Uffink inequality in Ref. [23] so that an arbitrary
pair of POVMs can be applied to it, and Rastegin generalized the Krishna—
Parthasarathy inequality by employing the Rényi entropy as a measure of
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uncertainty in Ref. [24]. The Rényi entropy of a probability distribution p
is a function of p with a nonnegative parameter 0 < a < co. Specifically, it
is defined as

H, (p) =

i ~In <Z p(z)o‘) (2.47)

for a ¢ {0,1,00} and as the limits of the right-hand side for o € {0, 1, 00}
[25]. In particular, Hy(p) coincides with H(p) for all probability distribu-
tions p, indicating that the Rényi entropy is a generalization of the Shannon
entropy. The uncertainty relation obtained by Rastegin is expressed as the
following proposition [24].

Proposition 2.2.3. Let 1 and Q5 be finite sets respectively characterized
by 1 = {xo,...,xp—1} and Qo = {yo,...,yn_1}, where M and N are
nonnegative integers, and let E: Q; — L(H) and F: Qy — L(H) be POV Ms.
Then, the following inequality holds:

Ha(p) + Hy(q) > —2Inmax|[E(z: ) PE () . (2.48)

Here, a and [ are positive numbers such that o, 3 # 1 and é + % =2, and
p and q denote the probability distributions of the measurements described by
E and F on a state p € L(H), i.e., they are given by p(z;) = tr [E(x;)p] and
q(y;) = tr [F(y;)p], respectively.

By taking the limit « — 1 in Eq. (2.48), we obtain the following corollary.

Corollary 2.2.4. Under the hypotheses of Proposition 2.2.3, the following
inequality holds:

H(p)+ H(q) > 2lnmaXHE )Y2F(y 1/2H (2.49)

In particular, if M = N = d, E(x;) = |e;) (e;] fori € {0,...,d — 1}, and
F(y:) = |f;) (f;] for all j € {0,...,d — 1}, where {|e;)}{=, and {]fj> 45 are

orthonormal bases, then the inequality becomes

H(p) + H(q) = —2Inmax|(e;] f;)|. (2.50)

Equations (2.49) and (2.50) are the Krishna—Parthasarathy and Maassen—

Uftfink inequalities, respectively. It is clear that Eq. (2.50) is stronger than
Eq. (2.46).
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Majorization uncertainty relations

Uncertainty relations formulated with majorization, referred to as majoriza-
tion uncertainty relations, serve as other modern expressions for quantifying
the restrictions imposed on probability distributions [7, 8, 9, 10]. Majoriza-
tion is a preorder on a set of real vectors, and is defined as follows [26].

Definition 2.2.5 (Majorization). Let & and y be real vectors of dimension
d, and let ' and y* be the real vectors given by arranging the components
of  and y in decreasing order, respectively. We say that @ is majorized by
y if and only if

k k
LRI @251
=1 =1

forevery 1 < k <d-—1, and

ixf = iyj. (2.52)

We write < y to denote that x is majorized by y, and call x < y a
majorization relation.

A majorization relation < y, where  and y are real vectors, indi-
cates that @ is flatter than y. For instance, it follows that (1/d,...,1/d) <
p < (1,0,...,0) for all probability vectors p of dimension d. This relation is
consistent with our intuition that (1/d,...,1/d) and (1,0,...,0) are respec-
tively considered the flattest and least flat probability vectors. Furthermore,
majorization is closely related to information entropies through the notion of
Schur-concave function. Here, a function f: R? — R, where d is a positive
integer, is said to be Schur-concave if and only if f(x) > f(y) whenever
x < y for all real vectors  and y in R?. For example, the Rényi entropy is
a Schur-concave function, and hence each majorization relation for probabil-
ity vectors induces a Rényi entropic inequality. Thus, majorization provides
a stronger criterion for comparing the flatness of two real vectors than any
Schur-concave functions, including the Rényi entropy.

A type of majorization uncertainty relation is given by the following
proposition [7, 8, 9].
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Proposition 2.2.6. Let €2y and €y be finite sets respectively specified by
Q= {x1,...,xm} and Qo = {y1,...,yn}, where M and N are positive
integers. Let p be a state on H, and let E: Q; — L(H) and F: Qy — L(H)
be POV Ms. Then, the following majorization relation holds:

P®q<bg (2.53)

where p and q denote the probability vectors given by p; = tr[E(z;)p| and
q; = tr[F(y;)p] forallie {1,...,M} and j € {1,..., N}, respectively. The
vector b in the right-hand side is a probability vector of dimension M N
whose elements are defined as

bek = Sek — Sok-1 (2.54)

for all k € {1,...,MN}. Here, the quantities in the right-hand side are
gwen by sgo =0, and

_ @ 2.55
@k icg{17...,m?)x({1 ..... N}m;SLX Z Pids (2:55)
K=k (i.j)er

forallk € {1,...,MN}.

Equation (2.53) indicates that the probability vector p ® g must be flat-
ter than the state-independent vector bg in the sense of majorization. In
particular, it implies that if bs is not deterministic, i.e., bé@ # (1,0,...,0),
then p and g cannot be deterministic simultaneously for all states.

Another type of majorization uncertainty relation is given by the following
proposition [10].

Proposition 2.2.7. Under the same hypotheses in Proposition 2.2.6, the
following majorization relation holds:

pPDq< by (2.56)
where bg is a vector of dimension M + N whose elements are defined as
bok = Sok — S k-1 (2.57)
forallk € {1,...,M + N}. Here, sg are given by Sg o := 0, and
Sok = lzgijxk max {iezzpz + jezj q]} (2.58)

forallk e {1,...,M + N}.
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Similar to Eq. (2.53), Eq. (2.56) implies that if b% # (1,1,0,...,0) holds,
then p or ¢ must be non-deterministic for all states.

Thus, the majorization uncertainty relations, given by Eqgs. (2.53) and
(2.56), express the uncertainty trade-off between p and g through the state-
independent vectors, like entropic uncertainty relations. Furthermore, Eqs.
(2.53) and (2.56) are by definition equivalent to sets of inequalities, thereby
imposing multiple restrictions on the probability vectors p and q. As a
consequence, Eqgs. (2.53) and (2.56) induce strong entropic inequalities [7, 8,
9, 10].

Fine-grained uncertainty relations

Finally, we introduce the concept of fine-grained uncertainty relations. In
general, some expression imposing a restriction for each combination of the
probabilities associated with measurements on a state is referred to as a fine-
grained uncertainty relation. Oppenheim and Wehner devised the following
set of inequalities as a fine-grained uncertainty relation [11]:

U= {Z rip(xP)p) < b(x) - @ = (2V,..., 2P e HQZ} (2.59)

=1

where L is a positive integer, {r;}/-, is a probability distribution, and p is
a state on H. For each [ € {1,...,L}, p;(z|p) denotes the probability of
obtaining an outcome z® in a subset ), when the measurement described
by a POVM E®: Q; — L(H) is performed on p. The bound is given by

= maxz rip (29 p) (2.60)
L
= 1D rED )], (2.61)
I=1
where ||-|| denotes the operator norm defined for each A € L(H) as
Al
|A|| = ma . (2.62)
EH el
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Equation (2.59) indeed forms a fine-grained uncertainty relation because
each element in I/ imposes a restriction on the probabilities

pi(@W]p), .. pr(aPp) (2.63)

for an outcome combination & = (), . .. ,x(L)) € Hle ), through the state-
independent quantity b(x). To be more specific, if the strict inequality

L

b(x) < Zrl m,?xpl(x(l”p) (2.64)

=1

holds, then the probabilities in Eq. (2.63) cannot be maximized at the same
time, meaning that a nontrivial restriction on the probability distributions
exists [27].

Furthermore, each inequality in U has a clear operational meaning in the
scheme where a state p is stochastically measured using one of the POVMs
EM, ... E®) according to the probability distribution {r;},. Specifically,
the left-hand side of the inequality in Eq. (2.59) represents the probability of
obtaining one of the outcomes in an « € HlL:1 ), while the right-hand side,
i.e., b(x), gives the maximum of this probability, optimized with respect to
states. Thus, the fine-grained uncertainty relation, expressed as U, is consid-
ered a reasonable formulation for expressing restrictions on the probability
distributions py,...,pr.

Equation (2.59) quantifies how large probabilities pi (2™ |p), ..., pr(z®|p)
can be at the same time for every x € H1L:1 ;. For instance, if L = 2,

r =1y = %, and EO (IZ@) = |e§l)> (egl)| where {|e§l)> 4=+ are orthonormal

bases, the uncertainty bound is given by

ba) = 5 (14 1{e]e)]) (2.65)

for all € Oy x {2y, indicating that the probabilities p; (m§1)|p) and pg(l'g?) 1p)

cannot be unity if |<e§1)|e§2)>| < 128,29, 30]. In particular, if {|ez(~1)>}§l;01
and { ‘€§2)> ?;é are mutually unbiased, i.e., ](egl)]e?)

i,7 € {0,...,d — 1}, then the bound becomes

)| = 75 holds for every

ba) = % (1 + %z) , (2.66)
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meaning that p; (x§1)| p) and pQ(x§.2)| p) cannot be large simultaneously and a

nontrivial trade-off between p; (xl(»l)] p) and pg(x§-2)| p) exists for every i,j €
{0,...,d —1}.

It is a significant advantage of I/ that it imposes a restriction on proba-
bilities for each outcome combination. Thanks to this feature, i can express
nontrivial uncertainty trade-offs that the entropic and majorization-based
uncertainty relations cannot capture. For instance, let us consider the fol-
lowing case:

d =3, (2.67)
L=2, (2.68)
ED (") = 1i) (il (2.69)
E?) () = 1) (il (2.70)
where {[7)};e is defined as
5 {g (10) + (=1 |1)) 8 i{;; 1) (2.71)

Then, we obtain

(1+%) Giefo)
(i=2,je€{0,1}orie{0,1},j=2), (2.72)
(i=3j=2)

implying that a nontrivial upper limitation on

|
— N= N

1 1
Spa(1p) + 5pa(a”lp) (2.73)
exists for each (:1:2(1), :E;Q)) € (0 x )\ {(zV, 28}, In contrast to this, Eq.
(2.48) becomes
Heo(p1) + Hg(p2) = 0, (2.74)

which is trivial because the Rényi entropies are nonnegative by definition.
Similarly, the majorization uncertainty relations, given by Egs. (2.53) and
(2.56), become the following trivial expressions:

D1 ®p2 < (1707 s 70>7 (275>
P1 D p2 < (2707 s 70)7 (276)
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where p; and p; denote the probability vectors gained by collecting the
probability distributions p; and ps, respectively. Thus, U possesses a unique
strength, which is not found in the entropic and majorization-based uncer-
tainty relations.

It should be noted that, if r; = % foralll € {1,..., L}, then U is identified
with the generalized Landau—Pollak uncertainty relation, which was devised
in Ref. [28] before the concept of fine-grained uncertainty relations was
proposed in Ref. [11].

2.2.2 Uncertainty relations for measurements of chan-
nels

We described several types of uncertainty relations in the previous subsection.
They impose restrictions on probability distributions, and thereby expressing
a kind of impossibility in quantum theory. However, these uncertainty rela-
tions can be applied to only measurements of states, expressed as POVMs.
As stated previously, measurements of channels, including states, can be
described using the concept of testers. Thus, it is natural to extend uncer-
tainty relations for POV Ms, such as those presented in the above subsection,
by means of testers.

Xijao et al. pioneered this direction of study in Ref. [12], and derived
three forms of uncertainty relations for testers. Let us consider two mea-
surements for probing channels that transform states on a Hilbert space
Hin into states on another Hilbert space How. Let Qp = {z1,..., 2}
and Qo = {y1,...,yn} respectively denote the sets of measurement out-
comes with the cardinalities M and N, and let S: @ — L(Hin ® Hou) and
T: Qs = L(Hin ® Hous) be the associated testers satisfying the following
normalization conditions:

M

Z S(xl) - p?;l & ]out> (277)
=1

N
> T()) = ot @ Lo, (2.78)
=1

where py, and oy, are states on Hy,. Let A be a channel from L(H;,) to
L(Hout), and let p and q respectively denote the probability vectors corre-
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sponding to S and T, i.e.,

pi = p(ai|A)

tr[S(x;)Ja], (2.79)
q; = Q<yJ|A> t

r[T(y;)Ja] - (2.80)

The uncertainty relations for testers obtained by Xiao et al. are expressed
as the following propositions [12].

Proposition 2.2.8. The following inequality holds:

1 di, — 1 1 Ao, — 1
H, | — Hg | —

> —2lnmaXHA(:cl-)l/QB(yj)l/zH (2.81)
i

where o and 5 are positive numbers such that é—{—% =2, and A and B denote
the POV Ms respectively defined as

Alz;) = {i(fiﬂ; @ Lo 3 :S ]Z\fff: (2.82)
and
B(y;) = {I(;%i?; ol ;i‘;\i]}[ (2.83)
Proposition 2.2.9. The following majorization relation holds:
PYQq=cyg (2.84)

where cg 1s a probability vector of dimension M N whose elements are defined
as

C®7k = t®7k - t®7k71 (285)

forallk € {1,...,MN}. Here, ty is given by tgo =0 and

A @ 2.86
©k lcg{l,...,rjﬁ?}x{{l ..... N}m/%X Z bids ( )
|K|=k (i,5)eK

for each k € {1,...,MN}.
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Proposition 2.2.10. The following majorization relation holds:
where cg s a vector of dimension M + N whose elements are defined as

C@Jﬁ- = t@,k — t@,k—l (288)

forallk € {1,...,M + N}. Here, tg is given by tgo =0, and

|I\+|’\7\:k €T JjeT
for each k € {1,...,.M + N}.

It should be noted that tq ; can be expressed using the conditional min-
entropy, devised in Ref. [31], and tg ) can be bounded from above using
tekr1; see Ref. [12] for more details.

Equations (2.81), (2.84), and (2.87) are considered reasonable forms of
uncertainty relations for measurements of channels. Their bounds are de-
termined by the testers S and T, thereby making it possible to express
channel-independent restrictions imposed on the probability vectors p and
q. In particular, if max,;||A(z;)'/?B(y;)"/?|| < 1, ¢, # (1,0,...,0), or
Céa # (1,1,0,...,0) holds, then p and g cannot be deterministic at the same
time. Additionally, Eqs. (2.49), (2.53), and (2.56) can be obtained from
Egs. (2.81), (2.84), and (2.87), respectively, because measurements of states
correspond to ancilla-free measurements in the case of d;,, = 1. Thus, Egs.
(2.81), (2.84), and (2.87) quantify the uncertainty trade-offs in measurements
of channels, including measurements of states, making it possible to capture
an aspect of impossibility in quantum theory.
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Chapter 3

An Uncertainty Relation for
Measurements of Random
Unitary Channels Acting on a

Qubit

In this chapter, we establish an uncertainty relation for measurements of
channels, based on Ref. [12]. Specifically, we consider a scheme where a
random unitary channel acting on a qubit is stochastically measured using a
pair of ancilla-free testers. Consequently, an uncertainty relation is obtained
as a closed-form expression in such a specific situation.

3.1 Introduction

In the previous chapter, it was explained that uncertainty relations can be
formulated not only for POVMs but also for testers. For a pair of testers,
Eqgs. (2.81), (2.84), and (2.87) impose restrictions on the probability distri-
butions of a channel. These uncertainty relations apply to scenarios in which
arbitrary quantum channels are allowed, thereby capturing the universal con-
straints inherent in quantum dynamical processes.

While this assumption regarding the preparation of channels is reason-
able, it is also worth considering cases where a prepared channel is of a
specific form. This is because particular transformations are of interest in
some contexts; for instance, the private quantum channels, designed in Ref.
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[32] as protocols for securely transmitting quantum states through classical
keys, are defined using random unitary channels. Furthermore, confining the
range of channels to be measured renders the problem of estimating uncer-
tainty bounds more tractable than when no constraints are imposed, and
thereby makes it possible to express uncertainty relations that reflect prop-
erties of specific quantum processes.

Random unitary channels constitute a typical class of channels because
not only are they utilized in quantum information tasks, such as the private
quantum channels, but also include unitary channels, fundamental transfor-
mations in quantum theory. Thus, it is considered meaningful to assume
that a channel subject to measurements is random unitary.

The aim of this chapter is to derive an uncertainty relation for measure-
ments of a random unitary channel acting on a qubit. We restrict ourselves
to ancilla-free measurements because they are typical schemes for probing
channels and easy to analyze thanks to the simplicity of the corresponding
testers. Although restricting the system to a qubit is a strong limitation,
qubits are the building blocks of quantum information processing. Thus,
qubit-level formulas are expected to serve as elementary constraints for large-
scale physical systems. We provide an uncertainty relation with an explicit
channel-independent bound expressed as a function of the testers, which does
not involve any optimization problem.

3.2 Derivation

Let ‘H be a two-dimensional Hilbert space, let p and 7 be states on H, and
let E and F be POVMs respectively defined on finite sets €2; and €2,. We
consider the following two ancilla-free testers S and T defined as

S(z) = o © E(x),
T(y) =7" @ F(y)

for every x € Q; and y € 5. As described in Sect. 2, the testers S and T
are respectively identified with devices that supply the states p and 7 to a
channel and perform the measurements described by the POVMs E and F.
Let us consider the scheme where a random unitary channel A is mea-
sured using S with a probability r and measured using T with the remaining
probability 1 — r. For subsets X C ; and Y C ()5, an uncertainty relation
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of this scheme is expressed as

ey () +(1=7) ) alylA) < cr(X, D). (3-3)

reX yey

This inequality is regarded as a translation of the generalized Landau—Pollak
uncertainty relation [28], or the fine-grained uncertainty relation [11]. The
right-hand side is defined as

cr(X,Y) = max {rzpmm +(1-7) Zq@m)} SNCRY

zeX yey

where R denotes the set of all random unitary channels on £L(H). If cg(X,))
is strictly less than the trivial bound defined as

tr(X,Y) = max {r ZP(IIA)} + max {(1 —7) Zq(yM)} . (39)

zeX yey

ie., if cr(X,)Y) < tr(X,)) holds, then a nontrivial trade-off between the
probabilities } _ , p(z|A) and 3~ ), q(y|A) exists. Thus, we need to evaluate
cr(X,)) and tg(X,Y), defined as maximum values, to quantify such a trade-
off. The following theorem provides closed-form expressions of cg (X, )) and

tr(X, ).

Theorem 3.2.1. The following equalities hold:

cr(X,)) = M + % ((TApAE(X) — (1 =1)ATAF(Y))?

+4r(1 = r)ApAE(X)ATAF(Y) <\<w!¢>! [{e(X)|F (V)]

2\ 1/2
/(- lwlo?) (1 - |<e<x>|f<y>>|2)> ) | (3.6)
tr(X, V) = M + % (rApAE(X) + (1 — r)ATAF(Y)) (3.7)
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where

= E(), (3.8)

F(Y):=> F(y), (3.9)
yey
Z(X,Y)=tr[rE(X)+ (1 —-r)F(Y)], (3.10)

and AA denotes the difference between the mazimum and minimum eigen-
value for every positive operator A, i.e., AA = 2||A||—tr [A]. The vectors 1)),
|0, |e(X)), and |f(Y)) represent the normalized eigenvectors corresponding
the mazimum eigenvalues of p, T, E(X), and F()), respectively.

It is clear from this theorem that cg(X,)) = tr(X,Y) holds when r =0
or r = 1, meaning that no trade-off between the probabilities exists when the
measurements are not stochastically mixed. When 0 < r < 1, the quantity

Q = 18} [{e(X) TN+ /(1= [@l6) ) (1 - [{e(X)FDNF)  (3.11)

appearing in Eq. (3.6) serves as a factor that contributes to a trade-off
between the probabilities, because cg(X,Y) < tg(X,Y) holds if and only if
() < 1. This fact leads to the following proposition that provides a necessary
and sufficient condition for cg(X,)Y) < tr(X,Y) when 0 < r < 1.

Proposition 3.2.2. Suppose 0 < r < 1. The strict inequality cx(X,Y) <
tr(X,Y) holds if and only if |(¥|@)| # [{e(X)|f(V))|. In other words, the
equality cr(X,Y) = tr(X,Y) holds if and only if |(P|o)| = [{(e(X)|f(I))].

It is worth considering the following extreme case:

Corollary 3.2.3. Suppose the following settings:

Oy = {xo, 21}, (3.12)
Qo = {yo, 11}, (3.13)
p =) (Y|, (3.14)

T =) (¢l (3.15)
E(z:) = les) eil , (3.16)
F(y;) = 1£3) (fil (3.17)
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where 1)) and |¢) are normalized vectors, and {|eo) , |e1)} and {|fo),|f1)} are
orthonormal bases. Then, cg({z;},{y;}) and tr({z;},{y;}) are respectively
given by

%@mmwb=§+(0—%y
1/2

—wu—mowwm@mﬂ+¢u—wwwwrw@mwﬂ) ,
(3.18)
tr({z:}, {y;}) =1 (3.19)
for every i,5 € {0,1}. In particular, if r = %, the first equality becomes
cr({wi}, {y;})
=5 (1 Il + o= TP A= elnn) . G0

Under the settings of this corollary, @) is expressed as

Q = [(¢ld)[[(eil £5)| + \/(1 = [(@[d)2) (1 = [eal £5)12). (3.21)

Thanks to the pureness of the testers, the influence of Q on a trade-off
between p(x;|A) and q(y;|A), i.e., the fact that @ < 1 implies cg ({z;}, {y;}) <
tr({z:},{y;}), is even more obvious than the general case.

We finish this section by providing the following concrete example:

Example 3.2.4. Consider the following additional settings in Corollary
3.2.3:

) =10), (3.22)
16) = cos (g) 10 + sin (§> Iy (3.23)
lei) = [i), (3.24)
1 J
|f3) = 7 (o) + (=1)7 1)) , (3.25)
1
r=s (3.26)
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where 0 < 6 < 7. Equation (3.20) implies that, for every i,7 € {0,1}, the
following equality holds:

cr({zi},{y;}) = % + %COS (g — z), (3.27)

whose right-hand side is equal to 1 if and only if § = 7. Consequently, the
inequality

%p(%'/\) + %Q(?MA) < er({wi}, {v;}) (3.28)

indicates that an unavoidable trade-off between p(z;|A) and ¢(y;|A) exists if
and only if § # 7. Figure 3.1 presents cg ({z;}, {y;}) plotted as a function of

([

3.3 Summary and Discussion

In this chapter, an uncertainty relation for testers was presented in a spe-
cific scheme. The uncertainty bound is explicitly provided in Theorem 3.2.1
without involving any optimization problem, revealing that () is an impor-
tant factor of a trade-off between the associated probabilities. A necessary
and sufficient condition for the existence of such a trade-off was also obtained
by observing the explicit formula of uncertainty bound.

Our uncertainty relation is essentially different from the uncertainty re-
lations Egs. (2.81), (2.84), and (2.87), which were obtained in Ref. [12].
To see this, let us consider the settings supposed in Example 3.2.4 with the
additional condition that § = m. Equation (3.27) implies the existence of a
nontrivial trade-off between the probabilities, while Egs. (2.81), (2.84), and
(2.87) become trivial in the considered case. This nontriviality is a conse-
quence of the assumption that a channel to be measured is chosen from the
set of all random unitary channels, rather than the set of all qubit channels,
meaning that our uncertainty relations reflect a property of the quantum
dynamics implemented by mixing unitary processes.

Finally, let us mention three possible directions for future research. The
first direction is to generalize our uncertainty relations from a qubit to a
qudit, i.e., a system whose Hilbert space has dimension greater than 2, with
the aim of applying them to large-scale physical systems. It is not easy to
obtain a closed-form expression of the uncertainty relation for an arbitrary
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Figure 3.1: A plot of Eq. (3.27) as a function of |(¢)|¢)|. The uncertainty
bound cg({z:},{y;}) is equal to 1 if and only if [(¢]¢)] = \/ig, meaning
that p(x;|A) and ¢(y;|A) cannot attain 1 at the same time if and only if

(W16)] # L5 e 67 1.
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qudit system. However, if testers are given by pure input states and rank-1
PVMs, as in Corollary 3.2.3, it would be possible to estimate the uncertainty
bound for a qudit from above using the same functional form as the right-
hand side of Eq. (3.18).

The second direction is to explore uncertainty relations for testers other
than ancilla-free ones. It is interesting to clarify the influence of the corre-
lation between ancillary systems with input-output systems on a trade-off
between probabilities. By supposing specific forms about testers, one can
obtain closed-form expressions of uncertainty relations, similar to Eqs. (3.6),
(3.18), and (3.20). While it seems difficult to derive explicit uncertainty rela-
tions for general testers, nevertheless, the corresponding uncertainty bounds
are evaluable by utilizing their connection with the fully entangled fraction
(FEF) [33]. Specifically, it is possible to compute an uncertainty bound for
an arbitrary pair of testers using the analytical expressions of FEF obtained
in Refs. [34] and [35].

The final direction is to apply our uncertainty relation to protocols or
schemes in quantum information processing. While this kind of research is
not trivial, applications of entropic uncertainty relations (e.g., see Ref. [6])
would be helpful guides for this type of future research.
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Chapter 4

Fine-Grained Uncertainty
Relations for Quantum Testers

In this chapter, a fine-grained uncertainty relation for testers is provided,
with two methods for evaluating its uncertainty bound. One of the evalua-
tion methods is given as an upper estimate of the uncertainty bound, leading
to a closed-form expression of the fine-grained uncertainty relation in spe-
cific settings. The other evaluation method is with respect to a numerical
computation, enabling us to obtain approximation values of the uncertainty
bound for given testers.

4.1 Introduction

As a physical system becomes larger, its dynamics admits increasingly di-
verse state transitions. Consequently, for large-scale quantum processes, it is
both natural and necessary to consider measurements implemented by mul-
tiple quantum testers. Since Eqs. (2.81), (2.84), and (2.87) apply only to
pairs of testers, deriving scalable uncertainty relations, i.e., ones that hold for
an arbitrary number of testers, is essential for quantifying the uncertainty
inherent in large-scale quantum information processing.

As stated in Sect. 2.2.1, fine-grained uncertainty relations are consid-
ered modern expressions of uncertainty trade-offs associated with measure-
ments on a state. Indeed, Eq. (2.59), a fine-grained uncertainty relation for
POVMs, has a unique strength which the other uncertainty relations, such
as Robertson’s inequality, entropic uncertainty relations, and majorization

39



uncertainty relations, do not offer. Hence, it is natural to consider establish-
ing fine-grained uncertainty relations even in measurements on a channel.
In addition, such relations are also meaningful for other physical concepts.
The fine-grained uncertainty relation Eq. (2.59) has connections with the
non-locality of quantum theory [11], the second law of thermodynamics [36],
and the separability of bipartite states [37]. As such, a generalization of Eq.
(2.59) is expected to develop these concepts from a wider perspective, while
serving as a scalable uncertainty relation for quantum testers.

In this chapter, we present a fine-grained uncertainty relation for testers.
The main difficulty lies in evaluating its uncertainty bound. Specifically,
while it is direct to generalize Eq. (2.59) by formally replacing POVMs and
a state with testers and a Choi operator, respectively, it is not trivial to ob-
tain the value of the generalized uncertainty bound. Thus, some methods to
evaluate the uncertainty bound are required in order to quantify the involved
uncertainty trade-offs for potential applications to large-scale physical sys-
tems. To address that issue, we provide a relaxed bound of the generalized
fine-grained uncertainty relation, by which the calculation of the uncertainty
trade-offs becomes more tractable than the one given by the original un-
certainty bound. We also present a numerical method for computing the
uncertainty bound based on a semidefinite program.

4.2 Generalization of the Fine-Grained
Uncertainty Relation

A fine-grained uncertainty relation associated with several measurements per-
formed on a channel can be formulated by replacing the POVMs and state
in Eq. (2.59) with testers and a channel, respectively. Thus, we consider
L testers T ... TW that are designed to probe channels which trans-
form states on a Hilbert space H;, into states on another Hilbert space
Hout- Specifically, the tester T is determined by a state p(l) on Hane ® Hin
and POVM E®: Q — L(Hane ® Hout) according to Eq. (2.26) for each
I €{1,...,L}, where H,,. denotes an ancillary system. Therefore, we can
consider the following set of inequalities:

V= {Z rp(zVIA) < e(x) c = (W, ... 2P)) e HQZ} (4.1)
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where {r;}£ | is a probability distribution and A is a channel from £(H;,) to
L(Hout). The right-hand side of the inequality is defined as

L
= @A 4.2
c(x) : mjz\ixlzlrlpl(x A), (4.2)
where the maximization is taken over all channels from £(H;,) to £(Hout)-
The set V is regarded as an uncertainty relation for the testers T, ... T
because it imposes restrictions on the probability distributions py,...,pr by
bounding

ripr (] A) (4.3)

M) =

=1

for all x € Hlel ;. Specifically, similar to Eq. (2.59), the strict inequality

clx) < t(x) (4.4)

indicates that the associated probabilities, i.e.,

pr(zMIA), . pr(P)A), (4.5)

cannot attain their maximum values simultaneously, and hence signifies a
nontrivial restriction on the probability distributions. Here, ¢(x) is referred
to as a trivial bound and defined by

L
x) = Z T m/ilxpl(x(l)|A). (4.6)
I=1

As in Eq. (2.59), V is regarded as a reasonable form of uncertainty rela-
tion because each inequality in V has a clear operational meaning that the
probability of obtaining one of the outcomes in an & € ) cannot exceed c(x).

The fine-grained uncertainty relation ) encompasses the conventional one
U as a special case because V induces U by choosing H;, = Hane = C. This
is a natural consequence because the channel is identified with a state and
the testers become POVMs in such a case.
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4.3 Estimation of the Uncertainty Bound

In general, it is challenging to compute how much trade-off exists between
the probabilities p; (z(M|A), ..., pr(zP)|A) for each € [[1, & because c(x)
is given by an optimization problem. A simple approach to address this issue
is to estimate the uncertainty bound ¢(x) from above in return for optimal-
ity, i.e., to derive a relaxed uncertainty bound. The following proposition
provides such an upper bound for ¢(x).

Proposition 4.3.1. For an arbitrary € Hle Q, the following inequality
holds:

c(x) < é(x). (4.7)

Here, ¢(x) is defined as

L
é(x) = di|| Y TO (D), (4.8)
=1
where ||-|| denotes the operator norm defined by
|A )]
Al = max ——— 4.9
A= e T .

41170

for every linear operator A on a Hilbert space. Equation (4.7) becomes
equality if tr,u]| Vo) (Vol] = % where |Wg) is a normalized eigenvector of

Zle r T (2W) corresponding to the largest eigenvalue.
Similar to ¢(x), é¢(x) indicates a nontrivial trade-off between
pr(zWVA), .. pr(zD|A) (4.10)

if ¢(x) < t(x), so that the following set of inequalities serves as an uncertainty
relation for the testers:

V= {anl<x<l>|A) <é(x):xe HQZ} : (4.11)

The set V is a generalization of the conventional fine-grained uncertainty
relation, i.e., U, because V = V holds if di, = dane = 1. We also call V a
fine-grained uncertainty relation.
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4.3.1 Case of ancilla-free testers

Unfortunately, V is not useful if the testers are ancilla-free, as demonstrated
by the following example.

Example 4.3.2. Suppose the following settings:

dane = 1, (4.12)
L=2, (4.13)
=Ty = é, (4.14)

PO = Lne ® [90) (O] (4.15)

EOY) = Lne ® e) (] (4.16)

where |¢p()) is a unit vector in H;, for each I € {1,2}, and {|e§l)> dowi=1 js an
orthonormal basis for Hoy of dimension do,; for each I € {1,2}. Under these
settings, the testers are given by

TOED) = [p®) @O @ ey (0] (4.17)

A simple computation shows that the following equalities hold for every o €

Ql X QQZ

o) = 0 (14 O ) 1)) (118)
t(z) = (4.19)

—_

If di, = 1, the right-hand side of Eq. (4.18) coincides with that of Eq. (2.65),
as expected. If di, > 1, ¢(x) is meaningless because the right-hand side of
Eq. (4.18) is strictly greater than t(x) = 1.

4.3.2 Case of testers with a maximally entangled input
state

The upper bound é(x) needs to be less than 1 at least, in order to serve as
a meaningful upper bound for ¢(x). The following proposition provides such
a condition.

Proposition 4.3.3. If tre,.p) = L= for alll € {1,...,L}, &(x) < 1 holds
for all x € T, .
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Proposition 4.3.3 ensures that é(x) < 1 if the input states p) are maxi-
mally entangled states for all { € {1,..., L}. Thus, we suppose Hin = Hane =
H where H is a Hilbert space of dimension d and p¥) = P, in the remainder
of this subsection. It is a typical approach in ancilla-assisted process tomog-
raphy to probe an unknown channel by inputting one side of a maximally
entangled state [38, 39, 14].

While é(x) < 1 is guaranteed, ¢(x) < t(x) is required to conclude that
a nontrivial trade-off between p;(zM|A), ..., pr(z")|A) exits. The following
example shows that ¢(x) is useless, i.e., ¢(x) > t(x) holds, if the POVMs are
given by orthonormal bases consisting of product states.

Example 4.3.4. Suppose the following settings:

L=2, (4.20)
1
=1y = 5’ (4.21)
O ={l)rief0,....d—1},5 € {0, ... dou — 1}}, (4.22)
EO@) = ey (el @ | 1) <f;l | (4.23)

where {|e§l)) 4=+ and {| f >}?$5_1 are orthonormal bases for H and Hout,
respectively. Under these settings, the testers are given by

! 1« ! I !
TO@)) = Sl 1o 15" (1. (4.24)
Thus, we have
(D) @) 1
TG40 L)) = 5 (1 + |<€ |€ >H< (1) |f >|> (4.25)
(1) 2) 1
Ha )50 Th@).)) = 3 (4.26)

for every (Z<1)7]<1))7(Z(2>7.](2)) S {07 d - 1} X {0 : Out - 1} It

d = 1, the right-hand side of Eq. (4 25) can be 1dent1ﬁed with that of

Eq. (2.65) as expected because |(e; P |e )| = 1 holds in this case. If d > 1,
)

2 1 2
')2),]( ) 1s meanmgless since it holds that ¢(x E ()1)7].(1)), in()2)7j(2))) >

( (
L)) i), -(2))) in this case.

This example suggests seeking testers satisfying t(x) = 1. Testers induced
by POVMs whose elements are mazimally entangled bases, i.e., orthonormal
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bases consisting of maximally entangled states, meet the condition. For
instance, the Bell basis is a well-known maximally entangled basis. Thus, we
suppose that Hey, = H and for all [ € {1,..., L} the POVMs are given by

EO(") = [0y (0! (4.27)

)

where {]\Ifz(l)> @1 is a maximally entangled basis of H ® H for each | €
{1,..., L}. Consequently, the testers become

1

@) =

1wy (] (4.28)

(2

foralll € {1,...,L}.
Let us confirm that the testers, given by Eq. (4.28), indeed satisfy t(x) =
1. To this end, recall that the trivial bound is given by

1
t(ﬂfg(l)), . Z(L Z i max tr [ )(x (()))JA} (4.29)
_ W JIA 30
—Z” ma (U7 =2 [957) (4.30)
=1

where the second equality follows by substitution of Eq. (4.28). The assump-
tion that all |\I/(l) ) are maximally entangled states indicates that there is a

unitary operator U ) forevery L€ {1,..., L} and i(l) € {1,... ,d*> —1} such
that

W) = I @UQ) [Ts). (4.31)
Therefore, we can conclude t(xgll)), s ,xz((LL))) = 1 because foreach ] € {1,...,L}

the following equality holds:

J
<q;(l)| A0

oy =1 (4.32)

where A§2> is the unitary channel defined as Az(g) (A) = UZ.((II))A(UZ.((ZI)))T for every
linear operator A on H.
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Having fixed the testers, we now proceed to the calculation of é(x), which
is given by

(4.33)

The operator norm of a linear operator A coincides with the largest singular
value of A, i.e., the largest eigenvalue of (ATA)Y/2. Thus, the right-hand
side of Eq. (4.33) can be analytically computed if the argument of operator
norm is low rank. The following proposition provides the closed expression
of é(x; (1) x§ )) under the additional conditions L = 2 and ry =y = 1.

Proposition 4.3.5. The following equality holds:
2 1 1,2
i@ al?) = 5 (11 e®))). (4.34)

Consequently, the fine-grained uncertainty relation is expressed as
51 o 1 (@ (2)
V=4 mIa) + 5p?18) < 5 (14100 |9?)]
:z’,jE{O,...,dQ—l}}. (4.35)

If ]<\If(1)|\11 2| < 1fora palr i,j €A0,.. —1}, the corresponding inequal-

ity in V implies that pl( ]A) and pg( |A) cannot be 1 simultaneously,

meaning that a nontrivial trade off between these probabilities exists.

It is natural to consider how well ¢(z Zl), 1:5 )) approximates the optimum

uncertalnty bound ¢(x; (1) 2 T; ) We can show that ¢(z 5 ), x§ )) coincides with
(1)

cx;”, j ) if d = 2, as stated by the following proposition.

Proposition 4.3.6. If d = 2, the following equality holds:

ca ) = 2 (1)) (4.36)

(
Y J 2

i.e. c(x(l) (2 )) < ¢(x (1) ) the inequality stated by Proposition 4.3.1, be-

i j z; j
comes equality. To be more specific, the mazimum in Eq. (4.2) is achieved
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by the unitary channel which is, for every linear operator A, defined as
A (1) (2)(A) = UI(1) $(2)A(Um(1) x(z))T where
i L i %

Ux§1)7x§2)

- HS‘

Uy UPU?y = 0.

. o U200 s 17(2) DUy 2
= VHuP ), g\ o PO THS T (4.37)

Here, Ui(l) and U]@) denote the unitary operators such that |\I/§1)> = I ®

WY 1W,) and ]\115.2)) = (I® UJ@)) |V, ), and <UZ»(1)|U](2))HS represents the
Hilbert-Schmidt inner product between Ui(l) and U]@), defined as <UZ-(1)\UJ(2))HS =
o [(Ui(l))TUJ@] '

Therefore, we obtain
_JL 1 gD g@
v = {3a10) + gmGa?10) < 3 (14 1019l
2i,5 €{0,1, 2,3}}, (4.38)

in which each inequality is tight, i.e., there exists a unitary channel such that
equality is achieved. In particular, 1f {|\I/ ) ', and {|\I/( g5 are mutually
unbiased, then Eq. (4.38) indicates that a trade-off between pi(zV|A) and
pg(x§2)|A) exists for all 7,7 € {0,1,2,3}. In Ref. [40], a pair of maximally
entangled bases are designed for a two-qubit system; one is given by

{ia0 -~

(|0 ® xo) + |1 ® 1)),

%I

1) = 7<|0®xo> 1®a1)),
B = \ifuommu@xo»
) = = (0@ 1) - rlmo»}, (4.39)
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and the other is given by

{i2¢ =~

5 @ 0) +ily®1),

SI

%) = 7(|?/0®0>—Z|y1®1>)
) = 7(|y0®1>+z|y1®0>)
7)== (e 1) = il o>>}, (4.40)

where {|0),|1)} is an orthonormal basis, |7;) = —= (\O) (—=1)*]1)), and

lye) == == 2 ((0) + (= 1)%i[1)). We can show that {]<I>(1)>}3 o and {]<I>(2)> 1o
are 1ndeed mutually unblased by a direct calculation. Hence, by letting
|\1/ )y = |, My and \\I/ )y = \CD )Y for each i, j € {0,1,2,3}, we obtain

A~ w

1 1
V= {—pl (2714) + Spa(a”1A) <

. 0,5 €{0,1,2, 3}} . (4.41)

Thus, mutually unbiased maximally entangled bases induce a typical pair of
testers that yields nontrivial trade-offs between probabilities.

4.4 A Semidefinite Program for the Uncer-
tainty Bound
We can connect the bound of the generalized fine-grained uncertainty relation

with a semidefinite program. By utilizing the second statement of Proposi-
tion 2.1.10, we can rewrite c¢(x), defined by Eq. (4.2), as the following form:

L

c(x) = max {tr [(Z TlT(l)(:p(l))> J] Strout J = Lin, J > O} : (4.42)

=1

i.e., c(x) is given by the optimum value of the optimization problem
maximize [(Zl (niTO(x ))> J]

subject to  troy J = Iin, (4.43)
J >0.
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Equation (4.43) is a semidefinite program [41, 17], and thus can be numer-
ically solved by using software packages. For instance, let us consider the
same settings as in Example 4.3.2 with the following additional conditions:

din = dout = 2; (444>
[w ™) =0), (4.45)
|1p(2)> = |p(0)) := cos (g) |0) + sin (g) 1), (4.46)
let”) = 1é) , (4.47)
i) = la;) . (4.48)

where 6 € [0, 7]. Then, Eq. (4.43) becomes

maximize 3 tr [(|0) (0] @ [3) (i +[5(0)) (¢(0)| @ |;) (w;]) J]
subject to  trouw J = Iin, (4.49)
J > 0.

Figure 4.1 illustrates c(:v(()l), a:(()Q)) along with

CR(x(()l)v x(()Q))

= e {5 601000 01 10 6+ 160} (6] ) () 1| (450

— % <1 + cos (g — %)) : (4.51)

where R denotes the set of all random unitary channels and the second
equality is shown in Ref. [1]. The figure conforms to the fact that c(:v(()l) ) {E(()Z))
is strictly less than 1 if and only if § < 7, derived in Ref. [3], and furthermore
implies that c(x(()l), :13(()2)) coincides with cR(m(()l), :L‘((]Q)) if 0 < 5. Thus, although
it is difficult to analytically compute c¢(x), its numerical calculation is possible
through the semidefinite program Eq. (4.43), when the testers are specified.
The numerically obtained values enable us to capture the qualitative behavior

of ¢(x), as shown in Fig. 4.1.
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Figure 4.1: A plot of c(a:(()l),as(()2)) (the red dots), obtained by numerically

solving Eq. (4.49), and CR({L‘(()l), 95(()2)) (the blue crosses), given by Eq. (4.51).
The values are computed for § = nw/60, where n € {0,1,...,60}. This

figure is reproduced from Ref. [2].
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4.5 Application to a Quantum Key Distribu-
tion Protocol

The fine-grained uncertainty relations for testers can be used to evaluate
the security of a quantum key distribution protocol. Here, we treat an ex-
tended version of the BB84 protocol where a private key is distributed using
a qudit system and L mutually unbiased bases [42, 43]. Consider legiti-
mate users Alice and Bob who want to share a secret key—a sequence of
d-ary symbols—to establish a secure classical communication, and an at-
tacker Eve, who attempts to eavesdrop on the key being distributed. Since
we focus on individual attacks, which are the simplest type of eavesdropping,
the extended BB84 protocol can be regarded as a routine that is repeated
for each symbol of the key. The procedure is as follows:

1. State preparation: Alice randomly chooses a symbol i € {0,...,d — 1}
and a basis label [ € {1,..., L}, and encodes i into the quantum state
]wi(l)). She then sends this state to Bob through a quantum channel.

2. Eavesdropping (individual attack): Eve intercepts the transmitted state,
lets it interact with her quantum memory, and resends a quantum sys-
tem to Bob.

3. Acknowledgment: Bob notifies Alice, through an authenticated classi-
cal channel, that he has received the quantum system.

4. Basis announcement: Alice reveals, via the authenticated classical chan-
nel, the basis label [ that she used for the encoding.

5. Measurement: Bob and Eve perform the projective measurement given
by {Wf”) Wﬁ”\ 475 on their respective quantum systems.

Here, {|¢Z(l)> 973 are orthonormal bases for a d-dimensional Hilbert space
such that ’<w§1)’w§m)>‘ = 7 if I # m, where [,m € {1,2,..., L}. In addition,
it is assumed that Eve is able to intercept both the authenticated classical
channel and quantum channel.

For a d-ary symbol ¢ and a basis label [, Eve’s success probability under
an individual attack is defined as

D cess = (00 @ WP A0y (P @ w1 (4.52)
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where A denotes Eve’s interaction. This definition is justified because if
Egumess = 1, then Alice, Bob, and Eve all obtain the same d-ary symbol
1. Since both ¢ and [ are chosen uniformly at random, Eve’s overall success
probability is given by the average
L

1 0
PSUCC@SS = ,success” 4.53
dr, 2P (453)

=1

If there exists a quantum channel A such that Pcess = 1, then Eve can
extract the entire key without being detected by Alice and Bob. Conversely,
if Piccess < 1 for every possible A, then Eve cannot obtain the full key
information, and her eavesdropping becomes detectable.

Proposition 4.5.1. The success probability of Eve’s eavesdropping is bounded
from above as follows:

11 1
Poceoss < =+~ (1= =) 4.54
success — L + d( L) ( 5 )

Proof. The success probability Piuccess can be expressed as follows:

success - Z tI‘ l) <]A (455)

where
d—

S0 LS WO O o e o) WO 0 U0l s

1=0

Each SO is regarded as the first element of the tester

| =

d—1
{dZW Wl ® W o ¢ (4 @ o),

1 T
d Z W) @O @ (=1 @ o) (W @ ¢?) } (4.57)
i=0
Thus, using Proposition 4.3.1, we have

Psuccess =~ & 458
- (4.58)




where
d—1 T
V=) @) @ [l @) () @ vl (4.59)
1=0

Furthermore, we can estimate the right-hand side of Eq. (4.58) from above
as follows [44]:

Pauccess < — maXZHP P(m (460)

For all m € {1,2,..., L}, it holds that

Slpopm) -1+ 2L s
=1
Therefore, we obtain
Puccess < %IQL’;‘?XL:HP(”PWH (4.62)
=1
L 4o
Z%—i—é(l—%). (4.64)

[]

This proposition states that Eve cannot succeed in eavesdropping without
being unnoticed by Alice and Bob, and furthermore large values of L and d
are disadvantageous for Eve, which implies that the protocol becomes more
secure. Figure 4.2 plots the right-hand side of Eq. (4.54) for L = d + 1,
showing that the larger the dimension d is, the smaller Eve’s eavesdropping
success probability must become. Thus, the fine-grained uncertainty relation
for testers provides an upper bound on the Eve’s eavesdropping success prob-
ability, leading to a quantitative evaluation of the security of the extended
BB84 protocol.
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Figure 4.2: A plot of the right-hand side of Eq. (4.54) for L = d + 1. This
choice of L is possible when d is a power of a prime number.
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4.6 Summary and Discussion

In this chapter, we developed the framework of uncertainty relations for
testers, pioneered in Ref. [12]. In Sect. 4.2, a fine-grained uncertainty re-
lation is formulated as a set of inequalities for a scheme in which several
measurements, described by testers, are stochastically performed on a chan-
nel. The derived expression, Eq. (4.1), is regarded as a scalable uncertainty
relation. However, it is not simple to analytically compute the generalized
uncertainty bound, given by Eq. (4.2), because the bound is defined as the
maximum value of a probability. We gave prescriptions in Sects. 4.3 and
4.4 to address this issue. In Sect. 4.3, we provided a relaxed uncertainty
bound, and investigated its effectiveness through several examples. Conse-
quently, closed-form expressions of the fine-grained uncertainty relation, Egs.
(4.35) and (4.38), were derived for the cases where testers are given by max-
imally entangled bases. In Sect. 4.4, we connected the uncertainty bound
with a semidefinite program to give a method for numerically computing
its value. Figure 4.1 plots the values of uncertainty bound for a particular
case, obtained in a numerical investigation. An application to a quantum key
distribution protocol was also presented, and it was demonstrated that utiliz-
ing large-scale quantum systems is beneficial for legitimate users to securely
share keys.

It should be noted that Eq. (4.35) can also be derived using Eq. (2.65),
i.e., the conventional fine-grained uncertainty bound. To see this, let us
rewrite the left-hand side of the inequality in Eq. (4.35) as follows:

1 1 1 J 1 J
@ PIA) + Spa(af?IA) = 3 () 5 (eI ) (4.65)

The right-hand side can be connected with the conventional fine-grained un-
certainty relation Eq. (2.59) because {|\IJ£1)> (‘Ifgl)\}?ifl and {]\I/§2)> <\IJ§.2) |};.l2:’11
are POVMs, and ‘%‘ is a state. The application of Eq. (2.65) induces the
same upper bound as in Eq. (4.35). Thus, existing uncertainty relations for
measurements of states can also be used to quantify uncertainty trade-offs in
measurements of channels if the corresponding testers are implemented by a
maximally entangled input state and POVMs given by maximally entangled
bases. However, note that the formulation Eq. (4.1) is still valuable in spite
of this fact because utilizing Eq. (2.59) does not necessarily induce nontrivial
evaluation of the generalized uncertainty bound.

As stated previously, Fig. 4.1 implies a nontrivial relationship between
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C(IZ( ), 52)) and cr(x Z( ), x§2)), motivating us to propose the following conjec-

ture.

Conjecture 4.6.1. Suppose the same settings in Example 4.3.2, i.e., Fgs.
(4.12) through (4.16), with the additz’onal condition d;, = dy = 2. For every

i,j € {0,1}, if (WD [p@)] > (e |e(2)>| then the following equalities hold:

et o) = er(a, 2) (4.66)
%(1+|< D12)]{eV]el)
/(1= [ ]p@)2) (1 - |<e£”|e§-2>>|2>>, (4.67)
where
cr(r, 1) = max {gwm " §p2<x§”m>} (4.68)

and Eq. (4.67) is shown in Ref. [1].

This conjecture asserts that, for a specific case, the maximization in Eq.
(4.2) is achieved within R (in fact, if this is true, then the maximum in
Eq. (4.2) is attained by a unitary channel), and furthermore c(mgl), :L‘;Q)) is
expressed as a simple formula, i.e., Eq. (4.67).

Finally, let us mention a possible generalization of V, given by Eq. (4.1).

We can consider the following set of inequalities:

L
Zr, > paWA) S ea(X) X = (X, X)) e [[2% 8,
=1

=1 I(Z)GXZ

(4.69)

where A is a subset of channels, 2 denotes the power set of €; for each
le{l,...,L},and []}, 2% represents the Cartesian product of 2%, ..., 2%z,
For every X = (X,..., &) € [[/, 2, the bound is defined as

ca(X) = max$ > r Y p(aA) b, (4.70)

=1 LB(l)EXl
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i.e., it is the maximum value of the probability of obtaining an outcome in the
subsets X7, ..., X, when a channel is chosen from A. Thus, each inequality
in V(A) implies a trade-off relationship between the probability distributions
p1,---,pr by imposing a restriction on

> WA, Y pra®A) (4.71)

x(”EXl I(L)GXL

under the constraint that a channel A can be prepared within A. Clearly,
V(A) serves as an extension of V, because ¥V C V(A) holds if A is the set
of all channels. The introduction of A makes the calculation of uncertainty
bound more tractable. For instance, Eq. (4.67) corresponds to a case of
A =R, and is expressed as a simple formula, without using an optimization
problem. In addition to random unitary channels, various important types of
channels, such as entanglement breaking channels [21], appear in the context
of quantum information processing. Thus, investigating V(. A) for such classes
of channels is regarded as an interesting research direction.
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Chapter 5

Upper Bounds on Probabilities

in Channel Measurements on
Qubit Channels and Their
Applications

In this chapter, we investigate upper bounds on the probabilities associated
with measurements on qubit channels. We show that, for typical subsets of
channels, the probabilities are bounded from above using simple functions
that are independent of a channel to be measured. Two basic problems
are also considered in order to demonstrate the effectiveness of the obtained
upper bounds.

5.1 Introduction

As we have seen so far, the probability distributions arising from measure-
ments of quantum testers depend on the underlying quantum channel. There-
fore, even for a single tester, uncertainty can arise when the channel to be
examined is subject to certain restrictions. More concretely, two factors con-
stitute the primary sources of such uncertainty:

1. locality constraints, where only one subsystem of a composite system
undergoes time evolution; and

2. restrictions on the admissible types of time evolution.
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The resulting uncertainty can thus be regarded as an interesting indicator
that characterizes these constraints.

This chapter aims to provide several upper bounds on the probabilities
associated with measurements performed on a qubit channel. Such upper
bounds quantify the likelihood of certain events and can be regarded as one
of the most fundamental measures of (un)certainty. Asin Ch. 3, although re-
stricting our attention to qubit channels is a strong limitation, these bounds
are expected to serve as elementary constraints for large-scale physical sys-
tems composed of many qubits. The effectiveness of the upper bounds is
demonstrated through two topics. The first one is a kind of convertibility
problem defined on pairs of pure states, and the second one is a detection
problem of a parametrized unital channel.

5.2 Estimation of Probabilities
in Channel Measurements

Let ‘H be a two-dimensional Hilbert space, let S be a positive operator on
H ® H such that S < pI ® I for some state p;, and let A: L(H) — L(H) be
a channel in a subset X of channels. The operator S can be regarded as an
element of a tester, whose normalization condition is given by p? @ I. Hence,

p(A) = tr[S ] (5.1)

represents the probability of obtaining an outcome assigned to S upon the
measurement of A. The purpose of this section is to estimate the maximum
values of this probability with respect to several subsets of channels, i.e., to
provide upper bounds on maxaecx p(A).

An upper bound on maxaex p(A) has a clear physical meaning. Let us
imagine a game that proceeds as follows by Alice, who has a device for
measuring channels, and Bob, who has the ability to prepare a channel and
knows what measurement device Alice possesses:

1. Alice chooses an outcome of the measurement device, and communi-
cates it to Bob.

2. Bob prepares a channel based on the selected outcome and the speci-
fication of Alice’s measurement device. Then, Bob sends the prepared
channel to Alice.
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3. Alice probes the sent channel using the measurement device.

Bob wins the game if the measurement outcome produced in the final step
matches the outcome chosen by Alice in the first step. It is possible to
associate S with the tester element that corresponds to the outcome selected
by Alice, A with the channel prepared by Bob, and p(A) with Bob’s winning
probability. Thus, an upper bound on maxaecxy p(A) represents a limit of the
maximum winning probability, when Bob is able to prepare a channel within
X; if such an upper bound is strictly less than 1, then there is a possibility
of Bob’s losing the game.
Instead of maxpcxy p(A), we analyze

C(r, X) = rj{lg))((tr [TJA], (5.2)
defined for each state T on H®H, as estimating maxyex p(A) is equivalent to
estimating C'(7, X). Indeed, without loss of generality, we can assume S # 0,
and therefore the probability is expressed as

p(A) = (trS) tr [TsJa] (5.3)
where 75 = 2, meaning
max p(A) = C(s, X). (5.4)

By employing C(7, X'), we can utilize quantities defined for a state. Let
7 be a state on H ® H. The reduced state on the second Hilbert space is
represented as 7o, i.e., 7o = tr; 7, where tr; denotes the partial trace with
respect to the first Hilbert space. The Bloch vector of 1 is expressed as
b(1y), where b;(12) = tr[o;7] for all i € {1,2,3}, and its Fuclidean norm is
written as ||b(m)|, i.e.,

(5.5)

The expectation values N;;(7) = tr[(0; ® o;)7| compose the correlation ma-
triz N(7), i.e., Ni;(1) = tr[(o; ® 0;)7] for all i,j € {1,2,3}. Two types of
norms related to N(7) are used later. Let s1(N (7)), s2(N(7)), and s3(N (1))
be the singular values of N(7), i.e., the eigenvalues of \/N(7)TN(7). The
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matriz norm of N(7), induced by the Euclidean norm, is denoted as || N (7)||
and given by

IN(7)|| = max{s;(N(7)) :i € {1,2,3}}, (5.6)

i.e., ||[N(7)|| is equal to the largest singular value of N (7). The Ky Fan norm
of N(7) is expressed as ||N(7)|kr and given by

3

IN() e =Y s:(N(7)), (5.7)

1=1

i.e., ||N(7)||kr is equal to the sum of all singular values of N (7).
In the following subsections, we present the estimation of C(r, X’) for
cases where X’ are given by the sets of

1. depolarizing channels,

2. unital channels,

3. entanglement breaking channels,

4. unital entanglement breaking channels, and
5. general qubit channels;

see Sect. 2 for more details about basic properties of these types of channels.

5.2.1 Depolarizing channels

A channel on £(H) is called a depolarizing channel if and only if, for every
linear operator A on H, it acts as follows:

A(A) = (tr A)p, (5.8)

where p is a state on H. Let D denote the set of all depolarizing channels
on L(H). If X = D, the right-hand side of Eq. (5.2) can be explicitly
represented as follows:

Proposition 5.2.1. The following equality holds:

C(r,D) =5 (1+[b(n)]) - (5.9)

N | —
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5.2.2 Unital channels

A channel is said to be unital if and only if it preserves the identity operator.
In Ref. [45], it was shown that, for qubit systems, any unital channel is also
written as a random unitary channel, i.e., a convex combination of unitary
channels. Thus, we can identify unital channels with random unitary chan-
nels, as H is two-dimensional. Let R denote the set of all random unitary
channels on £(#). Similar to the case of X = D, a formula of C(7,R) is
explicitly obtained as follows by connecting C'(7,R) with the FEF of 7 and
utilizing an analytical expression of the FEF derived in Ref. [35]:

Proposition 5.2.2. The following equality holds:

C(r,R) = 5 (14 [N xr). (5.10)

5.2.3 Entanglement breaking channels

A channel A on L(#H) is called entanglement breaking channel if and only if
it transforms all states on H ® H into separable states. Let GE€ be the set of
all entanglement breaking channels on £(#H). The quantity C'(7,GE€) can be
bounded from above using ||b(72)| and ||N(7)]|| as follows:

Proposition 5.2.3. It holds that

0(r,G€) < 3 (1+ VIB@IE+ [NT) (511)
= C(1,GE). (5.12)

5.2.4 Unital entanglement breaking channels

Let UE be the set of all unital entanglement breaking channels on L(H), i.e.,
UE = RN GE. The quantity C(1,UE) can be bounded from above using
IIN(7)]| as follows:

Proposition 5.2.4. It holds that

C(r,UE) < = (1 +[|N(7)]) (5.13)

(. UE). (5.14)

szl}_‘
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5.2.5 General qubit channels

Let C denote the set of all channels on £(H), i.e., linear, completely positive,
and trace-preserving maps. The quantity C'(7,C) can be bounded from above
using ||b(7)|| and ||N(7)||kr as follows:

Proposition 5.2.5. It holds that

ctr¢) 5 (14 I+ INC e (5.15)
= C(r,C). (5.16)

Note that while the formulas of C'(7, GE) and C(r, C) resemble each other,
the former and latter are expressed using the matrix norm || N(7)|| and the
Ky Fan norm || N(7)||kr, respectively.

Although the proposition provides an estimate for C(7,C), it is possible
to obtain the exact expression of C(7,C) in a specific case as follows, by
combining Eq. (5.15) with Eq. (5.10):

Corollary 5.2.6. If , = é, then it holds that

C(r,€) = 3 (L4 [N xr). (5.17)

For instance, it follows from this corollary that

C (sz W2 (W, ,C> = % (1 + (| (sz |©.) w) ) (5.18)

where {p,}. is a probability distribution and |¥,) is a maximally entangled
state for each x. Thus, if 7 is a mixture of maximally entangled states, then
the exact value of C'(7,C) can be obtained by calculating || N (7)| kr.

5.2.6 Comparison of the upper bounds

The subsets of channels appearing in the preceding subsections can be char-
acterized by how they treat entanglement. Therefore, a tester whose input
state and output POVM measurement are both given by entangled states can
be regarded as good examples for comparing the upper bounds presented so
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far. Among such testers, the one that has the element given by the following
operator is the simplest instance:

S— 1w, (w, (5.19)

2
where 0 < w < %, and
W,,) = Vw|00) + V1 —w|11), (5.20)

of which the degree of entanglement increases as w becomes larger. Let p,,(0)
be the probability associated with S upon the measurement performed on a
channel A in a subset X, i.e.,

Pw(0) = tr [SJ,] (5.21)
= 2t W) (W] ). (5.22)

Thus, the maximum probability is bounded from as follows:

max pu(0) = SC(1W) (W], ). (5.23)

By utilizing the upper bounds in the preceding subsections, we have

max pu(0) = (1 w), (5.21)
max pu (0) = % (1 + 2\/m> , (5.25)
ma pu(0) < %1 (14 Vi = 1w +2), (5.26)
max p,, (0) < % (5.27)
max py,(0) < ;1 (1 + \/(Zw —1)2+(1+ 4@)2) : (5.28)

Figure 5.1 plots these values as functions of w. As can be seen from
this figure, all the upper limits on the maximum probabilities given by Egs.
(5.24)-(5.28) are less than 1 and take mutually different values. This demon-
strates that the nontrivial nature of the upper bounds provided in the pre-
vious subsections. In addition, this figure illustrates how the effect of a
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channel on an entangled state contributes to the resulting uncertainty. Since
the subsets R and C contain channels that preserve entanglement, the up-
per bounds on the maximum probabilities are proportional to w. On the
other hand, since channels in D, GE, and UE break entanglement, the upper
bounds on the maximum probabilities do not scale proportionally with w. In
particular, because channels in D discard the input state and destroy even
classical correlations, the maximum probability decreases as w increases.

1 I
Z 08¢ f
=
3 0.6
o . b
|
= 04 f
& Maxep Puwll
c:)é maxaer Pw 0
- 0.2 | maxpege Pw 0 7

maxaey e Pw 0
0 maxaec Pw 0
0 0.1 0.2 0.3 0.4 0.5

w

Figure 5.1: A plot of the maximum probabilities given from Egs. (5.24)-
(5.28) as functions of w. The dashed lines represent upper bounds on the
maximum probabilities, while the solid lines represent the exact values.

5.2.7 Remarks on the upper bounds

The upper bounds are explicitly represented as functions of ||b(m)||, ||N(7)]|,
or |[N(7)|lxr. These representations serve as useful tools for evaluating the
upper limits on probabilities, as will be described in later subsections. Note
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that while the upper bounds for D and R coincide with C'(7, X), i.e., they are
optimal, those for UE, GE, and C, respectively defined as é(T, G¢&), é(T, Ue),
and C(r,C), are estimates.

It seems that the estimate of C(7,C), given by C(r,C), is sufficient for
bounding probabilities because C is by definition comprised of all channels.
However, it holds that

C(r,UE) < C(r,R) < C(r,C), (5.29)
C(r,D),C(T,UE) < C(r,GE) < C(r,C). (5.30)

Hence, if A € X C Y, then C(r,X) or C(r,X) is better than C(7,)) or
C (1,Y) as an upper bound. For instance, in the game described previously,
if Bob can only prepare a unital channel, then C(7, R) should be used, rather
than C(7,C), to evaluate the maximum winning probability.

5.3 Joint Convertibility

The upper bounds given in the previous section can be utilized to quantify a
notion of convertibility related to pairs of states. Let H be a two-dimensional
Hilbert space, let (|1),]¢)) and (|e),|f)) be pairs of pure states, and let X
be a subset of channels on L(H).

Definition 5.3.1. We say that (|¢) , |¢)) is jointly convertible into (|e) , |f))
within X if and only if there is a channel A € X such that

le) (el = A(l¥) (¥, (5.31)
1) (F1 = Adlg) (¢))- (5.32)

This notion of convertibility is a modification of that addressed in Ref.
[46], in which the case where X is the set of all qubit channels was analyzed.
In particular, a necessary and sufficient condition of the joint convertibility
within the set of all qubit channels was derived for arbitrary pairs of mixed
states in Ref. [46]. Thus, Definition 5.3.1 extends the notion of convertibility
in Ref. [46] for pairs of pure states by introducing the additional constraint
A € X. For instance, the following question is related to Definition 5.3.1:
can a pair of pure states be converted into another using a specific type of
channel?
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The joint convertibility within X can be quantified by the maximum
average squared fidelity given by

Fmax(‘)()
= e { SVE(e) el A D+ 3VFUD (1 A0 62} (539
Here, VE(|€) (€], p) = /{£]p|€) is a measure of closeness between states

1€) (€] and p known as the fidelity between [€) (€| and p (cf. Refs. [15, 16, 17]).
(We use the notation v/F to emphasize that the fidelity is given not by (£[p|€),
which some works, e.g., Refs. [18, 47], employ as the definition of the fidelity,

but by \/(€[p|€).) For instance, VF(|€) (€], p) = 1 if and only if |£) (£] = p.

Therefore, Fiax(X) expresses the maximum of the average closeness

1

Fue(A) = 5V F(le) (el A(lw) (w])* + %\/f(m (LA(e) (D) (5:34)

under the constraint that A € X. Thus, (|¢),|¢)) is jointly convertible into
(le),]f)) within X if and only if F.(X) is equal to 1.

The quantity Fiax(X) is expressed using C(7, X), defined in Eq. (5.2).
A direct computation shows that the following equality holds:

P (X) = Cl5, X) (5.35)

where

ni= 3 (1) W @l (e +1a) @ @I 1). (530

Thus, the upper bounds, provided in the previous section, serve as estimates
or closed-form expressions of F,.x(X). In the following subsections, we apply
the upper bounds to F.x(&X), and provide the condition of joint convertibil-
ity for each subset.

5.3.1 Depolarizing channels

The following equality follows from Eq. (5.9):

C(70, D) = 5 (1 + [[b(0.2)]) (5.37)

DO | —
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where 75 = tr; 79. It is easy to obtain

1b(702) | = [(e|.f)]- (5.38)
Thus, we have the following corollary.

Corollary 5.3.2. The following equality holds:

1
Finar(D) = 5 (14 el )] (5.39)
The right-hand side is equal to 1 if and only if |{e|f)| = 1. Thus, (|¢),|0))
is jointly convertible into (|e),|f)) within D if and only if |{e|f)| = 1.

It is interesting to find the optimal depolarizing channels, i.e., the ele-
ments in D that achieve the maximization of F,.x(D) = maxpep Fay(A).

Proposition 5.3.3. If |{e|f)| = 0, arbitrary depolarizing channels achieve

the mazximization in Fp..(D) = maxyep Fop(A) = % If [{e|f)| # 0, the

maximization is achieved by A € D that acts as follows for any linear operator

A:

AA) = (trA) Jes) {es] (5.40)
where
IS S ')
) = T <'>+|<e|f>|‘f>)' (541)

For later use, we introduce two normalized vectors |u, v, ) related a pair
of pure states (|u),|v)) such that |(u|v)| # 1. These vectors are defined as
follows:

! o ) N

0, 4) = 4 V2O E (o)) (' >i|<u|v>|'>> FO <[fulo)l <1,

) =1V |
Vel =) i o) =0,
(5.42)
and if [(ulv)| =1

lu, v, +) = |u), 5.43)
ju.v, =) = ), 5.44)



where |ut) is a normalized vector orthogonal to |u). It is easy to ver-
ify that {|u,v,£)} is an orthonormal basis. In the Bloch representation,
b(|u, v, £) (u, v, £|) are respectively associated with the different arcs of the
the circle determined by b(|u) (u|) and b(|v) (v|) if |(u|v)| # 1, where b(+)
denotes the Bloch vector of its argument. Specifically, b(|u,v,+) (u,v,+|)
points at the midpoint of the arc that is shorter than or equal to the other
arc, while b(|u,v, —) (u,v,—|) points at the midpoint of the other arc. If
|{(u|v)| =1, it clearly follows that

b(|u, v, +) (u, v, +[) = =b(|u, v, =) (v, v, =[) = b(|w) (u]) = b(|v) (v]).
(5.45)

Algebraically, |u,v,+) and |u,v, —) are the eigenvectors of |u) (u| + |v) (v|
corresponding to the largest and smallest eigenvalues, respectively. Thus,
due to |ey) = le, f,+), we can say that the maximization in Fp.(D) =
maxep Fay(A) is achieved by a depolarizing channel that outputs the eigen-
state of |e) (e| + | f) (f| corresponding to the largest eigenvalue.

5.3.2 Unital channels
Equation (5.10) implies

C(r0,R) = 5 (1 + [[N(70)llxe) - (5.46)

DN | —

As stated previously, ||N(7)||kr is given by the sum of all singular values of
N(7p), calculated as follows:

Lemma 5.3.4. The multiset of singular values of N(1y) is

{1wla)ltel )l VT~ IR 1= [el AP0} (5.47)

Thus, by utilizing this lemma, we obtain

IN(ro) ke = [(@lo){el A + /(1 = [{@]e)[?) (1 = [{elHP). (548

Consequently, the following corollary follows.

Corollary 5.3.5. The following equality holds:
Fmaz(R)

=5 (1+ 1IN + VI TERP T - [eDF) . (549)
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The right-hand side is equal to 1 if and only if [(Y|p)| = |{e|f)|. Thus,
(|) , |@)) is jointly convertible into (|e) , | f)) within R if and only if |(1|¢)| =

(el )]

Similar to the case of D, we obtain the following proposition pertaining
to the optimal random unitary channels.

Proposition 5.3.6. The mazimization in F.(R) = maxper Fu(A) is
achieved by a unitary channel A € R that acts as follows on any linear
operator A:

A(A) = UAUT (5.50)
where U 1s the unitary operator defined as

U:=le f,+) (¥, 0, +| + e, f, =) (b, 0, -] (5.51)
In particular, if (|(¢|0)|, [{e|f)]) € {(0,1),(1,0)}, arbitrary random unitary

channels achieve the mazimization in Fq.(R) = maxper Fao(A) = 3.

This proposition can be verified by utilizing the following equalities:

(ulu, v, £) = w, (5.52)
(v|u, v, £) = i|§Z|IZ;| L= |§“|”>| (5.53)

where ‘EZ“Zi‘ is interpreted as 1 if |[(u|v)| = 0. The vectors |, ¢, +) and
le, f,+) are the eigenvectors of |¢) (¥] + |¢) (¢| and |e) (e| + |f) (f| cor-
responding to the largest eigenvalues, respectively. Thus, U represents a
unitary operator that maps the eigenvectors of [¢) (1| + |¢) (¢| to those of
le) {e] + | f) (f|, and in particular, it maps the eigenvector corresponding to

the largest eigenvalue of the former operator to that of the latter.

5.3.3 Entanglement breaking channels

Equation (5.11) implies

Cm,6) < 5 (1+\Iomalt + IN@IE). 63
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As described previously, ||N(7)|| is given by the largest singular value of
N(m), i.e., it holds that

I (o)} = max {| W) [{el ), /(T = [IBIP) (L= (el f)P) } - (5.55)

Consequently, the following corollary is obtained by using Eqs. (5.38) and
(5.47).

Corollary 5.3.7. The following inequality holds:

FraeG€) < 514 (I(el )P
+max { [l el N (1= [@Ia)) (1= Kel BN ] (5.56)

This corollary provides an upper bound of F},,x(GE). Note that the right-
hand side of Eq. (5.56) can be greater than or equal to 1. For instance, if
[(¥]|o)| =1, Eq. (5.56) becomes

Frax(9€) < 5 (14 V2elf)]) (5.57)

1
2
which is meaningful only when |{(e|f)| < \% Thus, Eq. (5.56) gives a
necessary condition for the joint convertibility within GE€. In other words,
if the right-hand side of Eq. (5.56) is strictly less than 1, (|¢),|¢)) is not
jointly convertible into (|e),|f)) within GE.

In some cases, it is possible to obtain the exact values of Fi,.x(GE) by
finding channels in GE that achieve upper bounds on F,.(GE), including
the right-hand side of Eq. (5.56). The inequality Fi.x(UE) < Frnax(GE) is
also useful for this task because it implies Fiax(GE) = Finax(UE) if Frax(UE)
is equal to the right-hand side of Eq. (5.56). Specifically, the following

proposition holds.

Proposition 5.3.8. The following equalities hold:

1 i 10646)] = 0,
Jrasien i 10600)] = 1,
PG =0 1 (1 VT=T@AP) if el =0, :3%)
1 i1(el )] =1
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where the mazimization in F.,(GE) = maxyege Fuuo(A) is achieved by the
entanglement breaking channel of the form

AG) = le) IO (el + 1) (2l ()]e) (/] (5.59)

if [(]@)| = 0, the depolarizing channel given in Eq. (5.40) if |(|¢)| = 1, the
unital entanglement breaking channel defined in Eq. (5.65) if |{e|f)] =0, and
the depolarizing channel that outputs |e) (e| if |{e|f)| = 1. In particular, if
[(¥]p)| = 1 and |{e|f)| = 0, arbitrary entanglement breaking channels achieve
the mazimization.

Thus, the right-hand side of Eq. (5.56) coincides with the exact value
of Frax(GE) if [(¥|@)] = 0 or |{e|f)| = 0. In addition, it is clear from the
proposition that (|¢),|¢)) is jointly convertible into (|e),|f)) within GE if

[(W]¢)| =0 or [(e|f)| = 1.

5.3.4 Unital entanglement breaking channels

Similar to the previous subsections, we obtain

C(To,ug)

<5 L+ IV (5.60)
1

=5 (L+max {|@lolielnl VA= TP A= [elHP)})  (5.61)

where the first inequality and the second equality follow from Eqs. (5.13)
and (5.55), respectively. In addition, we can show that C(7y,UE) attains the
right-hand side in Eq. (5.61), i.e., the following equality holds:

C(T(),ug)

=5 (14 max [l el ), VT~ TR 0P }) - (5:62)

To see this, it suffices to find channels A € UE such that

tr [TojA]

= 5 (1 max {1l 1 T = TR - AP} (663)
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due to C(79,UE) = maxpeye{tr[rJa]}, and the following channels indeed
serve as such channels:

Z|€ f,8) (W, 0,5[AlY, ¢, 5) (e, f, ], (5.64)
Zle ) (0, 6, 5| A1, &, 5) (e, T, 5| (5.65)

—_
where A is a linear operator, and |u, v, £) is defined as

1
7 (|u,v,4+) £ |u, v, —)) (5.66)

for arbitrary pure states |u) and |v). To be more specific, Eq. (5.63) is
satisfied by Ao when ([(¢[9)], [(e|f)]) € Fo, and Ay when ([([8)], [{elf)]) €
F1, where

[, v, %) =

Fo={(z,y) €[0,1]*: 2” +¢* > 1}, (5.67)
Fr={(z,y) €[0,1]*: 2” + y* < 1}. (5.68)

This fact can be easily verified from

Fav(Ao) = 5 (L+[{¢]d)[(el A1), (5.69)

(1+ VI TR A-TEAR) . (370
Furthermore, if ([(¢|9)],|(elf)]) = (1,0) or (|(&]d)],[{elf)]) = (0,1), Eq.

(5.63) is satisfied by any channel in /€. Consequently, the following corollary
and proposition are obtained.

N =N =

Fav(Al) —

Corollary 5.3.9. The following equality holds:

Fraz(UE)

=2 (14 max [l el )l VT~ TGP 0~ [elP)}) - (5.71)
The right-hand side is equal to 1 if and only if [(¥|o)| = |(e|f)] = 1 or
(Y|o)| = |{elf)] = 0. Thus, (|),|p)) is jointly convertible into (|e),|f))

within UE if and only if [(|9)] = [(e| /)] = 1 or [($|9)| = (el f)] = 0.
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Proposition 5.3.10. The mazimization in Fp..(UE) = maxpcye Fou(A) is

achieved by Ao when ([(P|9)], (el f)]) € Fo, Ay when ([(L]9)], [{e| f)]) € Fu,
and any channel in UE when (|(Y|o)],|{elf)]) € {(1,0),(0,1)}.

The optimal channels Ay and A; are regarded as measure-and-prepare
processes. For instance, Ay represents a transformation that performs a
measurement using the orthonormal basis {|i, ¢, s)}s—+, the eigenbasis of
|0) (] + |¢) (@], and then prepares the state |e, f,s), an eigenvector of
le) (e| + |f) (f|, if the measurement outcome corresponding to [i, ¢, s) is
obtained (s = £). The channel A; can also be interpreted in a similar man-
ner.

5.3.5 General qubit channels
Equation (5.15) implies

Cm0) <3 (14l IVl ) . 67

Thus, the following corollary is obtained by substituting Eqs. (5.38) and
(5.48) into this inequality.

Corollary 5.3.11. The following inequality holds:

FoaelC) < %{1 + [1einr

571/2
+(|<w|¢>u<e|f>|+m—|<w|¢>|2><1—r<e\f>|2>)] } (5.73)

Similar to the case of GE€, Eq. (5.73) is meaningful only when the right-
hand side of Eq. (5.73) is strictly less than 1. While, in such a case, we
can conclude that (|¢),|®)) is not jointly convertible into (|e),|f)) within
C, as stated previously, a necessary and sufficient condition for the joint
convertibility within C already exists [46]. As a consequence of this condition,
the following theorem can be obtained.

Theorem 5.3.12. The pair (1), |p)) is jointly convertible into (|e),|f))
within C if and only if

(Do) < [{el ). (5.74)
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Therefore, the value of Eq. (5.73) lies in enabling the estimation of
Fiax(C) from above, rather than in providing a necessary condition for the
joint convertibility within C. For instance, if |(¢|¢)| = \/Lﬁ, Eq. (5.73) be-
comes

Finax(C) < % (1 + \/1 + % sin (20 + %)) (5.75)

where |(e|f)| = cosf and 0 < 6§ < 7. The right-hand side of this inequality
is strictly less than 1 if and only if %” < 0 < 7, implying that (), |¢)) is
not jointly convertible into (|e),|f)) within C. In contrast, Theorem 5.3.12
indicates that the joint conversion within C is not possible if and only if
7 <0 < 7, meaning that Eq. (5.75) fails to estimate Fi,.x(C) when § < 6 <
%’T. Thus, while Eq. (5.73) can be meaningless for some cases, it provides a
nontrivial upper bound for Fi,.«(C).

The exact values of Fi,.x(C) can be obtained in some cases. For instance,
Theorem 5.3.12 implies Fi,ax(C) = 1 if [(¥|¢)| < [{e|f)|- In particular,
Firax(C) = 1 follows if [{(¢|¢)] = 0. In addition, we can exactly calculate
Fiax(C) as follows, similar to Proposition 5.3.8:

Proposition 5.3.13. The following equalities hold:

P :{%(1+|<e|f>|) i 1(w10)] = 1.
" T (1 VIS TIAE) i elf) =0

where the maximization in F..(C) = maxyec Fu(A) is achieved by the depo-
larizing channel given in Eq. (5.40) if |[(¥|¢)| = 1, the unital entanglement
breaking channel defined in Eq. (5.65) if |(e|f)| = 0, and the unitary chan-
nel defined in Eq. (5.51) for both cases. In particular, if |(¥|¢)] = 1 and
|{e| f)| = 0, arbitrary channels achieve the mazximization.

Thus, the right-hand side of Eq. (5.73) is equal to the exact value of
Froax(C) i [(16)] = 0 or [{elf)| = 0.

It is worth clarifying what kinds of channels satisfy Eqgs. (5.31) and (5.32)
if Eq. (5.74) is fulfilled. If |(¢|¢)| = [{e]f)| = 0, Egs. (5.31) and (5.32) are
met by the channels Ag € Y€ and A; € R that act for any linear operator A
as follows:

(5.76)

Ao(A) = &) (L] Aly) {e] + [f) (o] Ale) {f], (5.77)
A (A) = (le) (@] + 1) (8D Ale) (| + 1) (D) (5.78)
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If |(¢]|o)| = |{e|f)| =1, Egs. (5.31) and (5.32) are satisfied by the following
channels:

Ao(A) = (tr A) le) (e], (5.79)
As(A) = (Je) (6] + ) (W) A (le) (@] + et (wH]) (5.80)

where A is a linear operator, and |e1) and [¢1) denote states orthogonal to
le) and [¢), respectively. For the remaining case, i.e.,

(1l el ) € {(z,y) eR*: 0 <@ <y <1}\ {(0,0), (1, 1)}, (5.81)

the following channel, belonging to the class of generalized extreme points of
C that are discovered in Ref. [48], satisfies Egs. (5.31) and (5.32):

A4 = FV o A4 o FU (582)

where 'y denotes the completely positive map induced by a linear operator
W, i.e., it is defined as Ty (A) := WAWT for all linear operators A, and V/
and U are given by

V= ‘€7f7 +> <O|+|€,f,—> <1‘7 (583>
The channel A, is determined by a matrix
1 0 0 0
. 0 COS Uy 0 0
I= 0 0 COS Us 0 (5.85)
Sin uq sin ug 0 0 COS U7 COS U9

through the relation %tr [auf\zl(ay)} = T, where 0y = I and the elements

of T are given by

_ 1= [elnH?
COsUL = 4 [ 7 TearIER (5.86)
i) 1 1elnp
osuz = T AT\ Tl (5:87)
i st o D = L0010 -~

(1= [{&lo)*) [(el HI
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all of which are definable thanks to Eq. (5.81). In particular, A4 reduces to
a depolarizing channel

Aa(A) = (tr A) le) (e| (5.89)
when |(]¢)| < [(e|f)| = 1, an entanglement breaking channel

Ay(A) = [e) (D]AlY) (el + [f) (9] Alo) (/] (5.90)

when 0 = [(¢|¢)| < |(e|f)|, and a unitary channel

T
(De ) (¥, ¢, s|> (De ) (¥, ¢, s|> (5.91)
when 0 < [(¥|6)] = (el )] < 1.

5.3.6 Comparison of the joint convertibility

We can compare the joint convertibility for the subsets addressed in the pre-
vious subsections through the maximum average squared fidelities. Clearly,
it holds that Fax(X) < Frax(Y), if X € ), where X and ) denote subsets
of channels. Thus, the pairs of subsets (UE, D), (R,D), and (R,GE) are of
particular interest for comparison of the joint convertibility because each pair
consists of subsets that are not comparable to one another. In the follow-
ing, we compare the joint convertibility for the subsets of these pairs in two
specific cases, using the previously obtained exact values or upper bounds of
the maximum average squared ﬁdelities

As the first case, we set [(10|¢)| = —z. For instance, this condition is satis-
fied if |¢) and |¢) belong to mutually unblased bases, such as the eigenbases
of the Pauli operators. In this case, Egs. (5.39), (5.49), (5.56), and (5.71)
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imply

Faus(D) = 5 (1 el ) (592)
Fum(R) = 5 (1+ 5 (el + VI=TIAT) ). (593)
Funax(GE) g%<1+\/| e|f)2 + = max{ el ), VT = (el )] }) (5.94)

Il
o

max(GE), (5.95)

Frax(UE) = ;<1+%max{ |flm}> (5.96)

1. (UE, D). The dlfference Frax(UE) — Frax(D) is positive if and only if

0 < |{e|lf)] < \/3, zero if and only if |(e|f)]| = \/ig, and negative if and
only if \/Lg < [{e]f)| < 1. Thus, the joint convertibility within UE is
higher than that within D if and only if 0 < [{e|f)| < \/Lg, and vice
versa if and only if \/ig < |{e|f)] < 1. Both joint convertibility coincide

if and only if |{e|f)| = \/Lg

2. (R, D). The difference Fyax(R) — Fnax(D) is positive if and only if 0 <
[(e| )] < \/4+Tﬂ’ zero if and only if |(e|f)| = \/4+T\/§’ and negative if
and only if \/;T\/i < |{e|f)] < 1. Thus, the joint convertibility within
R is higher than that within D if and only if 0 < |{e| )| < \/;Tﬂ and
vice versa if and only if \/4+T\/§ < |(e| )] < 1. Both joint convertibility

coincide if and only if |{e|f)| =

3

3. (R,GE). The difference Fi.x(R) — FL..(GE) is positive if and only if

0 < |{elf)] < ﬁg, and zero if and only if |(e|f)| = 0 or |{e|f)| =
\/5:7\/5' Thus, the joint convertibility within R is higher than that

within G€ if 0 < |{e|f)] < L and not lower than that within

\/5—2\/5’
GE if |(e|f)| = 0 or |{e|f)| = Wg No conclusions can be drawn

if the difference is negative because F) (GE) is an upper bound on

Frax(GE).



As the second case, we set |{(e|f)| = —=. In this case, Egs. (5.39), (5.49),
(5.56), and (5.71) imply

Frax(D) = % (1 + %) , (5.97)
Fus(R) = 5 (1 + 25 (119} + VI = T(@lo) )) (5.98)
Fuax(GE) < 5 (1 + —\/1 +max 1(]8)], /1 — [(]8)] } ) (5.99)

= Fl’/rllax(gf")? (5100)

Frnan(UE) = % <1+7max{ (Wl W}) (5.101)

1. (UE, D). The difference Fiax(UE) — Fnax(D) is negative if and only
if 0 < |[(¥]|¢)| < 1, and zero if and only if [(0|¢)| = 0 or |(¥]|¢)| = 1.
Thus, the joint convertibility within D is higher than that within U&€
if and only if 0 < |(¥|¢)| < 1. Both joint convertibility coincide if and

only if [(|¢)| = 0 or [(¥|¢)| = 1.

2. (R,D). The difference Fax(R) — Fiax(D) is positive if and only if
0 < |(¥|#)| < 1, and zero if and only if [(|¢)| = 0 or |[(¥|¢)| = 1.
Thus, the joint convertibility within R is higher than that within D if
and only if 0 < [(¢|¢)] < 1. Both joint convertibility coincide if and

only if [(16)] = 0 or [{]6)] = 1.
3. (R GE). The difference Frax(R) — FI.(GE) is positive if and only if

max

f < |(W|o)| < \[, and zero if and only if |(|¢)| = 5 or [(W|p)| =
Thus the joint convertibihty within R is higher than that within Qéf f

5 < |{W|g)| < \/g, and not lower than that within GE if |(¢|@)| =

r |(Y|o)| = \/lg Similar to the previous case, we cannot draw any

conclusion if the difference is negative because F)  (GE) is an upper
bound on F.«(GE).

5.4 Detection of a Channel

Upper bounds on probabilities can be used to reveal properties of channels. If
a qubit channel A belongs to a subset of qubit channels X, then the following
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inequality holds:
p(A) < (tr $)C(rs, X), (5.102)

where the symbols are defined in Sect. 5.2. The contraposition of this state-
ment is as follows: if it holds that

p(A) > (tr )C/(rs, X), (5.103)

then A ¢ X'. Thus, a violation of Eq. (5.102) signifies that A does not possess
the property characterized by X.

In this section, we demonstrate the effectiveness of this detection method
using the upper bound for UE. Specifically, we derive the conditions under
which the following unital qubit channel is not entanglement breaking:

Ay =wid+(1 —w)O (5.104)

where 0 < w < 1 and © is the depolarizing channel that outputs % The
state (id ®A,,)(P,), where P, is the maximally entangled state, is called
the Werner state, and separable if and only if w < % [49]. Thus, A, is an
entanglement breaking channel if and only if w < %, or equivalently, A, is
not an entanglement breaking channel if and only if w > % In the following,
we consider two measurement settings for A,, and compare the obtained

criteria with this necessary and sufficient condition.

5.4.1 Measurement with the maximally entangled state

As the first setting, we consider the measurement on channels characterized
by the maximally entangled state. Specifically, it is implemented by inputting
half of the maximally entangled state Py on H ® H, where H denotes a two-
dimensional Hilbert space, to a channel, and then performing the following
POVM measurement E: {0,1} — L(H ® H) on the ouput state:

E(0) = P, (5.105)
E(1) =1 — P.. (5.106)

The tester associated with this scheme is given by S(i) := 1E(i) for all i €
{0,1}. Tt is evident that this measurement setup is designed to investigate

the impact of a channel on P,; a high probability of outcome 0 indicates

80



that measured channel behaves like the identity channel. In other words,
this probability quantifies the closeness between the measured channel and
the identity channel.

An upper bound on the probability associated with the outcome 0 pro-
vides a necessary condition for a channel to be entanglement breaking. Let
p(A,) denote the probability of obtaining the outcome 0 when A,, is measured
with this scheme, i.e.,

p(Ay) = %tr 1 (5.107)
= (1430 (5.108)

If A, € UE, we obtain the following chain of inequalities, as stated in the
beginning of this section:

1
—(143w) <

; O(Py, UE) (5.109)

<

>~ =N =

(L +[IN(PI) (5.110)

where the second inequality follows from Eq. (5.13). Direct calculations
show ||[N(Py)|| = 1, and hence the following inequality is derived:

1
w< —. (5.111)

3
In other words, if w > %, A, does not belong to UE. Thus, this criterion,
given by Eq. (5.13), detects all A,, that are not entanglement breaking

channels.

5.4.2 Ancilla-free measurements

As the second setting, we consider three ancilla-free measurements on chan-
nels labeled by a € {1,2,3}. The ath measurement is implemented by in-
putting the state |a,0) (a,0] to a channel and then performing the POVM
measurement E,: {(a,7) : i € {0,1}} — L(H) defined as E,(a, 1) = |a, i) {(a, 1|
on the output state. Here, H denotes a two-dimensional Hilbert space, and
la, i) represents the eigenvector of the ath Pauli operator corresponding to
the eigenvalue (—1)°, i.e., o4 |a,i) = (—1)"|a,i). The testers are given by

S.(a,i) == |a,0) (a,0]" ® |a,i) (a, ] (5.112)
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for all a € {1,2,3} and i € {0,1}. We suppose that a channel is probed by
randomly using these three ancilla-free measurement devices. If the identity
channel is measured by this scheme, then one of the outcomes (1,0), (2,0), or
(3,0) is obtained. As such, the closeness between the measured channel and
the identity channel is quantified by the probability of getting an outcome
in {(a,0) :a € {1,2,3}}.

Thus, similar to the first setting, we can derive a sufficient condition for
Ay ¢ UE by calculating an upper bound, given by C(7,UE), on the following
probability:

p(Ay) = tr[rJa,] (5.113)
- HTw (5.114)

where 7 := %22:1 S.(a,0). If A, € UE, we have

< At N (5.115)
= % <1+%), (5.116)

from Eq. (5.13) and ||[N(7)| = 3. Thus, if A,, € UE, then w < 3 must hold,
meaning that if w > %, then A, ¢ UE. Therefore, this criterion, provided by
the three ancilla-free measurements, also detects all A, that does not belong
to UE, similar to the criterion induced in the first setting. Note that the
second scheme does not use entangled states, while it needs the three dif-
ferent types of ancilla-free measurements. This feature can be advantageous
from an experimental point of view compared to the first scheme, where
the maximally entangled states are utilized, because in general generating
entanglement is not an easy task.

5.5 Summary and Discussion

In this chapter, several upper bounds on the probabilities associated with
measurements on channels and their applications were presented. The upper
bounds are explicitly represented as simple channel-independent functions
characterized by the norms ||b(7)||, || N(7)]], or | N(7)|xr of a two-qubit
state 7.
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An application of the upper bounds is a notion of convertibility prob-
lem. Inspired by the problem investigated in Ref. [46], we considered the
question of whether a pair of pure states can be jointly converted into an-
other using a specific type of channel. The joint convertibility within several
subsets of channels were evaluated by utilizing the fact that the maximum
average squared fidelity, a figure of merit of the joint convertibility, is directly
connected with the upper bounds.

Another application of the upper bounds is a detection problem of a
channel’s property. We obtained criteria for verifying that a unital channel
with a single parameter is not entanglement breaking by applying one of the
upper bounds to two contrasting measurement schemes. The criteria detect
all of the unital channels that are not entanglement breaking, indicating the
effectiveness of the applied upper bound. Our measurement schemes might
serve as experimentally friendly tests for certifying that a unital channel does
not possess the entanglement breaking property because they do not require
full process tomography.

Let us mention a possible application of the upper bounds to uncertainty
relations for testers. As stated in Ch. 3, an uncertainty relation for testers
can be formulated by assuming that the qubit channel to be measured is
selected from a specific subset of channels. It is easy to see that the bound
of an uncertainty relation is given by C(7g, X'), where 75 is a two-qubit state
induced by a tester element S, and X denotes a subset of qubit channels.
Thus, the uncertainty bound can be estimated from above using the upper
bounds provided in this chapter. In particular, similar to Theorem 3.2.1, if
the testers are ancilla-free, then it is possible to represent the estimates of
uncertainty bounds as simple formulas of input states and POVMs for the
output system.

As discussed in the introduction of this chapter, our formulas for qubit
channels are expected to serve as fundamental constraints for large physical
systems composed of many qubits. In particular, verifying large-scale quan-
tum circuits and characterizing high-capacity quantum channels are essen-
tial tasks for evaluating the performance of quantum information processing.
Therefore, applying our upper bounds on probabilities to these tasks consti-
tutes an engineeringly significant direction, and further developments along
this line are highly desirable.
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Chapter 6

Summary

Uncertainty relations for testers and related topics were investigated with
emphasis on representing them by explicit formulas. The main conclusions
were given in Chs. 3, 4, and 5, which are described based on Refs. [1],
2], and [3], respectively. The contents of these chapters are summarized as
follows.

Chapter 3 presents an uncertainty relation for ancilla-free measurements
performed on qubit random unitary channels. The bound of an uncertainty
relation was provided in Theorem 3.2.1 as an explicit formula of states and
POVMs, which characterize ancilla-free measurements. It was revealed from
the uncertainty relation that a quantity @, defined in Eq. (3.11), serves as
an important factor contributing to an unavoidable trade-off between the
probabilities associated with the scheme. In particular, a necessary and
sufficient condition for the existence of such a trade-off was clarified through
an observation of the qualitative behavior of Q).

Chapter 4 is devoted to a detailed investigation of a fine-grained uncer-
tainty relation for testers. The fine-grained uncertainty relation established
in Ref. [11] was generalized by considering a set of inequalities, each of which
imposes a restriction on possible values of probabilities related a combination
of outcomes in measurements on channels. To address the difficulty in cal-
culating the generalized uncertainty bound, two types of prescriptions were
provided. The first one is to estimate the uncertainty bound from above us-
ing the operator norm. While this approach does not work effectively in some
cases, it yields nontrivial estimates of the uncertainty bound when testers are
given by maximally entangled bases. In particular, it was shown that these
estimates coincide with the exact values of the uncertainty bound for the
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case of measurements of qubit channels. As the second prescription, we con-
nected the generalized uncertainty bound with a semidefinite program. We
presented numerically obtained values of the uncertainty bound based on the
semidefinite program, and proposed a conjecture induced by these values. An
application to a quantum key distribution protocol was also described in this
chapter.

Chapter 5 describes upper bounds on probabilities in measurements per-
formed on qubit channels and their applications. For typical subsets of qubit
channels, upper bounds on a probability in a channel measurement were pro-
vided as simple functions by evaluating a quantity C(7,X), defined in Eq.
(5.2). To demonstrate the effectiveness of the upper bounds, two fundamen-
tal problems were posed. The first one pertains to the question of whether a
pair of pure states is jointly convertible into another using a specific type of
channel. We examined the joint convertibility within specific subsets of qubit
channels in details by utilizing the connection between the upper bounds and
the maximum average squared fidelity, a measure of the joint convertibility.
The second one concerns the problem of verifying that a unital channel with
a single parameter is not entanglement breaking. In two schemes for mea-
suring channels, we provided sufficient conditions of the parameter under
which the unital channel is not entanglement breaking, by applying one of
the upper bounds. The conditions are not only sufficient but also necessary,
signifying the effectiveness of the applied upper bound.

As discussed in the introduction, explicit uncertainty relations provide
quantitatively evaluable constraints on the dynamics of large quantum sys-
tems. Such constraints can serve both as methods for the physical realizabil-
ity of quantum operations and as criteria for determining whether a given
quantum channel possesses certain properties. In particular, the uncertainty
relations presented in this thesis—as well as their potential extensions—are
expected to find applications in areas such as security evaluation in quantum
cryptography, certification of large-scale quantum circuits, and experimen-
tal verifications of quantum mechanics. For the first two directions, Chs.
4 and 5 have already implied, albeit in special cases, that applying uncer-
tainty relations for quantum testers yields meaningful results. As quantum
technologies continue to develop rapidly, the feasibility of large-scale quan-
tum information processing protocols is becoming increasingly realistic. It
is hoped that uncertainty relations for quantum testers will serve as useful
tools supporting these developments in the years to come.

85



Acknowledgments

I would like to express my gratitude to Takayuki Miyadera for his insightful
advice. This thesis would not have been completed without his invaluable
guidance. I am equally grateful to Kenzo Ogure for his constant support and
helpful advice on my future career. I also want to thank the current and
past members of my laboratory. My gratitude is also extended to the Kyoto
University Division of Graduate Studies; this work was supported by JST
SPRING, Grant Number JPMJSP2110. My acknowledgments would not be
complete without thanking my friends, relatives, and family. In particular,
I must express my sincere appreciation to my parents for their continued
support and patience. Finally, I dedicate this thesis to the memory of my
grandparents.

86



Bibliography

. Kimoto and T. Miyadera, J. Phys. Soc. Jpn. 92, 034005 (2023).
. Kimoto, J. Phys. Soc. Jpn. 94, 054001 (2025).

T
T
[3] T. Kimoto and T. Miyadera, J. Phys. Soc. Jpn. 94, 084004 (2025).
H. P. Robertson, Phys. Rev. 34, 163 (1929).
D. Deutsch, Phys. Rev. Lett. 50, 631 (1983).

P

. J. Coles, M. Berta, M. Tomamichel, and S. Wehner, Rev. Mod. Phys.
89, 015002 (2017).

[7] M. H. Partovi, Phys. Rev. A 84, 052117 (2011).

[8] Z. Puchata, L. Rudnicki, and K. Zyczkowski, J. Phys. A 46, 272002
(2013).

[9] S. Friedland, V. Gheorghiu, and G. Gour, Phys. Rev. Lett. 111, 230401
(2013).

[10] L. Rudnicki, Z. Puchata, and K. Zyczkowski, Phys. Rev. A 89, 052115
(2014).

[11] J. Oppenheim and S. Wehner, Science 330, 1072 (2010).

[12] Y. Xiao, K. Sengupta, S. Yang, and G. Gour, Phys. Rev. Res. 3, 023077
(2021).

[13] G. Chiribella, G. M. D’Ariano, and P. Perinotti, Phys. Rev. Lett. 101,
180501 (2008).

[14] M. Ziman, Phys. Rev. A 77, 062112 (2008).

87



[15]

[16]

[17]

[18]

[19]
[20]

[21]

[26]

[27]
28]
[29]

T. Heinosaari and M. Ziman, The mathematical language of quantum
theory: from uncertainty to entanglement (Cambridge University Press,
Cambridge, U.K., 2011).

M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum
Information (Cambridge University Press, Cambridge, U.K., 2010) 10th
Anniversary Edition.

J. Watrous, The Theory of Quantum Information (Cambridge University
Press, Cambridge, U.K., 2018).

M. M. Wilde, Quantum Information Theory (Cambridge University
Press, Cambridge, U.K., 2017) Second Edition.

M.-D. Choi, Linear Algebra Appl. 10, 285 (1975).

C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and W. K.
Wootters, Phys. Rev. Lett. 70, 1895 (1993).

M. Horodecki, P. W. Shor, and M. B. Ruskai, Rev. Math. Phys. 15, 629
(2003).

H. Maassen and J. B. M. Uffink, Phys. Rev. Lett. 60, 1103 (1988).
M. Krishna and K. R. Parthasarathy, Sankhya Ser. A 64, 842 (2002).
A. E. Rastegin, J. Phys. A 43, 155302 (2010).

A. Rényi, in Proceedings of the Fourth Berkeley Symposium on Mathe-
matical Statistics and Probability, Volume 1: Contributions to the The-
ory of Statistics, ed. J. Neyman (University of California Press, Oakland,
1961), pp. 547-561.

A. W. Marshall, I. Olkin, and B. C. Arnold, Inequalities: Theory of
Majorization and Its Applications (Springer Science+Business Media,
New York, 2011) Second Edition.

A. E. Rastegin, Quantum Inf. Process. 14, 783 (2015).
T. Miyadera and H. Imai, Phys. Rev. A 76, 062108 (2007).
G. Sharma, S. Sazim, and S. Mal, Phys. Rev. A 104, 032424 (2021).

88



[30] X. Zhou, L.-L. Sun, and S. Yu, Phys. Rev. A 109, 022408 (2024).
[31] R. Renner, Dr. Thesis, ETH Ziirich (2005).

[32] A. Ambainis, M. Mosca, A. Tapp, and R. De Wolf, Proc. 41st Annual
Symposium on Foundations of Computer Science, 2000, p. 547.

[33] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K. Wootters,
Phys. Rev. A 54, 3824 (1996).

[34] J. Grondalski, D. Etlinger, and D. James, Phys. Lett. A 300, 573 (2002).
[35] M. Li, S.-M. Fei, and Z.-X. Wang, Phys. Rev. A 78, 032332 (2008).

136
137
[38] G. M. D’Ariano and P. Lo Presti, Phys. Rev. Lett. 91, 047902 (2003).

]
]
| E. Hénggi and S. Wehner, Nat. Commun. 4, 1670 (2013).
| A. E. Rastegin, Quantum Inf. Process. 15, 2621 (2016).
]
]

[39] J. B. Altepeter, D. Branning, E. Jeffrey, T. C. Wei, P. G. Kwiat, R. T.
Thew, J. L. O’Brien, M. A. Nielsen, and A. G. White, Phys. Rev. Lett.
90, 193601 (2003).

[40] J. Lawrence, C. Brukner, and A. Zeilinger, Phys. Rev. A 65, 032320
(2002).

[41] L. Vandenberghe and S. Boyd, SIAM Rev. 38, 49 (1996).
[42] C. H. Bennett and G. Brassard, Theor. Comput. Sci. 560, 7 (2014).

[43] M. Bourennane, A. Karlsson, and G. Bjork, Phys. Rev. A 64, 012306
(2001).

[44] D. Popovici and Z. Sebestyén, J. Operator Theory 56, 3 (2006).
[45] L. Landau and R. Streater, Linear Algebra Appl. 193, 107 (1993).

[47) R. Jozsa, J. Mod. Opt. 41, 2315 (1994).

(48] M. B. Ruskai, S. Szarek, and E. Werner, Linear Algebra Appl. 347, 159
(2002).

[49] A. O. Pittenger and M. H. Rubin, Opt. Commun. 179, 447 (2000).

]
]
[46] P. Alberti and A. Uhlmann, Rep. Math. Phys. 18, 163 (1980).
]
]

89



