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Abstract

After introducing the fundamentals of quantum circuits for a general audience, this report evaluates two
means of constructing W-states: the probabilistic naive construction (PNC) and the optimized splitter
construction (OSC). These methods are compared in terms of asymptotic gate cost and other parameters.
Furthermore, a proof of Bell’s theorem is explored with new results concerning the probability of contradicting

elements of reality using W-states.
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1 Introduction

Quantum computing currently receives a lot of attention due to its ability to dramatically outperform
ordinary (classical) computing at many tasks. Quantum cryptography, in particular, is a still-developing
field with major ramifications for cybersecurity. Peter Shor’s seminal algorithm [1] makes use of quantum
phenomena to factor products of two large primes, which is virtually impossible for classical computers and

forms the basis of modern encryption.

Quantum computers harness the power of superposition to outperform classical computers. A set of
classical bits, represented by a string of Os and 1s, represents a definite state and can be read and written to
at will. By contrast, a set of quantum bits, or qubits, can be in a superposition of several bit strings at the
same time. Although it is impossible to determine the overall state of a qubit, since a direct measurement
“collapses” the superposition into one of its component states, it is nevertheless possible to linearly transform
the entire superposition without causing collapse. These linear operations, which must be reversible, enable
parallel processing of bit strings. Since adding a qubit to a register of qubits doubles the number of bit strings
that can be in a superposition, the power of quantum computers grows exponentially with the number of

qubits.

We-states are one of two main classes of multipartite entangled states, the other being GHZ states.! A
Wh-state is an equally-weighted superposition of “one-hot” states, i.e. states in which a single qubit is in the
state 1 and all the others are 0. For example, the 3-qubit W-state is

(Ws) =

)+ (1)

1 1 1
—1001) + — |010) + — |100) .
7 | 7 010) 7 100)

W-states have many applications. Jha et al. employ W-states to solve the n-queens problem [3]. W-states
are also used in quantum communication [4] and cryptography [5] protocols. More generally, W-states are

more robust than GHZ states in some ways [6,7] and their form can be exploited to disprove locality [8].

Wh-states are difficult to construct with elementary gates, however. Most constructions are complicated
and tend to be specific to the underlying quantum computer [9-12]. In §3 of this report I analyze two
approaches to constructing W-states, neither of which utilizes advanced gates common to other constructions.
The two approaches are compared in terms of asymptotic gate cost and other parameters. A generalization
of Cabello’s proof of Bell’s theorem using W-states [8] is given in §4. Finally, a brief explanation of LOCC

classes is given in §5.

Before presenting the new results obtained in this study, we first provide an introduction to the basics
of quantum information theory, including quantum circuits, for a reader who is new to this field. An
understanding of the material in §2 should be sufficient for an understanding of the rest this report. For
a more thorough introduction to quantum information and circuits, the reader is referred to the excellent
works of Nielsen and Chuang [13] and Mermin [14].

1For more than 3 qubits, other classes include the cluster states, which have their own interesting properties [2].



2  Quantum Circuit Preliminaries

This section introduces some of the basic notions of quantum computer science. A reader who is already

proficient in this subject may skip to §3. This section also covers the notation that I use throughout the

report, and thus may be worth skimming. Table 1 summarizes the essentials of the notation used in this

report.

Symbol(s)

Meaning

0)

1)

in the Z-basis (the “computational” basis)

The state represented by {(1)

—_

The state represented by [ﬂ in the Z-basis

[+) The state represented by % E] in the Z-basis
1. .
[—) The state represented by _q|in the Z-basis
[A) The state represented by % B] in the Z-basis
[V) The state represented by % {1 } in the Z-basis
(W) The W-state comprising n qubits
U; The gate U applied to qubit 4
C,U; The gate U applied to qubit j if and only if qubit ¢ is in the state |1)
C;U; The gate U applied to qubit j if and only if qubit ¢ is in the state |0)
Ti=y x is defined to be equal to y
TRY x is approximately equal to y
f(n) ~gn) | f(n) € ©(g(n)), or f(n) is on the order of g(n)

Table 1: Some notation used in this report.

2.1 What Is a Qubit?

Just as an ordinary bit (or cbit, for “classical bit”) can be 0 or 1, a qubit (pronounced g-bit, for “quantum

bit”) can be in two distinct (i.e. orthogonal) states denoted by |0) and |1). However a qubit, unlike a cbit,

can be in a superposition of two orthogonal states. Mathematically speaking, a qubit is described by a unit

vector in a two-dimensional Hilbert space over the complex numbers. What this means is that the most



general state of a qubit is of the form

) = col0) + 1 [1), (2)
where |co|? + |e1]? = 1. (3)

The latter equation is called the normalization condition, and it ensures that the quantities |co|? and |c;|?
can be interpreted as the probabilities of finding the qubit in the state |0) or |1), respectively, if it is initially

prepared in the state |¢). All states will be assumed to be normalized unless stated otherwise.

The inner product of two vectors [i) and |p), written (1|p), is a complex number whose magnitude is
at most 1. The larger the magnitude of this number, the more similar the two states are. To evaluate the
inner product of the states |¢)) = ¢g [0) + ¢1 |1) and |¢) = dg |0) + dy |1), one must first determine the “bra”
of v, given by

(W] =)t (4)
= ¢ (0] + ¢} (1] (5)

where * denotes complex conjugation. Then, using the fact that (0|0) = (1|1) = 1 and (0|1) = (1]0) = 0, one
finds that

{¥lp) = codo + cids. (6)

Note that if two states |¢) and |p) are normalized by (3), then |(1|p)|?> < 1. In fact, (3) is sometimes
expressed as [(¢|)| = 1. This form of the normalization condition applies to higher dimensions, i.e. states

representing more than one qubit. The physical meaning of ¢y and ¢; will be discussed further in §2.2.

2.1.1 The Bloch Sphere

The Bloch sphere provides a useful visualization of single-qubit states. Consider the unit sphere in three
dimensions. Every point on the surface of the sphere corresponds to a unique pure quantum state. This may
seem impossible at first, since ¢y and ¢; have a real part and an imaginary part, making a total of 4 unknowns,
whereas a point on the sphere is specified by only two parameters, namely its spherical coordinates (6, ).
However, the overall phase of a quantum state has no physical meaning, so ¢g can be assumed to be a real
number. Furthermore, (3) allows for one of the remaining 3 unknowns to be solved for in terms of the other
two. It can be shown that ¢y and ¢; can be expressed by 0 € [0, 7] and ¢ € [0, 27] as

Co = cos 5 (7)

6
?gin =
sin . (8)

c1 = ei
Points on opposite sides of the sphere are orthogonal to each other. For example, |0) corresponds to
6 = 0 (the north pole), and |1) corresponds to 8 = 7 (the south pole). Of course, at these points, ¢ becomes

meaningless.



Note that in 3-d space, |0) and |1) lie along the z-axis. Other notable antipodes are those that lie along
the x-axis, here denoted |+) and |—) and those on the y-axis, denoted |A) and |V). Any pair of antipodes is
a basis for the Hilbert space in which qubits live. Table 2 shows how various basis kets can be expressed in

terms of each other.

State (0, 9) In X-Basis In Y-Basis In Z-Basis
+) (m/2,0) +) A =N)+A+[v) | 10)+]1)
=) (m/2,m) =) A+ N)+A=ilv) | 10)—]1)
N | (m/2m/2) | (A+i) )+ (1 —d)[=) IA) 0) + 1)
V) | (7/2,37/2) | (1=i)|[+) + (1 +4) =) V) 0) —i]1)
0) (0,9) +)+1-) IA)+1V) |0)

1) (7, ¢) +) = 1= —i[A) +i|V) 1)

Table 2: Basis states along x-, y-, and z-axes expressed as non-normalized superpositions of each other.

2.1.2 Matrix Representation

c
Qubits are readily represented by vectors. The general 1-qubit state ¢y |0) + ¢1 |1) can be written as [ O] .
C1

Note that the ket became a column vector. The corresponding bra cfy (0] 4 ¢} (1| would be written as the row
vector {CS cﬂ. In this way, the “braket” (¥|¢) is standard matrix multiplication, and the normalization

condition (¢|1)) = 1 is quite clearly equivalent to (3).

2.1.3 Multiple Qubits and Entanglement

To deal with quantum circuits, one needs to work with the states of multiple qubits. A two-qubit state in
which qubit 0 is |0) and qubit 1 is |1) can be expressed as |[10). This convention generalizes to multi-qubit
states, where the qubit states are written right-to-left. The state of qubit 0 appears at the far right of the
ket; the state of qubit 1 appears to the left of qubit 0; and so on.

The notation |10) is really a shorthand for |1) ® |0), where ® is the tensor product. A brief summary of
the properties of the tensor product is given in Table 3. For two qubits, we have the following definition,

which generalizes to more qubits:

|23) := [)) @) (9)
where 4,7 € {0,1} and n = i2! 4+ j2°. Note the subscript in (10) denotes the number of qubits described

by the state (clearly |02) = [00) is not the same as |03) = |000)). One must not confuse |ng) with |n) ; the
former is a state of g qubits, while the latter describes the state of the gth qubit.



Property

Identity

Scalar multiplication
Left distributive
Right distributive

Inner product

c(|) @) = (c|¥)) @[p) = [¢) @(c|¥))
1) @) + 1) = |¢) @) + [¥) @ |)
(1) + 1)) @) = [9) @) + @) @ [1w)
(] @ (2]} (1) ®[02)) = (1) (Y2l p2)

Table 3: Properties of tensor product.

If the kets are replaced with matrices, the tensor product has clearer meaning. For two arbitrary qubits
) = ag|0) + a1 [1) and @ = bo |0) + b1 [1),

bo
by

ao

) ® |) ® (11)

a1

_boao

b

01 (12)
bl(lo

biay

States such as (12) that can be broken down into a tensor product of single qubit states are called product

states. Manipulating one qubit of a product state does not affect the other qubits.

Now consider the following state of a system of two qubits:

|¥) = co1]01) + c10 [10) . (13)

There is no way to write |¢)) as a product of single-qubit states |11) and |1)2), so |1} is not a product state. It
an example of an entangled state. If qubit 0 were measured to be up, then with absolute certainty the other
qubit would be down. If qubit 0 were measured to be down, then qubit 1 would have to be up. This is true
regardless of the physical distance between the qubits! This is a manifestation of quantum nonlocality, or as

Einstein once put it in a letter to Max Born, spukhafte Fernwirkungen— “spooky action at a distance” [15].

2.2 Measurement and The Born Rule

Having dismissed two parameters describing a qubit as nonphysical in §2.1, it is may not be entirely clear
what is physical about qubits. A partial explanation of this has been given under (3), but that point will

be expanded upon further here.

When a qubit is “measured” along an axis it is forced to take on a definite value on that axis. For example,
measuring an arbitrary qubit 1)) = ¢y |0) + ¢1 |1) along the z-axis will result in either |0) or |1), forcing the

qubit to take on the resulting state. The probability Py of taking on |0) is |co|?, and the probability P; of



taking on |1) is |c1|?. In general, if |1) and |]) are basis states,

Py =T [ (14)
Py =1 )2 (15)

This principle is known Born’s Rule. When measuring a state consisting of multiple qubits, an orthogonal
basis must be chosen to measure along, and each basis state has a probability associated with it given by a
formula akin to (14) and (15).

Now suppose that only a subset of all qubits in an entangled superposition |¢)) are measured. Let m
be the number of qubits measured out of n total qubits. If |ei> is the ith basis vector of some basis of an

m-qubit space, then [1) can be expressed as

2™m—1

W)= ale)@le') (16)

=0

where |cpi> describes the state of the remaining n — m qubits. In this form, it is evident that the probability
of finding |ei> is |c;|2. Another outcome of such a measurement is that the non-measured qubits collapse to
the state ‘<pi>. This rule has been called the generalized Born rule [14], and it is a powerful technique that
will be used in §3.2 and §4.

2.3 Special Quantum States
2.3.1 Bell States

The Bell states are maximally entangled 2-qubit states. They are mutually orthogonal, and form a basis for

two qubit-systems.

|oF) = % |00) + % 111) (17)
|®7) = % |00) — % |11) (18)
|ot) = % j01) + % |10) (19)
o) = % j01) — % |10) (20)



2.3.2 GHZ States

Greenberger-Horne-Zeilinger states [16], or GHZ states, are an infinite class of states. It is a long name for

a simple concept: the qubits are either all up or all down. A GHZ state on n qubits is defined as

1 1 "
(GHZ,) 1= 10 + 512" = 1)) (21)

1 1
= 751000+ —Zo L. 1). (22)

For example, |®1) is GHZ states of two qubits, and |®7) is a GHZ state up to a difference in phase.

2.3.3 W-states

Like GHZ states, W-states are a class of multi-qubit states. In a W-state, precisely one of the qubits is on,
and the rest are off. A W-state for an n-qubit system is described by

n—1 1 .
=D 7= 1@ (23)
2 75 1@m)

01) + .010) + .0) + 00) . (24)

1
_%mo.u f|0 f|010 \F“O

The Bell state [¥1) is a W-state on two qubits, and |¥~) is a W-state up to phase.

2.4 Quantum Gates

A quantum gate changes the state of a qubit. I will refer to qubits as “passing through” gates, although this
is not necessarily what physically happens in a quantum computer. It is also mathematically appropriate to
speak of a gate “acting” on one or more qubits, or “mapping” one state to another, since gates are merely

linear transformations.

All quantum gates are unitary; that is, if U is a gate represented by a matrix U, then UTU = I (where
Ut is the conjugate-transpose? of U). This property is necessary to ensure that states remain normalized

after passing through gates.

In this report, I use typewriter font to denote gates. However, for all intents and purposes, a quantum
gate is just a unitary matrix and I will treat them as such. In particular, I will write “U"” without hesitation

from here on.

2Also known as the Hermitian conjugate, or adjoint.



2.4.1 Single Qubit Gates

The most conceptually simple gate is the NOT gate. When a qubit passes through a NOT gate, its |0) component
flips to |1) and vice versa. That is, NOT(co |0) + ¢1 1)) = ¢o|1) + ¢1 |0). Because the NOT gate corresponds to
a 180° rotation around the z-axis on the Bloch sphere, it is usually referred to as the X gate. Its effect on

qubits is repeated below:

X(Co |O> + |1>) = Cp |1> + ‘0> . (25)

Unlike X, the next two gates have no natural analog in classical computing. They correspond to 180°

rotations around the y- and z-axes. Respectively, they are Y and Z. They produce the following effects:

Y(co |0) + 1 1)) = ico 1) —icy |0), (26)
Z(co|0) + c1]1)) = co [0) — 1 [1). (27)

Note that these two gates affect the coeflicients as well—in fact, that is all Z does. None of the gates
introduced thus far have been able to take |0) into a superposition of |0) and |1). The Hadamard gate, H,
defined by

co+c1

B(eo [0) + 1 1)) = 72

), (28)

is unique among the common gates in this respect.

For many purposes, H is the only gate needed to “split” states into superpositions. I will later introduce a
generalized class of “splitter” gates that are useful for constructing W-states. Table 4 summarizes commonly

used gates, including the identity gate I which does nothing to qubits that pass through it.

Gate | Matrix Representation | Maps |0) to | Maps |1) to

1 0

: o 0) i
0 1

X i T 0)
0 —i . .

Y L 0 } i|l) —i0)
1 0

z o 0) -1y

. |11 10)+]1) |0)—11)

v2 [T -1 V2 V2

Table 4: Summary of common single-qubit gates.



More gates remain to be discussed. T'wo simple ones are the phase gate S and the T gate T,

where clearly T4 = 82 = Z.

Perhaps the most important gates—or really, infinite family of gates—don’t often appear explicitly in
circuits, but are used in the construction of so many other gates as discussed in §2.5.2. The gates correspond

to general rotations about the z-, y-, and z-axes on the Bloch sphere.

0 0 0 [ cosf —ising

R.(0) := exp iX) =Icos— —iXsin- = (:_08.20 ZSHZz (31)
2 2 2 |—ising  cosg
0 0 0 [cos§ —sing

Ry(6) :=exp | —iY ) =Icos— —iY¥sin- = C_Osg Smf (32)
2 2 2 |sing  cosg
0 0 0 [exp(—id

R.(0) := exp (—iZ) =TIcos—- —iZsin- = exp (~13) » (33)
2 2 2 I 0 exp (z 5)

Since any gate corresponds to a unique rotation on the Bloch sphere, any gate can be uniquely decomposed
into three rotation gates according to Euler angles. Rotation gates can be used to prove the following

theorem [17], which has relevance later in §2.5.2.

Theorem 1. For any gate G there exist gates A, B, and C such that G = AXBXC and ABC = I. In particular,
if 6= R.(a)Ry(0)R.(5B), then A= R.(a)R.(0/2), B = Ry(0/2)R.(—(a+ 5)/2), and C = R.((8 — ) /2).

Finally, I conclude with what I refer to as the “overall-phase gate,” ®(¢). It is a family of gates similar to

the rotation gates. Like the identity gate, it is is useful in discussing mathematical relations between gates.

el
2(6) 1= [ eﬁ;] (39)

2.4.2 Multi-Qubit Gates

A gate for a single qubit affects only that qubit and no others. When there are n > 1 qubits, it is convenient

to specify which qubit a gate acts on with a subscript. For a gate (or any linear transformation) G, let

G = I®" i lg o I1®t, (35)



Observe that (35) describes a multi-qubit gate that acts with G on qubit ¢ (0 < i < n) and leaves all
other qubits untouched. The notation introduced above is invaluable for describing single-qubit gates in
multi-qubit systems, but single-qubit gates offer no means of entangling (or disentangling) a set of qubits.

To this end, it is necessary to use multi-qubit gates.

There are surprisingly few standard gates that act on multi-qubit systems. One reason for this is simple:
it is difficult to physically implement such gates. The most important gate, perhaps out of all quantum
gates, is the controlled-NOT gate, abbreviated as CNOT or CX. It is analogous to a conditional statement in
classical computing. CX acts on two qubits, referred to as the “control” and the “target”. The target is
flipped (as if passed through X) if and only if the control is in the state |1), or “on.” This manifests as the

following formula:
CX(CQO |00> + co1 |01> + c1o ‘10> + c11 ‘11>) = (C()O ‘00) =+ co1 ‘01) + c1o |11> + c11 |10>) (36)

where qubit 0 is the target and qubit 1 is the control.

To be clearer about which qubit is the control and which is the target, I will apply subscripts to the
symbol. C;X; will mean that qubit ¢ is the control and qubit j is the target. For example, in (36), CX could
be replaced with C1Xgy for enhanced clarity.

There are many ways of generalizing the concept of controlled gates.

More Control Qubits To specify more control qubits, I will increase the number of Cs. For example,
CCX = C3C1Xg = C1C2Xp applies X to qubit 0 if and only if qubits 2 and 3 are both in the state |1). The CCX

gate is also known as the Toffoli gate.

Different Controlled Gates It is also useful to have other gates controlled by a qubit. Most common is
CZ, which applies the Z gate to qubit 0 if and only if qubit 1 is in the state |1). Extrapolating this, define
C;G; to apply gate G to qubit j if and only if qubit ¢ is in the state |1). Formally, in a system with n qubits
and for i # j,

CiG; := [0) (0l; + [1) (1], G; (37)
using the notation introduced in (35).

In the special case where a system only has two qubits, a C1Gy gate has the following form:

C1Go = E O] , (38)

G

where 0 is the zero matrix.

10



More Target Qubits If a collection of qubits 4, j, k are controls for multiple controlled gates A,,Bp, Dy, it

is convenient to write

CiCjCrAaBDy = (I¥™ — [111) (111],;,) + [111) (111]
=1I%" 4 (A,BpDg — I®™)[111) (111]

ijk A,BpDg (39)
ijk *

Also note that C;C;CrA,ByDg = (C;C;CrA,)(C;C;CkBy)(CiC;CrDyg), and all the factors commute.

Even more generally, if C' is a set of control qubits and T' is a set of target qubits with G(¢) being the
gate applied to qubit ¢t € T,

CeG(t)r = <I®" -1Im <1|c> + (H 1) <1c> [Tc: (41)

ceC ceC teT
=1®" 4 (H G(t)y — I®"> Il (42)
teT ceC

where as usual n is the total number of qubits.

The forms of (41) and (42) should be intuitive. The first term of (41) maps a state that does not contain
the all-1s state of the qubits in C to itself; the second term acts with G(¢); for all ¢ € T on any other state
(i.e., a state in which all qubits ¢ € C are |1)). (42) is easily derived from (41) using the bilinearity of the
tensor product. Its intuitive meaning is different, but equivalent: the first term maps every state to itself,
and the second term acts on any state in which the control qubits are all |1) by acting on the target qubits

and canceling out the output of the first term.

Different Activation Requirements If the previous generalization is not general enough, it is possible
to go one step further. We can specify exactly what state each control qubit must be in for the controlled

gates to activate. Extending (42) and letting [¢(c)) be the state that qubit ¢ must be in for activation,

W Da(t)y =187 + (H G(t) — I®n> I (@) W, (43)

teT ceC

For convenience, let

CoG(t)r == ca(t)r. (44)
I will often adopt the notation of (44) in simpler schemes, such as CX, which negates the target qubit if and
only if the control qubit is off.

Swap Gate There is one other ubiquitous multi-qubit gate: the SWAP gate. It and its variants play
important roles, although perhaps not as fundamentally as CNOT. The swap gate does exactly as it claims
to do: it swaps the states of qubits 0 and 1. When applying a swap gate to a system with more than two

qubits, it is necessary to use subscripts to specify which qubits to swap. Its most general form is thus SWAP;;.
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Of course, SWAP;; = SWAPj;.

2.4.3 Properties of Gates

A reader familiar with quantum mechanics may have already noticed that X, Y, and Z are the Pauli matrices,

and thus have all the same properties. Most importantly, they are their own inverses:
XX=YY=7Z=1. (45)

Some readers may also have noticed that the Hadamard gate is a Hadamard matrix scaled to have determi-

nant —1, so it follows that
HH = I. (46)
Obviously, the same holds for the controlled versions of those gates:

(CX)? = (CY)? = (CZ)? = (CH)? = 1®2 (47)

The controlled-Z gate has a particularly interesting property. In matrix form, along the lines of (38), we

have
1 o
C1Z0 = 48
e (48)
1 0 0 o
010 0
= (49)
001 0
000 -1
= CoZs. (50)

Table 5 also demonstrates this equality, since a gate is entirely determined by its action on a basis.

) | CiZo ) | CoZi [¥)
00) | 100) |00)
|01) |01) |01)
|10) |10) |10)
[11) | —111) —|11)

Table 5: Input and output table of controlled-Z gate with different configurations of control and target.

It is also important to know how these common gates interact with each other. Since there is no way

of “adding” two gates together in a quantum circuit,® only multiplicative relations are strictly necessary to

3In some sense it actually is possible to add gates together using controlled gates where the control qubit is in a superposition
of |0) and |1). Chiribella et al. take this a step further and describe superpositions of entire circuits [18].
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understand. However, additive relations still offer insights into the multiplicative relations, so we will briefly

explore some.

Additive Relations By inspection, it is clear from the matrix representations of X, Z, and H that

X+Z
L

V2

It is in some sense fair to say that the Hadamard gate is a superposition of the X and Z gates. One could

(51)

just as easily define superpositions of the other two pairs of Pauli matrices:

X+Y

Cyy == 7

Y+ Z

GYZ: \/g .

To my knowledge, these last two gates do not appear in the literature. Nor need they—the Hadamard gate

(52)

(53)

alone covers most of their use cases. I will mention them later in this section and then promptly discard
them.

Multiplicative Relations The first thing to note is that, like the quaternions, the Pauli matrices are
anticommutative (e.g. XY = —YX = ®(7)YX). It immediately follows that conjugating one Pauli matrix by

another yields the negation of the former. However, unlike the quaternions, we have XYZ = ®(7/2).

The anticommutativity of the Pauli matrices and the form of the Hadamard gate given in (51) can be

used to prove an important pair of relations between H, X, and Z:

HXH = Z (54)
HZH = X (55)

In words, conjugating X by H yields Z, and vice versa. Note that (55) also follows immediately from (54) and
(46). The same sort of relations also hold between Gxy, X, and Y, and between Gyz, Y, and Z.* Relations (54)
and (55) will soon be used to show a remarkable result that distinguishes quantum computing from classical

computing.

One more observation is needed. Let G be an involutory gate (that is, G> = I), and consider the actions
of Go(C1X0)Go. If the control qubit is off, the target qubit is acted on by G twice in a row, thereby canceling
itself out. If the control qubit is on, the target qubit is acted on by G, then X, then G again. It follows that
Go(C1X0)Go is actually a controlled-GXG gate:

G* =1 = Go(C1X0)Go = C1 (GXG)o. (56)

The above claims lead to the identity given in (62). This identity demonstrates that the roles of control
and target qubit in a CX gate can be switched by applying single-qubit gates before and after. It goes without

471 shall now discard Gxyand Gyz.
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saying that classical computers are incapable of this.

H®2(C1Xo)H® 1 (HXH) o )Hy
1 C1 ) via (54)

(c (57)
( (58)
1(CoZ1 )H, via (50) (59)
( (60)
(61)
(62)

1

1(Co (HXH) 1)Hy via (54)

1)?(CoX1) (Hy)?

H
H
H
H
= (H
C

via (46)

Rational Radicals Sometimes it is necessary to find a gate that, when applied many times to a single
qubit, is equivalent to the application of some other gate. For example, one implementation of the Toffoli gate
uses controlled-v/X gates. The usual way of finding a matrix raised to a rational power is by diagonalizing
it, i.e. G¥ = UD*U~!. For involutary gates, the following simpler formula holds (where n is the number of

qubits):

o ViI®" +V/=iG

NG (63)

2.4.4 Universality of Gates and Arbitrary Approximation

A significant difference between quantum computing and classical computing is that any quantum circuit
can be realized using only two-qubit gates [19], whereas a classical circuit may require one or more three-bit
gates. In this sense, two-qubit gates are “universal” for quantum computation. In fact, it has been shown

that CX and single-qubit gates are universal [17].

Perhaps even more impressively, if a pair of gates is chosen in a particular way, any single-qubit gate
can be simulated to arbitrary accuracy via finitely many applications of those two gates. The Bloch sphere
aids in reasoning here. If two gates correspond to rotations of 6y and 6, around different axes, and 6, /7 and
0/ are irrational, then any rotation (ergo any gate) can be approximated to arbitrary accuracy [20]. This

fundamental result is known as the Solovay-Kitaev theorem.

The universality of CX and single-qubit gates and the Solovay-Kitaev theorem together imply that only
three well-picked gates can approximate any other gate to arbitrary accuracy. Therefore, if a quantum

computer can execute three specific gates to high accuracy, it can execute any quantum algorithm.

14



2.5 Quantum Circuits
2.5.1 How to Read a Circuit Diagram

A circuit diagram is a graphical representation of a quantum algorithm. A diagram consists of horizontal
lines representing qubits, and blocks with symbols on those lines representing gates. Time passes from left
to right. The qubits are ordered bottom to top, analogous to how the qubits in a ket are ordered right to
left.

Figure 1 shows a circuit that constructs [¥1) when its “input register” is |00). The circuit is equivalent
to X1(C1Xp)Hy |00). Note that because gates are prepended to quantum states mathematically, the order in
which they appear is flipped compared to the circuit. The vertical line joining a black dot and an X gate
denotes C1X(. Black dots are placed on control qubits. If the dot were white instead as in Figure 2, the gate

would represent CqXg.

Figure 2: Construction of |¥*+)using C;Xo.

The input register is almost always initialized to zeros. Sometimes it is not specified. For example, Figure

3 is a circuit identity equivalent to (62).

Figure 3: Circuit identity for (62).

Quantum algorithms might also involve measurement. The meter symbol in Figure 4 indicates measure-
ment of a qubit along the z-axis. Since such a measurement always results in a definite 0 or 1, the information
from a measurement is encoded in a bit. The double line in Figure 4 indicates the transport of classical
information which, in this case, serves to activate the X gate below only if the result of the measurement is
al.

It should be noted that the output of Figure 4 is not an entangled state. The bottom qubit is not even
in a superposition of |0) and |1). It is instead called a “mixed state,” which are in general described by

probability distributions. Mixed states fill the interior of the Bloch sphere.
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Figure 4: Circuit that outputs |0) in the lower qubit with probability 3 and |1) otherwise.

There are a few other notations used in quantum circuits, such as depictions of general multiqubit gates,
swap gates, more general measurements, and multi-qubit wires. The notation covered in this section is
sufficient for the remainder of this report, so rather than introduce yet more notation, I will move on to

applying these ideas to the problems of interest.

2.5.2 Constructions of Arbitrary Controlled Gates

Some constructions of W-states will make use of multiply-controlled gates. In practice, these gates can be
difficult to physically implement because they typically consist of many other gates. Since qubits are so
delicate, increasing the number of gates generally increases the probability of unwanted collapse, so it is of

utmost importance to minimize the number of gates in any given algorithm.

In this report, the controlled-NOT gate will be taken as the only fundamental multi-qubit gate. All

single-qubit gates will also be considered fundamental. I will refer to CX and single-qubit gate U as “atomic.”

The construction of CU for a general single-qubit gate U takes inspiration from the Bloch sphere and Euler
angles. By Theorem 1, U can be expressed as AXBXC for some gates A, B and C with ABC = I. The circuit
identity for CU in Figure 5 immediately follows. Under this construction, a general CU gate consists of three

single qubit operations and two controlled-NOTs, for a total of five atomic gates.

o @ e

Figure 5: Construction of arbitrary CU gate.

A multiply-controlled NOT gate can also be broken down into several CX gates. Consider Figure 6,
which shows a more general gate construction. One can find V such that V2 = X using (63): V = /X =
o | ViV
V2= Vi

controlled gates, two of which are CX. Combined with the result from Figure 5, a general CCU gate needs up

Figure 6 shows that the worst-case scenario for a doubly-controlled gate requires five

to eight CX gates and nine single-qubit gates, totalling 17 atomic gates.

Despite the ostensibly rapid increase in gate cost from 5 to 17 by adding another control qubit, the
number of atomic gates needed to construct a controlled gate can be made linear with the number of control

qubits. A proof of Theorem 2 is given by Barenco et al. [17] (see Corollary 7.10).

Theorem 2. For n qubits, a general (n — 2)-controlled gate requires on the order of n atomic gates.
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Figure 6: Construction of arbitrary CCU gate, where V2 = U.

When precision is desirable, I will use Cy(k) to denote the number of atomic gates needed to simulate a

k-controlled U gate.

The above constructions have all been of controlled gates that activate when each control qubit is 1. While
arbitrary control requirements are possible as discussed in §2.4.2, CU and CU gates are the most common.
Normal controlled gates can be easily converted to reverse-controlled gates by conjugating the control qubit
with NOTs. Since two consecutive NOT gates cancel each other out, a single qubit acting as a control-on-0
multiple times in a row only needs to pass through a total of two NOT gates. The top qubit of Figure 7 acts

twice in succession as a control-on-0, and thus the inner X gates cancel.

Figure 7: Construction of reverse-controlled gates. The dotted box indicates where two X gates canceled
each other out.
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3 Constructions of W-states

Achieving a superposition of n one-hot states on n qubits is actually very simple using controlled Hadamard

gates. The difficulty is in controlling the probabilities to make each state equally likely.

3.1 On 2* Qubits

When the number of qubits is a power of two, there are two simple tricks that can be used to make a W-state.
The key behind both tricks is to realize that the Hadamard gate, when applied to a qubit in a Z-basis state,
doubles the number of terms in the superposition describing the system.

For instance, take the initial state |00). This state has a single term. Now apply Hy to transform the
state into % |00) + % |01). The state of the system now has two terms, both equally likely to be the result
of a measurement along z. Applying Hy again would collapse the system back to one term, but applying Hy
would double the number of terms up to 4. No other gate introduced in §2.4.1 is able to “split” a state into

more states in this way.

Let an input register of n = 2% qubits all be initialized to 0. Apply H®* to the first k qubits. After k
Hadamards there are 2* states in the overall superposition. Furthermore, each state is equally likely. One
can simply map each of the 2¥ states to a unique one-hot state. Figure 8 shows the construction of [W,)
using this method, with emphasis on subcircuits devoted to mapping individual states. Figure 9 shows the

construction of |Wg) using the same method, but organized differently.

Figure 8: Construction of [W,) using naive method. Left to right, the enclosed subcircuits split |0000) into
4 equally likely states; map |0000) to |0100); and map |0011) to |1000).

This method has two shortcomings, earning it the title “naive construction.” First of all, it does not nicely
generalize to n # 2F qubits, although §3.2 discusses a means of getting around this limitation. Second, it
uses more gates than theoretically needed; §3.3 explores an alternative. The following theorem states the
asymptotic gate cost of the naive construction. I use Cy(n) to denote precisely the minimum number of

atomic gates needed to simulate an n-controlled U gate.

Theorem 3. The naive construction of |W,) where n = 2¥ requires on the order of Cx(k)n € ©(nlogn)

atomic gates.

Proof. The number of Hadamards goes as k = logy n, which is negligible. We may suppose that the the
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Figure 9: Construction of |Wg) using naive method. First block: splitting |0g) into 8-state superposition.
Second block: placing 1s in desired locations. Third block: removing unwanted 1s.

system is in the state
1 n—1
Vs

The number of these k states in which precisely I qubits are |1) is (’f) So (’f) = k states are already

one-hot and do not need further processing. The remaining states do need processing, which consists of (a)
a handful of X gates implicitly applied to the split qubits to make reverse-controlled gates; (b) a k-controlled
NOT gate to set the desired qubit to |1); and later (c) I CX gates to correct for undesired |1)s. Neglecting (a)

and letting Cx(k) denote the number of atomic operations needed to implement a k-controlled NOT gate,

C ~ zk: (Cx(k) + 1) <’;> (65)

1=0,#1
k
k
= () (66)
= Cx(K)2" (67)
= Cx(k)n (68)
By Theorem 2, Cx(k) € O(k). So Cy, ~ kn = nlog,(n). O

3.2 On n Qubits, Sometimes

If n # 2%, the naive method of W-state construction can be extended using auxiliary qubits. The neces-
sary extension consists of constructing the W-state for the lowest power of 2 greater than n and filtering

out unwanted states by measuring the auxiliary qubits. Relying on measurement makes the construction
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nondeterministic, so I will refer to the method as the probabilistic naive construction (PNC). Figure 10

demonstrates this procedure to produce [Ws).

|0 @ E: Restart
0 @ Xz): Restart
0 @ @: Restart

Figure 10: Construction of |Ws) in bottom five qubits via PNC. If any of the measured qubits return 1, the
register is reset to Os and the circuit is run again.

PNC may seem very inefficient, especially when n is slightly greater than a power of 2. As Theorem 4
shows, however, is that even the worst case scenario has a cost on the order of nlogn. Intuitively, this is

because the chance of the |1) being found in the auxiliary qubits is always less than 1/2, regardless of n.

Theorem 4. The probabilistic naive construction of |W,,) requires on the order of nlogn atomic gates.

Proof. Let k € N such that 2871 < n < 28 =: N, and define § := N — n. From Theorem 3, the cost to
construct |[Wy) is on the order of Nlog N. After constructing |[Wy) and performing a joint measurement
on the § auxiliary qubits, there is a % of finding a qubit in the state |1). The expected number of attempts
needed to find all Os is thus ﬁ so the expected total cost for n qubits is

EC(n) ~ (NlogN) (1—15/N> (69)

N2

Also note that the input register must be set to 0Os before each attempt, necessitating more gates. However,
since the average number of attempts needed is essentially constant, and wiping the register requires on the

order of n gates, the cost of the resets is relatively negligible.

In the worst case, N = 2n so (70) becomes
EC(n) ~ 4nlog2n. (71)

The best case, where N = n, is of course non-probabilistic and is on the order of nlogn. So EC(n) €
O(nlogn). O

Several optimizations to PNC are possible. Of the last four gates in Figure 10, all but the very last
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one are completely unnecessary. Furthermore, each auxiliary qubit can be measured directly after passing
through the triple-controlled NOT gate. The circuit can be immediately reset as soon as a 1 is detected,
bypassing the remainder of the protocol. This optimization drastically cuts down on gate cost, but cannot
reduce asymptotic cost. Theorem 4 shows that even the unoptimized construction has the same asymptotic

cost as the deterministic construction of [Wyx). This motivates the following corollary to Theorem 4:

Corollary 5. No optimization to PNC can reduce its asymptotic expected cost to below nlogmn.

Proof. No matter how optimized, PNC of |W,,) can never be more efficient than the naive construction of
|[W,.) where m is the greatest power of 2 less than n. By Theorem 3, the cost to construct [W,,) is on the
order of mlogm. Since n/2 < m < n, the asymptotic cost to construct |W,,) must be bounded below by

(n/2)log(n/2), or equivalently, nlogn. O

3.2.1 Optimized Probabilistic Naive Construction

The probabilistic naive construction can be optimized by checking for 1s in auxiliary qubits as soon as
possible, rather than after the full W-state has been constructed. Doing so eliminates the need for auxiliary
qubits entirely, since the same qubit can be reused for each check and then again as part of the final W-state.

Figure 11 shows the optimized probabilistic naive construction (OPNC) of |W5).

The asymptotic gate cost of OPNC is nlogn, in compliance with Corollary 5. A more precise approxi-

mation of its expected cost is derived in Theorem 9, given in Appendix A.

e
o & e :
‘ L Ll
|O>@M ||
|0) gy P |
1 |1
0 ! |1
10) [ I
|0) ||

Restart Restart Restart

Figure 11: Construction of |W5) via OPNC. Block 1: splitting initial state into superposition of 8 states.
Block 2: filtering out three extraneous states from superposition. Block 3: mapping remaining states to
one-hot states.

3.3 On n Qubits, Always but Inefficiently

As previously claimed, there is no way of achieving even weights in an arbitrary w, state using only
Hadamards and controlled Hadamards. So although it may seem like cheating, one solution is to invent
a new gate. In this case, an entire new class of gates is needed. I will refer to them as “splitter gates,”

denoted S,, (not to be confused with the phase gate, S).
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Sp: (72)

= ﬁ
Splitter gates are designed to have the property that measuring S, |0) yields |1) with probability %, and
otherwise yields |0).° An interesting consequence of this is that X = 8; and H = S,.
Also note that 82 = I, so (63) applies to splitter gates.

Controlled splitter gates make the construction of arbitrary |W,,) trivial. Figure 12 demonstrates the

idea.

Figure 12: Sub-optimal construction of |[W5) using splitter gates.

Theorem 6. The inefficient construction of |W,,) using splitter gates requires on the order of n* atomic

operations.

Proof. By inspection of 12, the construction of |[W,) contains n controlled gates. Supposing Cs, (k) =
Cs, (k) =: Cs(i), the total cost is simply

Cn) = i Cs(i) +2(n — 1) (73)
1=0

where Cy(0) = 1 for any single-qubit gate U, since Cy(0) is simply the cost of U. The second term of (73) ac-
counts for the X gates to convert control-on-1 qubits to control-on-0, as shown in Figure 12. The optimization

illustrated by Figure 7 significantly cuts down on the number of X gates needed.

By Theorem 2, Cs(i) € ©(i). So from (73),

C(n) ~ i” 2(n — 1) (74)
i=0

_ 7”(”2— D 4 om—1) (75)

~n? (76)

5There are other classes of gates with similar properties. Craig Gidney and one other user gave similar gates on StackExchange
[21]. Gidney called his gate the “odds gate,” a generalization of splitter gates that differ in phase. I have seen neither splitter
gates nor odds gates in literature on quantum circuits. Gidney took inspiration from the classical problem of reservoir sampling.
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Comparing Theorem 4 with Theorem 6 implies that PNC is asymptotically better than the inefficient
construction using splitter gates. The problem with the latter method is that it uses controlled gates with
as many as n — 1 control qubits, whereas PNC never uses more than [log, n]-controlled gates. The next

section solves this problem.

3.4 On n Qubits, Always and Efficiently

A simple observation can improve the asymptotic efficiency of splitter-gate constructions [21]. In Figure
12, the splitter for each qubit is explicitly controlled by the state of all previous qubits. It is possible to
automatically “check” the state of all previous qubits by only checking the immediate predecessor. I will call

this construction the optimized splitter construction (OSC). Figure 13 demonstrates this notion on 5 qubits.

Figure 13: Optimal construction of |[W3) using splitter gates.

Theorem 7. The efficient construction of |W,,) using splitter gates requires on the order of n atomic

operations.

Proof. According to Figure 5, Cs(1) = 5. The number of atomic gates needed to construct [W,) (n > 2) is

then precisely

Cn)=14+(n-2)Cs(1)+n (77)

=14+5(n—2)+n (78)

=6n-—9 (79)

which is linear in n. O

This improved construction beats the ©(nlogn) cost of PNC and OPNC. The pros and cons of the three

methods are compared in Table 6.

It is impossible to discern which of the properties in Table 6 are most important in general. The
importance of each property depends on the quantum computer itself. That said, determinability is probably
the least consequential parameter. Unless the underlying machine does not handle measurement well, overall

cost is more important than determinibility of cost.
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Method | Asymptotic Cost | Deterministic? | Uses Standard Gates? | Auxiliary Qubits
PNC O(nlogn) No Yes ]

OPNC O(nlogn) No Yes 0
0sC O(n) Yes No 0

Table 6: Comparison of construction methods. “Standard gates” are those gates introduced in §2.4.1 and
the CX gate.

The asymptotic difference in cost between the methods is a factor of log n, which is not much. So unless
n is very large,® the biggest factor in which method to use may come down to what basic gates the machine

natively has and how many qubits it has access to.

It may be unreasonable to expect a machine to natively support splitter gates. A typical machine would
have to approximate the splitters, as discussed in §2.4.4. This introduces several complications, including
possibly increasing the asymptotic cost. It also means that any W-state produced by splitter gates would be
imperfect, a downside that could be fatal for some applications. On the other hand, qubits are not cheap. In
the worst case, PNC requires nearly 2n qubits to construct |W,,). Fortunately, the auxiliary qubits always
end in the state |0), and can be reused for other purposes. Regardless, OPNC requires no auxiliary qubits.
Ultimately, of the options presented in this section, OPNC may be the best for the majority of the first

generation of quantum computers.

6As of the time of this writing, the highest number of qubits achieved on a quantum computer is 53 [22]. So n is not very
large.
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4 Proof of Bell’s Theorem using W-states, Without Inequalities

Bell’s theorem is a famous result first published by John Bell in 1964 [23]. It was the first proof of the

nonexistence of elements of reality and has profound implications for the nature of reality.

4.1 Elements of Reality

“Elements of physical reality” are a concept introduced by Einstein, Podolsky, and Rosen (collectively
“EPR”) as an argument against the “completeness” of quantum mechanics in 1935. They define elements

of reality as follows [24]:

If, without in any way disturbing a system, we can predict with certainty (i.e., with probability
equal to unity) the value of a physical quantity, then there exists an element of physical reality

corresponding to this physical quantity.

In brief, some physicists at the time were unhappy that quantum mechanics was a nondeterministic
theory. EPR presented their paradox and it went unresolved for nearly 30 years. Bell’s original proof used
inequalities that could be experimentally tested. The proofs in this section, based on the properties of

Wh-states, use no inequalities and are interesting alternatives to the usual proof.

4.2 W-states in X-Basis

The proofs will involve measuring qubits of W-states along both the x- and z-axes. For future reference, I
will derive expressions for |Ws) and |W3) in the X X- and X X X-bases using the definitions from Table 2

and properties of the tensor product.

Beginning with [Ws), note that

01);; = 10); ®[1); (80)
1 1
7(|+> - >i)®ﬁ(|+>‘j —1=);) (81)
% <|++> |+_>ij + |_+>ij - |__>ij> : (82)
Similarly (omitting subscripts), |10) = % (|[++) + [+—) — |[=+) — [=—)). So in taking a superposition of the

two expressions, cross terms cancel, showing that [Ws) is actually |GHZs) if measured along :

[Wa) = )+

)+

) (83)
). (84)

1
— |10
ﬂ'
L
V2

1
— |01
V2 |
_— |++
V2
For n > 3 qubits, W- and GHZ states are truly inequivalent. The following derivation of |[W3) expressed
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in the X X X-basis results in a superposition with many terms. The important detail to note is that |[+++)

and |- — —) are each nine times as likely to be the result of a measurement than any other particular state.
001),,,, = [0), @10), 1), (85)

= 0+ B4, + 17,) &) = 1)) (36)
%<|+++> =)+ [H=4) = =) =) = [ o) =) = |===) ()

010) = 7<|+++> o) = ) = =) )+ o) — = = =2 (69)

100) = 7<|+++> o)+ ) o) = ) = o) — = = =2 (89)

[W3) = 7(|001) +1010) + |100)) (90)

= B+ b)) = =)+ ) = ) =) =) )

4.3 Proof Using Three Qubits

Let three qubits g1, g2, and g3 be entangled in a W-state. Alice, Bob, and Charlie are far apart and each
have one qubit. Let x; and z; represent the resulting state (+,—,0,1) of measuring o, and o, on the ith

qubit.

Observation 1: Suppose Alice and Bob measure z; and zo. This is sufficient information to determine
z3 without having to measure it, so z3 is an element of reality. By the same reasoning, z; and z, are also

elements of reality.

What about z;7 It is helpful to express |[W3) in the ZX X-basis:

|W3) = 7 (]001) +]010) + |100)) (92)
7 (100, ©(101)g + [10)93) + 1), ©100).5) (93)

7 (|0> (‘++>23 + |__>23) + |1>1 ® |00>23) (94)

(95)

Observation 2: Suppose Alice measures z; = 0, and Bob measures x5. From the expression above, Alice
and Bob can conclude that x3 = x5 without ever measuring gs3. So z3 is an element of reality, provided

z1 = 0. In general, if z; = 0, then x; = x;, where 7, j, and k are distinct.

In |[W3), precisely two z values will be 0. By Observation 1, without loss of generality, suppose z; = z5 = 0.

Since z; = 0, we know that x5 = z3 by Observation 2. Similarly, since zo = 0, we know that z; = z3. So

26



in any W-state, the x values are all + or all —. This contradicts the form of |W3) given in (91), which
allows for every possible combination of + and — with various probabilities. If Alice, Bob, and Charlie
were each to measure o, of their respective qubits, the results would be inconsistent with elements of reality
1 —2/(4+++|W,)|? = 25% of the time.

4.4 Proof Using More Qubits

Is it possible to do better? Consider |[Wy). As before, each qubit will be in the possession of one person who

are all at space-like separations from each other.

Observation 1: Measuring o, of any three qubits will identify the fourth, so the z;’s are elements of

reality.

Observation 2: Now suppose Alice and Bob measure zy = z; = 0. Then the remaining two qubits, in the
state proportional to |01) + |10), have equal o, values by (84). In general, for unique ¢, j, k, [, if z; = z; =0,

then x, = x;.

The argument proceeds exactly as it did for the 3-qubit W-state. By Observation 1, without loss of
generality identify zg = 21 = 22 = 0. Now by several applications of Observation 2, zg = 1 = x2 = z3.
But actually measuring o, for each qubit of |W,) reveals that the z;’s are all equal only 50% of the time,

corresponding to a 50% contradiction rate.

This reasoning generalizes to n qubits in the following manner: immediately note that z; is an element

of reality, and that any pair of o, values must be equal. Therefore all o, values must be the same.

The following theorem generalizes the above results.

Theorem 8. The probability P,, of a measurement on |W,,) contradicting the prediction of elements of reality

8

where << " >> are the second-order Eulerian numbers [25].
m

Proof. Tt should be clear that a contradiction is obtained if and only if the n qubits do not all yield the same

result when measured in the X-basis. In other words,

Po=1=2| (+%" [Wn) 2,
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so it suffices to show that

{(HE W) P = o7 (98)

Rather than express |[W,,) in the X-basis, as was done above, consider the <—H® " expressed in the z-basis:

Rn
1

on/2

(O + (=™ (100)

If the tensor product were commutative, one could apply the binomial expansion directly to (100). Unfortu-
nately, the tensor product is not commutative—but it is distributive, so it is still possible to indirectly use
the binomial expansion. To do so, note that the effect of taking the inner product of (100) with |[W,,) is
twofold: first, the coefficient of ﬁ can be factored out. Second, and more importantly, the remaining sum

of one-hot states simply counts the number of terms in (100) that are one-hot.

The binomial expansion of (a + b)™ asserts that the number of terms where a has multiplicity k& is (Z)
We are interested in the number of terms where |1) has multiplicity 1. According to the binomial expansion,
there are precisely (%) such terms. So the left-hand side of (98) evaluates to

1 n\ [? [ Vn 2
on/2/m\1)|  \2v/2 (101)
= 2% (102)
as claimed. O]

Since P,, approaches 1 exponentially fast, for a fixed number of qubits it is significantly more efficient to
use a single |[W,,) than two copies of |Wn /2)-

There are many proofs of Bell’s theorem [26] using many different techniques. The proof using three

qubits, which generalized to more qubits, was adapted from [8].
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5 W-states and LOCC

5.1 What Is LOCC?

LOCC stands for “local operations with classical communication.” If a set of entangled qubits is distributed
between two or more distant observers, the observers can perform arbitrary operations on their own qubits
(LO), perhaps conditioned on classical information they exchange with each other (CC). LOCC is thus a

realistic description of current technological limitations on qubit manipulation.

LOCC techniques are especially appealing when Alice and Bob share a large number of partially entangled
qubit pairs. Using LOCC, Alice and Bob can transform a fraction of the pairs into maximally entangled

states, which can be used for interesting protocols such as teleportation [27-29].

5.2 LOCC Classes

The set of states that can be converted into each other via LOCC constitutes an LOCC class. LOCC classes
are an interesting concept because they represent the entire space of possible quantum states available to

observers who share mutually entangled qubits.

LOCC classes are closely related to entanglement. For instance, there is no way to entangle two arbitrary
qubits using just LOCC. So for any number of qubits, the unentangled states form an LOCC class. LOCC

classes represent fundamentally different resources for observers who share entangled states.

For a system of three qubits, there are a total of six LOCC classes [30] [31] (see Table 7). First is
the unentangled set, as usual. Then there are three bipartite entangled sets—i.e., classes whose elements
contain a pair of entangled qubits and and unentangled third qubit. The final two classes are both tripartite
entangled. One class contains GHZ states, and the other contains W-states. The GHZ and W classes are
the most interesting classes with respect to quantum information protocols. The fact that GHZ states and
W-states are not equivalent to each other means that, under LOCC, there are tasks that can be performed
with each that cannot be duplicated with the other.

Class Example State

Unentangled |000)

Bipartite entangled: qubits 0 & 1 % |000) + % |011)
Bipartite entangled: qubits 0 & 2 % |000) + % [101)

Bipartite entangled: qubits 1 & 2 % |000) + % |110)

Tripartite entangled, GHZ % |000) + % [111)
Tripartite entangled, W 75 1001) + —=1010) + = [100)

Table 7: Representative states for each of the six LOCC classes on three qubits.
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For four or more qubits, the number of distinct LOCC classes goes up considerably and the problem of
classifying them and establishing that they are inequivalent is a complex problem that has not yet been fully

solved. For further information on this point, see [32].
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6 Conclusion

This report has carried out a detailed investigation of two problems involving W-states. The first problem is
a study of two different methods of constructing these states, and the second is an exploration of how they

can be used to prove Bell’s theorem.

Of the two methods of constructing W-states presented in this report, the optimized probabilistic naive
construction seems most promising since it can be implemented using elementary gates, a property I have

not seen of other methods as in [9], [10], or [21]. T believe the method’s simplicity is an added benefit as well.

The proof of Bell’s theorem given in this report is a generalization of the proof given by Cabello [8] from
three to n qubits. It shows that the probability of experimentally establishing Bell’s Theorem approaches 1
as more qubits are incorporated into the W-state. Of course, the scheme would be more difficult to physically
implement, but that does not deprive it of its formal interest. It is also interesting that Eulerian numbers of

the second kind make their appearance in the proof of the theorem.

This report does not come close to describing all the useful properties that W-states have. A demonstra-
tion of their use in a quantum algorithm that solves the n-queens problem is given in [3]. Their robustness

of entanglement [7] is one general property, and a few more properties are examined in [33].

To capture all the properties of W-states and compare all the construction methods in one comprehensive

text would be a Herculean effort. This report, if nothing else, has been a small step in that direction.
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Appendices

A Expected Cost of Optimized Probabilistic Naive Construction

Theorem 9. The optimized probabilistic naive construction of |W,,) where 281 < n < 2F = N requires on

average approrimately

N2+ N+n2—n
2n

Cx(k) (103)

atomic gate applications, where Cx(k) is the number of atomic gates needed to simulate a k-controlled NOT

gate.

Proof. From Theorem 3, constructing |W ) requires about Cx(k)N atomic gates. A total of § checks are
necessary to filter out the § surplus states, where each check involves a k-controlled NOT gate and a mea-

surement.

It is optimal to perform the ¢ checks one at a time, and restart the procedure the first time a |1) is
measured. Figure 11 demonstrates this protocol. Let Ps be the probability that all § checks return 0 (i.e.,
the probability of success), and let Py ., be the probability that the mth check returns 1 (i.e., the probability
that it fails on the mth check).

(104)

2|z

Peom = (105)

Let ECqiter be the expected total cost of the filtering routine in the construction of |W,,). Since each

check uses about Cy(k) atomic operations, we have
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§
ECier = Ps0Cx(k) + Y PrmCx(k) + ECkiter)

m=1

6
n 1 1
= N&Cx(lﬂ) + mg_l chx(k) + 6NEOﬁlter

55+ 1) 5

= %66){(16) + ON Cx(k) + NECﬁlter

n o0+1 s\t
—<N*‘mv)“““(1‘N)
n+d6+1 N

= oy GWT

N+n+1
= == (N = )G (k)

7N2+N—n2—n
o 2n

Cx(k)

(106)

(107)

(108)
(109)

(110)
(111)

(112)

After the filtering routine, there is still the matter of mapping remaining states to one-hot states. Suppose

the ¢ filtered states were chosen to as in Figure 11, since none of these states are one-hot. Then taking (66)

and subtracting off extraneous mappings, the remaining cost is

@mwgawﬁ)wmm

— Cu(k)N — 5Cy (k)

as one might expect. The expected total cost of OPNC of |W,,) is then about

ECtotal = Ecﬁlter +Cmap
N N2+ N-n?2—n
- 2n
_N?+N+n?—n
N 2n

Cx(k) + nCx (k)

Cx(k)

where again k = [logyn], N =2* and § = N —n.

In the worst case scenario when N = 2n, (118) becomes

dn?2 +2n+n?—n
ECiotal =~ Cx(k)

2n
on + 1
= 5 Cx(k).

(113)

(114)
(115)

(116)

(117)

(118)

(119)

(120)

Taking Cx(k) ~ k ~ logn according to Theorem 2, the expected total cost of OPNC is on the order of

nlogn.
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