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Abstract

One of the main challenges in designing large scale quantum processors is connecting
separated qubits. In this thesis, we explore new opportunities that mesoscopic many-
body systems provide for creating quantum correlation between isolated quantum systems.
In particular, we study entangling two non-interacting qubits through an intermediate
mesoscopic system consisting of identical two-level systems. Two uncoupled qubits can
be entangled either by projectively measuring a joint property of them or by creating an
indirect interaction between them. The focus of this thesis is on procedures that are based
on joint measurement on the qubits.

We propose a new method for entangling two non-interacting qubits by measuring their
parity indirectly through an intermediate mesoscopic system. Indirect joint measurement
scheme benefits from coherent magnification of the target qubits’ state in the collective
state of the mesoscopic system; such that a low-resolution measurement on the mesoscopic
system suffices to prepare post-selected entanglement on the target qubits. The protocol
is designed to require only global control and course-grained collective measurement of the
mesoscopic system along with local interactions between the target qubits and mesoscopic
system. A generalization of the method measures the hamming weight of the qubits’ state
and probabilistically produces an entangled state by post-selecting on hamming weight
one. Our technique provides a new design element that can be integrated into quantum
processor architectures and quantum measurement devices.

We quantify the resources required for implementing the indirect joint measurement
technique when the intermediate mesoscopic system consists of spin-1/2 particles with in-
ternal dipolar coupling. A mesoscopic spin system consisting of two non-interacting halves,
each coupled to one of the target qubits is proved to provide a helpful geometry that al-
lows implementing the coherent magnification process with experimentally available control
tools. We show that the requirements on the amplified state of the target qubits and the
mesoscopic spin system perfectly maps to the specifications of micro-macro entanglement
between each target qubit and its nearby half of the mesoscopic spin system. In the light
of this equivalence, the effects of experimental imperfections are explored; in particular,
bipartite entanglement between the target qubits is shown to be robust to imperfect prepa-
ration of the mesoscopic spin system. Our analysis provides a new approach for using an
intermediate spin system for connecting separated qubits. It also opens a new path in
exploring entanglement between microscopic and mesoscopic spin systems.
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Chapter 1

Introduction

This thesis explores the use of a mesoscopic system as a tool for creating quantum cor-
relations between separated quantum systems. In particular, we evaluate the resources
required for entangling two non-interacting qubits by measuring their joint state through
an intermediate mesoscopic ensemble of two-level systems e.g., spin half particles. Our
study brings new insights into the opportunities that mesoscopic systems provide for con-
necting separated quantum systems as well as the challenges on the way.

Following developments in addressing and controlling atomic and molecular scale quan-
tum systems such as dopants in solids [1, 2, 3, 4, 5, 6], a crucial step forward towards a
scalable quantum architecture is connecting these localized separated qubits. Mesoscopic
systems, that are intermediate size many-body systems with collective quantum charac-
teristics [7, &, 9, 10, 11, 12, 13], provide natural candidates for this purpose. They are
extended in space, interact locally with the separated qubits, and can be integrated into
solid-state structures through nano-fabrication techniques.

In this thesis, we study entangling two non-interacting qubits through an intermediate
mesoscopic system consisting of many two-level systems that can be controlled and mea-
sured collectively and interacts locally with the qubits. A reasonable level of control is
collective control of the mesoscopic system, local control over each qubit and local inter-
action between each qubit and a nearby spin within the mesoscopic system. We evaluate
the resources required for creating post-selected entanglement between the target qubits
by measuring a joint property of them through the mesoscopic system.

Two main schemes are discussed and the required resources of each are identified. The
resources that are examined are the purity of the initial state, size, control and internal



dynamics of the mesoscopic system. The requirements on the measurement and the meso-
scopic system’s robustness to noise are also discussed. We start with a simple analyzable
procedure that enables entangling the qubits by applying two successive high-resolution
projective collective measurements on the mesoscopic system including and excluding the
two spins that are connected to the target qubits. This approach is discussed in chapter
3. We show that the success of this method solely relies on the power of the projective
measurements and there are minimum requirements on the other resources including state
preparation, control, size, etc. We build on this analysis by introducing indirect joint mea-
surement on the qubits that benefits from amplification of the target qubits’ state in the
collective states of the mesoscopic system and needs only a low-resolution collective mea-
surement on the mesoscopic system to generate post-selected entanglement on the target
qubits. Indirect joint measurement scheme is introduced in chapter 4 and its implementa-
tion with a mesoscopic spin system consisting of spin half particles with internal magnetic
dipole coupling is evaluated in chapter 5. In particular, creating micro-macro entanglement
between the target qubits and the mesoscopic spin system is identified as a robust and im-
plementable strategy for amplifying the target qubits’ state in the collective magnetization
of the mesoscopic spin system. The sensitivity of indirect joint measurement procedure to
the experimental imperfections is analyzed; particularly it is proved to be robust to limited
initial polarization of the mesoscopic spin system.

This thesis complements the ongoing efforts towards using mesoscopic systems as co-
herent control elements to connect localized separated qubits. Previous schemes propose
generating an indirect interaction between the qubits via an intermediate mesoscopic sys-
tem. It has been proposed to use a mesoscopic conductor to engineer an effective inter-
action Hamiltonian between two Rydberg atoms [11]. Floating metallic gates [15, 16] and
quantum Hall edge states [17, 18] have been suggested for creating an effective interaction
Hamiltonian between two otherwise uncoupled quantum dot based qubits. A mesoscopic
ferromagnet was considered to mediate interaction between separated spin qubits [19].

Another approach to connecting localized qubits via an intermediate system is quan-
tum state transfer. There are extensive theoretical studies in transferring quantum states
between separated qubits through a hypothetical 1D spin chain [20, 21, 22, 23, 24, 25, 20,

, 28, 29]. In Chapter 5, we argue that indirect joint measurement meshes better with
the experimentally available resources. It does not require addressing individual spins in
the chain or engineering the interaction between them and needs only available dipolar
coupling and collective control. It is not restricted to a 1D geometry; in fact, it is expected
to respond significantly faster with mesoscopic systems in 2D and 3D structure. Moreover,
it is robust to limited polarization of the mesoscopic system’s initial state.

It is worth mentioning that the three approaches to connecting non-interacting qubits



through an intermediate many-body system; namely, engineering an indirect interaction
capable of performing a CNOT gate, quantum state transfer and entangling by indirect
joint measurement, are equivalent up to local operations and classical communications.
Bipartite entanglement between separated qubits is equivalent to quantum state transfer
because an entangled pair of qubits can be used to transfer a quantum state applying
quantum teleportation protocols (1) [30, 31]. On the other hand, two separated qubits
can be entangled by first entangling one of them with a nearby ancilla qubit with local
operations; then transferring the state of the ancilla to the second qubit through quantum
state transfer (2) [20, 32]. A CNOT gate, either direct or indirect, creates maximum entan-
glement between two qubits given that the control and the target qubits are respectively
prepared in an equal superposition state and a polarized state (3). Moreover, quantum
state transfer combined with a local CNOT gate provides an indirect CNOT gate between
uncoupled qubits (4). Overall, as the schematic graph in figure 1.1 shows, all the three
schemes are equivalent up to local operations and classical communications [33].

A separated pair of

Entangled qubits

~~~~~

~~~~~~

Equivalence
Quantum

State
Transfer

o FOR

1D spin chain as a Quantum wire/lva)

Indirect
CNOT Gate

— —— —— ——

Figure 1.1: The equivalent ways of connecting separated qubits

Studying the many-body dynamics of a mesoscopic system is challenging because full
quantum simulation is not possible due to the large size of the Hilbert space and semi-
classical methods might not capture all the interesting features. We have different ap-
proaches to overcome these challenges. We start with evaluating the collective analyzable
dynamics of the mesoscopic system (in chapters 3 and 4 ), then (in chapter 5) we simulate
the full quantum dynamics of a spin system with internal magnetic dipolar interaction



and collective control for small sizes (up to 2 x 20 spins) based on Krylov approximation
method [31]. Consistent collective behaviours are extracted and extrapolated to bigger
sizes of the mesoscopic system.
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Chapter 2

Quantum Processes and
Entanglement

This chapter gives a short overview of the analysis of quantum processes directed towards
their application in the rest of the thesis. Moreover, it provides formal definitions of
entangled states and presents measures to quantify bipartite entanglement.

From an operational point of view, quantum processes are divided into three: prepa-
ration, transformation, and measurement. The first four sections are devoted to brief
mathematical descriptions of these processes. Section 2.1 discusses the representation of
quantum states and the preparation process. The transformations of closed and open
quantum systems are covered in sections 2.2 and 2.4. The measurement process is dis-
cussed in section 2.3. For a more comprehensive review of quantum processes, see [37, 33].
The last section of this chapter, 2.5, reviews multiple measures for quantifying bipartite
entanglement, both between two qubits and between one qubit and a mesoscopic system.
A thorough survey on entanglement and its measures can be found in reference [39].

2.1 Preparation and Quantum States

2.1.1 Hilbert space and pure states

Any quantum system is associated with a Hilbert space, H, that is a complex vector space
with an inner product and is complete in the norm. A preparation procedure is ideally



described by a pure state which can be represented by a unit vector, called a state vector,
in the system’s Hilbert space.

Dirac notation provides a convenient representation of state vectors and their inner
product: A state vector i) € H is represented by a ket |¢)) and the inner product of two
vectors ¢ and ¢ is: (¥|¢p) := (Y| |¢), where bra (1| represents the conjugate transpose of
the ket [¢), (o] = [¢)" and belongs to the dual Hilbert space.

For instance, a qubit, the simplest quantum system with two levels, is associated with
a two-dimensional Hilbert space H, = C%. A convenient choice of basis for H, is {|0) =

(é) 1) = ((1])} called the computational basis. An arbitrary normalized pure state of a

qubit can be represented as,

[¥) = al0) +b[1) (2.1)
where a and b are complex numbers satisfying the normalization condition |a|* + [b]* = 1.
For |a| = [b] = \/Li, the state |¢) is called an equal superposition state.

A pure state of a qubit can be represented! geometrically by a point on a sphere
with unit radius, called the Bloch sphere. The north and south poles of the Bloch sphere
represent states |0) and |1), respectively. Any other point represent a superposition between
|0) and [1),

[9) = cos(6/2) |0) + sin(6/2)e™ |1) (2.2)

where 6 is the polar angle and ¢ is the azimuthal angle as shown in figure 2.1.

Figure 2.1: The Bloch sphere representation of an arbitrary pure state of a qubit.

1Up to a physically unobservable global phase.



Composite Systems

Given a quantum system A, with Hilbert space H 4, and a quantum system B, with Hilbert
space Hpg, any ideal preparation of the composite system AB belongs to the composite
Hilbert space,

Hap=HasQ@Hp (2.3)

An orthonormal basis for H g can be constructed by tensor product of two orthonormal
bases of H,, and Hy,: {|a;) ® |b;)} where {|a;)}, i = 1,2,...,dim(H4) and {|b;)}, j =
1,2,...,dim(Hp) are two orthonormal bases of H4 and Hp, respectively. As an example,
the Hilbert space of two qubits, g4 and qp is, Hy,qp = Hg, @ Hyp = C?@C? = C* with the
computational basis: {|00),|01),|10),|11)} = {|0) ®]0),]0) ® [1),|1) ® [0),|1) ® |1)} =
{10}, 1)} @ {[0),[1)}.

The Hilbert space of a mesoscopic system that consists of N two-level quantum systems?
is the tensor product of the Hilbert spaces of its constituents,

Hus =H1OHs ® .. Q@ Hy =C?@C?®...@ C? = (C?)®N = C*" (2.4)

with the computational basis: {[0Y*", |0)®¥ " @ |1}, ..., [1)®V} = {|0), [1)}®N.

Pure Entangled States

A pure state of a bipartite composite system [¢) , 5 € Hap is called a product state if it can
be expressed as 1)) 15 = |¥) 4 ® [¢) 5 for some |¢) , € Ha and |¢) 5 € Hp. Any bipartite
pure state that is not a product state is an entangled state.

For instance, state |¢) .5 = a|00) + b|11) of two qubits is an entangled state unless a
or b equals zero; in particular for |a| = |b| = 1/V/2, state [¢)) , is a mazimally entangled
state. The following four orthogonal maximally entangled states, called the Bell states,
form a basis for the Hilbert space of two qubits,

es) = = (00) & [11)
1

|Oﬂ:> = \/5

2We do not call the two-level systems constituting the mesoscopic system qubits; since the term qubit
usually implies universal control (to be defined in section 2.2), which we do not assume to be available for
the two-level elements of the mesoscopic system.

S

(101) + [10)) (2.5)




2.1.2 Mixed States and Density Operators

Not all preparation procedures produce pure states. The quantum states that are not
pure are called mized. From an operational point of view, the state of a quantum system
describes the knowledge one has about the system. Mixed states are associated with
incomplete knowledge about the quantum system. A mixed state is represented by a non-
negative Hermitian operator with trace one, called a density matriz or a density operator.

Suppose that a quantum system is prepared in state |¢) with probability p; and in
state |19) with probability po = 1 — p;. The state of the quantum system is a mixed state
with the density operator,

p = p1 |[P1)(U1] + pa [1h2) (2] (2.6)

More generally the density matrix of a quantum system that is prepared in one of the
states {|1;)}, i = 1,2, ...,n each with probability p; > 0 (>, p; = 1), is,

n
P = sz' |l (2.7)
i=1
The special case of n = 1 corresponds to a pure state preparation,

p = p1 1) (Wr] = 1) (| (2.8)

Thus, density matrices give a general description of quantum systems that can represent
any pure or mixed state. Conversely, any density matrix can be expressed as a probabilistic
mixture of pure states and represents a pure or mixed quantum state.

In addition to probabilistic preparations, density matrices describe the state of a sub-
system of a composite quantum system. Consider a composite system with the density
matrix pap that is either a pure state or a probabilistic mixture of pure states. The reduced
state of the subsystem A is represented by the density operator,

pa=Trg(pap) (2.9)

where Trp(.) is the partial trace over the subsystem B. With an orthonormal basis
{16;)},7 = 1,2,...dg(= dim(Hp)) of the Hilbert space Hp, the partial trace is defined

as,
dp

Trp(pas) = »_(1a® (bjl)pan(la @ [b;)) (2.10)

j=1
A pure bipartite state pap = |¢¥)(¥|,p5, is an entangled state if and only if the reduced
state pa (or pp) is a mixed state.



General Entangled States

The notion of entanglement is generalized to mixed states and density operators. A bipar-
tite state pap is a product state if it can be expressed as pap = pa ® pp and is a separable
state if it can written as a convex combination of product states, pap = >, pipy @ pls;
otherwise is an entangled state.

2.2 Transformation

The transformation process of a closed quantum system, i.e., a system that is isolated from
its surroundings, is operationally represented by a unitary operator,

) = Ul) (2.11)

where [1)) and |¢') are the state vectors representing the pure states of the quantum system
before and after the transformation, and U is a unitary matrix satisfying the relation UUT =
U'U = 1. Generalization of Eq. (2.11) to density operators indicates transformation of
mixed initial states,

p = UpU! (2.12)

The underlying physics law for the time evolution of a closed quantum system is the time-
dependent Schrodinger equation,

d(t) _
e OI0) (213

where H (t) is the Hamiltonian of the system; a Hermitian operator (H(t) = H(t)") whose
eigenvalues are the allowed energies of the quantum system, and A is Plank’s constant
that is usually absorbed in H(t) and set to one, A = 1. Among all unitary operators that
describe a valid quantum transformation, in principle, the Schrodinger equation indicates
which ones are accessible for a specific quantum system, in practice. The von Neumann
equation generalizes the Schrodinger equation to density operators and describes the time
evolution of mixed states,

th

n 2D (11 (1) () (2.14)

where the bracket represents the commutator defined as, [A, B] := AB — BA. Solving the
Schrodinger equation or the von Neumann equation results in a time-dependant unitary
operator, U(t), that specifies the evolution of the quantum system in time,

[0(t)) = U®) [(0)),  plt) = Ut)p(0)U(2) (2.15)



If the Hamiltonian is time-independent H(t) = H, the unitary operator is,
U(t) = e ! (2.16)

The unitary evolution corresponding to a time-dependent Hamiltonian that commutes at
different times, [H(t), H(t')] = 0, is,

U(t) = e o HWar (2.17)

For a time-dependent Hamiltonian that does not commute at different times [H(t), H (t')] #
0, the unitary operator is,

U(t) = Te ' Jo HEN (2.18)
where T is the time ordering operator.
Any Hermitian operator acting on the Hilbert space of a qubit H, = C? can be expanded

in terms of the identity operator, and the three Pauli operators with real coefficients. The
Pauli operators are defined as,

Oy = ([1) (1)) o, = (3 BZ) o, = (é _01) (2.19)

As a result, any unitary operator on a qubit can be expressed as,
_ __—i%(n.5)
U="U;(¢)=e"2 (2.20)

up to an unimportant global phase; where 1 = (n,, n,, n,) is a unit vector, ¢ is some phase
and ¢ = (0,,0y,0,). In the Bloch sphere representation, Uy (¢) corresponds to a rotation
of the vector representing the state of the quantum system along the axis n by the angle ¢.
Unitary operators on a qubit are also called unitary rotations, in this sense. Any unitary
rotation can be decomposed into Euler rotations,

Ua(9) = Ux(@)Us (B)U: (7). (2.21)

In general, rotation about two independant axis in enough for constructing an arbitrary
unitary operator on a qubit. In other words, rotation about two independant axis provides
universal control over a qubit.

In the language of quantum information, quantum transformations and unitary opera-
tors are also called quantum logic gates or quantum gates; usually when the overall result of
the transformation only matters, not the underlying time evolution. The Pauli operators,
0, 0y and o, that correspond to m-rotations about 2, ¢ and £ axes, are examples of single
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qubit quantum gates, known as bit flip, bit-phase flip, and phase flip gates, respectively.
Another widely used single qubit gate is the Hadamard gate, defined as,

e % G _11) (2.22)

Applying Hadamard gate on |0) and |1) states creates equal superposition states with
positive and negative phases,

1 1
V2 V2

An important two qubit quantum gate is the Controlled-not (CNOT) gate that along with
single qubit rotations provides universal control over two qubits. The CNOT gate is defined
as,

H[0) = —(0) + 1)) == [+),  H|1) = —=(10) = [1)) == |-) (2.23)

10
01
0 0

o O O

0
CNOT = [0)(0] @ 1 + |1)(1] ® 0, = ! (2.24)

0010

It flips the second qubit, called the target qubit, if the first qubit, called the control qubit,
is in state |1). The CNOT gate transforms separable initial states to maximally entangled
states if the control and the target qubits are prepared in an equal superposition state and
a polarized state, respectively. The maximally entangled Bell states can be created this
way,

CNOT [+) [0) = %uom L [11)) = les), CNOT|-)[0) = %uom L) = leo)
CNOT [+) [1) = ——(j01) + |10)) = o,), CNOT | =) [1) = —=(J01) — [10)) = Jo_)(2.25)

V2 V2

Implementing a CNOT gate between two qubits, and more generally any gate that trans-
forms a separable state of two qubits to an entangled state, requires the qubits to interact.
This thesis concerns with entangling two non-interacting qubits; i.e. entangling two qubits
when an entangling gate is not available. The Hamiltonian of two non-interacting qubits
can be written as sum of the Hamiltonian on each,

Hq1q2(t) - Hq1(t> ® ]lqz + ]lzn ® qu (t) (2-26)

Solving the Schrodinger equation tells us that the unitary evolution of this system can
always be expressed as,
Ugrgo (t) = Ug (t)® Ug, (t) (2.27)
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which always transforms a separable initial state, |¢(0)), ., = [¥(0)), ® [¥(0)),,, to a
separable final state,

) e = Unaa® [0(0)) g, = Uan(8) @ U (1) (16:0)),, @ [(0)),,)
= (Ua1600),,) @ (Vs [6(0)),,) 1= 1)), @ 1(0),,  (2:28)

In section 2.3, we show how a joint measurement can entangle two non-interacting qubits.

Collective Dynamics and Collective Rotation of a Mesoscopic System

Among all unitary transformations of a mesoscopic system, an interesting subset are col-
lective dynamics. Collective dynamics, represented by collective unitary operators, are the
transformations that do not discern between the two-level components of the mesoscopic
system. They can be, mathematically, defined as the unitary operations that are invari-
ant under any permutations between the states of the particles in the mesoscopic system.
An arbitrary permutation can be decomposed into two-body swaps. A swapping operator
between ith and jth particle (i < j) is,

SWAPY = |0){0]; @ [0){0]; + [1){1]; ® [1)(L]; + [0)(1]; @ [1){0]; + [1){0]; ® [0)(1]; (2.29)

where the identity operators on N — 2 particles are omitted.

An experimentally relevant subset of collective unitary operators are collective rota-
tions,

Uy%(¢) = U (6) @ U3 (¢) ® ... ® Uy () (2.30)

where U’ (¢) represents a general rotation of the ith particle. The collective rotations corre-
spond to collective external control of the mesoscopic system. The Hamiltonian associated
to UMS(¢) is,

N N N N
w . . . w . . -
Hce = ) Z(naﬂ; +nyo, +n.07) = b) <n~’ﬂ Z 0y + 1y Z 0y + Na Z Ué’) (2.31)
i=1 i=1 =1 =1

with ¢! = 1971 @ 0, @ 1°V~% for a = x,y,2. The rotation angle ¢ is the Hamiltonian
frequency times the evolution time ¢ = wt.
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2.3 Measurement

The measurement procedure is the process of observing a physical property of a quantum
system and producing a classical outcome. It is operationally represented by a projector-
valued measure (PVM) or more generally a positive-operator valued measure (POVM).

2.3.1 1Ideal Measurement Process

A projective measurement is described by a Hermitian operator on the Hilbert space of
the system, called an observable. The observable has a spectral decomposition,

O0=> mil, (2.32)

where {m} is the set of possible measurement outcomes. Each m is an eigenvalue of the
observable and it is a real number. II,, is the projection operator onto the eigenspace
of O with eigenvalue m. The projection operators satisfy the orthogonality condition
11,11, = 6, 1L, and they span the Hilbert space, ) 1II,, = 1. The probability of each
measurement outcome, m, upon measuring a quantum system in an arbitrary state is given
by Born’s rule,

Pm = Tr(IL,p) (2.33)

where p is the density matrix representing the state of the quantum system prior to the
measurement. As an example, measuring a qubit that is prepared in an arbitrary pure
state, |¢) = a]0) +b|1) (p = |[¢){¢]), in the computational basis, with the measurement
operators {1y = |0)(0],TT; = |1)(1|}, results in outcome 0 with the probability py = |a|?
and outcome 1 with the probability p; = |b|?.

A counter-intuitive feature of the measurement process is that it not only reveals the
measured property of the quantum system, but also updates the state of the quantum sys-
tem according to the measurement outcome. Thus, it can be regarded as a state preparation
process, too. This property is the main idea behind entangling separated qubits using a
joint measurement. The state of the system after the measurement and post-selecting on

outcome m, according to Luder’s state-update-rule, is,
I, pIl,, I, pIl,,

Pm = = 2.34
Tr(top) ~ o (2:34)

where pi is the normalization factor that guarantees Tr(p,,) = 1.

In the above example the updated states of the qubit corresponding to the measurement
outcomes 0 and 1 are py = |0)(0] and p; = [1)(1].
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Joint measurement as an entangling tool

The state update rule provides the key element for preparing qubits in entangled states
upon implementing a joint measurement. Parity measurement and Hamming weight mea-
surement are two examples of joint measurements. Parity measurement of two qubits
reveals whether the state of the qubits are the same (even parity) or different (odd parity)
without uncovering the state of each qubit. The projective operators of parity measurement
corresponding to even and odd parities are,

I, = [00)(00] +|11)(11]
M, = [01)(01]+ [10)(10] (2.35)

Two qubits, that are each prepared in an equal superposition state, |+) = \%(|0> + |1)),
will be probabilistically projected into the maximally entangled Bell states upon a joint
parity measurement,

1

lex) = —=(]00) £ [11))

Sl

2
1

|0:|:> = \/5

where the positive and negative phases correspond to the same and different phases of the
qubits’ initial superposition states, respectively. The probability of even and odd parity
outcomes are each equal to 1/2.

(J01) = [10)) (2.36)

Another joint measurement is Hamming weight measurement that specifies the distance
from the all zero state. It is equivalent to collective magnetization measurement for spin
qubits. Hamming weight measurement can be defined for any number of qubits. Its
projective operators for two qubits are,

I, = [00)(00]
I, = [01)(01] +|10)(10|
M, = [11)(11] (2.37)

Projective measurement of two qubits’ Hamming weight updates their state to the maxi-
mally entangled state with hamming weigh one, o) = \/Li(|01> +(10)), with a probability
of 1/2, provided that the qubits are each prepared in an equal superposition state. The
two other outcomes of the measurement are Hamming weights 0 and 2, with the separable
updated states |00) and |11), each with a probability of 1/4.
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2.3.2 Generalized Measurement Process

The measurement processes are more generally described by POVMs which include PVMs
as a subset. A POVM is operationally characterized by a set of measurement operators
{E,} that are non-negative £, > 0 and complete > E, = 1. The probability of each
measurement outcome « is given by the generalization of the Born’s rule,

Pa = Tr(Eap) (2.38)

and the state of the quantum system updates according to the generalization of Luder’s

state-update-rule,
M, pM!
po = 2P0 (2.39)
Pa

where E, = MIM,. One set of operators that satisfy these relations is {M,} = {VE.};
however, there is no unique choice for { M, } and it depends on the details of implementing
the POVM.

As an example, a noisy parity measurement, that mixes between even and odd parities,
can be described by the following POVM operators,

E. = (1—ell +€ll,
E, = (1—¢ll, +€ll, (2.40)
where € ranges from 0 for no noise to 1/2 for maximum noise and no measurement. As-

suming M, = +/E,, the updated states of the qubits, given in Eq. 2.36, are replaced
by,

pe = (L=e)fex)(ex] + elox){or] + Ve(l = €)(lex)(ox| + |ox)(ex])
po = (1=€)|ox)(ox| +eles)lex| + Ve(l = e)(Jex)(ox] + fox){ex])  (241)

According to Neumarks dilation theorem, any POVM can be realized as a PVM on a bigger
Hilbert space of the system and an apparatus [10]. This PVM can always be described
as a von Neuman indirect measurement where the measurement is only applied on the
apparatus, following a unitary interaction between the apparatus and the system [11].
This process has a unique state-update-rule,

_ T'rq ((]ls ® 115 )Usa(ps ® ‘O><0|a)U;ra(]ls @ Hg))
Tr (1, © ) U(p, ©[0)(01,)UL )

(2.42)

s,a
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where ps and p;, , are the states of the system before the measurement and after the mea-
surement and post-selection on outcome «, and the apparatus is assumed to be prepared
in a pure state, [0)(0|,. The operators U,, and II? represent the unitary operator corre-
sponding to the interaction between the system and the apparatus and the PVM on the
apparatus, respectively. Following this process, the measurement operators of the system
are uniquely determined, M, = (a|, Uy, |0),, given that the apparatus PVM operators are
rank 1, II2 = |a)(a],.

2.3.3 Collective Measurement of a Mesoscopic System

In the following chapters, we deal with collective PVMs and POVMs on a mesoscopic
system consisting of N identical two-level systems. The PVM operators of the collective
Hamming weight measurement of the mesoscopic system are,

()
L, = Y B (J0) 01" @ [1)1[*") (2.43)

i=1

where m € {0,1,..., N} and P, is the permutation operator and the summation is over all
permutations. Other collective PVMs over the mesoscopic system are related to the Ham-
ming weight measurement by a collective unitary, I/ = UCdeUéol, form =0,1,...,N.
This collective unitary can be regarded as part of the transformation process. Thus, the
Hamming weight measurement and the POVMSs based on that are enough to describe any
collective measurement of the mesoscopic system.

A coarse-grained collective measurement over the mesoscopic system is characterized
by a collective POVM. The collective POVM operators, {E,}, can be expanded in terms
of collective PVM operators as,

N
Eo =) aamlly, (2.44)

m=0
where the coefficients a, ,, satisfy the conditions: an,, > 0 and ) asm = 1 following

positivity and completeness of the POVM operators.

2.4 Transformation of an open quantum system

A quantum system is generally not isolated from its environment in which case its trans-
formation can not be described by a unitary operator. Evolution of a quantum system is
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more generally described by a quantum dynamical map defined as a transformation that
takes quantum states to quantum states. It can be viewed as the reduced effect of a unitary
operator that acts on the quantum system and its environment®. Any quantum dynami-
cal map is linear, completely positive and trace preserving. Positivity of a map A means
that A(p) > 0 if p > 0. Complete positivity guarantees positivity when the transformed
quantum system is part of a composite system,

(Aa ®1p(pag)) > 0if pap >0 (2.45)

Trace preserving condition ensures that the normalization is preserved, Tr(A(p)) = Tr(p) =
1. Any completely positive trace preserving (CPTP) map can be represented by a Kraus-
decomposition,

A(p) = Y Kipk] (2.46)

where the Kraus operators, K;’s, are linear operators satisfying the constraint ), Kj K; =
1.

In the rest of this section, we review CPTP maps of some experimentally relevant noise
processes for a qubit, then we discuss their generalization for a mesoscopic system. In the
following discussions, a general state of the qubit is considered which is expanded in the
eigen-basis defined by the qubit’s Hamiltonian as,

p= (0 200) = a0+ o 001+ pua 01+ pu D] (247

where |0) = |g) and |1) = |e) represent the ground and the excited state of the Hamiltonian
and the normalization condition requires pgy + p11 = 1.

2.4.1 Amplitude Damping Map

The amplitude damping map models relaxation from excited state to the ground state. It
is represented by the Kraus operators,

Ky = ((1) \/10—7&;) K& = (8 \/3_‘*> (2.48)

3Note that the reverse is not true; meaning that it is not always possible to assign a quantum dynamical
map to the evolution of a quantum system that is interacting with its environment.
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where the amplitude damping parameter, A\, ranges from 0 to 1 and can be interpreted
as the probability of relaxation. The qubit’s state after applying the amplitude damping
map is,

V1I=2Aapo (1 —=2Aa)pn

The amplitude damping map reduces the population of the excited state and adds to

the population of the ground state. It also attenuates the coherence terms between the

ground and the excited state. The fixed point of the amplitude map is the ground state:
= [0){0[.

_ AA( ) K(I)XPKAT + K pKAT (pOO +Aapn V1-— )\Ap(]l) (249)

2.4.2 Generalized Amplitude Damping Map
A generalization of the amplitude damping map models relaxation towards an arbitrary
diagonal mixed state, pf* = p|0)(0| + (1 — p) [1)(1| where 0 < p < 1 is the population in

the ground state. The generalized amplitude damping map is represented by the following
Kraus operators,

GA  _ 1 0 GA _ 0 VA
Ko™ = Vb (0 NIy K7 =vrlo o
GA __ — V 1—- /\A 0 GA _ — 0 0
Ky* = /1 p( 0 1> K% =4/1 p(m 0 (2.50)
and the evolved density matrix of the qubit is,

pOA = AGA(p) — ((1 — Aa)poo + PAa V1—=2Aapn ) (2.51)
V1= 2Aapio (1 —Xa)p11 +Aa —pAa

The state of a two-level system in thermal equilibrium with a bath at temperature 7' is,

H _AE
e kBT 1 e kBT
= = —z |00 + ———=z [1)(1] (2.52)
( ) 1 +e kgT 1 +e kT

where H is the Hamiltonian of the system, AF = E, — E, is the energy different between
its ground and excited states and kg is the Boltzmann constant. The 77 relaxation process,
that drives the system towards this thermal equilibrium state, is modelled by a generalized
amplitude damping map with the fixed point p$* = py, and the damping probability
Aa =1 —e 1t where I'y = 1/T} is the relaxation rate.
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2.4.3 Phase damping Map

The Phase damping map reduces the off-diagonal terms of the density matrix while leaving
the diagonal terms intact. The associated Kraus operators are,

K} = (é \/10_7%) K = (8 V(;_p) (2.53)

and the evolved state of the qubit is,

v1—2A
P _ AP _ P00 PPo1 254
P () (mpm P11 (2:54)

Decoherence or the T; relaxation process that is derived by noise along the quantization
axis is modelled by a phase damping map with the damping probability A\p = 1 — e~12¢,
where I'y = 1/T5 is the damping rate.

2.4.4 Depolarizing Map

The depolarizing map models symmetric noise in all directions. The Kraus operators of
this map are,

1 0 p p (0 1
Dep —_ _ — Dep _ P _ '
KP® = /T pl=/1—p (0 1) K \/;az \@ (1 0)
Dep _ [P _ P 0 —2 Dep _ [P [P 1 0
= \@"y - \@ (z 0 ) Ky = \/;"Z - \@ (0 -1 (2.55)

With the probability of 1 — p the qubit is intact and each of the three bit flip, phase flip
and bit-phase flip errors occurs with the probability of p/3. The transformed state of the
qubit is,
1—2)pgy + 2 (1—12)
Dep __ ADep _ ( 3 P00 3P11 3 Po1 2,56
P (p) ( (1—2)p1o (1= 22)p11 + Zpoo (2.56)

State pP°P can be simplified using the normalization condition: pgy + pi1 = 1,

4p 2p 4p
Dep __ ADep _ (1 - ?)pOO + 3 (1 - ?)p(]l )
P () ( (1- %)Pm (11— %)Pn + (%)
4p dp 1 1
1—— ——:=(1 = Ape ADep— 2.57
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where the depolarizing parameter, Apep, is proportional to the error probability, Apep, = %p.
The error probability, p, ranges from 0 to 1, thus Ape, is between 0 and %. Based on
equation 2.57, if Apep, < 1, it can be interpreted as the probability that the depolarizing
map replaces the qubit’s state with the fully mixed state, %; i.e. erases all the information
of the qubit and 1 — Ap, is the probability that the qubit’s state is left unchanged.

2.4.5 Noise of a mesoscopic system

The mathematical model of the noise effect on a mesoscopic system depends on the many-
body interaction among the two-level components of the mesoscopic system and the inter-
action between the mesoscopic system and its environment. Nevertheless, assuming that
each of the two-level particles in the mesoscopic system is subject to an independant exter-
nal noise, a simple generalization of the CPTP maps on a qubit models the transformation
of an open mesoscopic system.

Consider that a quantum dynamical map, A, with a set of Kraus operators,
{Ki, K, ..., K, }, represents external noise on one of the two-level systems in the meso-
scopic system. A natural generalization of A, for the mesoscopic system in the special
case where the mesoscopic system’s state is a product state of its constituents, piie =

P1 ®P1 ®®pN7 iS,
Aus(P3S) = As(p1) @ Ag(p2) ® ... @ Ay(pw). (2.58)

Replacing each Ag(p;) with >, KiijiT in the above relation creates a set of Kraus
operators for Ayg that can be used to apply Ay to an arbitrary input state,

m m m
As(phig) = D KupKl Y KiypK @ .0 Y KipvK]

i1=1 11=1 in=1
m
= Y (K, ®Ky,®..0K,)(pmempo..0p)E oK ©. oK)

11,02,..,iN =1
m

= Y (K, 9K, ® .0 K)o (K] o Kl ® .. K] ) (2.59)

11,82,...,iN=1

Thus, the quantum dynamical map Ayg can be characterized by mY Kraus operators con-
structed by tensor product of the single particle Kraus operators, { K}"°, K3', ... KM} =
{Ky, Kg, ..., K }EN.
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This approach to modelling noise of the mesoscopic system is applied in Chapter 3
where the effect of the depolarizing map on the mesoscopic system is evaluated analyti-
cally. Note that the number of Kraus operators grows exponentially with the size of the
mesoscopic system, which significantly reduces the size of the mesoscopic systems that can
be simulated.

Another practically helpful technique for estimating the noise effect on the mesoscopic
system is to average over the independent transformations of each two-level component.
Considering a product input state, the evolved state will be,

ro 1
us(og) = N Zm ® .0 Ns(p)) ® ... ® pn

j—l

= NZm@ ®ZKpJK® @ pN (2.60)

=1

Thus, the map Aj}q is characterized by a set of m x N Kraus operators that is the union
of Kraus operators on each particle scaled by \/LN to satisfy the normalization condition,

{KMS, KPS, KARY = UL (KT, K3, .., K} with K] = 157 @ K] @ 15777,

Apis(pws) Z KM s M (2.61)

This approach does not limit the size of the mesoscopic systems that can be simulated
and is used is chapter 5 where a generalized amplitude damping noise is simulated for a
mesoscopic spin system.

2.5 Quantification of entanglement

A pure bipartite state of a composite quantum system, [¢) ,5, is entangled, if and only
if, the reduced state of each subsystem, p4 = Trg(|¢)(¢|,5) or pp = Tra(J¥) (Y| ,45), is &
mixed state. The more entangled the pure bipartite state is, the more information is lost
when one of the parties is ignored; thus, the more mixed the reduced density matrices are.
The entropy of entanglement quantifies entanglement of pure bipartite states based on this

property [12]. It is defined as the von Neumann entropy of any of the two reduced states,
E(|Y)ap) = S(pa) =S(pp)
S(p) = —Tr(plog,(p)) (2.62)
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where the equality S(pa) = S(pp) follows the purity of the bipartite state pap = |¢) (V| 45-
The von Neumann entropy of a quantum state, S(p), is a measure of its purity and ranges
from 0 for pure states, to D = log,(Dim(#)) for a maximally mixed state. Consequently,
the entropy of entanglement of a pure bipartite state E(|1) ,5) ranges from 0 for separable
states, to log,(min(Dim(H ), Dim(Hp))). If Dim(H4) = Dim(Hp) := D, the maximum,
log,(D), corresponds to a maximally entangled state,

1 & .
V) 4 = 75 2_1: 1) 4 ® |i) 5 (2.63)

where {|i) ,} and {|i) 5} are two arbitrary orthonormal bases of H4 and Hp.

As an example, consider the pure bipartite entangled state of two qubits discussed in
section 2.1, [¢) ;5 = @]00) +b|11). The reduced density matrices of the subsystems A and
B are: pa = pp = |a*|0){0] 4 |b|?|1)(1] and the entropy of entanglement is: E(|¢)) ,5) =
S(pa) = S(pp) = —lal*log, |a]* — |b]* log, [b]*.

S(pa)=S(ps)
1.0
0.8
0.6
0.4

0.2/

| | [ | 2 2
02 04 06 o8 10@%P

Figure 2.2:  The entropy of entanglement of the state |[¢)) ,5 = @|00) + b|11). State
V) ap = \%(|00> + €]11)) is maximally entangled for any choice of ¢.

Characterizing and quantifying entanglement of a mixed quantum state is challenging.
Various measures have been proposed. Many of them, such as distillable entanglement [13,
| and entanglement of projection [15], are generalizations of the entropy of entanglement
and reduce to the entropy when applied to pure states. There are also measures that
are defined independently, e.g. negativity and logarithmic negativity [16]. For reviews
on entanglement and its measures see [17, 39]. In the rest of this section, we discuss
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computable measures that are used in this thesis for quantifying bipartite entanglement
between the target qubits or between one target qubit and the mesoscopic system.

2.5.1 Fidelity

When the goal is to produce a specific known maximally entangled state between two
qubits, |¢) 45, the fidelity, defined as the overlap between the produced state, pap, and the
ideal state |¢) o, can be used as a measure for success of the preparation process,

Fy (pap) = Tr (|¢)(¢] pas) = (9| pas |d) - (2.64)
The fidelity specifies whether or not the state pap can be distilled towards the maximally
entangled state |@) 5 [14, 13]. Tt ranges from 0 to 1 and Fy (p) > 3 guarantees that the

state pap is entangled and distillable towards the state |¢) , 5.

Note that the fidelity is not a standard generally applicable measure for entanglement,
e.g., the fidelity of the state pap = |es)(e,| with the state |e_) is zero but both states are
maximally entangled; nevertheless it is easy to compute and is appropriate to use when it
is known, a priori, that pap is a distorted version of |¢) , 5.

2.5.2 Negativity

Negativity is a measure of entanglement for a general bipartite system; regardless of the
size of each party and purity of the overall state. For a bipartite system in an arbitrary
state, pap, negativity is defined as [16, 39],

TA -1
N(pAB) — HIOABHl

> (2.65)

where p'/4, is the partial transpose of the state pap and ||X||; := Tr(V XTX) is the trace
norm. Negativity is also equal to the sum of the absolute values of the negative eigenvalues
of pit, N (pa) = Y50 |\l It ranges from 0 for separable states to 0.5 for maximally
entangled states.

The essence of this measure is based on the well-known positive partial transpose (PPT)
criteria for bipartite separable states [13]. The PPT criteria states that for any separable
state represented by a density matrix, the partial transpose with respect to one of the
parities is also a valid density matrix thus it is a positive semi-definite operator and has only
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non-negative eigenvalues. PPT is a necessary condition for separability for any dimension
and any bi-partition. It is also a sufficient condition for 2 ® 2 and 2 ® 3 (partial transpose
with respect to the second party) systems [19]. Thus, in general, if N (pap) > 0 the state
pap 1s entangled but N (pag) = 0 does not prove separability.

A related measure of bipartite entanglement is logarithmic negativity defined as [16, 39],

Ex (pap) = logy (|loi5l11) = loga(2N (pas) +1) (2.66)

Logarithmic negativity ranges between 0 for separable states to 1 for maximally entangled
states. These measures will be used to quantify entanglement between one qubit and a
mesoscopic system.

2.5.3 Entanglement of projection

Entanglement of projection, introduced in [15], provides a simple computable measure of
bipartite entanglement for mixed states regardless of the size of each party. Consider a
bipartite mixed state, pap, with an arbitrary decomposition,

PAB = Zpi |¢i><¢i\A3 (2-67)
i=1

In the above decomposition, the states |¢;) 5 are not necessarily orthogonal and the num-
ber of the states, m, is equal to or bigger than the number of nonzero eigenvalues of psp.
The state pap can be purified by adding a tagging particle,

|\I/ABT> = Z \/E Wi)AB |Z>T (2-68)

where the states |i); are orthogonal states of the taggant and pap = Trr(|Yapr)(Vasr)).

The entanglement of projection of psp, with respect to the purification in Eq. 2.68, is
defined as,

Epiyyr (Yapr) : Zpl (1) ap) (2.69)

where E(|1);) ,5) is the entropy of entanglement defined in Eq. 2.62. Equation 2.69 can
be interpreted as the average entanglement between systems A and B upon measuring the
tagging particle projectively in the basis {|);}; this explains the idea behind the name
Entanglement of projection.
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Entanglement of projection depends on the basis in which the taggant is measured.
Measuring the tagging particle in the basis {|i'); = U i)} results in Entanglement of
projection Epqiny (Wapr) = 355 piE([Y7) 4p) where [Wapr) = 300, /Di[¥i) ap 1) =
> \/]7; |V5) 4 17")p. This change of basis of measuring the taggant corresponds to a
different decomposition of the state of the system pap = > ;" pi [V (Yl 4 5-

Entanglement of formation, which is a well-known measure for entanglement of mixed
bipartite states, is defined as,

E¢(pag) = min (ZPiE(Wi>A3)> (2.70)

where the minimum is taken over all decompositions of pap [00]. The entanglement of
formation can be written as the minimum of entanglement of projection over the choice of
taggant’s basis [15],

Ef(pAB) = m(}nEp{U}(\IJABT) (271)

Thus, entanglement of projection with an arbitrary choice of taggant’s basis provides an
upper bound for entanglement of formation E;(pap) < Ep,{u)T}(‘I/ABT)-

Entanglement of projection will also be used to quantify entanglement between one
target qubit and the mesoscopic system.
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Chapter 3

Two successive projective
measurements

Projective measurements are powerful tools that not only reveal the state of a quantum
system but also prepare it in an eigenstate of the observable. Here, we present a general
and simple procedure for entangling two non-interacting qubits through an intermediate
mesoscopic spin system (MSS), that solely relies on projective measurements over the
MSS. The MSS consists of an ensemble of identical spin half particles over which we have
collective control and collective measurement!. Each target qubits is locally coupled to one
nearby spin within the MSS [51], and universal control over the pair is available.

\\ Mesoscopic system consisting of N~

S |dent|cal spin half partlcles e

-

~ -
~~ -
T ——— = —-—

Non-interacting qubits

Figure 3.1: A schematic figure showing target qubits locally coupled to the
mesoscopic system.

! Although, in this chapter, we refer to the mesoscopic system as the mesoscopic spin system, the
arguments are not limited to spin systems only; they are valid for any mesoscopic system consisting of
identical two-level quantum systems that can be measured collectively.
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In this method, the target qubits are entangled by first entangling their nearby spins in
the MSS, s; and ss, then locally swapping the states between s; and ¢; (i = 1,2). Entan-
glement between s; and sy is achieved by successively applying two projective collective
magnetization measurements on the MSS along the same axis e.g. z-axis and post-selecting
on outcomes being the same. The first measurement reveals the total magnetization of all
spins in the MSS, including s; and sy, and the second measurement excludes s; and ss.
Excluding s; and s, in the measurement is feasible since the interaction of these two spins
with the external qubits distinguishes them from the rest of the spins in the MSS. Post-
selection on having identical outcomes implies opposite spins of s; and ss, but it does not
uncover whose state is up, |1), and whose is down, |}). With an appropriate initial state,
this lack of information can be utilized to prepare s; and s, in the maximally entangled
singlet, |S) = \/Li (114 = [41)), or triplet zero, |T) = \% (It4) +[41)), state. This strat-
egy entirely relies on the power of post-selected projective measurements and it has little
additional requirements on the MSS in terms of purity of the initial state, control and size.

We will prove that a general and easy to generate class of states are suited as the
initial state of the MSS. It suffices to prepare s; and s, in an equal superposition state,
|+) = \% (I1) + [{)), separable from the rest of the spins in the MSS,

pv = [+, © [+, ® pv—2 (3.1)

There are no requirements on the state of the MSS-{s1, s2}, pny_2 i.e., it can be any pure
or mixed state. The ability to initialize the target qubits, ¢; and ¢o, and universal control
over the pairs of {q,s1} and {q¢q, s2} is enough for preparing an initial state of the form
3.1. Two successive measurements on this initial state create the triplet zero state on s;
and s, for any measurement outcomes as long as the two measurements have the same
outcomes. The probability of success i.e., the probability of having the same outcomes for
the two measurements is % The singlet state can be produced simply by preparing an
equal superposition state with positive phase, |[+), on one of the spins and with negative

phase, |—) = \/LE (ITY = |4)), on the other one.

The steps of the method can be summarized as:

1. Prepare the MSS in the initial state: px = |+){+],, ® [+)(+],, ® px_2. The qubits
are each prepared in any arbitrary state, separable from the state of the MSS, p,, ®

Pqz ® PN-

2. Apply a projective collective magnetization measurement along z-axis on the MSS.
The outcome of this measurement is called m.
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2. Measurement 1
on N spins, I (m,)

3. Measurement 2 on

1. Preparation
_______ N — 2 spins, TIY~2(m,)

Mesoscopic System '\@@_t@@,\ M2

with N spins %
1
\‘ PN-2 / () pI’V-Z.mo )
@ S1 S2 ﬂ) @ @ @
o1
pn = )+, @ 14X+, ® py—2 Spectrum of N-2 spind” = 3.
P p | 00,00
Magnetization Spectrum % ,,,,, =
R OO
mg 2h my +1
—N/2 my N/2 My my my

-N/2  (N-N) N2 Tz [4. Local swap between s; and g; ] 79 (D@ +OD
2

Figure 3.2: A schematic summary of the method

3. Apply a projective collective magnetization measurement along z-axis on the MSS
excluding s; and sy and post-select on the same outcome as the previous measure-
ment, mg. The probability of having the same outcomes is % and the updated state of
s; and sg is the maximally entangled triplet zero state. The other two possible out-
comes of this measurement are mg—1 and my+ 1, each can happen with a probability
of Zi'

4. Prepare ¢; and ¢ in the triplet zero entangled state by applying a swap gate between
s1 and ¢, and also between sy and gs.

Figures 3.2 and 3.3 show a schematic and the quantum circuit of the two successive mea-
surement procedure, respectively.

Implementing collective projective measurement on a mesoscopic spin system using
one two-level probe spin is discussed in [52]. It is shown that to determine the collective
magnetization of a mesoscopic system of size N, it is enough to prepare the probe spin and
interact it with the mesoscopic system ~ log,(/N) times.
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Figure 3.3: The quantum circuit summarizing the method

3.1 Proof

In this section we will analytically prove that the introduced procedure produces the max-
imally entangled triplet zero state over s; and s,. We will also show that the probability

of success is %

The observable operator for the collective magnetization measurement along the quan-
tization axis, z, for /N spin half particles is,

N

2
JN =h Y mI, (3.2)
N
m=—

where m € {—%, —% +1,..., %} is the outcome of the measurement up to the constant A
which we set to 1 now on. The operator IS projects onto a subspace where the difference

in the number of spins in state |1) and in state |]) is 2m. It can be expanded as,
G = 7 R (I =) (3.3)

where P; is the permutation operator and the summation is over all possible permuta-
tions?. The outcome of the first projective measurement, myg, is randomly chosen from

2The PVM collective magnetization measurement along the quantization axis is a physical implemen-
tation of Hamming weight measurement, introduced in section 2.3, for spin systems.
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all possible outcomes according to the probability distribution, {Pﬁlo }={Tr (Hﬁno) pN>}
The updated state of the system after the measurement is,

1
PN mo = WH%)PNH%) (3.4)

mo

To simplify the above equation, we rewrite H%\g) as a summation of projective operators

on s; and s tensor product with the projective operators on the rest of the spins in the

MSS,
) = R (e )
= 1) m@ZP'(H )(H[ENTDIEEm0T | )BT oy )
+ (PO + I ®ZP;/(|¢ )(HENTAIZ | ) EVR/2) (3.5)

+ 1D ® Z P’i”/ <|T><T|®(Nf2)/2+(mo+1) |¢><\L|®(N72)/27(m0+1)>

= 1P ol + 1y o 02 + 1% @1y )
mo —

mo—1 mo+1

By substituting equation 3.5 in equation 3.4 and replacing py from equation 3.1 one finds,

1
P = o (1] & T oot
F () A+ ) (U + (1) @ T =D py o TTN=2) (3.6)

D @ T oyt Y

After applying the second projective measurement on N — 2 spins and post-selecting on
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the outcome my, the density matrix of the MSS will be updated to,
(12 @ TN ) Py (12 @ TR )

/!
PN, - _ -
" (e nf?) sy, (e )

1 _ _
o (PO D) (0 + i @ (T w2, )
= Zlmo _ (3.7)
2PN
4P
1 _ _
- pN-2) |T(O)><T(O)| ® (vaz\g 2)pN—2H7(7]X) 2))
mo

where R‘,{X‘z) = Tr (H%\;_z) pN_g) and ﬁ is the normalization factor. Tracing over
mQ

N — 2 spins gives the state of s; and ss,

1
Psiss = Tr(n_2) (p’](ﬁmo) = e |T(0)><T(0)| Tr (H%_Q)pN—2H%_2)) = |T(0)><T(0)|
mo
(3.8)

The above relation completes the proof for creating entangled state over s; and ss. Next,

we will show that the probability of success i.e., the probability of the same outcomes on
both measurements, is % Let’s call the first measurement’s outcome m; and the second

measurement’s outcome, msy. Then the probability of success is,

22
Ps = P(m1:m2): Z P(mlzmgzmo)
mo=— 52
420
= P(m1 = mo) X P(m2 = m0|m1 = m(]) (3 9)
mo=—72
+552
= > P x T (Lonl )y,
mo=—N=2

Replacing ply,,, With relation 3.4 results in,

+5
Po= > Tr((y@Ii) (I pnI())) (3.10)
N-—-2

mo=— 272
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which can be simplified using relation 3.5 and the orthogonality of projection operators,
HmHn = 5mnHm7

42052
P, — Tr (11§ & ) pyri))
mo=—=72
ylza
= (oo > ol (3.11)
N-—-2

The second equality follows two properties of the trace function: cyclic invariance,
Tr(ABC) = Tr(CAB), and linearity, Tr(A+ B) = Tr(A)+ Tr(B). The third equality holds
since the projection operators span the whole Hilbert space. The above relation proves
that the probability of success, which is defined as the probability of equal outcome on
both measurements, is equal to the probability of having zero total magnetization over s;
and sg. Replacing py by 3.1 completes the proof for P, = %,

po= T (0 @ Lys) (H)(+H,, @ +)(+H, @ pv-2) ) (3.12)
= T (I ), © ) X Tr(pwos) = 5 x 1= 2

3.2 Sensitivity to noise

A requirement for the success of the introduced procedure is that the collective magne-
tization of the MSS—{si, s2} is preserved between the two successive measurements. A
single spin flip among the N — 2 spins results in the outcome |11) (11| or |[{{) ()| instead of
the maximally entangled state ‘T(0)><T ©) ‘ Thus, assuming instantaneous measurements,
the time constant of the spin flip error, Ty, divided by the number of spins needs be
large compared to the time between the measurements, At, Ti¢/N > At. We can ac-
count for the measurements’ time by adding the duration of the second measurement, %,
Tye/N > At + t5. Moreover, no bit flip or phase flip on s; and s; is acceptable during the
experiment.

In this section, we analyze how the entangled state of the qubits is degraded due to
the mentioned errors, assuming that the time constant of the errors is long compared to
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the experiment time. To include both spin flip on N — 2 spins in the MSS, and phase
flip and spin flip on s; and s, we model noise on the MSS as a depolarizing map, acting
independently on each of the spins. Depolarizing map on a qubit corresponds symmetric
noise in all directions i.e. equal probability of the three possible errors: bit flip (o), phase
flip (0.) and bit-phase flip (o,). It operates on a qubit’s state as, A(p) = (1 — A)p + AL.
With the probability of 1 — A the state is intact and with the probability of A it is replaced
by the maximally mixed state. We will show that the entangled state of the spins after
the second measurement up to the first order in A is,

) = (1= 2 = 20) [TOXTO] 3 (10 + DD

A A _
b (1 R o+ S (1- 2 i )

where my is the outcome of the measurements and we have used the simplifying assumption,
Tr(H( _1)pN 9) A Tr(l'L(nO )pN,Q) Tr(H£nO+1)pN 2). The main source of error is leakage
into {|TT> (111, [44) (44|} subspace which is associated to bit flip on N — 2 spins in the MSS
and scales as NA. A small portion of error, proportional to A, comes from reduction in
the off-diagonal terms of ‘T(0)><T(O){ with respect to the diagonal terms, which is resulting
from phase flip error of s; and ss. The fidelity of ps, s, (A) with the maximally entangled
state, ’T(0)>, up to the first order in A is,

Fro (p8182 (/\)) =Tr (}T(O)><T(0)} p8152()‘>) =1l—-——— (314)

As derived in section 2.4, the probability of error in each of the three directions is
proportional to A, pps = ppr = pepr = p/3 = A/4. Moreover, the probability of each error is
related to the time between the two measurements and the second measurement duration
as, p/3 = At*”, where Tovor = Thoe = Tpr = Thpt is the time constant of the errors. Thus,
the fidelity belng close to one requires,

NA Np At + ty Terror

—_ 1= — 1= N 1= At+t
1 < 3 < T < + 1 K N

(3.15)

3.2.1 Proof
Here, we prove that the ideal maximally entangled state of the qubits, |T(0)><T(0)|, de-

grades to the state in Eq. 3.13, when spins in the MSS are subject to the depolarizing
noise.
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The state of the MSS after the first measurement and post-selection on outcome my,
given in equation 3.6, can be rewritten as,

1 m M, M,
Pyvm = 7 (T ® K5+ LD @ o275 +2[TONT @ pR0,)  (3.16)
m V-2 m N-2 N-2
where pp? 21 - H7(no 1)P - mo 1)/Pmo , PNOJE1 = H1(n0+1)pN 2H£n0+1)/Pm0 and 2py?, =

21’[57]1\([J 2)p _ H% 2)/Pm0 are the states of the MSS—{s;, so} after the first measurement
(not necessarily normalized) correlated to the states [11)(11], [L4)(I4] and |TOWTO| of
s1 and sg respectively. If no error happens, the second measurement with post selection
on my projects the state of the MSS into the state |7 )T | @ pii,.

We consider depolarization of the MSS as independent maps on all of the spins in the
MSS each with probability A. The depolarizing channel acts as following on each of the
terms of one spin’s density matrix,

AN = (1——) 1+ 2 (3.17)

AU = (1——) B+ 2 0]

AMDWED = A =N M
AL = (1 =A) (]

The state of the MSS after the first measurement is depolarized as,

AN my) = i(A(! D ® AT ® AR ) + AL ® AL ® A(pR%S')

+2A\ ENGAS ] ® A(pR°,)) (3.18)

After the second measurement on N — 2 spins in the MSS and post selection on outcome
myg the state of the MSS is,

1

Aime) =y (AIDEHD © AT () © (L2 AR )LL)
+ A @ A © TR A (I )
+20(|TO)NTO)) @ (TP Ao )G ?)) (3.19)

The overlap between A(pnoh!) and A(p7°,") and 1177 is of the first order in A; thus,
to compute the above relation up to first order in A it is enough to keep A(|T)(1|) and
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A(J4){{]) to the zeroth order. Tracing over MSS-{sy, s} the state of s; and so up to the
first order is A is,

Psrsy(A) = ﬁ(Tr((Héii”)A(p%O;l))mm\+Tr<H%—2>A<pﬁ°§1>>|¢¢><¢¢|
+ 2T (T2 A (PR ))A(TONTO))) (3.20)

The state ps,s,(\) deviates from the maximally entangled |7(®) (T®| state mainly because
of leakage into {|TM)YT1], {4 )|} subspace and also because of loss in the coherence.
depolarization of the state ‘T(0)><T(O)‘ up to the first order in A is,

AGTOYTO) = LA (] + ) +

2
A
2

(MO D)
(I + R )

A
= (1-2)) |TONTO| 4 51 (3.21)

In order to compute A (p%_,), we expand the state p&_, with k = mg — 1,mg, mg + 1 in

{I1), 1)} basis,
(a323,)

NZ2 4k - . - .
Py = 3 dGB(NE T (T (P
2,7=1
(x27,)
- Z al P(IA% 7 @ [T F) + off diagonal terms  (3.22)

i=1

where P, is the permutation operator and the summations are over all possible permuta-
tions. In order to compute Tr((H%Q)A(p?VfQ)), we only need to keep track of the diagonal
terms of p% _, since the off-diagonal terms would remain off-diagonal after applying the
depolarizing map and they would vanish either when projecting into my magnetization
subspace or when computing the trace.
N—2
(%ﬂ+k) \ ) oN=2 4}
Moko)= Y db P <(<1 - S+ 5 100D (3.23)

=1

—2

A A BNk
® ((1 — 5) [+ 3 ]T)<ﬂ)> ) + off diagonal terms
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To the first order in \, A(p%,_,) is

Y

< A N-2 No2_
Ay = o (1- (V=23 ) RN 1l = (3:24)
i=1
(727, R (Mrien
k QN=24k-1 N2k

o2 aqh Z Pi(0{H @ (1] ) [ @ I
+ D dgh M e Z Pm (@ T

i=1 j=1

+ off diagonal terms

For k = mgy — 1, mg, mg + 1, TT((H%_z)A(PN 2)) s,

T (R 2AGR) = (1-W-23) X ar = (1- (V=23 ) TRz, 6:25)

A(N=2 TR A(N
N-2 mo—1 _ mo—1 __ 1
(@ 2ahesh) = 5 (M5 mo- ) >oar=g (5~ mo) T
(5 3mo)
A (N-2 A A (N
T (Y 2AGRS)) = 4 (2 como 1)) = 2 (Y T
i=1
where Tr(py°,) = Tr(H( —o)/Tr(I1 iy pn) is the probability of having magnetization
mg on N —2 spins in the MSS condltloned on magnetization mg of the whole MSS. Slmllarly

Tr(ph?5') = Tr(I 7 pv—2) /Te(TT) o) and Tr(pRoh!) = Tr(IT Y py—o)/Te(TT o)

are the probabilities of having magnetization my — 1 and mg + 1 on N — 2 spins in the
MSS conditioned on outcome myg of the first measurement. Replacing the equations 3.21
and 3.25 in the equation 3.20, the state of s; and sy after the second measurement and
post selection on mg, the same outcome as the first measurement, is,

) = i (2 (0= N5 =0 [TOXTO] 4 512) TG (3.26)

b 5 (5 o) TR ]+ 5 (5 — o) TR L)

ol >
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mo—1 mo+1

With the simplifying assumption Tr(p",) ~ Tr(p°5 ) ~ Tr(p*5 ) and including the
normalization factor the above relation reduces to,

8
w22 (-2
- <1 SELE 2A> TOYTO] 1+ 2 (10 + )
v 2 (1 | 2mo +4> ]+ & ( i ) L (3.27)

This relation completes the proof for equation 3.13.

3.3 Mesoscopic system requirements

The introduced method requires a very high-resolution measurement on the MSS, capable
of detecting a single spin flip. The magnetization of the N — 2 spins in the mesoscopic
system must be preserved between the two measurements. This criterion requires the time
constant of the error, Teor, to be long compared to the experiment time and the internal
interaction among the spins in the mesoscopic system to be either compatible with the
measurement operators or weak enough to not influence the total magnetization. There
should also be no magnetization exchange between s; and s, and the rest of the spins in
the mesoscopic system to preserve their separable initial state. On the other hand, this
method needs only preparation of two of the spins in the MSS, s; and sy, which can be
accomplished through their interaction with the target qubits. The rest of the spins can
be in any mixed or pure state. Any number of spins in the mesoscopic system is admissible
as long as the MSS’s magnetization can be measured with resolution Am = 1, and no spin
flip happens after the first measurement, N (t + to) < Tiy.

3.4 Conclusion

In this chapter, we introduced a procedure based on projective collective magnetization
measurements for entangling two non-interacting qubits, that are locally coupled to a MSS.
The presented approach has little requirements on the initial state of the MSS but it needs
very high resolution measurements. The success of this method solely relies on the power

37



of projective measurements and it does not take advantage from the large number of spins
in the MSS. In the next chapter, we build on this strategy by introducing a scheme that
benefits from the large size of the MSS to amplify the state of the target qubits, and needs
only coarse-grained collective measurements on the MSS.
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Chapter 4

Indirect Joint measurement

In this chapter, we presents a new method for entangling two non-interacting qubits by
measuring their parity or hamming weight indirectly through an intermediate mesoscopic
system.

4.1 Introduction

We show how a mesoscopic system (MS) can entangle two qubits by measuring the parity
of the two qubits’ wave-function. The role of the MS is to magnify the qubits’ parity such
that the distinguishability of the two parity outcomes grows linearly with the MS’s size.
The initial state is separable over each qubit, and the qubits interact only with the MS.
Relying only on collective control of the MS, a low-resolution collective measurement is
still sufficient to prepare a post-selected entangled state with high confidence.

A parity measurement is a two-outcome measurement that determines whether an even
or odd number of qubits is in a particular logical state. For two qubits, each prepared in
an equal superposition state, a projective measurement that reveals the qubits’ parity but
provides no information on individual qubits creates a post-selected entangled Bell state.
Procedures for entangling two qubits through parity measurement have been proposed
for different quantum systems [53, 54, 55, 56, 57, 58] and performed experimentally with
superconducting qubits [59, 60, 61, 62] and nuclear spins next to a nitrogen-vacancy center
in diamond [63].

Here we propose implementing a projective parity measurement on two qubits indirectly
through a MS. The MS in this model consists of hundreds to thousands of identical two-level
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systems over which we have collective control !. This method leverages local interactions
between each qubit and the MS and global control over the MS to correlate the two
parity states of the qubits with the distinguishable collective states of the MS. Global
measurement of the MS and post-selection then creates an entangled state on the qubits
due to the qubits’ correlation with the MS. This indirect measurement must detect on the
order of N excitations, where N is the MS’s size, unlike single qubit flip detection required
in direct parity measurement of qubits.

Previous proposals on entangling two qubits via an intermediate MS have used the
MS to generate an effective interaction Hamiltonian between the target qubits [11, 19].
In contrast, our novel approach relies solely on indirect joint measurement of the qubits
facilitated by the MS. By relying only upon the measurement, the distinguishability of the
states of the MS corresponding to different parities of the qubits is a natural parameter for
the success of our protocol. This distinguishability can be characterized over the classical
probability distributions of the measurement outcomes. This characterization helps us
derive a rigid upper bound for entanglement of the target qubits as a function of the
MS’s size and initial polarization. Our analysis complements ongoing efforts to control the
quantum aspects of MSs for quantum processing and metrology [0, 65, 19, 66, 67, 68, 11].

In this chapter, we introduce the general scheme for indirect parity measurement of
two qubits through a MS. In section 4.2, we present the general circuit consisting of the
evolution, measurement and post-processing steps and determine the success criteria of the
protocol. We explain the method with some idealized examples emphasizing on the role of
the evolution step which magnifies the qubits’ parity in the collective state of the MS. We
show that collective control of the MS and local interaction between the qubits and the
MS is enough to implement this magnification. In section 4.3 we discuss the measurement
step, demonstrating that a course-grained two outcome collective measurement on the MS
with post-selection is sufficient for producing maximally entangled states on the qubits.
In section 4.4, we consider the effect of beginning with a non-ideal mixed initial state of
the MS and find a rigid upper bound on the qubits’ entanglement caused by MS’s limited
polarization. Finally in the conclusion section 4.5 we summarize the results and discuss
the future works.

1An example of this ensemble of identical two-level systems is an ensemble of spin half particles as
will be discussed in the next chapter 5. But the general indirect joint measurement procedure is not only
limited to spin systems. To emphasize on this generality we do not refer to the elements of the mesoscopic
system as spins in this chapter.
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4.2 General circuit

FIG. 4.1 shows a schematic of the proposed indirect parity measurement circuit. Each qubit
is prepared in the coherent |+) = \/Li(|()) +|1)) state, and the MS is provisionally prepared in

the polarized state, |0>®N. The MS evolves conditional on the qubits’ state with the general
unitary, Uy ars = 00)(00], ® Ugg® 4 101)(01], @ Ui +[10)(10], @ Ufy® + [11)(11], @ U{{*,
creating the following entangled state of the qubits and MS,
1
) gats = 5100} @ oo) + [01) @ for)
+ [10) ® [¢10) + [11) @ [¢h11)) (4.1)

with [¢,) = UM |0)* for v = 00,01, 10, 11.

10 =

1) W -

Figure 4.1: The general circuit of the parity measurement through an intermediate MS.

The evolution is followed by a Positive-Operator Valued Measure (POVM) of the col-
lective excitation on the MS and post-selection with the measurement operators { E, } and
_ VEBapusVFa

the state-update-rule, pprs.0 = %
after the measurement with post-selecting the outcome o, respectively 2. For a mesoscopic
spin system, this measurement corresponds to a total angular momentum measurement.

Adding the qubits, the state-update-rule becomes,

(T ® VE.) .pgus-(1a @ VE,)
Tr((1y ® Ea)-pgus)

. pus and pars., are the MS’s states before and

Pq,MS;o

N
Eo = ) amll(m), m=0,1,..,N (4.2)
m=0

2There is no general state-update-rule for the POVMSs, and the post-measurement state depends on
the details of the measurement procedure. Nevertheless any POVM is operationally equivalent to a von
Neumann indirect measurement, which follows the mentioned state-update-rule. [38].
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where II(m) is the operator that projects into the subspace with m excitations and the
coefficients aq ., satisfy the conditions 0 < aq,m < 1 and ) anm = 1, so that the POVM
operators satisfy both the positivity, £, > 0, and trace-preserving, " E, = 1, conditions.

To measure the target qubits’ parity, the combination of the evolution and measurement
must be such that the two pairs of states {|to1) , |10)} and {|veo) , |t011)}, called the odd
and even pair, respectively, are discerned by the measurement but the states in each pair
are not.

With this criterion, the measurement and post-selection project the target qubits’ state
into even or odd parity subspaces due to its correlation with the MS’s state. If the MS’s
states within the odd and even pair are identical, post-selection on the measurement out-
come ideally updates the state of the qubits to one of the two maximally entangled Bell
states, |ey) = \/Li (|00) + [11)) or |o4) = \% (]01) + ]10)), each with a probability of 1.
However, if the odd or even pair states are not identical, a post-processing gate is re-
quired to disentangle the qubits from the MS (gate V, yrs in FIG. 4.1). Thus, different and
even orthogonal states in each pair are acceptable at the price of an extra gate after the
measurement.

Even if measuring the MS distinguishes between the even pair states, which corresponds
to hamming weight measurement of the target qubits, there is a % probability that the
qubits will end up in the entangled state |o,) with a hamming weight of one. The remaining
outcomes are hamming weights of zero and two, each with a probability of i and with the
updated states |00) and |11}, respectively.

We evaluate the success of our method by the amount of entanglement in the qubits’
state, quantified by the fidelity, defined as the overlap of the qubits’ state, p,,4,, and the
ideal maximally entangled state, |¢),

F¢<pqu12) = Tr(pqum ’¢><¢|) = <¢‘ Paigz ’¢> . (43)

The fidelity ranges between 0 and 1. If Fy(pg,q,) > %, the state p,,4, is entangled and
can be distilled towards the maximally entangled state |¢) [13, 44].

4.2.1 Collective conditional gates

FIG. 4.2 shows an idealized parity measurement circuit. Two global 7-rotations on the
MS, conditioned on the state of each target qubit, correlate the target qubits’ parity with
the MS’s collective excitation. The evolved state of the target qubits and MS is,

‘¢1>q,MS — |00>;—11> ® |0>®N + ‘01>—g’10> ® |1>®N ) (44)
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The odd pair states are equal to each other and are therefore indistinguishable by any
measurement, as are those of the even pair. Furthermore, the two pairs are maximally
separated in the collective excitation spectrum, and thus can be distinguished with the
lowest resolution global measurement.

Uy

(7] g =
e S
e
N I . T II : T 1

0)® T e et M
| | :
o A
L __7_ _ 1
I_, U2 :|w1>q,MS

Figure 4.2: An idealized example of indirect parity measurement. During the evolution
the MS’s qubits are rotated conditioned on each external qubit’s state, sequentially. The
operator J, = Y i o’ where o7 is the Pauli operator along x on the j’th qubit.

In order to flawlessly distinguish between the states [0)*" with m = 0 and |1)®"
with m = N number of excitations, it is sufficient that Tr(E,.I1(0)) x Tr(E,.II(N)) =0
for any measurement operator, E,. If this condition is not satisfied, the qubits’ state
will be perturbed from the maximally entangled states |e;) or |o,). For example, if the
measurement outcome is 3, and the probabilities corresponding to even and odd pairs are

Pes = Tr(Es. \O)<0\®N) and p,pg = Tr(E;s. \1)(1\®N) where p. g > pop > 0, the qubits’

entangled state is pg 4 = peygi‘;oﬂ les)es| + pe,gifoo,ﬁ lo4 )04 | with fidelity Fi, (pgq.) =
Pe.s
pe,[‘ij‘po,ﬂ'

A variation of the circuit outlined in FIG. 4.2 measures the hamming weight of the
target qubits and illustrates the role of the post-processing gate. If during the evolution
step, half of the MS’s qubits are flipped conditioned on the first qubit’s state and the other
half on the second qubit’s state, the whole system evolves into the state,

Uodgars = (100 @ [0} +101) @ [0 [1)° ¥
+10) @ [1)PF |0)F + 1) @ [1)%Y). (4.5)

Neither the odd nor even pair states are equal. However, the odd pair states share the same
collective excitation, m = %, and thus are indistinguishable by any collective measurement.
In contrast, the even pair states have the maximum separation in the collective excitation
spectrum. Nevertheless, depending on the details of the POVM on the MS, they may
or may not be distinguished by the measurement, which correspond to indirect hamming
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weight and parity measurements of the qubits, respectively. We illustrate the hamming
weight measurement here and later discuss the parity measurement.

Suppose that the POVM on the MS distinguishes between m = 0, m = % and m =N
number of excitations. Then, post-selection on the outcome m = % projects the qubits’

state into the odd parity subspace, \%(|01> ® |0>®% |1>®% +1]10) ® |1>®% |0>®%), but the
state of the qubits is entangled with the MS’s state. Thus, a disentangling gate is required
to restore the coherence of the qubits’ state. A general choice for this gate is to reverse the
evolution step, leading to the state \/L§(|01> +110)) ® |0Y®", which includes the maximally

entangled |0, ) state on the qubits, separable from the MS’s state.

To perfectly distinguish the odd pair from both states of the even pair, any measurement
operator, Ej, that can select the odd pair, i.e., Tr(EgII(N/2)) # 0, must not overlap with
the even pair, i.e., Tr(EsII(0)) = Tr(EsII(N)) = 0. If this condition is not satisfied, the

. . 2
fidelity of the updated state is Fi,, (pg,4,) = 2pm,,a+§2;:£+pu,ﬁ where p, 3 = Tr(Eg [1,)(,]),

with v = 00,01, 10, 11, is the probability of the measurement outcome /3 corresponding to
the MS’s state |¢,).

4.2.2 Local interaction

The two examples discussed require a collective rotation of the MS controlled by the target
qubits’ state. The target qubits’ parity or hamming weight can also be encoded in the MS’s
collective state by the local interaction between each target qubit and its nearby qubit in
the MS, by preparing the MS in an entangled state prior to their interaction. FIG. 4.3
shows this effect in its extreme limit. First the MS is prepared in the maximally entangled

Tt d
—13 1l oz

GHZ state, \%(\O)@)N +i[1)®™), by evolving under the collective unitary operation e
where o7 represents the Pauli operator along x on the jth particle. Second, the target
qubits’ parity is encoded in the phase of the GHZ state by applying two controlled-Z
gates controlled by each target qubit on its nearby qubit in the MS. This global phase
information is then transformed into population by reversing the first gate, leading to the
state [11) ars 0 equation 4.4, the same as the evolved state of the first circuit.

Similar to the first example, the qubits’ parity is correlated with the states of the MS
that are maximally separated in the collective excitation spectrum. This infers that these
two circuits use the maximum capacity of the MS.
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Figure 4.3: Entanglement among the qubits in the MS and local interaction with target
qubits.

4.3 Measurement

Entangling two qubits by direct parity measurement requires detection of single qubit
flip, while our approach of indirect parity measurement only needs distinguishing between
the odd and even pair states of the MS that differ by many qubits’ flip. A wide range of
measurements could achieve the desired goal. In this section we show that a coarse-grained
two-outcome POVM on the MS is sufficient to distinguish between the odd and even pair
states. We also demonstrate that this POVM can be implemented through a PVM on a
two-level apparatus system.

Consider the general form of a two-outcome POVM of the collective excitation, param-
eterized with an angle 6(m),

Ey = cos(6(m))*II(m), Ey = ) _sin (6(m))* I(m) (4.6)

Any two-outcome collective excitation measurement can be written in this form by properly
choosing the corresponding function 6(m). According to Neumark’s dilation theorem, any
POVM on the system’s Hilbert space, Hg, can be realized operationally as a projector
valued measure (PVM) on an extended Hilbert space of the system and an apparatus
Hgs @ Hy [10]. This PVM can always be realized, operationally, as a von Neumann’s
indirect measurement [11]. A von Neumann’s indirect measurement consists of a unitary
interaction between the system and the apparatus, followed by a PVM on the apparatus
[38]. FIG. 4.4 shows such an indirect measurement for the POVM in equation 4.6. The gate
Uy = ZTNn:O I(m) ®e ™5 with I1(m) and o, acting on the MS and the apparatus qubit
respectively, rotates the apparatus qubit by an angle that depends on the MS’s collective
excitation. Next a PVM is performed on the apparatus qubit with the measurement
operators, I1,(0) = |0)0] and II,(1) = |1)1]. The combination of the above unitary
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evolution and PVM effectively performs the POVM in equation 4.6 on the MS with the
state-update-rule in equation 4.2.

H EE N

_%T I _ -i6(m) oy
M52 v, - u nZOH(m)QQe
10y a =D {I,} = {|0)0],]1)(1]}

Figure 4.4: A simple two-outcome POVM for the MS implemented through collective
interaction with an apparatus qubit.

The gate Uj; can be conveniently realized through collective linear interaction between
the MS and the apparatus qubit with the Hamiltonian Hy; = gJ, ® oy, where the operator

J, is defined as J, = Z?f:l(ag +19)/2 = 3N mlIl(m). With this interaction, f(m) =
gmitys is proportional to the collective excitation of the MS, m; where g and t,; are the

interaction strength and time, respectively.

Based on the expected spectrum of the odd and even pair states prior to the measure-
ment, ty; is chosen to achieve the maximum contrast between the two pairs. FIG. 4.5
shows the proper choices of 6(m) (ta) for the examples discussed. For [¢1), /g, the two-

outcome POVM with §(m) = Jem (ty = 7/2Ng) flawlessly distinguishes between the two

pairs, resulting in the updated states |e,) @ |0)*" or oy) ®|1)®", with equal probability.
For [thg), yrg, the POVM with 6(m) = Lm (ty = m/Ng) updates the qubits-MS state
to 45(100) ® [0)*™ + [11) @ [1)*Y) or Z5(j01) @ [0)*™2 1)V 4 ]10) @ [1)%2 0)N2),
with equal probability. These states will be evolved into the separable states between the
qubits and the MS |e;) @ [0)®" and |o;) ® [0)®" by the following disentangling gate.
With this POVM, the second example desirably measures the target qubits’ parity, not
their hamming weight, since the two states [0)®" and [1)®" are not distinguishable by the
measurement due to the cyclic form of the measurement operators expansion.

4.4 Mixed initial state

So far we have considered the ideal pure fully polarized state, |O>®N, as the initial state

of the MS. Here we discuss the mixed initial state of the MS as one of the experimental
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Figure 4.5:  (a) The collective excitation spectrum of the MS with |¢1), /¢ and the
expansion of the appropriate two-outcome POVM. The measurement operator Ey (E)
selects the odd (even) pair over the even (odd) pair perfectly. (b) Similar to (a) but for
the state |¢2), \/q-

imperfections; in particular, we find an upper bound on the qubits’ entanglement when
the MS is initially in the experimentally relevant mixed state,

pi = pe = (W)N (47

where N is the number of particles in the MS and (1 — €) is the polarization of each.
Without loss of generality we assume positive polarization; thus 0 < (1 —e€) < 1. Consider
the general indirect parity measurement circuit depicted in FIG. 4.1. In deriving the
upper bound imposed by the initial state of the MS, we allow any collective excitation
measurement on the MS and any conditional unitary evolution of the form,

Ugms = (100){00] + [11)(11]) @ Ve + (|01){01] 4 [10)(10]) @ V. (4.8)

The above unitary evolution guarantees that the odd pair states equal each other as do
the even ones; therefore, a post-processing gate is not required.

In this section, we first find a general relation between the entanglement of the target
qubits and the probability distributions of the measurement outcomes for any initial state
of the MS, any collective excitation measurement and unitary evolution of the form 4.8.
We also relate the upper bound on the entanglement to the distinguishability of the even
and odd pair states of the MS. Next, we find an analytic relation for the upper bound on

47



entanglement of the target qubits assuming that the MS is prepared in the state 4.7. Last,
we discuss the relation between the amplitude damping noise on the MS and limited initial
polarization of the MS.

4.4.1 Fidelity and probability of the measurement outcomes

With a fixed evolution and measurement, the average fidelity over all measurement out-
comes is,

Flag - Z PaFa(Pgrgz.a) (4.9)

where p, is the probability of the measurement outcome a. pg 4, i the updated state
of the qubits after the measurement on the MS with post-selecting the outcome «, and
Folpargsa) is defined as, Fo(pggs.a) = max (F,, (pggs.0), Fei (Pgrgpa)). This maximizing
occurs as one of the two entangled states |oy) or |e;) is more probable depending on
the measurement outcome. The corresponding fidelity is the appropriate measure of the
entanglement.

Assuming that the evolution has the form 4.8, the average fidelity is related to the two
classical probability distributions of the measurement outcomes corresponding to the even,
Pe = Vepl-Ve , and odd, p, =V, pZV , states of the MS measured by the collective POVM
{E.}, as,

1
Fug(Vo, Ve { Ea}) = 5 8 (Do, Pe.a) (4.10)

where po o = T7(poEa) and pe o = Tr(p.E,). See subsection below for the derivation. Max-
imizing the average fidelity over all pairs of unitary operators, {V,,V,}, and all collective
POVMs, {E,}, gives the entanglement’s upper bound,
Fav maz +— a. Fafu ‘/07‘/67 E 4.11

9, Vo,rxl/i{xa} o {Ea})- ( )
This upper bound on the qubits’ entanglement has an interesting physical interpretation
as following. The classical trace distance of two probability distributions is defined as
D.(p1,ps) = %Za D10 — P20l = X, max (P1,a,P2,a) — 1, [38, 37]. Thus the average fidelity
can be written in terms of the classical trace distance between the probability distributions
ﬁo and ﬁe as,

Fuug (Voo Ve {Ba}) = 5 (L4 Dl 1) (412)

The quantum trace distance between two states p1 and p9 is defined as the maximum of the
classical trace distance between their associated probability distributions over all possible
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POVM measurements, Dg(p1, p2) := maxyg,} Do(p1,p2). The quantum trace distance has
an important operational meaning. It quantifies how distinguishable the two states are

by a single shot measurement via the relation Pr(correctly inferring p; over ps) = %(1 +
D,(p1,p2)) [38, 37]. According to equations 4.12 and 4.11 the entanglement’s upper bound
is a function of the quantum trace distance of the states p, and p, as,
1
Favg,max - 5 1+ I‘g%;e( Dq(pm pe) . (413)

Hence the desirable states, pf = V*.p.. VT and p* = V*.p.. VT, that maximize the average
fidelity are the ones that have the maximum quantum trace distance i.e. are the most
distinguishable with a single shot measurement. Besides, the upper bound on the qubits’
entanglement is the probability of successfully distinguishing between the states p} and p}
of the MS with a single shot measurement, Fj,,g ez = % (14 Dy(p%, pz))-

Average fidelity as a function of classical probability distributions

Following the circuit 4.1 with the unitary evolution 4.8 the state of the target qubits and
the MS after the evolution is:

1
PaMs = 5 (Jor) {04 ® po + le4)(e+| @ pe (4.14)
+ o ){er] @ Xoe + leg) (0] @ Xeo)

where p, = Vo.0:. VI, pe = Vopi VI Xoe = VoV, Xeo = Xb, = Veupi. VI According to
the state update rule 4.2, the state of the qubits after the measurement, post-selection on
the outcome «, and tracing over the MS is:

Poore = |04 ){04| Tr(Eapo) + |ex)(e4| Tr(Eape)
Tr(Eapo) + Tr(Eape)
o) (e Tr(EaXoe) + |ex)(0+]| T (EaXeo
Tr(Eapo) + Tr(Eape)
Do, [01){04 | + Peales)er] + ...

= 4.15
Po,a +pe,oz ( )

where p,q = Tr(Eyp,) and peo = Tr(E.p.) are the probabilities of the measurement
outcome « corresponding to the states p, and p. of the MS respectively. The fidelity of
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the state pg, 4, With the odd and even parity states is,

= Do,a
Eo, (Pgiga.) Tr(Pgg0,0 l04)(01]) = p— +p
I = De,a
e+ (pq1Q2,a) 7"(,0(11(12,& |€+><6+|) = ﬁ (416)

Substituting in equation 4.9 we find the average fidelity for a particular choice of the
evolution gates, {V,,V.}, and the measurement, {E,},

Favg(vo: Ve, {Ea}) = Zpa max < Po,a Pe,a >

Do,a + pe,a7 DPo,a + Pe,a

1
= Z ) max (po,cwpe,a) : (4.17)

The second equality follows the fact that the probability of the outcome « is p, = Tr((1,®
Ea)pq,MS) = %(po,a + pe,a)'

4.4.2 Analytic relation for entanglement’s upper bound

With the initial state p; = p., one choice for the states p; and pj are pi = p. =

®N QN
(H(gﬁ) and p} = <M> corresponding to the gates V* = 1Y and V* =

)
e~/2s = ¢®N: meaning that the best one can do is flipping all the two-level systems in

the MS conditioned on the parity of the two target qubits similar to the circuit depicted
in the FIG. 4.1. In this case, the optimal measurement on the MS is the PVM of the
collective excitation, { EX} = {II(m)} 3. See the following subsection for the proof.

Replacing the above choices for pf, p4 and {EX} in the average fidelity relation in
equation 4.10 gives the upper bound on entanglement as a function of the number of
particles in the MS, N, and their polarization, (1 — ¢),

1
Fovgmaz = Z 5 max(b(a; N, 1 — §>’ b(a; N, %))
B(¥=L:- N, < dd N
= (N2 ’ ’2)6 13/ N € 0 (418>
B(?_LN’i)—i_ib(?’N’i) even N

3The coarse-grained PVM as long as m < N/2 and m > N/2 excitations do not mix are acceptable
too, e.g., a two-outcome PVM with the operators, Ey = Z%\Zgj II(m) and Ey = ZZ:LN/2J+1 II(m).
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where the function b represents the probability density function (PDF) and the function B
represents the cumulative distribution function (CDF) of the Binomial distribution. The
second line follows the assumption that e < 1. A concrete general proof for equation 4.18
is given below.

FIG. 4.6 displays the plots of the entanglement’s upper bound as a function of the
number of qubits in the MS and their polarization. Increasing the number of qubits or
average polarization raises Fj,qmqz, as expected. Moreover, this bound is not limiting for

(@) (b)
= =2
o ©
.‘,102_’0.9957 +e=0.1] | =099 +n=50
()] —_
3 =e=0.2 | Bogsess = N=100
5 g ~n=1000
g 0.9 «e=0.3 o
3 0.99994 - -
e +€=0.4 @ =-n=10000
2098 +e=0.5 2 0.99992 | )
£ £
‘ ‘ 0.9999 | | | |
= 09?01 102 103 10° = 0 01 02 03 04 05
Number of qubits, N 1-polarization, e

Figure 4.6: Upper bound on target qubits’ entanglement (a) as a function of the number
of qubits in the MS for different polarizations, (b) as a function of the polarization for
different numbers of qubits in the MS .

physically realistic amounts of polarization e.g. with the polarization 1 — ¢ = 0.5 and
only 50 qubits the upper bound is remarkably Fi,gmaez = 0.9999. In order to violate
Clauser-Horne-Shimony-Holt (CHSH) inequality the fidelity of F' > (2 + 3v/2)/8 ~ 0.78
is sufficient [11, 69]. As an example, the thermal polarization of an ensemble of electron
spins in temperature T = 1°K and the magnetic field B = 4T is 0.99.

Proof for the Entanglement Upper Bound

Here we prove that Fj,,g mae. given in equation 4.18 is the upper bound on the entanglement
of the target qubits when the initial state of the MS is mixed state of the form 4.7. We also
show that the unitary gates V* = e=/2/ and V* = 1®V and the set of the measurement
operators { EX} = {II(m)} saturate this upper bound.
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The state p. can be expanded as,

N = I (TR T RN

N
N (5)
= >y DR (10001 @ 1)) (4.19)
J:[) =1
where ¢ is defined as ¢ := 1 — 5 and P; represents the permutation operator and the
summation over ¢ is over all permutations. In a compact form, p. can be written as:
QN
pe = o |te) (el (4.20)
k=1

where {|¢x)} = {|0)%V,[0)*V ' @ (1), [0)®V P @ 1) @ |0), ..., [1)®V} is the orthonormal
basis along the quantization axis (Z axis) and the set of the corresponding coefficients is,

{a} = {d", (7) times g™~ (1 — q)
, <];f> times ¢V 2(1 —¢)?,...,(1 — @)V }. (4.21)

With the assumption that € < 1, ¢ is bigger than % and the above set of {¢;} has a
decreasing order.

Any unitary evolution rotates the orthonormal basis {|¢})} to another orthonormal
basis, but it does not change the coefficients ¢; therefore the evolved states, p, and p.,
have similar expansions,

2N
po = VopVi = cildor) (ol

k=1

2
Pe = Ve/)eVeJr = ch (4'22>
k=1

where |¢ox) = Vo |¥x) and |per) = Ve |[¢). With a fixed POVM measurement, {E,}, the
probability distribution of the measurement outcomes corresponding to the state p, is,

2N
Poa = Tr apo ZCkTT E |¢ok><¢ok|)
k=1
2N
Y (123
k=1
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The variable a, o = T7 (Eq |¢ok){(Pox|) has the following properties:

OSEQSHHOSGO@%Sl

Z Qo,ak = TT(Eoc Z |¢o,k><¢o,k|) = TT(-E(X)
k k
Z Qo ok = TT((Z Ea) |¢o,k><¢o,k|) =1
Z Qo,ak = ZTT(]I ‘¢o7k><¢o,k ) = Z 1= 2N (424)
k,a k

k

Similarly peo = ZZZI Qe okCk With Geor = T7 (Ey |der){@er|) which has all the above
properties. Substituting the relations for p, , and p., in equation 4.17 the average fidelity
is,

onN 2N
1
Favg = 9 ; max (; Qo,akChk) ; a@ak@c)
1 2 a
= 5 Z Sa Z Qo,akCEk + (1 - 304) Z Qe,akCk
a k=1 k=1
1 28
- 25 (S + (S0 )
k=1 «

= (Bok + Bek)ck = = Y Brck. (4.25)
23

2
k=1

—_

We introduce the coefficient s,, which acts as a switch; it is equal to 1 if p, o > peo and
equal to 0 otherwise. We also define S5 1= > Saloaks Bk = 2o(1 — Sa)ear and
Bk = Bok + Ber- Note that

Bo,k = Ea Salo,ak
Za Ao,k = ]-7 0 < Ao, ok < 1 — 0 S ﬁoJc S 1 (426)
S =0,1

Similarly one can show that 0 < ., < 1; and thus 0 < B, < 2. Also note that the
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coefficients B, add up to 2%,

D B = D Bok+Bex (4.27)
k k

= Z (Z Salo.ak + Z(l — sa)ae,ak>

k a

_ Z( (Z) (- s) <22N>

= ZT?“ )(Sa +1— 84) TT(ZEQ)Z

As a summary,
2]\7

avg Zﬁkck Wlth 0 < Bk < 2 Zﬂk = 2N (428)

As mentioned before, the set of the coefficients {c;} is fixed by the initial state and with
q > % has the decreasing order displayed in equation 4.21. Thus in order to maximize [,
one should choose £, = 2 for half of ¢, with higher values and §; = 0 for the other half
with lower values, if possible, i.e.

_ N-1
{5’“_2 1<k=2 (4.29)

B, =0 N1 1 <k <2V

This choice of f; results in the following maximum average fidelity and proves equation
4.18.

Fovgmaz (4.30)

BN 1—q) odd N

A\ BE-LN1-q) + (8N, 1—¢q) even N

_[BOSEN) odd N
B(E—1;N, &) +16(%;N,§) even N



It is straight forward to show that the choices of V* = 1%V and V¥ = ¢®" and {E%} =
{Il,,} saturates the above upper bound for the average fidelity. The probability distribu-
tions associated with the state pf = V*.p.. VAT = p, = (&;6)”2}@]\[ and pt = VF.p. VT =

(17(176)02 )@N

5 are,
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Since q > 3

, the max(p ,, s o) is,

Poa=01=)%"(3) a<

4.32
Pra=q"(1—g" () a> (4.32)

max(py o, Pyo) = {

R

Combining the above equality with the relation 4.17 for the average fidelity, results in the
maximum average fidelity as given in equation 4.30.

4.5 Conclusion

In summary, we proposed a new procedure for entangling two non-interacting qubits in
interaction with an intermediate mesoscopic system of identical two-level systems. The
method is based on measuring the parity or hamming weight of the qubits’ state indirectly
by first coherently amplifying it in the collective state of the MS and then measuring the
MS. This generic method is not limited to a specific MS or target qubit and is enabling in
systems where measurement-device sensitivity is inadequate to detect a single qubit flip.

We demonstrated that, by preparing the MS in an entangled state, the local inter-
action between target qubits and nearby qubit from the MS is enough to magnify the
target qubits’s parity in the collective state of the MS. We discussed the measurement
requirements and showed that with an ideal initial state and evolution, a course-grained
two-outcome collective measurement of the MS can result in maximally entangled states
of the target qubits. Our analysis shows that in general the measurement needs to detect
only on the order of the number of qubits in the MS’s flips compared to the direct parity
measurement, that needs to detect single qubit’s flip. We derived a rigid upper bound on
entanglement of the target qubits imposed by the initial polarization of the MS’s state
and verified that our scheme performs well even under limited polarization. Thus perfect
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preparation of the MS is not required. Analysis of further experimental imperfections such
as limited control depends on the specific choice of the target qubits and the MS. We will
present those analysis for spin target qubits and mesoscopic system system in the next
chapter.
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Chapter 5

Resources Needed for Implementing
Indirect Joint Measurement with a
Mesoscopic Spin System

In this chapter, we evaluate the resources required for implementing the indirect joint
measurement method using a mesoscopic spin system (MSS) consisting of dipolarly coupled
spin-1/2 particles. A MSS with two non-interacting halves, each coupled to one of the
target qubits is identified as a helpful geometry that allows implementing the magnification
process with the experimentally available control tools. We show that the requirements on
the amplified state of the target qubits and the MSS perfectly maps to the specifications of
micro-macro entanglement between each target qubit and its nearby half of the MSS. This
equivalence is used to quantify the sensitivity of the indirect joint measurement technique
to the experimental imperfections.

5.1 Introduction

Coherent control via a mesoscopic system is an emerging tool in quantum information
processing [, 19, 18,70, 17,71, 15, 72]. In the previous chapter, using a mesoscopic system
to indirectly measure a joint property of two noninteracting qubits through a coarse-grained
collective measurement was introduced as a new approach for entangling uncoupled qubits.
Here, we analyze creating micro-macro entanglement between target spin qubits and a
mesoscopic spin system as a robust strategy for implementing indirect joint measurement
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on spin qubits. Micro-macro entangled states have two main characteristics, bipartite
entanglement between a microscopic system e.g., a qubit and a many-body system e.g.,
a mesoscopic system and macroscopic distinctness between the states of the many-body
system that are correlated with different states of the microscopic system [73, 74, 75].

Interest in micro-macro entangled states dates back to Schrodinger’s well-known thought
cat experiment [76] which was designed to formulate fundamental questions such as to what
extent the quantum mechanics laws apply? Or what causes quantum to classical transi-
tion? [75, 77]. It took several decades for quantum technology to reach the capability to
allow realizing purely quantum correlations at macroscopic scales (of course not as macro-
scopic as a cat). Micro-macro entangled states have been produced with Rydberg atoms

as the microscopic system coupled to photons confined in a cavity [78, 79], transmon qubit
coupled to photons in a waveguide cavity resonator [30], path degree of freedom of a sin-
gle photon and optical coherent states with different phases [74, 81] and internal state of
trapped ions entangled to their motional degrees of freedom [32, 83]. These experiments

pave the way for the application of micro-macro entangled states in quantum processing.
Here, we study the requirements for generating micro-macro entangled states between in-
dividual spin qubits and mesoscopic spin systems and using such states to entangle two
uncoupled spin qubits by indirect joint measurement. In particular, we show that with
the experimentally available control on the mesoscopic spin system including collective
rotations and internal magnetic dipole-dipole interactions, local coupling between a target
spin qubit and one nearby spin within the mesoscopic spin system suffices for generating
an extended micro-macro entangled state.

Bipartite entanglement between separated qubits is equivalent to quantum state trans-
fer (QST) up to local operations and classical communications [32, 20]. An entangled pair
of qubits can be used to transfer a quantum state using quantum teleportation protocols
[30]. On the other hand, two separated qubits can be entangled by first entangling one
of them with a nearby ancilla qubit with local operations then transferring the state of
the ancilla to the second qubit through QST. There are extensive studies on QST through
a (hypothetical) 1D spin chain [20, 21, 22, 23 24, 25, 26, 27, 28, 81, 29]. These studies
usually consider spin preserving interaction Hamiltonians and fully polarized initial state,
which allows restricting the dynamics to the first excitation manifold [20, 21, 22, 23, 24].
Nearest-neighbor coupling is also widely assumed, which enables finding analytical solu-
tions through Jordan-Wigner transformation [85]. Although these simplified models are
very insightful, when it comes to physical systems, such as dipolarly coupled spin systems,
they do not provide a complete enough description of the dynamics. Here, we focus on
analyzing a fair model of the intermediate MSS. We consider the experimentally available
grade-raising Hamiltonian not the spin preserving flip-flop (XY) or Heisenberg Hamilto-
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nian and all-to-all dipolar coupling and not only nearest-neighbor interaction. Thus the
many-body dynamics of the spin system neither is limited to the first excitation manifold
nor can be solved analytically. We simulate the dynamics for up to 20 spins and extrapo-
late the results for larger sizes of the MSS. We also do not limit the geometry to a 1D spin
chain. In fact, we observe significantly faster responses in higher dimensions. Comparing
to QST proposals, high fidelity bipartite entanglement between separated qubits is antici-
pated without assuming single spin addressability, engineering the interaction between the
spins in the chain [21, 20] or adaptive two-qubit gates at the end of the spin chain [24]
given that a coarse-grained collective non-destructive magnetization measurement on the
MSS is available. The difference in the requirements is because our approach is based on
magnification of the state of the target qubits and global measurement of the MSS, com-
pared to directional information transfer from one qubit to the other needed in the QST
procedures.

5.2 Statement of the problem

Consider two uncoupled spin qubits and an intermediate mesoscopic spin system (MSS).
The target spin qubits are spin-half particles that can be initialized, controlled, and mea-
sured individually. The MSS is an ensemble of identical electron spins or spin half nuclei
that can be controlled and measured collectively. The spins in the MSS interact with each
other according to the two-body magnetic dipole coupling,

Hgyip = Z dij(20L0) — ool — 0l 07) (5.1)

4,J;8<J

where 0,,0, and o, are the Pauli operators and the interaction strength is proportional
to the inverse cube of the distance between the spins, d;; < 1/|7:;|®. Each target qubit is
locally coupled to the MSS. To be specific, we consider that each qubit, ¢;, is interacting
with one nearby spin within the MSS, s;, and universal control over the pair is available
[51]. An example of such a set-up consists of two nitrogen-vacancy (NV) centers in a
diamond as the target qubits and electronic P; defects in the diamond or electron spins of
phosphorous defects in a silicon lattice attached to the surface of the diamond as the MSS.

The goal is to evaluate the resources required for entangling the target qubits by indirect
joint measurement through the MSS. The analyzed resources of the MSS are the purity of
the initial state, the size, control and internal dynamics, measurement, and robustness to
noise. The approach is to limit the coherent control tools to experimentally available ones,
(including collective rotations, internal dipolar interaction among the spins in the MSS
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Figure 5.1: A schematic of a MSS in local contact with two non-interacting individual
qubits

and local coupling between each target qubit and the MSS), and find the requirement on
the other resources.

This chapter is organized as follows. In section 5.3, the general scheme for entangling
two non-interacting spin qubits through indirect joint measurement is reviewed, the role
of micro-macro entangled states is highlighted, and the measurement requirements are
identified. In section 5.4, we present a scheme that can generate a mesoscopic superposition
state with micro-macro entanglement between a spin qubit and a mesoscopic spin system
using experimentally available control including collective rotations and internal dipole-
dipole interaction in the MSS and local coupling between the qubit and the MSS. The
scaling of the magnification time with the size of the MSS and its dependency on the
geometry and dimension are discussed. In section 5.5, the entanglement of the target qubits
is quantified based on the magnification procedure of section 5.4 and a general collective
measurement through a two-level apparatus. In sections 5.6 and 5.7, the sensitivity of the
scheme to limited initial polarization of the MSS and particle loss is analyzed. In particular,
it is shown that limited initial polarization can be compensated for by enlarging the MSS.
We summarize the required resources for entangling two uncoupled spin qubits through a
MSS and conclude the chapter in section 5.8.

5.3 Indirect joint measurement

Two non-interacting qubits can be entangled either by creating an indirect interaction
between them or by projectively measuring a joint property of them. Measuring the parity
of two qubits each prepared in a superposition state, |+) = \/Li (|0) & |1)) projects their

state into a maximally entangled state with odd, |oL) = % (|01) £ |10)), or even, |es) =
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\/AQ (|00) & |11)), parity. Similarly, total magnetization measurement of the qubits projects
their state into the maximally entangled state |mg) = \% (|01) £ [10)) or separable states

lm_1) = [11) and |m.) = |00) with the probabilities of 1,1 and 1, respectively. Here, the
qubit states |0) and |1) represent the spin states |1) and |[|). Entangling two spin qubits
by projective measurement needs a very high-resolution joint measurement able to detect
a single spin flip. Indirect joint measurement through a MSS relaxes this criterion by first
coherently amplifying the state of the target qubits in the collective magnetization of the
MSS along a known direction (called z) (gate U, pmss in Fig. 5.2), then measuring the MSS
by a coarse-grained collective magnetization measurement that is capable to detect only

many spin flips (operation M in Fig. 5.2).

MSS, pin — | Uquss _ M (U;,MSS) N

10 TWyarss

Figure 5.2: The general circuit of indirect joint measurement on two separated qubits
through an intermediate MSS introduced in chapter 4.

The coherent magnification process, represented by gate U, ass in Fig. 5.2, changes
the state of the MSS conditioned on the state of the target qubits, U, nmss = [00)(00], ®
Uoo + 101)(01], ® Ups + [10){10], @ Usp + [11)(11| @ Uy;. With a pure initial state over the
MSS, |¢:n), the state of the qubits and the MSS after applying this gate is,

) g riss = % <|00>q [t00) + [01), [01) + [10), [th10) + |11), Wll)) (5.2)

where |1;;) = Uij [¢)in), for 4, j = 0, 1. To indirectly measure the joint magnetization of the
target qubits, the combination of the maginifaction and the measurement needs to be such
that the collective coarse-grained magnetization measurement over the MSS distinguishes
the pair of states {|to1) , [1)10)} from the pair {|¢o0) , [111)} but does not discern between
the states [1o1) and |119). With these criteria, the state of the qubits and the MSS after
the measurement and post-selection ideally is,

mo _ 1
9™ qarss = <75 (100 lor) +110), [910)) (5.3)

In general the states [1)01) and [t)19) are not equal, thus [¢™°) ,/ ¢q is an entangled state
between the target qubits and the MSS. To prepare the target qubits in the maximally
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entangled triplet zero state, |mg) = \%(\Ol} + [10)), they need to be disentangled from the

MSS by undoing the magnification step (gate U mss in Fig. 5. 2). In the quantum eraser
language the MSS is like a tagging particle and the target qubits’ entanglement needs to
be restored similar to the reversible eraser scheme [15].

5.3.1 Micro-macro Entanglement

With the experimentally available control tools, an interesting and potentially imple-
mentable geometry consists of a MSS with a barrier in the middle; such that there is
no internal interaction, and thus no flow of information, between the two sides of the bar-
rier. The state of each target qubit is magnified in the collective state of its nearby side.
However, the collective measurement is implemented on the whole MSS, as schematically
depicted in Fig. 5.3.

MSS
R

L
2% oo R S
|

Magnification |

\ MSS
Peeie-,,

l Measurement ’

Figure 5.3: A schematic of a MSS with two non-interacting halves, each in contact with
one target qubit. The state of each target qubit is magnified in the collective magnetization
of its nearby side of the MSS, but the measurement is applied on the whole MSS.

The main benefit of this configuration is that it enables satisfying the mentioned distin-
guishability criteria on the magnified state of the target qubits and the MSS, while using
only the experimentally available control tools. Here, we show that, within this geometry,
the conditions on the magnified state of the qubits and the MSS entirely maps to the spec-
ifications of micro-macro entangled states between each target qubit and its nearby half
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of the MSS. In section 5.4, we will show that creating micro-macro entanglement between
each target qubit and half the MSS needs only experimentally available control tools in-
cluding local interaction between the qubit and the MSS, collective rotations on the MSS
and internal magnetic dipole interaction between the spins in the MSS.

,_‘% §|¢>qL,MSSL
qrL, ‘O> |£| ;
( : \
MSSy, pL Ur L )
\
) M
Ur Uztz
\ _ )
4R, |O> E :
1 :
% ’¢>qR,MSSR

Figure 5.4: Indirect joint measurement with a MSS consisting of two non-interacting
halves

The general circuit for this geometry, depicted in Fig. 5.4, is a subset of the generic
indirect joint measurement circuit in Fig. 5.2, in which the magnification gate is decom-
posed into two parts U, arss = U ® Ug, each being a conditional gate on half of the MSS
controlled by its nearby target qubit,

U; = [0)(0],, ® Ug"™*% + 1)(1], ® UM i = L, R (5.4)

With an ideal pure separable initial state of the MSS, |¢;,) = |gZJZLn> ® Wﬁ»; the general
state of each target qubit and its nearby half of the MSS after applying this gate and before
the measurement is,
1
B)asnass. = 75 (10

W) + (1), {¢§>) ji=L,R (5.5)

This state is a micro-macro entangled state if [14) and |¢}) are orthogonal and macroscop-
ically distinct i.e., distinguishable by a coarse-grained collective measurement [73, 74, 75].
Macroscopic distinctness between the states [14) and |1)!) mathematically means that the
difference in the expectation value of a particular collective observable e.g. the collective
magnetization along z, J, = > i o), for these two states is large compared both to the

63



quanta of the collective observable (e.g. h for collective magnetization) and to the sum of
their standard deviation [73, 74, 75].,

| <J§>0 — <J2>1 |
max((AJ)o + (AJ), h)

> 1 (5.6)

Taking the maximum between (AJ.)o + (AJ}); and & ensures meaningful answer when
both (AJ)g and (AJ!); are zero. In addition, to effectively use all the spins in the MSS,
the difference in the expectation value of the collective magnetization observable preferably
should be proportional to the size of the MSS,

(J1)y— (Ji), x N (5.7)

The collective magnetization observable, J,, for N spins follows the spectral decomposition,
%
o= Y m.IV(m.) (5.8)

where the operator II"V(m.) projects onto the subspace with total magnetization of m, and
R is set to one. The magnetization spectrum of an arbitrary state, |¢), is,

Py(ms) = Tr(IT (m.) [$)(¢]) (5.9)

Macroscopic distinctness between the states [¢8) and [1}) requires them to have well sep-
arated magnetization spectra, as depicted in Fig. 5.5a.

The states of the whole MSS associated with different states of the target qubits are,
[Yoo) = |vi) |08, [bor) = [§) [0, [$) = o) [vg) and i) = [of) [ff). To
implement indirect magnetization measurement on the qubits, the states {|110) , [t)10) } not
only need to be orthogonal to the states {|1no) ,|¢11)} but also must be distinguishable
from them by a coarse-grained collective magnetization measurement. In addition, the
states |119) and |1¢10) must not be distinguishable from each other.These three conditions
are satisfied if and only if each qubit and its nearby half of the MSS are prepared in
(similar) micro-macro entangled states.

The pair of the states {|110) , [1010)} and {|¢go) , [t011) } are orthogonal if and only if the
states [1}) and |1%) are orthogonal to each other for i = L, R. The second criterion requires
macroscopic distinctness between the states [¢))) and |¢)i). The magnetization spectra of
the states [1oo), [%01), |t10) and |1h1;1) of the whole MSS are the convolution of the spectra
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Figure 5.5: Magnetization spectrum of (a) An example of two macroscopically distinct
states of half of the MSS and (b) the corresponding states of the whole MSS.

of the corresponding states of the halves. Consequently, their means and variances are sum
of the means and variances of the spectra of the corresponding states of the halves,

(L) = () + {0, (5.10)

(ALY = J(ATE? + (ATR),)?

for k,j = 0,1. The equivalence between macroscopic distinctness between the states |1})
and [1) and the distinguishablity between the pairs {|1o1) , [t10) } and {|o) , [111)} fol-
lows from these relations. The distinguishablity between {|101) , |¢10)} and {|¢eo) , [111) },
by a course-grained collective magnetization measurement along a particular axis e.g.,
z-axis, requires that,

| <JZ>01 - <JZ>00‘ > (AJz)Ol + (AJZ)OO
| <JZ>01 - <Jz>11 ‘ > (AJz)Ol + (AJz)ll
[ {J2)10 = (Jdoo | > (AJ2)10 + (AJ:)oo
| ()10 — (Ja)n | > (AJ2)10 + (AT )1 (5.11)

Replacing the means and the standard deviations according to Eq. (5.10) and assuming
that the two target qubits and their nearby sides of the MSS are prepared in similar states
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ie., (JE), ~ (JE), and (AJF), = (AJE), the above conditions are met if

| (T2, = (T | > (ATD1+ (1 + V2) (AT,
[(T2), = (T, | > (AT + (1+ V2)(ATD): (5.12)

for i = L, R. or more simply if,
{2y = (T | > (1+V2) (AT + (ATD)o) (5.13)

which is the same as the macroscopic distinctness condition in Eq. (5.6) up to a small
coefficient (1 ++/2) ~ 2.41. Satisfaction of relation (5.13) clearly requires the macroscopic
distinctness condition given in Eq. (5.6) to be fulfilled. Thus, each target qubit and
its nearby half of the MSS need to be in a micro-macro entangled state prior to the
measurement step. On the other hand, preparing each qubit and its nearby half of the
MSS in similar micro-macro entangled states guarantees that the states {|¢o1) , [110) } have
similar magnetization spectra separated from the spectra of the states {|¢o0) , [111) }. Thus,
the two pairs can be distinguished by a coarse-grained collective measurement while the
states [1o1) and [i19) will not be discerned due to their similar spectra.

5.3.2 Coarse-grained Collective Measurement

The measurement and post-selection must project the state of the qubits into zero magne-
tization subspace along with the states of the MSS. In other words, the collective magne-
tization measurement on the MSS and post-selection not only need to discern the MSS’s
states correlated with zero magnetization of the qubits from states associated with +1
magnetizations; but also must update the MSS’s state according to the measurement out-
come, with minimum disturbance on the selected states. The state of the qubits and the
MSS after the measurement ideally is,
1
[Whaarss = 75 (100 [66) [01) + 10}, [01) [4)) (5.14)

Bipartite entangled state between the qubits separable from the MSS can be created from
this state simply by reversing the magnification gate, similar to reversible quantum eraser

protocol [15, 36], X
[Vhaarss = 75 (101, + 110),) @ i) (5.15)

'Forany a >0 and b> 0, VaZ +b2 <a+b
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The desired coarse-grained collective magnetization measurement is mathematically rep-
resented by a Positive-Operator Valued Measure (POVM) with measurement operators,
{E,}, satisfying two conditions: positivity, E, > 0, and trace-preserving, > FE, = 1.
Since the measurement is collective, the POVM operators can be expanded in terms of the
collective magnetization projection operators, II™V (m.),

E, = Z aa’mzHN(mz) (5.16)

mz

The expansion coefficients, aq ., satisfy two conditions 0 < agm, <1 and > aqm. =1
following the positivity and trace-preserving of the E, operators. The probability of each
measurement outcome, o, upon measuring the MSS in a general state pysss is,

Pa = TI(Eangs) (517)
and the state of the MSS after the measurement is,

M, M
_ MaPMSS Vo (5.18)

MSS,
p [0 Pa

where the operator M, satisfies the relation M, M = E,. Following the expansion of E,,
in Eq. (5.16), the operators M, are expanded in terms of collective projectors as,

My =Y e%me fag 11"V (m.) (5.19)

The phase factor, e?»m=  depends on the details of the measurement implementation. The
operator M, simplifies to \/E, if ¢4 . does not depend on m,, ¢om. := ¢a.

The measurement requirements can be specified by the necessity that the measurement
and post-selection updates the qubits and the MSS’s state from the state in Eq. (5.2) into
the state in Eq. (5.3). There should exist as least one measurement operator, Mg, that
overlaps with the states }w§> Wf> and |w1L> |w§‘> but does not overlap with the states
gy [0y and |f) [¢F). Moreover, this measurement operator ideally must preserve the
amplitude and the phase of the spectral expansion of the states |¢f) [ff) and |[F) |¥f)
i.e. in the expansion of the measurement operators in Eq. (5.19) the amplitudes, ag,,,, and
the phases, e®#m= should be equal for all the collective magnetizations that the spectra
of the states ’wé > ’wﬂ and W{J> }w§> contain. The former condition guarantees that +1
magnetizations of the target qubits i.e. the states |00), and [11)  are not selected by the
measurement and the latter ensures that the coherence between [01), and [10), states of
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the qubits can be restored by disentangling the MSS through reversing the magnification
gate.

If these two measurement requirements are not perfectly satisfied, the final entan-
gled state of the target qubits, p,, deviates from the maximally entangled state |mg) =
\/ii(|01>q +[10),). However, p, is an entangled state and can be distilled towards the state
|my), if the fidelity defined as the overlap of these two states is greater than 0.5 [141, 13],

Fing(pg) == Tr(pg [mo)(mol) (5.20)
Fidelity ranges between 0 and 1 and if Fy,,(p,) > (2 + 3v/2)/8 ~ 0.78, p, is entangled
enough to violate Clauser-Horne-Shimony-Holt (CHSH) inequality [44, (9] 2.

Entangling the target spin qubits by first entangling each with the nearby half of
MSS and then measuring the whole MSS might remind one of entanglement swapping
[86].  One main difference is the measurement process. In the entanglement swapping
procedure, measurement of two qubits, each from an entangled pair, in the Bell basis en-
tangles the two other qubits. The analogy in our case is measuring an observable that

(|&) |0f) + [wl) |wd)) and 2= }1/J§> }1/J§> + |f) |1/1{%> ) are four of its eigenstates with
({ fferent eigenvalues. Such an observable in general, is not a collective observable in
contrast to the observable in the indirect joint measurement procedure.

5.4 Creation of micro-macro entanglement

In this section, we discuss producing a mesoscopic superposition state with micro-macro
entanglement between one target spin qubit and a MSS, half the size of the whole MSS,
as the first step towards implementing indirect joint measurement on two non-interacting
target qubits. The focus is on using experimentally available control elements namely local
control of the qubit, interaction between the target qubit, ¢, and one nearby spin within the
MSS, s 3, collective rotations on the MSS and magnetic dipole-dipole interaction among

2Note that we use the fidelity, defined in Eq. (5.20), as a measure for entanglement since we know a
priori what the expected maximally entangled state is. However fidelity is not a measure for entanglement
in general e.g. the maximally entangled states %(|00> +|11)) have zero overlap with |mg) state.

31t is sufficient for the target qubit to interact with only one spin within the MSS but it is not required,
i.e., the qubit may interact with more than one spin. The main requirement on the local interaction
between the target qubit and the MSS is that it needs to enable creating a local conditional gate on
the MSS, controlled by the state of the qubit. We consider the most local form of interaction between
the target qubit and the MSS to show that it is possible to create micro-macro entangled state with the
entanglement extended to the whole MSS even in this case.
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the spin in the MSS. The qubit is prepared in the superposition state, |[+) = \%(\O) +11)),

and the MSS is ideally prepared in the polarized state, ]T>®Nh, where Nj, ~ N/2 is the
number of spins in the MSS.

We start with an intuitive approach based on repetitive application of a conditional lo-
cal gate on the MSS controlled by the qubit and a duration of internal interaction between
the spins of the MSS. The internal evolution of the MSS redistributes the magnetization
between the spins in the MSS but preserves the total magnetization. The collective mag-
netization is only changed conditioned on the state of the target qubit. After enough
repetitions, on the order of Nj, the states of the MSS correlated with different states of
the target qubit become macroscopically distinct and a micro-macro entangled state is
produced.

Next we present a different scheme in which the target qubit interacts with the MSS only
once. The key feature of this approach is that the MSS is prepared in a globally correlated
state prior to its interaction with the target qubit such that a local change in the MSS
conditioned on the state of the target qubit has a global conditional effect. The maximally

entangled GHZ state, \% <|T)®N’L + |$>®N’L>, is an ideal state for this purpose [36]. However

preparing the GHZ state is challenging for a mesoscopic size system *; we show that micro-
macro entanglement between the target qubit and the MSS can be produced by preparing
less demanding correlated states, created through the experimentally available two-body
dipolar coupling and collective rotations.

After presenting these two approaches, the magnification time and its relation to the
size of the MSS and its dimensionality are discussed.

5.4.1 Repeated interactions

The circuit in Fig. 5.6 shows an intuitive approach for making a macroscopic global
change in the collective magnetization of the MSS conditioned on the state of the qubit
using only local interactions between the two. The CNOT gate, controlled by the qubit,
q, on its nearby spin within the MSS, s, CNOT = |0)(0], ® 1 + |[1)(1], ® o}, changes the
magnetization of the MSS locally conditioned on the state of the qubit and evolving under
zero-quantum flip-flop Hamiltonian,

o o 1
Hyy = Z ajj (O'EFUJ_ + UZ,Ui_) Qjj X W (5.21)
ij

1,5;1<J

4Tt needs either accessing individual spins in the MSS or synthesizing N-body interaction among all the
spins.

69



passes on this change to the rest of the spins in the MSS while preserving the total mag-
netization. These two processes are repeated r times to create a macroscopic effect. The
Hamiltonian Hxy is widely used in QST proposals usually with only nearest-neighbor
interactions, a;; = 0 for |i — j| # 1. Here we consider all-to-all interactions with the coef-
ficients a,; proportional to inverse cube of the distance between the two spins, consistent
with the magnetic dipolar interaction among the spins in the MSS. The important feature
of Hxy is that it only redistributes the magnetization among the spins while preserving the
collective magnetization of the MSS. The collective magnetization of the MSS varies only
conditioned on the state of the qubit by the CNOT gate. Hence, in each repetition, the
total magnetization of the MSS either is preserved or varies by Am, € [—1, 1], depending
on the qubit’s state.

( Uxy N XT

q,|+)
S

MSS, 1)) — Hyy,dt

JaR)
WV

\

Vs

Figure 5.6: Magnification process based on repetitive interaction between the external
qubit and its nearby spin from the MSS intervened by internal evolution of the MSS under
the magnetization preserving Hxy Hamiltonian

With an initial superposition state of the qubit, |[+) = \%(!(D +11)), and polarized state
of the MSS, ]T)®Nh, the general output state for the circuit 5.6 is,
1
V2

For appropriate choice of the evolution time, dt, and large enough repetitions, r oc Ny,
the state |¢){¥(dt,r)) is macroscopically distinct from the state 1M upon collective
magnetization measurement along z. Figure 5.7 shows the simulation results of the mag-
netization spectra of these two states for a MSS in a 1D spin chain geometry with number
of repetitions r = 2N, and dt = 7 /aq2, where a13 = a;;11 is the nearest neighbor interaction
strength of the Hamiltonian in Eq. (5.21) 5. The spectrum of the polarized state [1)®™"
is a peak at m, = N, /2; whereas, the spectrum of the state {wffy> is distributed around
m. = 0 and has nonzero values for m, = N, /2, N, /2 — 2, ..., — N, /2.

[6¥ (1) arss = = (100 1N+ 1), [ (a8, 7)) (5.22)

To characterize the spectrum of the state ‘wf( Y>, we simulate the mean and the standard
deviation (SD) of its distribution as a function of the number of repetitions, r, with dt =

5All the numerical simulations are conducted using the open source ”Expokit” software package [37]
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Figure 5.7: The distinct magnetization spectra of the MSS’s states, [1)*™" and ")
correlated to |0) and |1) states of the target qubit simulated based on the circuit in Fig.
5.6 with dt = 7/ay2 and r = 2N, for N, = 12 spins in a 1D chain geometry.

7/az for up to Ny = 20 spins. As figure 5.8 shows, after a transient time the mean
of the spectrum of |¢f(y> approaches zero and its SD approaches /N, /2, which are the
same as the mean and the SD of a fully mixed state with Nj, spins, (15/2)®M or an
equal superposition state, ((|0) + |1)) /v2) ®% 6 This result can be extrapolated to larger
systems; the mean and the SD of the spectrum of |¢{") are expected to be ~ 0 and
~ /N, /2, respectively. On the other hand, the spectrum of |T)®Nh is focused at N, /2. As
a result, the macroscopic distinctness between the states |wf(y> and \T>®Nh scales as \/Np,,

(Lyg — ()7 Ny2-0
(AL + (AL~ 0+ VN2 VN (5.23)

It should be mentioned that the two states are not necessarily orthogonal; nevertheless,
for the proper choices of dt and r their overlap is small. Thus, for a large enough MSS,
V' Np, > 1, and with appropriate dt and r the state in Eq. (5.22) is a micro-macro entangled
state.

The introduced procedure provides a reasonable process for creating a micro-macro

60ne difference is that the spectrum of the state |¢f( Y(t)> has nonzero values for every other magnetiza-

N,
tion whereas the spectrum of a fully mixed state or ((|0) + |1)) /\/§)® " state includes all magnetization.
But what is important is the extend of the two spectra which is quantified by their mean and SD and is
similar for the two cases
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Figure 5.8: (a) The mean and (b) the standard deviation (SD) of the magnetization
spectrum of |¢f(y> as a function of the number of repetitions for N, = 13,15, 16, 18 qubits.

After a transient time both the mean and the SD of the spectrum approach those of the
identity state with the same size.

entangled state using only local interactions. However, it is hard to implement experi-
mentally in a spin system with dipolar coupling. It needs the XY Hamiltonian which can
not be synthesized out of the natural dipole-dipole interaction using collective rotations
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78 Moreover, the number of the CNOT gates between the target qubit and the MSS is
proportional to the number of spins in the MSS which is challenging for large systems.

Next, we will introduce a different procedure that requires only a one-time interaction
between the qubit and the MSS. It also uses a Hamiltonian that can be engineered from
the dipolar coupling using only collective control.

5.4.2 One-time interaction

Here we show that the circuit in Fig. 5.9 coherently magnifies the state of the target
qubit in the collective magnetization of the MSS and creates a micro-macro entangled
state using only one CNOT gate. The internal dynamics of the MSS is governed by the
reversible grade-raising Hamiltonian,

1

- (5.24)
7

— - i
Hyqr = Z ai; (0%o +olo?) a; o
1,J51<J
which is a well known Hamiltonian within the nuclear magnetic resonance (NMR) commu-

nity. Both £ Hsqr can be synthesized out of the naturally occurring magnetic dipole-dipole
interaction at high field by applying appropriate sequences of collective rotations [35].

a1+, e — y === Uan — -
I T

MSS7 |T>®Nh | HQGR>t —HQGR,t |
- L
' I

e — — . == |

Figure 5.9: This circuit creates micro-macro entanglement between the target qubit and
the MSS with a one-time interaction between the two and using experimentally available
control.

The circuit in Fig. 5.9 works as follows. First, evolution under the grade-raising
Hamiltonian correlates the spins in the MSS. For long enough evolution times a globally
correlated state is created; specifically the spin of the MSS that is in contact with the

"Synthesis of XY Hamiltonian out of dipolar coupling needs m—pulses on every other qubit [25]. De-
pending on the geometry it might be achieved using field gradients.

8Secular dipolar-dipole interaction, Hg;, in Eq. (5.1), preserves the collective magnetization similar to
Hxy; but according to our simulations replacing Hxy by Hg;p, in the circuit in Fig. 5.6 does not yield
the desired response
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external target qubit becomes correlated with the rest of the spins in the MSS. Next,
the CNOT gate controlled by target qubit, g, on its nearby spin in the MSS, s, perturbs
the state of the MSS °. This local conditional gate has a global conditional effect due
to correlations established in the MSS prior to its local interaction with the target qubit.
Finally, applying the reverse of the first gate makes this global conditional effect observable
in the collective magnetization spectrum of the MSS along the quantization axis. The
unperturbed state of the MSS returns back to the initial polarized state |1)®" while the
perturbed one evolves to a state with a very different collective magnetization.

The state of the target qubit and the MSS after the evolution follows the general form
of a micro-macro entangled state in Eq. (5.5) with [¢§) = [1)*™ and |[y1) = |[¢FF),

69 (0) g aa55 = 5 (1004 D+ 10 [F%(0)) (5.25)

The states [{%(t)) and 1M are not only orthogonal but also macroscopically distinct
given that the evolution time, ¢, is long enough.
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Figure 5.10: The distinct magnetization spectra of the MSS’s states, |1)®™* and |[WER)
correlated to |0) and |1) states of the target qubit simulated based on the circuit in Fig.
5.9 with t = 2w N, /a;2 for Ny, = 12 spins in a 1D chain geometry.

Figure 5.10 shows the separation in the collective magnetization spectra of the states
1) and |F%(t)) simulated for a MSS in a 1D chain geometry with N}, = 12 spins and

9Controlled-Z gate has similar effect.
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evolution time ¢t = 27N}, /a9, where ay5 is the nearest neighbor coupling strength of the
grade-raising Hamiltonian represented in Eq. (5.24). Figure 5.11 displays the mean and
the SD of the magnetization spectrum of the state }1/11GR> as a function of the normalized
evolution time, t/Nj, for up to N, = 20 spins. After a transient time, the mean of
the spectrum approaches zero and the SD approaches /N, /2 similar to the steady-state
behaviour of the state wa>. Thus, the macroscopic distinctness of the states ‘¢1GR> and

N .
[1)#™ upon collective .J, measurement, scales as /Ny,

(et = (T Nwf2-0
AT)SE+ (AL)FE " 0+ N2 o< \/Na (5.26)

After applying the introduced magnification process on both target qubits and their
nearby halves of the MSS, the states of the whole MSS correlated with different states of

the target qubits are: WOGR> = |T>®N, ¢$R> = |T>®NL f’GR> R> = ‘Q/JL GR> 1) ®NR

and |¢1 ‘wL GR> ‘wR GR> According to the relations in Eq. (5.10), the mean and the
SD of the collective magnetization spectra of these states scale as,

N
<JZ>0GOR ~ bR (AJZ)(%R% (5.27)

N
(gl ~ (L)§F~ =, (AL)§E~ (AL ~

4
VN
<Jz>?1R ~ 0, (AL)GE ~ 5

N/2
2

where N is the size of the whole MSS and Ny =~ Nr ~ N, & N/2. Macroscopic distinctness
of the states ‘wOGlR> and W%R> from both of the states ’w(%R> and ’¢ﬁR> imposes a lower

bound on the size of the MSS,
4 ( > \/_> = N> 12 (5.28)

Comparing to the circuit based on XY Hamiltonian, the coherent control elements
of this circuit meshes better with the experimentally available tools. It needs only one
CNQOT gate. Additionally, the grade-raising Hamiltonian can be synthesized from dipolar
interaction with only collective pulses in contrast to the XY Hamiltonian that requires
both collective pulses and rotations on every other spin [25]. Thus, in the rest of this
chapter we will consider the circuit in Fig. 5.9, based on the grade-raising Hamiltonian as
the magnification process.
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Figure 5.11:  (a) The mean and (b) the SD of the magnetization spectrum of |¢{F) as a
function of the normalized evolution time for MSSs with N, = 12,16, 18, 20 spins. After a
transient time both the mean and the SD of the spectrum approach those of the identity
state with the same size.

5.4.3 Dimensionality

The simulations in section 5.4.2 were all set in a 1D geometry. Here, generating micro-
macro entanglement between a target qubit and a MSS that has a 2D structure is studied.

Figure 5.12 compares (a) the mean and (b) the SD of the spectrum of |/{#) simulated
for N, = 20 spins when in a 1D chain versus 2 by 10 and 4 by 5 2D lattices. The asymptotic
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Figure 5.12: Comparing (a) the mean and (b) the SD of [¢{®) with the circuit in Fig.
5.9 for a 1D chain and 2D lattices. 2D lattice structures have much shorter transient times
than a 1D chain with the same number of spins but the steady state responses are similar.

behaviours of 2D lattices are similar to that of a 1D chain; however, the transition times
of the 2D structures are much shorter meaning that the information flows much faster.
One simple explanation for this difference is that information flows over just one path
in a 1D structure compared to multiple paths in 2D (or 3D) structures. One-directional
information flow is crucial in quantum state transfer proposals; in contrast, our method
relies on amplification of the qubit’s state in the whole system rather than propagation of
information in a specific direction. Therefore, it benefits from faster response in 2D (and
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3D) structures.

To conclude, all the previous steady-state results apply to higher dimensions with an
essential advantage of shorter transient times and faster responses.

5.4.4 Magnification time

An important consideration moving forward is determining the magnification process’s
time. Of particular interest is how the magnification time scales with the size of the MSS
and what its relation is to the dimension of the MSS. This question is in general hard to
answer because it depends on the many-body dynamics of the MSS. Nevertheless, we have
some clues to the answer. We have shown that the dimension of the MSS significantly
affects the response time. The magnification process has a much shorter transient time
if the MSS has a 2D structure, compared to a 1D chain of the same size. Moreover, as
depicted in Fig. 5.13, the long range magnetic dipole interaction entails shorter transient
times compared with truncating to only nearest-neighbor (NN) interactions. Furthermore,
comparing the SD vs normalized time for different numbers of spins in a 1D chain in
Fig. 5.11 shows that as the size of the MSS increases, the peak is shifted towards shorter
normalized times; indicating that the transient time has a sub-linear relation with the size
of the MSS even in a 1D geometry.
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Figure 5.13: Comparing the transient times for MSSs with NN coupling and long range
dipolar coupling. Information flows faster in a system with full dipolar compared to trun-
cating to only NN interactions.

The magnification time in our protocol is closely related to the rate of information
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flow in a system with dipolar coupling. In 1972, Lieb and Robinson showed that there is
a constant group velocity for the flow of information in a system with local interactions,
e.g., nearest-neighbor interactions (or exponentially decaying interaction strength), known
as the Lieb-Robinson bound [39]. Our results show that the dynamics of MSS violates
the Lieb-Robinson bound, a finding consistent with long-range dipolar interaction in the
system. Recently, numerous attempts have been made to find the rate of information
flow in systems with long-range interactions decaying with power law, a;; o r% [

, 93, 94, 95, 96]. Based on these studies, different relations between the maaniﬁcation
time and the size of the MSS are expected depending on the MSS’s dimension. It has
been shown that the correlation times for a system with power-law interaction, a;; oc

? ?

@
T

grow as T o< r¢ Wlth = 1+ 2L when a > 2D [ |. Thus, for a 1D chain, the

magnification time is expected to scale as tmag x5 < N }f where [ is the length of the spin
chain. For 2D and 3D lattices with dipolar coupling, no bound tighter than an exponential
information flow is found [90]. We also know that the information flow is faster in 2D and
3D structures than in 1D chains. Thus, in 2D and 3D structures the respective range of

the magnification times are expected to be (~ log(l) o log(v/Np)) < 22 < (~ 15 N )

—= Ymag
1

and (~ log(l) o« log(/Ny)) < 30 < (~ I35 Np)). It is worth mentioning that recently

an algorithm has been proposed that saturates the logarithmic bound for a 3D structure

with dipolar coupling. It needs ¢ o log(r) to transfer a state through a system with =

interaction if & = D [97].

5.5 Measurement and Fidelity

The requirements of an ideal measurement procedure were discussed in section 5.3. Here
we estimate the fidelity of the target qubits’ post-selected entangled state using the mag-
nification process introduced in section 5.4.2 and a collective measurement on the MSS
through a two-level apparatus.

The measurement model is based on the general collective two-outcome POVM on
a mesoscopic system suggested chapter 4. Any two outcome collective POVM can be
parametrized with a phase function 6(m.,),

Ey, = Zcos (m )TN (m.,) (5.29)

E, = 1-E = Zsm (m )Y (m,)



Such a measurement is equivalent to a projective measurement on a two-level apparatus
system after it interacts with the MSS according to the interaction gate [11, 10],

N
U= Y IN(m.)@e?mm (5.30)

Linear collective interaction between the MSS and the apparatus qubit, Hy; = gJ, ® oy,
conveniently creates Uy, with a phase function proportional to the collective magnetization,
O(m,) o< m,. See Fig. 5.14. In this measurement process, the state of the MSS is updated
according to Eq. (5.18), with the measurement operators,

My = ) cos(f(m.))IIN (m.) (5.31)
M, = iZsin(G(mz))HN(mz)
N/2
EO = COSZ(G (mz)) Hz(mz)
: POVM mZ:ZN 12
FoTTTTTTTI T e e N/2
. ﬁ— E, = Z sin? (Q(mz)) I1,(m,)
MSS i Uy y m;==N/2
——— 1wty
10)a —
e e {Ho = 0)0|
My = 1)1l
Hy = 9J7'>° ®ay
N/2
Uy = e~itiutn = 1, (m, )®e ™), (m,) = gty o
m,=—N/2

Figure 5.14: Two outcome POVM on a MSS implemented through an apparatus qubit.

In order to select [¢§i7) and [¢{f) over [¢§) and |[¢GF), the linear phase function is

chosen to be (m,) = %rmz. Figure 5.15 depicts the corresponding expansion coefficients

of the POVM operators and the fidelity of the target qubits’ state with the maximally
entangled state |mg), upon measurement, post-selection on outcome 1 and disentangling
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from the MSS. The fidelity increases with the size of the MSS and asymptotically ap-
proaches its maximum value, one. This increase has two origins. First, the macroscopic
distinctness between the states {|¥§7) , |05)} and {|v§F) | [0EF)} grows with the size of
the MSS. Second, for larger MSSs, the measurement coefficients become closer to uniform
distribution over the expansion of the spectrum of WOG1R> and WIGOR>; thus these states get
less distorted by the measurement and the following disentangling gate will restore more
coherence between the qubits’ states [01)  and [10),. It should be mentioned that we have
simulated an ideal noise-free process. In practice, the fidelity is not expected to increase
with the size of the MSS, indefinitely. Including noise effect imposes an upper bound on
size of the MSS, since in general larger MSS are more sensitive to noise.
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Figure 5.15:  (a) The expansion coefficients of the two POVM operators based on the
measurement procedure shown in Fig. 5.14 with 6(m.) = 3Fm., chosen to distinguish

between {|y§F),|vEH)} and {|v§F), [vGF)} with highest probability. (b) The corre-
sponding fidelity of the entangled state of the target qubits with the maximally entangled
state |mg), after applying the measurement in (a) on the MSS, post-selecting on outcome
1 and disentangling from the MSS. The fidelity is computed based on simulation of the
spectra of the states {|§F), |v5R), [0§F) , |[wGEF)} for N = 12,16,20,24,28, 32, 36 spins
and extrapolation of their spectra according to binomial distribution for larger systems.

Figure 5.15 shows that the fidelity, F},,(p,).exceeds 0.5 and the target qubits are en-
tangled for all simulated sizes of the MSS, although the assumed measurement model is
not an ideal measurement procedure. Moreover, for N > 24, the fidelity is greater than
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0.78, enough to violate the CHSH inequality [69, 141].

5.6 Mixed initial state

So far, a pure polarized state, |T)®N, has been considered as the initial state of the MSS. In
this section, we prove robustness of the introduced indirect joint measurement procedure
to limited initial polarization of the MSS. In particular, we will show that micro-macro
entanglement between each target qubit and its nearby half of the MSS and the subsequent
bipartite entanglement of the non-interacting target qubits are robust to deviations of the
MSS’s initial state from fully polarized state; when the MSS is initially in the experimen-
tally relevant mixed state,

pn(N,0) = (%;tﬁngkz)®N (5.32)

= (a-Dmal+ Sme)™

The polarization parameter, €, ranges from 0, for a fully polarized pure state, to 1, for the
maximally mixed state. We are particularly interested in highly polarized states, i.e., €
close to 0.

The magnification gate in Fig. 5.9 can be written as,
Ucr = 10)(0], ® 1+ [1)(1], ® V4 (5.33)

with V4 [1) ®Nh = |¢ > The state of one target qubit and its nearby half of the MSS after
applying gate Ugp to the initial state |+){(+| ® pin (N, €) is,

1
pss = 5 (10001, @ pin +11)(1], @ (Vipim V)
101, @ (pin Vi) + [1)(0], @ (Vipin)) (5.34)

Micro-macro entanglement of state pq I 4¢ Tequires bipartite entanglement between the
qubit and the MSS and macroscopic distinctness between the state p§® = p;, and p&ft

lemVI. We investigate how these two characteristics change when the initial state of
the MSS deviates from the ideal polarized state. Direct verification of bipartite entangle-
ment between a microscopic and a mesoscopic system experimentally is a challenging task
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[98, 99]. Nevertheless, it can be simulated for small sizes of the mesoscopic system. A

computable measure of bipartite entanglement for a general state, pap, regardless of the

size of each party and the purity of the overall state, is negativity, which is defined as the

sum of the absolute values of the negative eigenvalues of the partially transposed density
. Ty

matrix, p,%, [10]

Neg(pas) == > A (5.35)

7

Negativity ranges from zero for separable states to 0.5 for maximally entangled states
10 This measure is specifically helpful in quantifying bipartite entanglement of a mixed
state, when one or both of the parties have more than two levels; where, other computable
measures for mixed state entanglement such as concurrence can not be applied. A related
measure is logarithmic negativity, defined as,

Lneg(pas) := log, |loihlli = loga(2Neg(pas) + 1) (5.36)

where |[p’%||1 is the trace norm of the partially transposed density matrix, p’y. Loga-
rithmic negativity ranges from 0, for separable states, to 1, for maximally entangled states

[46].

Figure 5.16 shows logarithmic negativity of the bipartite entangled state of the qubit
and the MSS, chf]@[ssa as a function of the polarization parameter, €, simulated for different
sizes of the MSS up to 10 spins. We are particularly interested in highly polarized states,
where € is close to 0. For the fully polarized initial state (e = 0), the state pSqq is
maximally entangled as already discussed. The entanglement reduces with decrease in the
polarization (increase in €) with a slow initial pace. The larger the MSS, the slower the
initial drop in entanglement, i.e. for larger MSS, bipartite entanglement of state ng/fss is
more robust to polarization reduction of the MSS’s initial state.

Macroscopic distinctness between the states p§® and p¢® can be quantified according
to Eq. (5.6). The collective magnetization spectrum of the state p§% = p;,(Np, €) is a
shifted '* binomial distribution with the probability of success p = 1 —€/2, and number of

trials Nj,. Tts mean and SD are (J,)5" (€) = (1 — €)Ny/2 and (AJ,)§%(e) = /Nps(1 — ).

The mean and SD of the spectrum of state p{® = lemVlT are known for the two
extreme cases; € = 0 and ¢ = 1. It was shown that with a polarized initial state, e = 0, the
mean of the spectrum is (JZ>fR (e = 0) ~ 0 and its SD scales as (AJ,){%(e = 0) ~ /N, /2.

10Based on the PPT criteria cite all separable states have zero negativity but not all entangled states
have nonzero negativity except for 2 x 2 and 2 x 3 systems. In other words nonzero negativity guarantees
entanglement but there are entangled states with zero negativity.

HThe distribution ranges from —N}, /2 to Nj /2 rather than 0 to Np,.
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Figure 5.16: Entanglement between one target qubit and its nearby half of the MSS as
a function of deviation of the initial state of the MSS from fully polarized state simulated
for different sizes of the MSS. For larger MSSs, bipartite entanglement between the target
qubit and the MSS is more robust to polarization reduction.

On the other side of the range, when € = 1, the initial state, p;,, is a fully mixed state; thus
p! is also a fully mixed state and the mean and SD of its spectrum are, (.J,)$ (e = 1) = 0
and (AJ,)7%(e = 1) = /N, /2. Similar mean and SD for the two extreme cases suggests
the same scaling for all other polarizations, 0 < ¢ < 1. Simulation results for different
polarization with N, = 12 spins, shown in Fig. 5.17, confirms this prediction. Thus, the
mean and SD of the spectrum of p¢'F are <Jz>fR (€) = 0 and (AJ,)SE(e) ~ /Ny, /2, for all
initial polarizations. Consequently, the macroscopic distinctness between the states p§*t
and p{F requires that,

(L)o () = (L7 (0 (-9Nw2-0
(AL)F () + (AL)TR() ~ e —VNa/2+ VNR/2

For 0 < e < 1, the maximum of \/€(2 —¢€) is 1 at ¢ = 1 and the above relation is lower
bounded by,

(5.37)

(L)FH () = (1) (@) (1—eNy2 11—
(AL)T(e) - (AL)TR(e) ~ mh x — VN, (5.38)

Thus, 15¢4/Nj, > 1 assures macroscopic distinctness between the states p§* and p¢®. This
condition along with robustness of entanglement to decreases in polarization, shown in Fig.
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Figure 5.17:  (a) The mean and (b) the SD of the spectrum of p{'# as a function of time
simulated with Nj, = 12 spins in a 1D chain for different initial polarization of the MSS.

5.16, prove that the micro-macro entanglement between each target qubit and its nearby

half of the MSS is robust to polarization loss when ¢ is close to 0 and N, (1 — €)% > 4.

Two copies of the state in Eq. (5.34) represent the state of the two non-interacting
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target qubits and the uncoupled halves of the intermediate MSS,

ponsss = (100)00], ® oG +[01)01], @
+ |10>(10| ® plyt 4+ [11)(11], @ pift
+[01)(10], ® (p, Vi) @ (VFol})
+ [10)01], ® (Vi*pi) @ (o Vi)
+ other off-diagonal terms) (5.39)

where pif = piF @ p@# for 4, j = 0,1. The normalized state of the target qubits after the
measurement, post-selection on zero magnetization and disentangling from the MSS is,

o UM, (1 ® My)pgss(1 @ M])
Tr (Elpq,MSS)

Pq = Trasss <UG UéR & U§R> (5.40)

The measurement on the MSS and post-selection, 1 ® M;, defined in Eq. (5.31), selects
pSE and p$§ift, correlated with 01), and [10), states of the qubits, and the disentangling

gate, UG r® UG R, restores the coherence between the target qubits.

Success of the measurement process relies on distinguishability of the states p§f and
PSiE from the states p§iF and p$ift, which requires,

%(1—6) > (m 1+6<2_6)+\/N>~\/N

2 2 2
= N(1-¢?>16 (5.41)
Restoring the coherence between the states [01), and |10), requires each qubit to be en-
tangled with its nearby half of the MSS prior to the measurement on the MSS.
The target qubits’ state can be expanded in the computational basis as,

1

Pq = Z Cijaa |17) (K| (5.42)

%,5,k,1=0

with the normalization condition cyp o + €o1,01 + 10,10 + ¢11.11 = 1. The amplitude of the
states [01), and [10), (cor,01 and cig10) and the coherence between them (cor,10 and cio,01)
equally contribute to the fidelity of the target qubits’ state with the maximally entangled
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state |mg) = \% (101) + |10)),

Co1,01 1 C10,10 + Co1,10 + C10,01
Foo(pg) = 5 (5.43)

€o01,10
= Co1,01 + Co1,10 = Co1,01 (1 +
Co1,01

where 0 < o110 < co1,00 < 0.5 and the second line follows the equalities: co1.01 = ¢10.10
and cp1,10 = c10,01 that hold assuming identical states on the two qubits and their nearby
halves of the MSS.

Equation 5.43 shows that reduction of the fidelity, as the polarization decreases, orig-
inates from two sources: leakage from the subspace spanned by {[01),,[10) } to the sub-
space spanned by {]|00)_,[11) } and loss of coherence between the states [01), and [10),,
which are associated to losing macroscopic distinctness and bipartite entanglement in the
micro-macro entangled state in Eq. (5.34), respectively.

Figure 5.18 shows (a) the fidelity in Eq. 5.43, (b) the population in {|01)_,[10),} sub-
space (co1,01 + c10,10) and (c) the coherence between the states |[01), and [10), relative to
the population (co1,10/¢01,01), simulated as a function of e for MSSs with N = 8,12, 16, 20
spins. In these simulations, the measurement model of section 5.5 is used with the mea-
surement parameter 6(m,) = %mz, modified as a function of the polarization such

that the measurement operator M selects p§iF and p§ift over p§it and p§F with the highest
probability.

These plots show that for the simulated sizes of the MSS, the fidelities drop fast
with decrease in the polarization, as a result of the fast decreases in the populations in
{/01),,110),} subspace. The coherence losses happen at a slow rate consistent with the

slow entanglement losses in the corresponding micro-macro entangled states, depicted in
Fig. 5.16.

Fast decreases in the populations, observed in Fig. 5.18(b), are not generic effects and
result from the small sizes of the simulated systems, that do not satisfy the distinguisha-
bility condition: N(1—¢€)? > 16. For large enough systems, N >> 16, the population drops
with a slow rate as € grows, up to a point where the macroscopic distinctness condition is
not satisfied, e ~ 1 — \/iﬁ, as shown in Fig. 5.19. Thus, the population in {|01),,[10) }
subspace is close to 1 when N(1—¢)? > 16. In addition, as figure 5.18(c) shows, the larger
the MSS, the slower the rate of the coherence loss. Thus, for large MSSs, N(1 — €)? > 16,
both population in {|01),,[10) } subspace and coherence between the states |01), and
10),,, and consequently the fidelity, Fy,,(p,), are robust to decrease in polarization of the
MSS’s initial state.
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Figure 5.18: Simulation results of (a) the fidelity (b) the population (the diagonal terms
of the density matrix) and (c) the coherence (the off-diagonal terms of the density matrix
relative to diagonal terms) of the target qubits’ states as a function of initial polarization
of the MSS for small number of spins. Slow initial drop in the coherence follows robust-
ness in the bipartite entanglement between each qubit and its nearby half of the MSS to
polarization reduction. Fast decrease in the population and the fidelity results from small
sizes of the simulated system that do not satisfy macroscopic distinctness condition.

In conclusion, bipartite entanglement between the target qubits is robust to deviation
of the initial state of the MSS from the fully polarized state, as long as N(1 — ¢€)? > 16.
With a fixed measurement resolution limited initial polarization of the MSS needs to be
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Figure 5.19: Simulation of diagonal terms of the qubits’ state, cp1,01 + 10,10, based on the
extrapolation of the spectra of pgg, po1, p10 and pi1 according to the binomial distribution

and using the measurement model of section 5.5 with 6(m) = %

compensated for by enlarging the MSS, N = N—o/(1 — ¢).

5.7 Sensitivity to noise

A common feature of micro-macro entangled states and more generally macroscopic super-
position states is their sensitivity to noise [100]; to the extent that the rate of coherence
loss has been suggested as a measure of the macroscopicity of quantum superposition states
[101, |. This section discusses sensitivity of the micro-macro entangled state |¢GR>Q’ MSS?

in Eq. (5.25) and bipartite entanglement of the target qubits to single particle loss'?.

Among the two characteristics of micro-macro entanglement, namely microscopic dis-
tinctness and bipartite entanglement, macroscopic distinctness is, by definition, robust to
single particle loss. The states of the MSS associated with |0), and |1), states of the
qubit differ by many spin flips; thus, single particle loss does not significantly affect their
distinctness.

12Particle loss is a common noise in photonic systems. For a spin system, in which particles are preserved,
loss of a single spin models a generalized amplitude damping channel on the spin with an arbitrary fixed
point and the damping probability of one.
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Before studying the sensitivity of bipartite entanglement of the state ‘¢GR>q vsg O

particle loss, we first analyse a class of symmetric entangled states between the target

qubit and the MSS,
1 ®N»,
[SK) garss = 75 (107, @ 1% + 1), @ |Dy)) (5.44)

The parameter k ranges from 1 to Ny, and |Dy) is the symmetric pure state with &k spins
|4) and N, — k spins |1),

D
D PR (5.45)

where P; is the permutation operator and the summation is over all permutations. State
|Dy) is an eigenstate of the collective magnetization operator, .J,, with the eigenvalue
m, = M=2E: hence, the (macroscopic) distinctness between the states 1N and | Dy) is
proportional to k and for k£ > 1, |S) o.Mss 18 a micro-macro entangled state. We show that
sensitivity of bipartite entanglement between the qubit and the MSS in state [Sk), g5
to single particle loss increases with k. Thus, there is a trade off between macroscopic
distinctness of a micro-macro entangled state and robustness of its bipartite entanglement
to particle loss.

|Dy) =

The state of the target qubit and the MSS after loss of any single particle is,

Phmssa = P’?‘¢’?><¢H+p’f‘¢’f><¢f‘ (5.46)
VL) = o, me
# Nhkl ®k ®Nh k—1
+ 7 (k) . ® ; Pl 1) )
kN 0 - ey ®k 114\ ®N,—k
Vet = v (k) 1© X BTN

where the states |¢’T“> and W@ are normalized and orthogonal to each other and p”TC —|—p’f =1

The entanglement of projection between the target qubit and the MSS in state ,0'; MSS—1
is defined as [15],

Ey(pgass—1) = prE([¢r)) + PIE([¢])) (5.47)
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where E(|t)ap)) is the von Neumann entropy of the pure bipartite state |¢ap), defined
as E(|vag)) = —Tr[palogy(pa)] with p4 = Trg(pap). Entanglement of projection ranges
between 0 to 1 and is an upper bound for entanglement of formation [50, 103].

State |¢f) is a separable state ,thus E(¢f) = 0. The von Neumann entropy of state
[U5) is,
1 1 L&

.
E(|F)) = 1 1 1 4
<|¢¢>) 1+ rp Og2(1+7"¢>+ 1+r, Og2<1+TT) (5 8)

where 73(k) = (¥ ) (]\]ih) =1- Nih is the probability of finding one spin |1) in the state
| D) of the MSS, and ranges from ry = 0, for k = Nj, tory =1 — Nih, for k = 1. The
entanglement of projection of state p’; mss—1s according to Eq. (5.47), is,

Ep(pZ,MSS—l) =
1 —f- T’T

|

1 1
log, ( )

1+TT 1—{—’/}

T’T 7”¢~
1 5.49
* 1+7y Og2(1+m>> (5.49)

Note that E,(pf ;45_1) depends on the ratio k/Nj, and not on k and Ny, independently.
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Figure 5.20:  Entanglement of projection of the symmetric bipartite entangled state
|Sk) 41155 upon single particle loss as a function of macroscopic distinctness between |1) N

and | D). The more macroscopically distinct the states [1)* and | Dy) are, the more fragile
the bipartite entanglement of [Sk), 1/ is.

Figure 5.20 plots Ep(pk \/55_1) as a function of the macroscopic distinctness, k. The
bipartite entanglement between the target qubit and the MSS becomes more fragile to
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particle loss as the macroscopic distinctness in state |Sy) o Mss ncreases. At the limit of
maximum macroscopic distinctness, |Dy, ) = |1, |Sk) ..Mss tepresents an overall GHZ
state, and no entanglement will remain after loss of one particle from the MSS.

The entangled state of interest, }¢GR(t)>q wss i Ed. (5.25), follows a similar form to
state |Sk), 1rgs 0 Bq. 5.44 except that | Dy) is replaced by [¢{%(t)). The state |¢{7(t)) is
not necessarily symmetric; thus, to quantify the sensitivity of state ’¢GR(t)>q 1sg bo single

particle loss, we average the entanglement of projection upon losing each of the spins in
the MSS, assuming that all spins have equal probabilities of being lost.
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Figure 5.21: (a) The mean of the spectrum of state ’wfR(t» as a measure of macroscopic

distinctness between |{#(t)) and Y™ (b) The entanglement of projection of the state
‘¢GR(t)>q \sg upon single spin loss as a function of time. Bipartite entanglement of state

‘¢GR(t)>q w5 upon single particle loss reduces with increase in the macroscopic distinctness

between |1{%(t)) and 1™ until it reaches the asymptotic value 2/3. This asymptotic
value is similar for all sizes of the MSS and corresponds to difference in the mean of the
collective .J, magnetization, <JZ>§R - (Jz)lGR ~ 1N,/2, similar to symmetric bipartite

entangled state [Sy), yrgs With k= Nj,/2.

Figure 5.21 shows simulation results for the mean of the spectrum of state ‘wlcR(t»
and the entanglement of projection of state ‘¢GR(t)>q vsg upon single particle loss as a
function of the evolution time for different sizes of MSS. As evolution time increases, the
mean of the spectrum of state |7,D1GR(t)> decreases and macroscopic distinctness in the

state ‘¢GR(t)>q’ 1sg and its sensitivity to particle loss increase. For long evolution times,
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the probability of finding any of the spins in the MSS in state |1) is close to 1/2. Thus,
the asymptotic value of the average of entanglement of projection is,

Np

S BTy (697 () (67 (1)) ~ Byry = 1/2) = (5.50)

J=1

Decrease in bipartite entanglement of the micro-macro entangled state |¢GR>, upon
particle loss, is reflected in the fidelity of the target qubits’ entangled state. Even with an
ideal measurement on the MSS and post-selection, that perfectly selects the {|01), ,[10), }
subspace of the qubits over the {|00),,[11) } subspace, the fidelity can not be greater than
Frax = coion + oo = 1/2 +1/4 = 3/4 (See section 5.7.1). This upper bound follows
the reduced coherence between [01), and [10), in the state of the qubits, even when the
population is preserved.

Fragility of the micro-macro entangled state and bipartite entanglement of the target
qubits to particle loss illustrates the importance of shorter transient time with a MSS that
has a 2D or 3D structure compared to a 1D chain, demonstrated in section 5.4. Since any
loss in the MSS results in a reduction of bipartite entanglement between the target qubits,
the overall experiment time needs to be much shorter than 7 divided by the number of
spins in the MSS, ¢.,, < Jj\;—;

5.7.1 Upper bound on Fidelity upon single particle loss

The sensitivity of the micro-macro entangled states and bipartite entanglement between
the target qubits to spin loss in the MSS was discussed in section 5.7. In particular, it was
specified that the upper bound on the fidelity of the target qubits’ state with the maximally
entangled state |mg) = \%(|01>q +[10),), upon single particle loss, reduces from one to 3/4
and this decrease solely originates from reduction of the coherence between |01) , and |10) ‘
states. In this section, we prove this upper bound on the fidelity.

The state of the target qubits and the MSS after the magnification process is: }¢GR> . ®
1 1 .
|97, where [¢@F) = ﬁ(m)qi T)yEN 4 1), [FF), with i = L, R is the state of each

qubit and its nearby half of the MSS. Let’s consider that the state of one spin from the MSS
with index a is lost and is replaced by a state p,. This particle loss process corresponds to
a generalized amplitude damping map with the fixed point p, and the damping probability
of one on spin a. Without loss of generality, we assume the lost spin is in the left half of
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the MSS, a < N/2. The state ‘¢1GR>L can be expanded in the basis {|1),,{),} of spin a
as,

|¢1GR>L = Qq |¢3> ’T)u + Ba |1/1E> |\L>a (5'51>

where aq [13) = ((1],@1n,—1) [¥F7) 1, Ba [98) = (U @Tw,—1) [9FF) , and [ *+]* = 1
following the normalization of state |¢1GR> ;- After particle loss the state of the target qubit
qr, and its nearby half of the MSS will be,

P ss, = (pr [U)(W8] + py [¥E)5]) @ pa (5.52)
where the states |1/J$> and ‘¢j> are,

VI = 5 (100, P 1D, (e 02))

a _ |1>€{L a
VL) = ) (559

An ideal measurement that perfectly selects the states of the MSS correlated to zero mag-
netization of the qubits over the states of the MSS correlated to +1 magnetizations of the
qubits, updates the state p&f) ¢ ® ’¢GR><¢GR‘R of the target qubits and the MSS to the
state,

puantss = 5 (100001 @ (INAEN ! @ po) @ [BFR)wEE|
+(120)(10] @ ((lewal® [2) (W8] + 18al® |8 (WE]) © pa) @ 1 (H]ZN
+ (0110 @ (of [V (3] @ pa) ® [BFF) L (1]EN
+

110)(01] @ (aa [15) (1Y~ @ pa) @ [1) 7N (w A )

—~ o~

Note that the off-diagonal terms of the qubits are scaled with «, and «}. This state is
a correlated state between the target qubits and the MSS. The following disentangling
gate needs to restore the coherence between the target qubits. The maximum retrievable
coherence between the target qubits is |a,|? that corresponds to the state p, = |1) (1]. With
this choice of the p,, after applying the disentangling gate and tracing over the MSS, the
target qubits’ state will be,

Parar = % (101)(01] + [01){01] + |ewa]* |01)(10] + |eva|* [10){01]) (5.54)

The fidelity of this state with the maximally entangled triplet zero state is F% = (1 +

max

|ota|?) /2 where |ag|? can be interpreted as the probability of finding spin a in state [1), when
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the MSS is in state ‘¢1GR> ;- We know that the mean of the collective magnetization spec-
trum of state [¢{7) , is zero, which is mathematically equivalent to - |oal* = >_. | Bal®.
Combining with the normalization condition |a,| + [B] = 1, the average of maximum
fidelity upon loss of each particle in the MSS is,

1 1 1 1
Foaxi=5Y Fly=c+&at =g =" 5.55
N L max 3" SR (5:55)

This relation completes the proof for the upper bound on the fidelity of the target qubits’
state.

Based on the dynamics that create state ‘wfR> ;» the magnetization is expected to be
distributed uniformly among the spins in the MSS, thus |ag|? is anticipated to be close
to 1/2 for all spins and the maximum fidelity upon loss of any spin is expected to be
Fo. =~ 3/4.

max

5.8 Discussion and Conclusion

We analyzed the resources required for entangling two uncoupled spin qubits through an
intermediate mesoscopic spin system by indirect joint magnetization measurement. In
contrast to direct joint measurement, that needs a high-resolution apparatus capable of
detecting a single qubit flip to entangle two qubits, indirect joint measurement benefits
from coherent magnification of the target spin qubits’ state in the collective magnetization
of the MSS and only requires a low-resolution collective measurement on the MSS. This
work complements the ongoing efforts in using mesoscopic systems as coherent control
elements in coupling separated qubits [14, 19] [20, 21, 22, 23 24, 25, 26, 27, 28, 29].

A MSS consisting of two non-interacting halves, each coupled to one of the target qubits,
was identified as a practically helpful geometry, that allows implementing the coherent
magnification process with experimentally available control tools; namely local interaction
between each target qubit and the MSS, naturally occurring dipolar coupling among the
spins in each half of the MSS and collective rotations on the MSS. It was demonstrated
that the requirements on the pre-measurement state of the target qubits and the MSS,
entirely fulfill the specifications of micro-macro entanglement between each target qubit
and its nearby half of the MSS. It has been shown that direct experimental demonstration
of micro-macro entanglement is challenging [93, 99]. Verification of bipartite entanglement
between the target qubits provides a means of proving micro-macro entanglement between
each target qubit and half of the MSS in the pre-measurement state.
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The numerical simulations showed that available internal dipolar interaction and col-
lective control can be used to prepare each half of the MSS in a globally correlated state,
such that a one-time interaction between each target qubit and a nearby spin within the
MSS suffices to magnify the qubit’s state in the collective magnetization of the MSS and
create a micro-macro entangled state. The time scale of the magnification process was
discussed. In particular, it was demonstrated that, with long-range dipolar coupling in the
MSS, the magnification time scales sub-linear with the size of the MSS regardless of the
dimension of its structure. Moreover, it was shown that the magnification time is much
shorter with a MSS in 2D and 3D lattices compared to a 1D spin chain.

It was shown that a low-resolution collective magnetization measurement on the MSS
capable of detecting only (1 —€)N/4 spin flips, where N is the number of spins in the MSS
and 1 — € is the polarization of each spin, suffices to distinguish between the states of the
MSS correlated with different magnetizations of the target qubits. The measurement must
also probabilistically project the state of the MSS into the subspace associated with zero
magnetization of the target qubits, with minimum disturbance.

Different scenarios can be considered for implementing such a measurement. When
a linearly-polarized photon passes through a magnetic material, its polarization rotates
depending on the magnetic moment of the medium, according to the Faraday rotation
effect. The Faraday effect follows the required collective dynamics and has been proposed
as a means for implementing a quantum non-demolition measurement on an ensemble
of spins [1041]. Strong coupling to a superconducting cavity may provide another means
for implementing a collective measurement on the MSS that follows the required state-
update-rule. Measurement through a cavity in the dispersive regime has been used to
entangle two superconducting qubits [59, (1] where an incoming photon is transmitted
through or reflected from the cavity depending on the joint state of the qubits. In these
experiments, couplings between the superconducting qubits and the cavities are so strong
that a single qubit flip results in a detectable shift in the resonance frequency of the
cavity. Couplings between spin qubits and superconducting cavities are too weak to enable
direct joint measurement of two spin qubits. Correlating different states of the spin qubits
with macroscopically distinct states of the MSS can in principle compensate for this weak
coupling since the shift in the resonance frequency of the cavity corresponding to different
states of the qubits scales proportionally to the size of the MSS. See Fig. 5.22. Faraday
rotation and state-dependent shift of a cavity’s resonance frequency are examples of two
phenomena that potentially enable measurements that are collective and update the MSS’s
state according to the measurement outcome. Evaluating the details of the measurements
based on these phenomena ? and their resolution need to be further explored.

13 As an example, coupling of a spin ensemble with a cavity in the dispersive regime introduces indirect
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Figure 5.22: (a) The spectra of the MSS’s states correlated to different states of the target
qubits. (b) The expected transmission probability of a photon through a cavity coupled
to the MSS in its dispersive regime. The unloaded resonance frequency of the cavity is w.,
g, is the coupling strength between a single spin in the MSS and the cavity, s is the cavity
loss and A is the difference between the resonance frequency of the cavity and the spin
system. The resolution of the measurement is high enough if the three peaks corresponding

to different states of the MSS can be resolved, QE—AN > K+ ggxﬁ.

Indirect joint measurement through a MSS was shown to be robust to limited initial
polarization of the MSS as long as N (1 —€)? > 16 and the measurement resolution is high
enough to detect (1 — €)N/4 spin flips. Thermal polarization of an ensemble of electron

interaction between the spins mediated through the cavity. Effect of such interactions on the measurement
needs to be explored.
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spins is close to one at low temperatures and high magnetic fields (e.g. 7' ~ 1K and
B =~ 7T). Hyperpolarization of nuclear spins may be achieved through dynamic nuclear
magnetization processes that transfer polarization from electron spins to nuclear spins

[105, 106].

The process of entangling non-interacting qubits by indirect joint measurement is in-
evitably sensitive to noise in the MSS. It was shown that single particle loss in the MSS
reduces the upper bound on the fidelity of the target qubits’ state with the intended maxi-
mally entangled state from 1 to 3/4. Thus, creating highly entangled target qubits requires
the relaxation time of the MSS to be long compared to the number of spins in the MSS
times experiment time, 71 > Ntgp.

Different factors compete in determining the practical size of the MSS. The number of
spins in the MSS needs to be large enough to satisfy the macroscopic distinctness condition,
N; > 16/(1 — €)?, and the distinguishability criteria according to the resolution of the
measurement, Ny > 4Am/(1 — €), where Am is the minimum number of spin flips the
measurement apparatus can detect. The overall lower bound on the size of the MSS is
Npin, = max(min(Ny), min(Ns)). Upper bound on the size of the MSS is imposed by
the fragility of the micro-macro entangled state between the target qubits and the MSS
and as a result the fragility of the bipartite entanglement of the target qubits to noise,
Nmax K Tl/tezpp-

To summarize, among the required resources, the control tools are available, highly
polarized initial states of the MSS and long 7} relaxation times are feasible at low tem-
peratures. The bottleneck is implementing a collective measurement on the many-body
state of the MSS that follows the required state-update-rule; namely probabilistic selection
of the states of the MSS correlated to zero magnetization of the qubits over the states of
the MSS correlated to +1 magnetizations of the qubits with minimum disturbance to the
selected states.
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Chapter 6

Conclusion and Future Works

One of the main challenges in building complex quantum systems is connecting separated
qubits. Mesoscopic systems are particularly attractive candidates for this purpose due
to their local coupling to the qubits, their extension in space and their collective quan-
tum characteristics. In this thesis, we analyzed creating quantum correlations between
separated quantum systems through an intermediate mesoscopic system from a new per-
spective. We introduced novel techniques for entangling two non-interacting qubits by
measuring their joint state through the mesoscopic system. These scenarios were used to
quantitatively evaluate the resources needed for using a mesoscopic system to entangle
uncoupled qubits.

First, we introduced a simple idealized method that facilitates entangling the qubits by
implementing two successive projective measurements on the mesoscopic system, including
and excluding two spins in the mesoscopic system that are locally coupled to the target
qubits. The success of this procedure relies entirely on the high-resolution collective mea-
surements on the mesoscopic system and it has little requirements on the other resources,
e.g. any initial state of the mesoscopic system is acceptable. Nevertheless, this method
does not take advantage of the large number of particles in the mesoscopic system.

Next, we proposed a general technique for implementing an indirect joint measurement
on the target qubits through the mesoscopic system. In contrast to the previous method,
indirect joint measurement benefits from the large number of particles in the mesoscopic
system to magnify the state of the qubits, and thus needs only a coarse-grained collec-
tive measurement on the mesoscopic system to create post-selected bipartite entanglement
between the target qubits. This method was designed to require only local interaction
between each target qubit and the mesoscopic system. It is robust to imperfect prepa-
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ration of the mesoscopic system. The measurement and post-selection on the mesoscopic
system only need to detect a large number of spin flips (on the order of the number of
particles in the mesoscopic system), and they must update the mesoscopic spin system’s
state according to the measurement outcome with minimum disturbance to the selected
state.

Lastly, we evaluated the resources needed for implementing the indirect joint mea-
surement procedure using a mesoscopic system consisting of dipolarly coupled spin-1/2
particles. A mesoscopic spin system with two non-interacting halves, each coupled to one
of the target qubits was proved to provide a useful geometry that allows implementing the
magnification process with the experimentally available control tools; including collective
external control of the mesoscopic system, internal dipolar interaction between the spins in
each half of the mesoscopic system and local coupling between each target qubit and the
mesoscopic system. We showed that the general conditions on the amplified state of target
qubits and the mesoscopic system perfectly matches the specifications of micro-macro en-
tanglement between each target qubit and its nearby half of the mesoscopic system, in this
geometry. This equivalence brought clarity and accuracy in evaluating the requirements for
implementing indirect joint measurement and quantifying the sensitivity of this method to
the experimental imperfections. In particular, bipartite entanglement between the target
qubits was shown to be robust to imperfect preparation of the mesoscopic system follow-
ing the robustness of micro-macro entanglement. Moreover, the sensitivity of the target
qubits’ entanglement to noise was estimated based on the fragility of the micro-macro en-
tangled states and was shown to be consistent with simulation results for small sizes of the
mesoscopic system.

This thesis complements the ongoing studies on the collective quantum dynamics of
mesoscopic systems and brings new insights into the opportunities that these many-body
systems provide for entangling separated quantum systems. We expect our work to moti-
vate future experiments and ultimately lead to developing technologies that can be inte-
grated into quantum processors and quantum measurement devices.

The presented study can be expanded in different directions both towards more com-
prehensive theoretical analyses and towards future experiments. On the theory side, an
immediate extension of the indirect joint measurement technique, that eliminates the chal-
lenging step of the measurement and post-selection on the mesoscopic system, is to investi-
gate entangling the target qubits by first, creating micro-macro entanglement between one
qubit and the mesoscopic system, then flipping the state of the second qubit conditioned
on the state of the mesoscopic system. This approach can be viewed as generating an
indirect CNOT gate between the two non-interacting qubits mediated through the meso-
scopic system where the first qubit is the control qubit and the second qubit is the target
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qubit. Flipping the target qubit conditioned on the state of the mesoscopic system can
be conversely seen as measuring the state of the mesoscopic system by the target qubit.
The target qubit is coupled locally to the mesoscopic system; thus, this measurement is a
local measurement as opposed to the collective measurement on the mesoscopic system in
indirect joint measurement scheme. It will be interesting to estimate the resources needed
for implementing this protocol as well as its success probability, and compare the results
to the indirect joint measurement scheme.

We demonstrated that micro-macro entanglement plays a crucial role in entangling two
non-interacting qubits through an intermediate mesoscopic spin system. Here, we briefly
discuss opportunities for creation and verification of micro-macro entanglement using the
electron spin of a nitrogen-vacancy (NV~) center in diamond as the qubit and phosphorous
nuclear spins doped in a silicon crystal as the mesoscopic system. The goal is not to propose
an experiment but to show that experimental opportunities and theoretical questions are
close to each other.
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Figure 6.1: (a) A schematic of the spin systems. (b) Effective interaction between the
phosphorous spins mediated through their nearby electron spins. (¢) A quantum circuit for
creating micro-macro entanglement between the NV qubit and the mesoscopic phosphorous
spin system based on the method discussed in section 5.4.2.

Figure 6.1(a) shows a schematic of the spin configuration. The electron spin of an
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NV~ center close to the diamond surface is considered as the microscopic system. The
electronic structure of an NV~ center effectively forms a three level, spin 1 electron. In
zero external field, the |£1) levels are degenerate and separated from the |0) level by a
zero-field splitting of 2.87 GHz. Introducing an external field along the NV axis removes
the degeneracy between the |[£1) manifolds, and two levels of this three-level system (e.g.
|0) and |1)) can be treated as a qubit. The NV qubit can be initialized in the |0) state
and measured along the zero-field splitting through optically detected magnetic resonance

[107].

An isotropically purified 28Si sample enriched with 3'P is attached to the surface of the
diamond and the phosphorous nuclear spins form the mesoscopic system. Each phospho-
rous spin is accompanied by a donor electron. At low temperatures (less than ~ 35K) the
wave-function of the electron is localized around the phosphorous and the two spins are
coupled via a strong hyperfine coupling (~ 117 MHz). A powerful feature of this hybrid
(electron-nuclear spin) system is that it benefits from long coherence times of the nuclear
spins while high polarization and strong interactions can be achieved through the electron
spins. At low temperatures (~ 100 mK) and high magnetic fields (~ 7 T) the thermal
polarization of the electron spins is effectively 100%. Fast hyperpolarization of phospho-
rous nuclear spins has been demonstrated by transferring this polarization to nuclear spins

[105, 106].

A layout of the quantum circuit, based on the one-time interaction approach discussed
in section 5.4.2, is depicted in figure 6.1(c). Evolution of the mesoscopic phosphorous
system under the grade-raising internal Hamiltonian needs to create a globally correlated
state among the phosphorous spins, so that the local conditional gate, [0)0] @1y +
[1X(1], ® V& ® In—, has a global conditional effect. The grade-raising Hamiltonian can
be engineered from the dipolar coupling using collective pulses. However, direct dipolar
coupling between the phosphorous nuclear spins is negligible even at highest concentrations
(~ mHz at ~ 10'%/cm?). The dipolar coupling between the electron spins is six orders of
magnitude stronger (~ 1 — 10kHz at ~ 10 /cm?) due to their larger gyromagnetic ratio.
An effective strong interaction between the nuclear spins of phosphorous can be mediated
through the electron spins. This indirect coupling can be engineered using the electron-
nuclear hyperfine coupling and coherent control on both electron and nuclear spins [105].
Local interaction between the NV and the nearby phosphorous spins also needs to be
mediated through their corresponding electrons. The experiment needs to be done within
the relaxation times of both the NV and the mesoscopic system. The coherence time of the
phosphorous spins is extremely long at sub-Kelvin temperatures. The coherence time of
the NV electron spin can be extended using a nearby nuclear spin as a memory [109, ].

To verify micro-macro entanglement both entanglement between the qubit and the
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mesoscopic system and macroscopic distinctness between magnetization of the states of
the mesoscopic system correlated with different states of the qubit need to be confirmed.
We discuss a set of measurements to achieve these.

Macroscopic distinctness and correlation in one direction can be verified by measuring
both the qubit and the mesoscopic system along the quantization axis. The first step would
be to measure the NV by a single shot projective measurement along the quantization axis
(I = [0)0[,II; = |1)1]|). Such a measurement collapses the state of the mesoscopic
system along with the state of the NV. Repetitive measurement scheme through a nearby
carbon spin can be used to increase the visibility of the signal in this measurement [111].
Next the mean or the standard deviation of magnetization of the mesoscopic system along
the z-axis should be measured using a coarse-grained collective measurement e.g. inductive
measurement of the phosphorous spins. Observing different outcomes depending on the
outcome of the measurement on the qubit, proves macroscopic distinctness between the
states of the mesoscopic system correlated with the |0), and [1), states of the qubit. It also
proves correlation between the qubit and the mesoscopic system along the z-axis. Direct
inductive measurement of the phosphorous spins’ magnetization needs a large number of
spins (~ 1011712); if measured through the electron spins this number can be reduced by
three orders of magnitude (~ 1037?). A more physically viable approach is to measure the
mesoscopic system’s magnetization by observing the mean-field seen by the NV. Observing
different mean-fields depending on the outcome of projective measurement on the NV
confirms correlation between the state of the microscopic and the mesoscopic systems
along the quantization axis; however this measurement is a local measurement and can
not specify the extend of correlation, thus it is generally not enough to prove macroscopic
distinctness.

Proving correlation in one direction is not enough for demonstrating entanglement since
it can not discern an entangled state,

1
B)aanss = 5 (100 1) + 11 101))

from a classically correlated state,
1
Pass = 5(10){0], @ po + [1)(1], & p1)

A spin counting experiments, depicted in figure 6.2, can distinguish between the above
entangled and classically correlated states by measuring only the qubit. It can also verify
the extend of correlation between the qubit and the mesoscopic system, and thus prove
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Figure 6.2: A schematic of the spin counting experiment. This circuit measures the
coherence and the extend of correlation between the qubit and the mesoscopic system, by
measuring only the qubit.

macroscopic distinctness when direct measurement on the mesoscopic system is not avail-

able.

The evolution step, shown in figure 6.1(c), ideally prepares the micro-macro entangled
state, [#), g5 = \/Li <|O>q o) + (1), |¢1)>. The encoding step applies a collective rotation
along the quantization axis ¢/ on the mesoscopic system,

i 1 % % 1
i07: |¢>q7MSS ~ ﬁ <]0>qe 0(J)o |10) + y1>qe 0(J-) |¢1>)

et 0((J2)1-(J2)0)
= - (103, lo) + ¢ 1), 1))

where (J,); = Tr(|i;){¢;] J,) for i = 0,1. The relative phase in the above superposition
state is proportional to the difference in the average magnetization of the states |¢)y) and
|t1). By reversing the evolution, this phase appears on the superposition state of the
qubit only and can be detected by measuring the qubit in the transverse plane. Repeating
this measurement for different angles and taking the Fourier transform with respect to
0 reveals (J,); — (J.)o. If the evolution step prepares a classical mixture instead, p =
$(]0)(0] ® po + [1)(1] ® p1), the encoding step results in,

eiGJz( )e—iGJz ~

Parrss (10)(0], @ =0 poe =00 - [1)(1], @ €= e )

1
2
1
= 51030l ® po + [1){1], @ p1) = py,uss
Thus, even if the states py and p; have macroscopically distinct magnetization spectra, the

result of the spin counting experiment is independent of 6 since no coherence between the
two states exists.

The demonstration of micro-macro entanglement in solid-state is yet to be realized.
But as outlined above, the different components have already been achieved or are in reach
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within the current or near future technologies. One main challenge is combining them all
together. It remains to explore whether the discussed set of measurements are enough to
rigorously prove entanglement between the mesoscopic system and the qubit. If yes, what
are the conditions? If no, what other measurements are required?

We investigated procedures for creating micro-macro entanglement in spin systems
and provided a list of measures for verifying their validity. Our analysis paves the way
towards observing this extended quantum phenomena in solid-state. We also showed that
producing micro-macro entangled states between a qubit and a mesoscopic system provides
a new tool for information transfer and quantum control which may be used to connect
separated quantum systems. Fabrication and control of mesoscopic systems are practically
viable since atomic precision is not required. By illustrating their potential application in
quantum control, our study opens new avenues towards using mesoscopic spin systems in
large scale quantum architectures.
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