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ABSTRACT OF THE DISSERTATION

Constraints on Quantum Entanglement in Symmetric Physical Systems

by

Alexander W. Meill

Doctor of Philosophy in Physics

University of California San Diego, 2019

Professor David Meyer, Chair
Professor Daniel Arovas, Co-Chair

Quantum entanglement rapidly becomes unwieldy to calculate as the number of particles
and the dimension of the spaces associated to those particles increase. One meaningful approach
which simplifies that analysis is the restriction to subsets of states which obey some physically
relevant symmetry. In this dissertation, entanglement properties of totally permutation-symmetric,
translationally invariant, and party-site symmetric states are examined, as well as those of small

bond-dimensional matrix product states.



Chapter 1

Introduction - Entanglement

The advent of quantum mechanics as a physical model resolved many outstanding ques-
tions in early 1900’s physics. It triumphantly provided a consistent description of the Hydrogen
atom, photoelectric effect, and black-body radiation. While quantum mechanics was celebrated
for its agreement with the experiments of the time, some theorists were concerned by new impli-
cations of such a model, in particular with the new concept of ‘Entanglement’ [1]. Entanglement,
which will be formally defined in this chapter, extends the rules of quantum mechanics to multi-
particle state descriptions and challenged the previously held classical notions of locality and
correlation. Einstein famously referred to entanglement as “spooky action at a distance”, noting
the surprising nature of the phenomenon. Since those early doubts and thought experiments,
entanglement has been replicated in numerous physical implementations, and is now a hallmark
of modern quantum research. Entanglement has enabled fruitful new fields such as quantum com-
puting and communication, while providing interesting new context to both condensed matter and
fundamental physics theories. In this chapter I will define entanglement, describe the properties

and measures of entanglement, and briefly elaborate on its applications.



1.1 Description and Applications

This thesis will exclusively examine quantum states of particles which live in finite-
dimensional Hilbert spaces, whose dimension can be labeled as d. A pure state for such a single

particle could then be expressed, in some basis, as
|W=imW (11)
i=
for a; € C normalized to ) |a,‘|2 = 1. Such a state is physically motivated by a quantum particle
of spin, (d — 1)/2, where a natural choice of basis associates each of the |i) with the eigenstates

of the z-axis spin operator, S, for that particle. States of multiple particles, say n particles, where

particle j has dimension d;, can then be constructed through the tensor product as

dl dn
w)=Y ... Y ai it i), (1.2)

=1 =1
where

n

liy...in) = Qi) - (1.3)

In all but Chapter 5, I will be solely examining spi]r: 11 /2 particles (d = 2), which are canonically

referred to as ‘qubits’ for their role in quantum information. In accordance with that quantum

information interpretation, the indexing for qubit basis elements is shifted to |0) and |1). This
basis will heretofore be referred to as the “computational” basis.

Consider the following particular two-qubit state,

|1//>:%(|00>+|01)+|10>+|11>). (1.4)

For such a state, one could ask what the possible measurement outcomes are for either particle in

the computational basis. For both particles, 0 and 1 are present with equal amplitudes, so 0 and 1

are equally likely. More formally, those measurement statistics for the first particle could have



been determined from that particle’s reduced density matrix, obtained through the partial trace,

pr = T (ly)(vl) (1.5)
11
o= | (1.6)
2 2
The measurement probabilities are then
Prob(0) = Tr(0){0]p1) = 5. (17)

2

and likewise it can be found that Prob(1) = 1/2, confirming the initial intuition that both outcomes
are equally likely. The same analysis on the second particle yields the same result.

Now consider actually performing a computational basis measurement on the second
particle. With probability 1/2, the outcome of that measurement will be 0, and the overall state
will collapse to

) = %(\00>+110>>, (1.8)

or, with the same probability, the outcome of 1 will collapse the overall state to

w(”>=\%(\01>+!11>>- (1.9)

In either case, if we now ask what the measurement outcomes are for the first particle, we find

that both 0 and 1 are still equally likely. This can be seen directly from the first particle’s reduced
density matrix, which remains (1.6) for either outcome.

Now consider performing the same analysis for the following state,

1
=—1100) +|11) ). 1.10
00 =5 (100 +11m) (110
We find that both particles initially have 0 and 1 present with the same amplitude, or more
formally, that
0
p1=p2= ; (1.11)
0 5
which implies that Prob(0) = Prob(1) = 1/2 for both particles. But now, performing the mea-

B[ —

surement on the second particle will, with equal probability, collapse the overall state to

‘¢(O>> — 100}, (1.12)



if the outcome is O, or to

‘¢“>>:|11>, (1.13)
if the outcome is 1. In the case of an outcome of 0, if we now ask what the measurement statistics
are for the first particle, we find that only O is possible now. Assuming the outcome of the second
particle’s measurement is known to the first particle (more on this shortly), we can see the change
in the first particle’s measurement statistics in the change of its density matrix, which has now

become

10
pl¥ = : (1.14)
0 0

Likewise if the outcome had been 1, the first particle’s density matrix would have changed to

0 0
plV = . (1.15)
0 1

In either case, we can see that the measurement statistics of the first particle now depend on the
outcome of the second particle’s measurement. This example gives us the first initial interpretation
of entanglement - that |@) is ‘entangled’” where |y) is not because measuring either particle in |¢)
changes the measurement statistics for the other particle, unlike for those in |y). Mathematically,
this resembles the notion of classical correlations between probability distributions, but it has
been extensively proven that the statistics for entanglement are uniquely quantum [2].

This was a surprising phenomenon for physicists of the time to encounter when exploring
the rules of quantum mechanics, particularly because we established that the basis elements for
these states are associated to spin, and thus have no dependence on location. So, in principle, this
experiment could be implemented on particles separated an arbitrary distance. This is particularly
concerning given the notion of locality in physics, as it may seem that this process could be used
to transfer information faster than the speed of light. Upon closer inspection, however, we find
that this is not the case. If the particles in |@) were in separate, distant laboratories, the physicists

in the first particle’s laboratory would not know the outcome of the second particle’s measurement



until its physicists communicated that result classically. Until that time, all the physicists in
the first particle’s lab know of their particle is that if a measurement were made on the second
particle, the first particle would be in p 1(0) with 50 percent probability, and in pl(l) with 50 percent

probability. But this means that the overall density matrix for that particle is then

1 1
pr=5p"+7p

1
(1) 2 0
2 1

= , (1.16)
0 ;
which is the original, pre-measurement density matrix for that particle.

While entanglement does not break fundamental principles of physics, it does enable
tasks which are impossible or impractical by purely classical means. The previous example
demonstrated that information cannot be transferred along the entangled pair alone. With more
entangled particles and the aid of classical communication, however, information can be securely
transferred between distant labs with no risk of a third party intercepting that information [3]
[4]. Entanglement is also largely responsible for the speed ups provided by quantum computers
[5]. Various tasks such as search [6] and factorization [7] support algorithms which, acting on
quantum particles rather than classical bits, perform those tasks faster than the associated classical
algorithms. Beyond being a crucial resource to quantum information processing, entanglement has
also found a home in other fields of theoretical physics. In condensed matter theory, preserving
entanglement was shown to be a key feature of the density matrix renormalization group in

quantum phase transitions [8]. Entanglement has even drawn interest in string theory for its role

in anti-de Sitter/conformal field theory correspondence [9].

1.2 Pure Bipartite State Entanglement

Given the expansive research attention being shown to entanglement, knowledge of its
properties is in high demand. The most obvious question at the outset of examining entanglement

is: How do we determine whether a quantum state is entangled or not? Looking back to the



states from the previous section, we established that |¢) is entangled because measuring one
particle changes the measurement statistics of the other, unlike for |y), which is not entangled.
Another way to interpret the entanglement, or lack thereof, of these states comes from the idea of
‘separability’. Namely that |y) is unentangled, or ‘separable’, because it can be expressed as the

tensor product of pure states for each particle,
1 1 1 1
= —=10)+—711) |®( —=10)+—711) ), 1.17
=510+ 10 ) ( 510+ 1) 1)

where |¢) cannot. This notion allows us to finally give a formal definition to entanglement for

bipartite quantum states.

Definition 1. A pure bipartite quantum state, |X), is separable if it can be expressed as a tensor

product of pure states for either party,

X)) =1x1)®|x2) - (1.18)

If |x) admits no such factoring, it is entangled.

Separability provides a valuable conceptual interpretation of entanglement in that we can
fully describe the individual particle states in a separable bipartite state, where we cannot for
an entangled state. This context additionally motivates the continuous nature of entanglement
because the precision with which we can describe a state is continuous, and therefore so too is
entanglement. This notion will be formalized shortly in the definition of the Entanglement of
Formation.

After recognizing that entanglement is continuous, the natural question raised then is
how do we quantify entanglement in pure quantum states? It turns out that there are multiple
methods for doing so. Each method for measuring entanglement satisfies the properties which
are described at the end of this chapter, and certain measures are more relevant than others to
different applications. In the following, I will describe a short, non-exhaustive sampling of
the entanglement measures which are most relevant to this thesis. A more extensive review of

entanglement measures can be found in [10].



The following are measures of entanglement of an arbitrary bipartite pure quantum state,
di  dy

vy =Y Y a,linid). (1.19)

i1=1i=1
o The Schmidt Rank: While not a continuous measure, the Schmidt Rank is a particularly sim-

ple starting point for determining entanglement. According to the Schmidt decomposition

[11],

y) can be decomposed as
|V/>:Zr;1\/fi}tlf,~(”>®‘t//,-(z)>, (1.20)
i—
where A; are positive real numbers and ‘l//l.(j )> are orthonormal basis vectors for either parti-
cle’s Hilbert space. The Schmidt Rank, r, can then be defined as a measure of entanglement,

which ranges from r = 1 for separable states, to states of increasing entanglement from

r=2tor= min{dl,dz}.

The Schmidt Rank partially informs the conceptual motivation for entanglement in regard
to our ability to describe the single particle states. One can determine that the single party
reduced density matrices of |y) are
-
pi=) A

D\ {40
r v ) (| (1.21)

It is then clear that, for separable states (r = 1), the single party density matrix is pure and

therefore we have full information on the single particle state. For entangled states, on the

other hand, the single party reduced density matrices are mixed.

o The Entanglement of Formation: Formally, the amount of information contained in a mixed
quantum state, p, is determined through the Von Neumann entropy,

S(p) =—Tr(plogp). (1.22)

The Entanglement of Formation [12], EF, then formalizes the inverse relationship between

information of the single party reduced states and entanglement of the overall state as

Er(ly)) =S(p1). (1.23)
Note that the Schmidt decomposition of |y) implies that S (p;) = S (p2), which makes Er

symmetric in the choice of party.



e Negativity: A density matrix, p, can only be associated to a quantum state if p obeys the

following three properties,

Normalization: Tr(p) =1, (1.24)
Hermiticity :  pT =p, (1.25)
Positivity : ~ p > 0. (1.26)

Intuitively, if p is a quantum state, then so too is its transpose, pT. Consider, then,
transposing only the elements of the first party in p = |y) (|, known as performing the

partial transpose of p,

pl =YY a ,ai ;| j1i2) i1 jal. (1.27)
i1,02 J15J2

If follows that if |y) is separable, then p = p; ® pa, so pTl =

pl ® p,, which is still a
quantum state. If |y) is entangled, however, then p # p; ® p,, so there is no reason to
expect that p71 would likewise be a quantum state because (1.26) may no longer be true.
Conceptually, the Negativity [13], .4’ (p), determines entanglement by measuring the
extent to which p! violates (1.26). More formally,

o) =2 ("1 -1). (128
where [|A|| = TrVATA.

o The Geometric Measure of Entanglement: A particularly intuitive way to determine the
entanglement of |y) is to find a separable state with maximal overlap with |y), then
let the complement of that overlap measure entanglement. The Geometric Measure of

Entanglement [14], Eg, accomplishes this exactly and is defined as
Eg(|y)) =1— max

2
Jnax (oo o) Iv)

While a conceptually simple measure of entanglement, the maximization over separable

(1.29)

states makes Eg challenging to determine in general.

The final bipartite measure of entanglement which I will define is the most relevant to the



work of this thesis, but is only defined for states of two qubits,

1 1
vy =Y Y a,lini). (1.30)

i1=0 i,=0
e The Concurrence: Consider the coefficients of |y) arranged in a 2 x 2 matrix as below,
apo 4ol
Y= . (1.31)

ain ar

The Schmidt decomposition implies that y can be diagonalized, in some basis, to

vAa 0
Y= : (1.32)
0 Vi

Then, given that the Schmidt Rank measures entanglement, it is plausible that so too would
the determinant of y, as separable states (A, = 0) would measure to 0 entanglement, while
entangled states (A, > 0), would have non-zero entanglement. This concept is formalized
by the Concurrence [15], %', which is defined as

¢ (ly)) =2|det(y)| =2|agoar — aoiaiol- (1.33)

The Concurrence is often expressed alternatively as an inner product,

¢ (lv) = (v, (1.34)

where
W) =o0y®0y|y)", (1.35)

where oy is the Pauli-y matrix.

1.3 Mixed Bipartite State Entanglement

While the analysis of pure state entanglement is of great theoretical value, the need
often arises to consider the entanglement of mixed quantum states. As will be detailed in the
next section, the reduced states of subsets of particles in an overall ensemble are potentially
mixed. And in experimental settings, interaction with the environment tends to decohere the state

of the physical system, leaving it mixed. How then do we extend the definition of pure state



entanglement to that of mixed states? Consider an arbitrary bipartite mixed quantum state,

p = pilwi)(wil, (1.36)
where |y;) are pure bipartite states of the folr:nll (1.19). One might reasonably expect that p could
be defined as separable if each of the |y;) are separable, and that each of the measures of pure

bipartite entanglement listed in the previous section could extend to mixed states as a convex sum,

sz (lw)) (1.37)
The concern with this approach, however, is that the decomposition of p into convex sums of
pure states, (p;, |y;)), is not necessarily unique. The resolution to this ambiguity, known as the
‘Convex Roof Extension’ [16], is to consider the entire set of decompositions of p,
{(pi7|llfi>)}={{pi}€[0>1], {lwi)} € Ha, ® Ag, Zpilllfi><ll/i\=p}, (1.38)
i

and minimize the average pure state entanglement over that set. This informs a new definition for

mixed state entanglement.

Definition 2. A mixed bipartite quantum state, p, is separable if it can be decomposed into a
convex sum of separable pure states,

o= (W)l ("] (o).

If p admits no such decomposition, it is entangled.

For any pure state entanglement measure, E, the convex roof extension constructs a mixed

state measure,

E(p)= mm Zp, (|wi)) (1.40)
which, as will be detailed at the end of the chapter, satlsﬁes important properties we expect from
an entanglement measure. Unfortunately, this minimization is, in most cases, quite difficult to
perform, leaving the convex roof extension as a mostly theoretical tool. A notable exception to

this is that the minimization can be performed analytically in the case of the Concurrence.

e Mixed State Concurrence: For mixed states of two qubits, p, the convex roof extension of

10



the Concurrence was solved in [15]. Begin by defining
then determine, {A;}, the square roots of the eigenvalues of pp, labeled so that 1; > A, >

A3 > A4. The concurrence of p can then be found to be

Cg(p) :maX{O,M —/12—13—14}. (1.42)

While most entanglement measures require the convex roof extension to measure entan-
glement in mixed states, the Negativity is a remarkable exemption. In fact, the Negativity, as
defined in (1.28), was shown to be a proper entanglement measure for mixed states as well as
pure [13]. It is still possible to apply the convex roof extension to the Negativity, yielding a new
entanglement measure altogether, known as the ‘Convex Roof Extended Negativity’ [17]. The
fact that the Negativity works seemlessly in both pure and mixed states makes it a common choice

in condensed matter theoretic research.

1.4 Multipartite Entanglement Measures

In states of more than two particles, there are multiple partitions and subsets of parties
among which entanglement could be considered. This gives rise to multiple definitions for, and
approaches to, determining multipartite entanglement.

The simplest approach to examining entanglement in multipartite states is to group the
parties of the overall state into two sets, A and B, and measure the entanglement between those
sets of parties, E4| 3. The advantage to such an approach is that the spaces for the parties in either
set can be clumped into a single particle state with appropriately large dimension. For the purpose
of computing Ey4 p, then, the overall state is effective a pure bipartite state, enabling the use of
many of the measures described previously. This method is commonly used in condensed matter
theory in the study of spin chains and tensor networks, which will be discussed in Chapter 4.

Another simple extension of bipartite entanglement methods to multipartite states is to

11



examine ‘pairwise entanglement’ within the state; the entanglement between only a pair of parties
from the overall ensemble. Consider a multipartite state, |y), of the form (1.2), with the aim of
determining the entanglement between parties k and [, labeled Ey ;. We can find the reduced state,

Pk 1> for parties k and [ by tracing out the remaining n — 2 parties,

P = Tz ((w)(vl), (1.43)
and find the entanglement of this, potentially mixed, reduced state through some bipartite mixed
state measure. This method, with the Concurrence as the entanglement measure of choice, will be
the most relevant to the work of this thesis.

An alternate approach to pairwise entanglement, referred to as the ‘Entanglement of
Assistance’ [18], relies on the influence of an outside party to maximize the entanglement
between the particles of interest. If that outside party were to perform an incomplete measurement
on the remaining n — 2 particles in some basis, .#, particles k and / would collapse one of the

possible pure states, ;

,-(///)>, associated to that measurement basis, with probability p(//[ ) The

entanglement of those resultant states can then be determined by the pure bipartite measure of

choice, E, and weighted by the associated probabilities,
M M
=Y (Jof ). (1.44)
i

The Entanglement of Assistance, labeled E ,E ;> maximizes this averaged entanglement over the

possible measurement bases, {.# },

Efy(lv) = max Y py E([o)). (1.45)

Beyond bipartite measures applied to multipartite states, there are interesting examples

of genuine multipartite entanglement. The most simple example of this arises when one studies

entanglement in three qubit states,

1 1 1
:_Z Y Y aiiiliviaiz). (1.46)

11=0 i2=O i3=0
o The Three-Tangle: Consider the concurrence between party 1 and the set of parties 2 and 3,

%12,3- One might expect the entanglement that particle 1 shares with the other particles is

12



a function of the entanglement that it shares individually with those particles, expressed by
©1,2 and 6] 3. Surprisingly, however, it was found in [19] that

Gl > Crat+ 61, (1.47)
suggesting that there is some amount of entanglement in )|, 3 which is unaccounted for
by entanglement simply between the pairs. This implies that there is some entanglement
unique to the parties as a trio. This led to the definition of the Three-Tangle, 7, often referred

to as the ‘Residual Entanglement’, which measures that unaccounted for entanglement,

T= (512\2,3 — Gy + 6l (1.48)

The Three-Tangle can alternately be expressed mathematically as a determinant much like
the Concurrence could in the 2 qubit case. In three qubits we can arrange the coefficients of
|w) now in a 2 x 2 x 2 tensor and compute the hyperdeterminant of that tensor to determine

the Three-Tangle,

T(|y)) =4|d) —2dr +4d3], (1.49)

where
d\ =aGooat; + 14t 10+ G10401 + G114 100 (1.50)
dr =apo0ano1a110a111 + A000401041014111 + A000@01141004111 (1.51)

+ apo1ao10@1014110 + A001401141004110 + A010401121004101

d3 =apooa11041014011 + @100401040014111 - (1.52)

1.5 Properties of Entanglement

Each of the entanglement measures which I have described to this point has an intuitive
interpretation and correctly identifies separable quantum states, but I have yet to formally define
what constitutes a measure of entanglement. The following properties which a function, E, must

have to be considered an entanglement measure are, in some sense, the most general properties of

13



entanglement itself.

The first requirement is that E identifies separable states, be them pure or mixed, as having
zero entanglement. Formally, if p is separable, then

E(p)=0. (1.53)

Notably this condition is not sufficient in determining separability, meaning that there may be an
entangled state, p, for which E (p) = 0. This condition also mandates that the Schmidt Rank be
subtracted by 1 to be considered a proper entanglement measure.

The next requirement on E is motivated by physical restrictions on entanglement. Entan-
glement is a fundamentally a non-local phenomenon, meaning that it cannot be created by purely
local means. The simplest exhibition of this principle is that the entanglement of a quantum state

is invariant under local unitary (LU) evolution. More precisely, for any local unitary operator,

U=QU, (1.54)
i=1
where U; € U (d;), then
E(p)=E (UpUT) . (1.55)

Going beyond unitary evolution, if one expands the possible local action to ‘Stochastic Local

Operations and Classical Communication’ (SLOCC) [20], then we now enforce that entanglement

does not increase on average. More precisely, if, under the action of some SLOCC operation, p
evolves to p/ with probability p;, then

E(p) <Y piE(pi)- (1.56)

The final formal requirement on E is co;vexity. Intuitively, if one has access to two quan-

tum states, p4 and ppg, then mixing the two states should not increase the average entanglement.

Formally, for p4 + pp =1, then

E(papa+peps) < paE(pa)+psE(pp). (1.57)
Conveniently, the convex roof extension guarantees that any pure state measure extends to mixed

states while satisfying convexity.
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Together, (1.53-1.57) formally define the set of conditions which an entanglement measure,
E, must satisfy. While not an explicit in the definition of entanglement, several interesting features
appear when comparing different measures of entanglement against each other. The first is that
they recognize very different classes of states as entangled. Consider the following pair of three

qubit states,

1
W) = ?(001>+010>+100)) (1.58)
IGHZ) = \ﬁ(|000>+|111>). (1.59)

Each state is considered maximally entangled in three qubits by some measure. By the work of
this thesis in conjunction with [21], it can be shown that |W) maximizes the pairwise concurrence

among three qubit states for which 4 » = %, 3 = €31, while |GHZ) has maximal three-tangle.

Interestingly, however, |W) has 0 three-tangle, while |GHZ) has 0 pairwise concurrence. This
example clearly demonstrates the distinct forms which entanglement can take, which is particularly
relevant to protocols which rely on specific types of entanglement as a resource. This motivates
some of the prevalent questions which this thesis seeks to answer. Namely, what types of states
exhibit which types of entanglement, and which states maximize certain entanglement measures?
In Chapter 3 I examine maximal pairwise concurrence in translationally invariant rings, while
in Chapter 4 I show that even the simplest of fully symmetric matrix product states can achieve
maximal pairwise concurrence. And in Chapter 5 I examine how pairwise entanglement evolves
in highly symmetric quantum random walks.

The other notably property of entanglement is the constraining of shared entanglement in

multipartite states. This phenomenon was first observed in [19] as a consequence of (1.47). If its

left hand side is maximized, (1.47) takes the form
1> %7+ %75 (1.60)
This implies that if if parties 1 and 2 are maximally entangled (%7 » = 1), then neither party can

share any entanglement with any other (4} 3 = 62 3 = 0). This behavior is commonly referred
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to as the ‘monogamy’ of entanglement, reflecting that the amount of entanglement that can be
shared among multiple parties is highly constrained. In three qubits, the full achievable space
of pairwise entanglements, ¢;, j» was found in [22] to be the convex hull of the Roman-Steiner
surface [23]. This was later expanded in [24] to also constrain the Three-Tangle,

12 (1 —x? —y2 — - t2) — (x2y2 +x°7 +y2z2 — 2xyz) >0, (1.61)
where (x,y,z,t) = (¢1,2,%23,%3,,7). In Chapter 2 I add the final polynomial LU invariant and
find the full achievable space when restricted to permutation symmetric states. In Chapter 3
I return to the constraints on just shared pairwise concurrences, only looking at 4 and 5 qubit

translationally invariant states.
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Chapter 2

Fully Permutation Symmetric States

Quantifying entanglement and its properties, while of great value for both experimental
and theoretical applications, is a challenging task for multiple reasons. As the number of
particles grows, so too do the number of ways to define, measure, and share entanglement. The
dimension of the overall state space also grows quickly in the number of particles, as well with
the dimensions of those individual particles. Entanglement calculations become quite difficult
with so many degrees of freedom. For a single state with given numerical coefficients, calculating
entanglement is merely a question of computational power. But, when trying to determine
maximal entanglements and constraints on shared entanglement, the entire state space much be
considered, making each degree of freedom a variable in the calculations. Even for the smallest
particle dimension (d = 2), determining pairwise concurrence in states of multiple qubits amounts
to finding the eigenvalues of a 4 x 4 matrix, which is challenging enough for an arbitrary matrix
let alone for one whose entries are potentially complex functions of the many state coefficients.
These factors make the study of entanglement difficult in the most general cases. Even in three
qubits, our knowledge of entanglement constraints is incomplete [24].

A common approach to managing the complexity of entanglement calculations is to

consider only the most relevant portions of the overall Hilbert space. Consider, for example, the
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translationally invariant 1-D ferromagnetic Ising model [25] with no external field,

H = —JZ@-&H, 2.1)

i

where G is the vector of Pauli matrices and J > 0. The energy associated to a given state in
this physical system is a function of the inner product between adjacent spins. The ground state
for this system, then, is the family of states in which each spin is pointed in the same direction.
Likewise, states of high energy are ones where many adjacent spins are pointed in opposite
directions. Such states are of less physical interest in this system, and therefore so too are their
entanglement properties. One might then restrict entanglement calculations to states where the
spins are more aligned. In four qubits in the o; basis, say, one could reasonably eliminate [0101)
and [1010) from the state space, reducing the number of degrees of freedom and simplifying the
calculations, while still finding meaningful results on the remaining states.

This procedure of restricting to a subset of particularly relevant subset of states is a
commonly used approach to entanglement theoretic work and is a central theme to the work of
this thesis. Rather than individually selecting the states which are most favorable to any given
Hamiltonian, however, I will be choosing to exploit the symmetries which are common in widely
studied physical systems. The first such symmetry I will examine, and the topic of this chapter, is
total permutation invariance. A state, |y), is totally permutation symmetric if it is unchanged
when any two of its particles exchange party labels. Given that the full permutation group is
generated by such arbitrary swaps, |y) is then invariant under any permutation of the party labels.
We can formalize this concept in a definition of full permutation invariance on states of n qubits,

which will be the sole focus of this chapter.

Definition 3. An n qubit state, |y), is fully permutation symmetric if

Unly)=|y) V meS,, (2.2)

where Uy is the unitary representation of T on n qubits.

Henceforth, such states will simply be referred to as ‘symmetric’ states, while states obeying

18



other symmetries will be labeled by the full description of that symmetry.

Beyond shrinking the size of the state space to analyze over, the restriction to the symmet-
ric subspace also reduces the number of entanglements to determine. For instance, consider two
disjoint subsets of parties, A and B, from the overall state, as well as some bipartite measure of

entanglement on those sets, E4 g(|y)). The symmetry of |y) then implies that, for any 7 € S,,,

Enp(lv) =Eap(Uz|W)) =Exp (I¥)), (2.3)
where A’ = 771A and B’ = 7~ ' B. This reduces the possible Es5(y)) to a single E, , where
a =|A| and b = |B|. Since the labels of the parties themselves are irrelevant, we can see that the
entanglement now only depends on how many parties are being considered.

Symmetric states clearly offer a great simplification to the analysis of entanglement, but
importantly they do so while maintaining substantial physical relevance. Symmetric states are key
to the state preparation required to perform measurement-based quantum computing [26]. The
ground states of various translationally invariant Hamiltonians are symmetric [27], such as that
of (2.1). Symmetric states also appear in the context of quantum computing algorithms, such as
Grover’s search algorithm, the initial state for which 1s symmetric [28]. The analytical simplicity
and physical value of symmetric states have made them the focus for a great deal of research into
entanglement properties. A complete picture of the geometric entanglement in symmetric states
was given in [29]. The maximal pairwise concurrence for symmetric states was found in [21].
Symmetric states with maximally mixed single party reductions were found and analyzed in [30],
while their two-party reductions were studied in [31].

The attention of this chapter is paid to the entanglement properties of symmetric states in
three qubits, as well as to their representations under local unitary action. In Chapters 4 and 5 we

will return to symmetric states with additional constraints.
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2.1 Symmetric State Representations

Before examining the various entanglement properties of symmetric states, we should
first discuss their representations. Consider, for instance, a symmetric state, |y), of four qubits.
Say that, in the computational basis, the element, |[0011), in |y) has coefficient a. Given that |y)
is invariant under permutations of the party labels, we should examine the permutations of |0011),
which are

|0101), |1001), |0110), [1010), [1100). (2.4)
To keep |y) invariant under permutations, each of the above elements in |y) should have the
same coefficient, a. Turning to the other basis elements, it is then clear that each basis element
should share the same coefficient with other elements of the same ‘Hamming Weight’, or number
of 1’s in the string associated to that element. This leads to the grouping of basis elements by

Hamming weight, i, into what is known as the Dicke basis [32],

)
m)\ _ ("
s >_<i) Y. Ux00..011...1). (2.5)

TESn n—i i

The Dicke basis elements being normalized allows the overall state to be expressed as

ly) = Zai
i=0

where ) |al-|2 = 1. In this form we can already see the simplification offered by symmetric

5. 2.6)

states in regards to the reduced degrees of freedom. The 2" complex degrees of freedom in an
unconstrained n qubit state are reduced to the n+ 1 complex coefficients, a;, in a symmetric
state. Normalization and the factoring out of a global phase from the overall state leaves only n
complex, or 2n real, degrees of freedom for a symmetric state of n qubits.

The Dicke basis is a natural starting point for the representation of symmetric multi-
qubit states. Symmetric states of higher dimensional particles admit analogous bases, where
computational basis elements are now grouped by the number of each possible entry, 1 —d.
Likewise, bases for other symmetries can be constructed by adjusting the sum over 7 to only the

permutations associated to that symmetry. For both of these modifications, the normalization
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coefficient would need adjusting as well.

2.1.1 The Majorana Representation

Other representations for symmetric states do exist, and offer intuitive and analytical
advantages over the Dicke basis. An alternate representation was developed in [33] and is
known as the ‘Majorana Representation’. The Majorana representation offers a powerful and
intuitive geometric interpretation for symmetric states, their evolution under local unitary and
SLOCC operations, and their geometric entanglement properties [29]. It states that to any n qubit
symmetric state, | ), is associated a set of n pure, single qubit states, { ](]5 j> }, each expressed as

|6/ :cos%|0)+sin%ei¢f I11). (2.7)
The original state can remarkably be uniquely constructed by the sum over all permutations of

product states in ¢;,

1 n
\% =7 Y Ung_gfw, (2.8)

nEeS,
where the normalization coefficient, A, evaluates to

n
A=nt Y, [149il9x()- 29)
TES, j=1
At first glance, this representation is obviously symmetric and has the correct number of degrees
of freedom; the 2n real angles {6;} and {¢;}. Note that the angles {6;, ¢;} can be associated to
points, {z j} € Rz, on the Bloch sphere where
zj = {sinBjcos¢;, sin;sin¢;, cos ;} . (2.10)
These points are referred to as the “‘Majorana Points’ and allow for a convenient visualization of a
symmetric state by its set of n points on the Bloch sphere. Given that the Majorana representation
is unique, the full space of symmetric states can be visualized as sets of points on the Bloch
sphere.

I will now prove that any symmetric state can be uniquely described with the Majorana

representation and show how to find the set of { M) j>} from the Dicke basis coefficients, {a;}.
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Proof. Start by defining
D) =1[y)*", 2.11)
which is n copies of the same pure single qubit state, |y) = cos 5 |0) +sin %e‘iﬁ . It will be useful

to divide each of the |y) by cos & to observe that
1) o< [0) + 77 (1), (2.12)

where y* = tan %e’iﬁ. Using this unnormalized version of |y), the combined state can then be

o-g [

This state allows us to pick out the {|¢;)} states that make up the Majorana representation of |y).

expressed as,

(2.13)

Consider the projection of |y) onto |T'),

Tly) = Y H<y|¢n (2.14)
7L'€Snj
o< H<Yl¢j> (2.15)
j=1

This makes it clear that |y) and |T') are orthogonal if and only if |y) is orthogonal to one or more
of the |¢;). So constructing the Majorana representation becomes a matter of finding the |7)
which make (I'|y) = 0 and setting the |¢;)’s to be the states orthogonal to the |y)’s. It is entirely
possible, however, that some of the \q) j>’s will be the same, which introduces degeneracy. We can

see this by expanding the inner product,

(T'|y) o< Zaﬁ’l (2.16)
The polynomial in 7y on the right-hand side of the above expression is known as the ‘Majorana
Polynomial’. Its roots, {7;}, known as the ‘Majorana Roots’, are unique according first funda-
mental theorem of algebra. The Majorana roots also identify the |I") which are orthogonal to |y),
so one can map the root ¥; to |¢ j> =sin % |0) —cos %e’iﬁf |1). The degree of the root also then

specifies how many copies of that state there are in the Majorana representation. By this method

i), the

state |y) can be uniquely converted from the Dicke basis to the Majorana representation. 0
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There is an important caveat to this procedure, however, which should be addressed. In
order for one of the \¢ j> to be a |0), the corresponding root, Y;» would have to be infinite. This
corresponds to the Majorana polynomial having degree less than n. When the degree of the
Majorana polynomial, D, is less than n, there are exactly n — D roots that approach infinity, and
therefore n — D of the |¢;) are |0).

The Majorana representation additionally allows for convenient visualization of symmetric
LU operations on symmetric states. Consider the action of a symmetric local unitary operator,

U=U}", on|y),

U|‘I/>:% Y Uz QUi [9)). (2.17)

S, j=1
It is then clear that the Majorana representation for U |y) is constructed by the set of {U 1 |q) j> }

The new associated Majorana points are then the collective rotation of the original points by
U; € O(3). The action of symmetric SLOCC operators also admits a geometric interpretation
[34]. The conversion from ¥; to z; is done in two steps; a stereographic projection of ¥; onto the
Bloch sphere, followed by an inversion through the origin to find z;. An SLOCC operator acting
on |¢) translates the Bloch sphere through R3 before performing the stereographic projection.
One might wonder if the Majorana representation extends to symmetric states of higher
dimensional particles. This can be easily demonstrated to be impossible by counting the necessary
degrees of freedom for such a representation. For instance, a symmetric state of two qutrits
(d = 3) has 6 basis elements, and therefore has 10 real degrees of freedom after normalization
and the elimination of a global phase. This does not agree with a pair of single qutrit states, which

have 4 real degrees of freedom each, for a total of only 8.
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2.1.2 Superposition of Product States

It was shown in [35] that a symmetric state of n qubits can be represented as a superposition

of D < n+ 1 symmetric product states,
D
®
w) =Y xilo)", (2.18)
j=1
for some x; € C and |¢)j> defined as in (2.7). This representation can be improved upon by an

approximation, as discussed below, and will be revisited in Chapter 4 as a means to construct a

matrix product state representation for symmetric states.

2.1.3 Canonical Forms

A powerful tool in the study of entanglement theory is the usage of canonical forms for
quantum states. Local unitary operators can be used simplify the state space and reduce the
number of degrees of freedom, all while not changing the entanglement properties of those states.
This fact has motivated the search for canonical forms which parametrize particular sets of states
after the action of local unitaries. This has been successfully done for arbitrary multi-qubit states
[36] as well as for symmetric states under the action of symmetric local unitaries to preserve the
state symmetry. What follows is a compilation of canonical forms for symmetric states, the last of

which is of my own creation. Each one eliminates 3 real degrees of freedom from the state space.

e Rotated Majorana Representation: The convenient visualization of local unitary rotations
of symmetric states in the Majorana representation makes for an equally intuitive canonical
form. The n states, { \q) ;) }» can be collectively rotated so that |¢{) = |0), preceding a final

z-axis rotation to eliminate the phase of |¢,), leaving

1 n
Uly)=—Y Uz[0) QUi |9}), (2.19)
VA 1S, j=2
where |¢;) = cos 65 |0) +sin 6 |1). This canonical form was presented in [37] and used to

parametrize the SLOCC and LU invariants of symmetric 3 qubit states.
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e Mandilara Canonical Form: The following form was originally developed in [38]. I slightly
altered this form on three qubits in [39]. I showed and will now prove that most 3 qubit
states,

3
v) =Y a
i=0

can be transformed by symmetric local unitaries to

553)> , (2.20)

W) =4 (|000> +yed |9>®3) , 2.21)
where y € [0,1), 6 € [0,7], ¢ € [0,27), and |0) = cos(6/2)|0) +sin(6/2)|1) is a single

qubit state with purely real coefficients, and A is a normalization constant.

Proof. Start by computing the Majorana polynomial, (2.16), of |y),
() = ao+V3ary+ 3wy + a3, (2.22)

and the associated Majorana roots, {}/]} We can then alternately express |y) as

) =4 (1007 +l62)7) (2.23)
where ‘(I) j> are defined as in (2.7), ¢ € C, and A is a normalization coefficient, by confirming
that this state has the same Majorana roots for some choice of c, {Gj}, and {(]) j}. The
Majorana polynomial of (2.23) can be expressed as

(T|y) = (cos 61 + ysin 6% ) e (cos 6 + ysin eze"%) g (2.24)

Note that the normalization factor, A, has been dropped since this polynomial need only

be specified up to a scaling factor. We can further simplify by dividing by cos 0;, which
leaves,

(Cly) = (14 7B1)* +¢ (1+7B2)”, (2.25)

where f3; = tan 0 €% and ¢’ = c(cos 6,)/(cos 6;). Enforcing that (2.22) and (2.25) have

the same roots establishes the following constraints on { B j} and ¢/,
0 = (1+71B) +c (1+np)’ (2.26)
0 = (1+pB)* + (1+mB)°. (2.27)

Additionally, we can require that the projection of (2.23) onto |I") be the same as that of
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(2.20) when evaluated at Yy = 0, which provides the third constraint,

ap = ci (cos 61)3 +¢; (cos 62)3 ) (2.28)

Equations (2.26-2.28) provide sufficient constraints on { ﬁj} and ¢’ to equate the two
representations of |y), so long as no Majorana root, ¥, is degenerate with degree 2. We

can then act on (2.23) by a local unitary, U, which rotates |¢;) to |0), resulting in
Uly) =A(|000) +clx)), (2.29)
where |x) = U |®;) = (cos8/2(0) +sin 6 /2¢'% |1))®3. A final local unitary can then be

applied to eliminate the relative phase in |)). O

This method can be generalized to symmetric states of n qubits by expressing |y) as

|¢1>®n+2(_n:+1)/zc_ O o n odd
) —A =2 J‘ 7) 7 (230)

01)7" +c2 ‘¢1L>®n +Z?£3 Cj |¢j>®n neven

where <q)1L | ¢)1> =0, so long as |y) has no Majorana roots degenerate with degree 2 < 2 <

n— 1. Local unitaries can then simplify the state to

Xn
, |O>®"+cz|9>®"+2‘,§:§1)/2cj ¢;> n odd
ly')=A i . 2.31)
n/2 q)j’> neven

10)°" +[eal [1)*" + X5 ¢;
Rotated Dicke Basis: The previous two canonical forms offer powerful simplifications to

the state space, but are difficult to express in the computational basis, unlike the following
form which is of my own development. I will show that an n qubit symmetric state can be
rotated by symmetric local unitaries to
W)= aps + b + Y ]
i=3

where a), a; € R and a; € C for j > 3. Before doing so, however, it will be important to

Sf”)> : (2.32)

examine the proof of the following Lemma, which was originally presented in [40].

Lemma 1. For any n qubit state,
|

)= Y ailit-..in) (2.33)

i1 yeonrin=0

26



there is a choice of bases for the tensor factors, rotated to by a local unitary, U, for which
1

Uly) = Z aglmin iy ... 0n) (2.34)

i1y mrin=0

where a;, _;, = 0 if the Hamming weight of |i} ...i,) is I.

Proof. Let |®) = ?:1 M) j> be an n qubit product state which maximizes the overlap with
|w) over product states. Consider, then, acting upon |y) by the local unitary, U, for which

U|®) =1[0)“",
1
Uly) = Z ai i it .in) (2.35)

i1 serin=0

;= 0if the Hamming weight of [i; ...iy) is 1, by contra-

We can show that in this basis, aglml

diction. After the action of U, the inner product, | (®|y) |2, evaluates to | (0|*" U |y)|> =
lay, o>. Consider the case where a}, , # 0. One could then act on U |y) by the local

unitary,

*

/ / *
1 Ap0..0  410..0

V=
\/’aé)...o|2+|a/10...0|2 dio.0 —90..0

which leaves | (0|*" VU |y)|? = \/|a60“_0]2 + |t10...0|%. But, by assumption, |®) maximized

Rle---®1 (2.36)

the overlap with |y) and we therefore have a contradiction which forces a}, ,=0. The
same argument can simultaneously be made for the coefficients of other basis elements

with a Hamming weight of 1. 0

Note that this argument only applies to the Hamming weights of 1 and n — 1. If we tried to
use the same idea to eliminate a},, . up to local unitaries we could certainly mix ag, |
and a},_, in the overlap with [0)*", but not without also including @}, , and aj;, o

which in general will not always increase the inner product.

I will now prove that (2.32) is a canonical form for symmetric states using the same notation

as in the proof of Lemma 1.

Proof. For a symmetric state |y), it was shown in [41] that one can always find a symmetric
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product state, |®) = |¢)*", which maximizes (®|y) over product states. This implies that
the U for which U |®) = |0)®" is also symmetric, and therefore U |y) is likewise symmetric.
Following the arguments of the proof of Lemma 1, it follows that ] = 0 because ’S g")> 1s
a collection of basis elements with Hamming weights of 1. A final phasing local unitary

can then be applied to leave a} real. 0

One might wonder if such a canonical form can be applied to spaces with different symme-
tries, say for the translationally invariant states examined in the next chapter. Unfortunately,
this is not the case, as one is not guaranteed to find a symmetric product state with maximal

overlap for states with weaker symmetries [41].

2.2 Invariants of Three Qubit Symmetric States

Any multi-particle state has a set of polynomials in the coefficients of the state which are
invariant under the action of various local operators [42]. In particular, a 3 qubit state, under the
action of local unitaries, is known to have 5 algebraically independent polynomial invariants, as
well as the state norm and Z, invariants [43]. There is some freedom in choosing 5 generators of
the algebra of invariant polynomials, as any polynomial in invariants is additionally an invariant
of the state. One set of generators which is particularly convenient for 3 qubit states under local
unitary operators is

{%172, %273, %3’1, T, K'} , (2.37)
where ¢ ; is the pairwise concurrence between parties i and j, 7 is the three-tangle, and x is the
Kempe invariant [44]. which is defined for a 3 qubit state, |y) = Zil’ jk=0aijk |ijk), as

K=dijik aizjzkzai3j3k3aijkaa;kzjskl a;'k3j1k2' (2.38)
Note that in the above expression I have adopted the convention of summing over repeated indices.
This choice of invariants is particularly useful as it uses some of the most prevalent entanglement

measures in the concurrence and three-tangle.
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As mentioned in Chapter 1, the concurrence and three-tangle for 3 qubit states is con-
strained by (1.61), but no such constraints are known for all 5 invariants of arbitrary states.
For symmetric states of 3 qubits, however, I was able to determine the full achievable space of
the invariants [39]. Symmetric states offer a significant simplification to the picture of 3 qubit
invariants. Clearly, if a state is symmetric under relabeling of parties, each of the two-party
reduced density operators, p; j, will be identical. This then causes 61, = 623 = 63,1 = ¢ and
effectively reduces the number of invariants to 3, which will be denoted,

(%,1,x). (2.39)
These invariants can be directly calculated from my version of the Mandilara canonical form

(2.21). In terms of the parameters y, 0, and ¢, the invariants are,

2ysin’ %
T= 5 39 , (2.40)
1 +y*+2ycos’ 7 cos ¢
B ysin%sin@ 241)
142 +2ycos3 Scos ¢’ '
1
K= X (2.42)

8(1+y2+2ycos? S cos¢)

(14y%) (8+19y* +8y* +9y* (4cos 6 +c0s26))
+24y cos® g (2 + 3y2 + 2y4 + 3y2 cos 9) cos @
+48y* (14y*) cos® gcos 2¢ + 16y° cos’ gcos 30|.

Figure 2.1 shows the invariants of 107 randomly generated symmetric 3 qubit states,
where the states were generated by sampling randomly over the allowed values of y, 8, and ¢.
At a first glance, it is interesting to note that the three-tangle and Kempe invariants achieve their
maximum values of 1 on the symmetric subspace, but the concurrence does not due its monogamy
constraints [19]. A straightforward maximization over the state parameters reveals a maximum
concurrence of 2/3 in the symmetric subspace, which confirms the result of [21] for n = 3. The

points of Figure 2.1 appear to lie almost on a surface, but closer inspection reveals that they in fact

fill a narrow volume, the boundaries of which can be calculated. We can invert the expressions

29



Figure 2.1: Scatterplot from two points of view of invariants of randomly generated symmetric
3 qubit states.

(2.40-2.42) by a Grobner basis calculation to find,

0 €
coS— = ——, 2.43
> T (2.43)
3292 _
cosp = 4—-31 3(;3% 41<, (2.44)
2
61> +967% +4Kx—4 6724962 +4x—4
y = R 7 —1. (2.45)
3(12 +42) \\ 3(2+92)

The constraints on the state parameters then provide constraints on these functions of the invariants.
The extrema of these constraints are the surfaces which form the boundaries of the invariant space.
The boundaries are formed when equality is achieved in the following relations,
0 < 4-1>-9%2—4x+3%6° (2.46)
0 > 4-1>-9%7—4x 36" (2.47)

32 (2.48)

0 > 4-67°—9%7—4x+3(?+%6?)
These three surfaces, which are shown in Figure 2.2, form boundaries for the possible
space of the invariants and serve as additional monogamy relations for symmetric 3 qubit

entanglement. Note that the state parameter constraints lead to more constraints on the invariants,

but (2.46-2.48) is the minimal set of constraints required to describe the region. Because there is
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Figure 2.2: View of a slice of the boundaries of the volume of symmetric 3 qubit invariants

superimposed over the points of Figure 2.1. The contour achieving equality in (2.46) is shown

in green (the upper-left surface), (2.47) in blue (lower-left), and (2.48) in red (upper-right).
a bijective map between the invariants and the state parameters, each invariant triple which lies
within the region satisfying (2.46-2.48) can be mapped to a 3 qubit symmetric state, and therefore
the entire region is achievable.

We should at this point address the states which do not admit the use of the Mandilara
canonical form, which are denoted as {|{)}. Recall that a state, | ), has a degenerate Majorana
root with degree 2 [38]. Thankfully, we can show that the invariants of the states in {| ) } likewise
satisfy (2.46-2.48). An arbitrary 3 qubit state with a degenerate Majorana root of degree 2 can be

expressed in the Majorana representation as

_ 1
) =2 X wldr)@[61)®[62), (2.49)
A ASAY
We can again use local unitaries to simplify states of this form to
_ 1
W)=+ ) nlo)®0)®]6), (2.50)
A TeS3
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where |0) is of the same form as (2.21). The invariants of (2.50) are

T = 0, (2.51)
. - 2 +48cos? % +141cos? % +52cos® % (2.52)
9(1+2cos29)3 ’
C = %. (2.53)
3 —|—6cos2%

It is then easy to verify that (2.51-2.53) satisfy (2.46-2.48) for 6 € (0,x]. This is perhaps
unsurprising given that the states with a degenerate Majorana root of degree 2 are a limiting case
of states which admit the canonical form. Now all 3 qubit symmetric states have been considered
and it can be concluded that (2.46-2.48) do indeed describe the full achievable region for 3 qubit
symmetric states.

A similar approach could be used to analyze the invariants of n qubits for the symmetric
subspace. 3 qubits, in particular, can be fully analyzed and visualized because the number of
invariants and state parameters is suitably low. Additionally, in the 3 qubit case, remarkably
there is an invertible map between the state parameters and the invariants, allowing for our
calculation of the achievable region. Turning to the n > 3 qubit case, [37] and [34] use the
Majorana representation to examine the SLOCC classes and invariants of symmetric states,
but the LU invariants remain less explored. The inner products of the vectors in the Majorana
representation are themselves a set of 2n — 3 LU invariants, as used in [37]. It would be interesting
to find an alternate set of 2n — 3 algebraically independent LU invariants which includes pertinent
entanglement measures. That set of invariants could potentially then be calculated in terms of the
2n — 3 state parameters. The remarkable fact that this map was invertible for 3 qubits will not

necessarily be true in the n qubit case, though it is certainly worth examining.

2.3 Local Unitary Equivalence of Symmetric States

The results of the previous section well motivate the value of restricting entanglement

calculations to the symmetric subspace. Those results need not only be applied to symmetric
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states though, as the class of states which can be achieved by acting on symmetric states by

local unitaries will have identical entanglement properties to those of symmetric states. This

then begs the question: How can one identify whether or not a non-symmetric state, |y), can be
rotated by local unitaries to a symmetric state? This concept of LU equivalence is one which has
been well studied in the general case due to its implications not only to entanglement theory, but
also to quantum communication and quantum algorithms, where the initial states can be freely
transformed by local unitaries.

Necessary conditions for LU equivalence were found in [45] and admit an intuitive
interpretation. Consider an n qubit state, |y), and its single particle reduced density matrices,
{pi}. The action of a local unitary, U = @?_, U; on |y) can, in part, be seen as the rotation
of p; by U;. This is convenient because the single party density matrices and their rotations
are easy to visualize thanks to their geometric interpretation through the ‘Bloch Ball’. Namely,
pi = %12 + %ﬁ,- .G, where G is the vector of Pauli matrices, and 7; € R? is the Bloch vector for
p; and is constrained by |7;| < 1. It then follows that U,~p,-Ul.T = %12 + %ﬁf - G, where 7] is the
rotation of 7 by the O(3) representation of U; and therefore |7;| = |i}|. So acting on |y) by a local
unitary simply rotates each of its single party Bloch vectors in R3, which is considerably easier to

interpret than unitary transformations on (Cz) “" The obvious necessary condition for unitary

equivalence is then that |y) and |y’), with respective single party Bloch vectors, {7;} and {7},

are equivalent to each other under local unitaries only if |7;| = |7}| ¥ i.
There is a notable limitation to the condition that |7;| = |7i}| V i, which prevents it from
alone being a sufficient for LU equivalence. The limitation is that if |7;| = |7| = O for at least

one party, then we lose not only the nice geometric interpretation of the action of U, but the
sufficiency of this condition for LU equivalence. Resolutions to this issue are discussed in [45],
but they leave the problem challenging analytically. Thankfully, for symmetric state of 3 qubits,
we can resolve this issue and additionally we can reinterpret the LU equivalence condition in

terms of entanglement.
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For symmetric states, the single party Bloch vectors obey 7i; = 7i V i, and therefore so too
must any state which is LU equivalent to a symmetric state. In the case of 2 qubits, the Schmidt
decomposition implies that any state is LU equivalent to a symmetric one. Moving to the 3
qubit case, consider an arbitrary state, |y), with single party Bloch vectors {7;}. In this setting I
will now prove that |ii;| = |7iz| = |#i3] is a necessary and sufficient condition for |y) being LU

equivalent to a symmetric state.

Proof. Start by acting on |y) by a local unitary which leaves it in the canonical form presented
in [36],

|l,l/’> = a|000) + by [100) 4 b5 |010) + b3 [001) 4 ce™ [111), (2.54)
where a,b1,by,b3,c > 0 and 0 < ¢ < 7. The single party reduced states of this state are then
a’+ b% + b% abs

p1 = ; (2.55)
abs b% +c2

a’+ b% + b% ab,
pr = , (2.56)
abs b% +¢?

a?+bi+b3  ab

Py = : (2.57)
abq b% +c?
To constrain the state such that [ii| = [iiy| = |ii3|, we can equivalently enforce that Tr(p?) =
Tr(p3) = Tr(p3) because
11,
Tr (pf) = R (2.58)

This then results in the following set of conditions,

(b7 —*) (b5 —bj;) =0, (2.59)
for distinct 7, j, and k. In satisfying (2.59), one may chose b; = by = b3, which is obviously
already symmetric, or b; = b; = ¢ with by unconstrained. Without loss of generality, we can

choose b| = b and b, = b3 = ¢, leaving the state as

[y’ = a000) +b[100) + ¢ |010) +¢|001) +ce'® [111). (2.60)
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All that remains now is to find a local unitary which rotates this state to a symmetric one.
Consider a local unitary, U = U; ® U, ® Us. The symmetry between parties 2 and 3 in (2.60)
implies that the suitable local unitary will obey U, = Uz. We can then factor out Ugg 3 from U,
which leaves it in the form

U=UPUjUu0101) = U U]o1e1). (2.61)
We can then ignore the U£®3 component, as it simply rotates the state within the symmetric
subspace. This leaves only the determination of U], which can be parametrized as
Ul cos0e’®  sinBeP | 262
—sin@e P cosfe i
To enforce that |y") = U; @ 1®1|y') is symmetric we must require that (001|y”) = (010|y”) =
(100|y"") and (011|y") = (110|y") = (101]y”), which evaluates to two complex conditions,
cos 0 (be ' — ce'®) —asinfe P = 0, (2.63)
csinB(e/PH0) Lo~ h)y = 0. (2.64)
Examining (2.64) first, we must consider each solution. If ¢ = 0, then the state is separable, and
therefore trivially LU equivalent to a symmetric product state. If sin @ = 0, equation (2.63) would
enforce b = ¢, which is symmetric. This leaves f§ = ”;2‘7’ Using this to constrain (2.63) and

solving its real and imaginary components yields the following solutions for 6 and c.

c—b ¢—m
t = t 2.65
an o ST (2.65)
b— o
tan® — % (2.66)
acos 7
These angles determine U] and leave |y”) symmetric. O

As an aside, starting again from (2.54), one can determine the pairwise concurrences by

using the following identity,

\/a+\/ﬁ—\/a—\/ﬁz\/2a—2\/a2—ﬁ. (2.67)

From here, enforcing that 67 » = 623 = 63,1 remarkably arrives again at (2.59). This implies that

€12 = 623 =63 is likewise a necessary and sufficient condition for |y) being LU equivalent
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to a symmetric state.
Moving to states of more than three qubits, it can be shown that |i;| = ‘ﬁ j| Vi, jis no
longer a sufficient condition for LU equivalence to symmetric states, noris ¢; j = 6y Vi# j,k # 1.

We can draw on a counterexample from the following theorem which was presented in [31],

Theorem 1. The k particle reduced density matrices of a pure symmetric state of n qubits cannot

be fully mixed for 2 < k < n.

This contradicts my proposed sufficient conditions for LU equivalence to symmetric states

because we can examine the following unnormalized state,

02) = |00000) + ¥ U (|11000) —[10100) — |01111)), (2.68)
whose single and two party reduced c;reenzssity matrices are each fully mixed [46]. This would then
satisfy both of our proposed conditions for LU equivalence to symmetric states, but cannot be LU
equivalent to a symmetric state according to Theorem 1.

While it is not the case that either |;| = }ﬁj’ Vi,jor ¢,; =% Vi# jk#I are
sufficient conditions for LU equivalence to symmetric states, one might be able to make somewhat
different statements regarding symmetric LU equivalence. It may be the case that |7i;| = |71 j‘ Vi, j
is a sufficient condition for LU equivalence to translationally invariant states, a distinction
which is made evident by considering the generalized Bloch vector representation detailed in
Appendix C. Likewise, it may be that a state with translationally invariant pairwise concurrences
is necessarily LU equivalent to a translationally invariant state. Alternatively it may be the case
that € j = 6x; Vi # j,k # [ is sufficient for LU equivalence to symmetric states so long as
¢:,; > 0. Each of these are open questions of great interest to me.

This work is, in part, a reprint of material from published work done in collaboration
with David Meyer, as it appears in Physical Review A, as well as on the arXiv. Alexander
Meill and David A. Meyer, “Symmetric 3 Qubit Invariants,” Phys. Rev. A 96, 062310 (2017),
arXiv:1702.07295. The dissertation author was the primary investigator and author of this

material.
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Chapter 3

Translationally Invariant States

Among the possible symmetries to enforce on a quantum state, translational invariance
(TT) is a common and natural choice. This is due largely, in part, to their applications in physically
relevant condensed matter systems with the same symmetry [47][48], such as 1-D spin chains
with periodic boundary conditions [49]. Translationally invariant states have accordingly been a
fruitful subject for entanglement theoretic research [50] and SLOCC class descriptions [47].

Translational invariance of quantum states can be defined in much the same way that
we defined full permutation symmetry, with the only difference being that we only consider the

cyclic subgroup of the full permutation group.

Definition 4. An n qubit state,

V) is translationally invariant if
Unly)=1y) V TEZ,CSy, 3.1)

where Uy is the unitary representation of T on n qubits.

We can likewise define basis elements for translationally invariant states which mirror the
Dicke basis for symmetric states. Let a normalized n qubit TI basis element be denoted with an

overbrace,

— N | .
li1..dn) =|Zpli1. . 0n)| 2 Z Urlit...in), (3.2)

ez,
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where |Z, |i] ...i,) | denotes the cardinality of the orbit of |i ...i,) under the action of the Z,

cyclic permutation group. As an example, consider the 4 qubit basis element

/_/R 1
0011) = 7| |0011) +[1001) +[1100) + \0110)}, (3.3)

which is notably different from the Dicke basis element )554) > , which symmetrizes m and
——

|0101). In this sense we can clearly see that translational invariance is a weaker symmetry than
full permutation symmetry, and so the translationally invariant subspace is larger than the fully
symmetric one. Likewise it offers a weaker constraint on pairwise entanglement, which we will
exclusively examine via the pairwise concurrence in this chapter.

The cyclic symmetry implies that for any pairwise concurrence, %; ;, between parties i
and j, €}, j = Giyk,j+k for any k € Z, where the party label subscripts are to be evaluated mod n.
So each allowable pairwise concurrence in a T1 state corresponds to the spacing between party
labelings. As a point of notation, define %k(n) to be the pairwise concurrence between parties
k-away in an n qubit TI state. Note that k runs from 1 to 5], as any k > 7 is equivalent to the
n— k spacing. The | 5] distinct ‘Kk(n) is reduced from the (;) distinct pairs in a general n qubit
state.

The entanglement picture in T1I states is further simplified by the fact that many ‘Kk(n) share
the same properties. To see this, consider some m which is not a factor of #, and the associated
permutation, T € S,

T:i—mi modn. 3.4)
Note that 7 is invertible only when m = 1 or m t n. Permuting the party labels of some TI state,

1

|w), according to 7~ will leave the state in some new TI state, |x) = U,-1|y), which obeys

©:.; (W) = €y a(j) (12))- This means that any properties of %k(") will be shared by ‘5”(:,? for
each m which is not a factor of n. It then suffices to only examine the constraints on %k(") for k

which are factors of n.

These simplifications, along with the natural reduction in state parameters, makes an
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analytic description of the entanglement of TI states more approachable. In this chapter I present
a preliminary analysis of the allowed pairwise concurrences in TI states. Both maximal pairwise
entanglement as well as monogamy constraints for shared entanglement are considered. Due to
the extensive nature of the calculations, significant portions of analysis are relegated to Appendix

A.

3.1 Maximal Pairwise Concurrence

A natural question when examining a subset of quantum states is; which states maximize
entanglement within that subset, and what is that maximal entanglement? Within the transla-
tionally invariant subspace, we need only examine the maxima of Cﬁk(n) for 1 <k <[5 and kn.
Denote a state which maximizes ka(n) as ’V/,En) > Finding the ‘W,En)> and the associated maximal

‘fk(n) is greatly simplified by the following theorem, which was the main result of my work in

[51],
Theorem 2. For k|n, max ‘Kk(”) = max Cgl(n/ k), and a corresponding state which maximizes ‘gk(n)
can be constructed as
k—1
‘Wk g Vi k{n/k}+i’ (3-5)

where {n/k} represents the set of integers from 0 to n/k — 1. These integers, multiplied by k then

incremented by i, indicate the party labelings in the overall state.

Proof. Consider some n qubit T1 state,

l[/(")> = Yiczy ai[i), and some k|n. Examine the reduced

density matrix,

Py = Trig (|w™) (W) (3.6)
= Y X a0y, (3.7)

jeZ;_"/kmyeZ;/k

where x and y indicate basis elements in the parties in k{n/k}, while j indicates basis elements in

the remaining n — n/k parties. Notably, this reduced state obeys, by definition, ‘51(”/ g (pk (n /k}) =
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o (v).

Now label any w € Z,, C §,, as
(n)

Ty’ i—i+m modn. (3.8)
We can then examine that for any m,
Ut Py = ;Zy Vi ai g X TV G5
= XXV . X0V (3.10)
.] X,y km 1y
= Pr{n/k}s (3.11)

where the first equality describes the action of a permutation on the parties in k{n/k}, the second
extends that permutation to the n parties and rearranges using the sum over j, and the third uses

the cyclic symmetry of ‘l[/(")>. And so forany w € Z,

UrPrin/ky = Pin/k}Un = Prfn/k}- (3.12)
Since Py, k) commutes with Uy for Jrl(n/ k), they can be simultaneously diagonalized into a basis

(n/k)

{}q) ]>} Since Uy for ;"™ is unitary, its eigenvalues associated to each }q) j> can be labeled as

Aj = €'%. We can then examine
UPrnjiy = 2 PiUx |[6;){9)] (3.13)
J
= YLrie|9,){9i. (3.14)
which, according to (3.12), must be equal to thejoriginal Pi{n/k}- This is only possible if €% =1
for each j, implying that |¢ j> are each TI states.

Lastly, order the eigenstates to be decreasing in Cf (}(I) ]>) By the convexity of the

pairwise concurrence, it then follows that

" (pk{n/k}> = " (;P1|¢’j><¢j\) (3.15)
< Yr " (o) (3.16)
< %f”/"><\¢1>> (3.17)
< %1(”/")<\w1(”/k)>), (3.18)
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with the inequality being saturated by the state, (3.5). [

Interestingly, convexity was the only property of the concurrence used in the proof of
Theorem 2, meaning that any convex entanglement measure would obey an analogous statement
in TT states.

Notably, (3.5) also agrees with the monogamy behavior examined in the next section, as
each of CKJ(;)k (‘ l/llgn) >) = 0. As aresult of Theorem 2, all that remains is to find ‘gl(n) for each
n. For n < 3, the TI subspace is equivalent to the totally symmetric one, where the maxima
have previously been determined. This leads to max %1(2) =1 with }%(2) > = \/LE(|OO> +|11)) and
max %> = 2 with ’w§3)> = L(|001) +1010) +[100)) [21]

Turning to n > 4, no precise results are known, though a lower bound on maximal
entanglement was presented in [50]. I was able to improve this bound forn =4 and n = 5 in [51].

Consider arbitrary normalized 4 and 5 qubit TI states,

) —~ ~ —~

‘l// >:a|0000)+b|0001>+c|0011>+d|0101>+e|0111)—|—f|1111), (3.19)
5) — N —

‘w > —a|00000) + 500001) +¢]00011) +4]00101) (3.20)

+¢f001T)+/ 0101 +¢ 0TI +[11111),
Unfortunately, even calculating ‘51(4) and %1(5) for arbitrary states is analytically challenging, let
alone maximizing over that space. Instead, the calculation will be performed on the even-X state
subspaces for n =4 and n = 5. Even-X states (abbreviated X states), introduced in [52], are
superpositions of only computational basis elements with even Hamming weight. Notably, the set
of states TI states examined in [50] are a subset of the TIX states. Arbitrary 4 and 5 qubit TIX

states then take the form,

) T SeT i repen:

‘q;x> = a|0000) +¢[0011)+a]0101) +£|1111), (3.21)
(5) — N

\Wx> = @|00000) +¢[00011) +d00101) +gfo1111). (3.22)

The X state subspace is a useful one as concurrence calculations on the space are rather simple.
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Two qubit reduced density matrices of X states were shown in [52] to be of the form

¢ 0 0 v
0 0
p= P . (3.23)
0O u* v O
vi 0 0 ¢
The square roots of the eigenvalues of pp, as in the concurrence definition. are the following,
Ji= {VBY+ |l VBY— |, Vad +|v|, Vad — |v|} . (3.24)
Either the first or third term is the largest eigenvalue, so the X state concurrence is then
() = 2max {0,|v] = /By, [u| — Vas}. (3.25)

Let ‘ﬁk(':l) and %k('z,) indicate the possible non-zero expressions for TIX concurrence involving u
and Vv respectively. Following this notation, the concurrences of arbitrary 4 and 5 qubit TIX states

can be calculated to be,

@ _ led+dc| 2 I (L
Cgl,u - \/5 2 |a| + 4 4 ‘|’|f| (3-26)
1

¢\ = lac” +¢f*| = 5lel* [’ (3.27)
@ _ e 4>\ (1d?

Cp = Il —2\/(!a\2+7 aaalds (3.28)
Gy = V2lad* +df||c] (3.29)

2
G = g(\d6*+0d*|+|d|2+|g|2—\/(5|a|2+2|c|2+|d|2)(|c|2+3|g|2)) (3.30)

2
Cfl(fv) = 3z (‘ V5ac*t +2cg* +dg*

— le[2 —2Jd]? - |gl?) (3.31)

5 200w
G = §(|dc +cd|+|c|2+|g|2—¢<5|a|2+|c|2+2|d|2><|d|2+3|g|2>) (3.32)

2
‘52(75‘,) = §<’\/§ad*+2dg*+cg*

—2Jel2—|d* - |g?). (3.33)
In determining the maximum of %”1(4) and %”1(5) over the X state subspace, the maximization will
need to be performed over both the u and v terms with the overall maximum being the larger
of the two resulting maxima. These maximizations are easily performed after setting all the

coefficient phases equal to 0. This phase treatment maximizes each absolute value in (3.26)-(3.33)
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and simplifies the maximizations enough to readily calculate. The results are compiled in the

table below. The overall maximum of %1(4) = % occurs whend =0anda=c=f = \/Lg, while

Table 3.1: Maximum concurrences of 4 and 5 qubit CSX states. The analytic results for n =5
are the roots of complicated polynomials, so their rounded numerical values are reported instead.

Concurrence | Maximum

4
%1(7 J

o@

1,v

EST

N —

W ~ 0.468

&) ~ 0.366

1,v

the %) ~ 0.468 maximum occurs at a = g = 0 and ¢ ~ 0.298 d ~ 0.955. These maxima, while
calculated only over the TIX subspace, agree with the apparent maxima in numerical results for
general T1 states, as shown in Figure 3.3 in the next section. This %1(5) maximum is also a notable
improvement over the lower bound established in [50].

For n > 5, the TIX state concurrences can be calculated, but the spaces prove too large
and complicated to maximize over analytically. A possible future direction for this work is to

(n)

bound the maximal ¢, in the large n limit.

3.2 Constraints on Shared Pairwise Concurrence

We know that the space of allowable pairwise concurrences, {%; ;}, in arbitrary n qubit
states is constrained by monogamy relations. Within the translationally invariant subspace we
would analogously expect monogamy relations for the set of {%k(n) }. I examined such monogamy
relations for 4 and 5 qubit TI states in [S1]. Shown in Figure 3.1 are the k = 1 and k = 2

concurrences for 10° randomly generated 4 and 5 qubit TI states.

43



0

0.5}

0.4

03l

0.2

0.1f

0. — :
ci¥ 8. 04 05

0.
8.0 0.1 02030405

Figure 3.1: Pairwise concurrences of 10° randomly generated 4 and 5 qubit TI states.

This first numerical examination demonstrates the peculiar monogamous relationship
between pairwise concurrences in TI states. It appears that for both n = 4 and n = 5, above some
threshold concurrence the other concurrence must be equal to 0. This is differs from typical
monogamy relations [19][53], which also suggest that the maximally entangled states minimize
entanglement with other parties, but allow for states with slightly less entanglement than the
maximum to share other entanglements.

The following theorem provides some analytical context to the TI state monogamy.
Theorem 3. The neighborhood of states around any ‘l//§4)> have (51(4) =0.

Proof. Consider the state,
(4)>:‘ (2)> ’ (2)> 3.34
‘llfz Vit L e ), (3.34)
The pure 2 qubit states with concurrence equal to 1 are equivalent to each other under local
unitaries, so the set of ’1//2(4)> are likewise equivalent. This implies that the entanglement
properties of any ‘1//2(4)> can be determined by examining those of (3.34). Now consider altering

(3.34) by some infinitesimal perturbation of the form of (3.19),

W)= ut") +e|w®). (335)
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where € < 1. To show ‘51(4) = 0 for the above state regardless of the perturbation, we first

calculate the reduced density matrix between adjacent parties,

2a b b c

b \2d
R vad e e +0(e?). (3.36)

b c V2d e

pr

I
PN
_I_
N1 o

c e e 2f

It is clear that only the real part of the perturbation will affect the concurrence, so continue
assuming the coefficients of the perturbation are real. For simplicity, absorb € into the perturbation
coefficients. Continuing in the concurrence calculation,

2a+2f b—e b—e 2c
1 1| b—e 2V2d 2  e—b

Prfr = —+ - + 0(&?). (3.37)
1681 p o 26 2v2d e—b

2c e—b e—b 2a+2f

The square roots of the eigenvalues of this matrix are all A; = }‘\/ 1+ O(g) + O(€2). therefore,

the sum A; — A, — A3 — A4 will certainly be negative, so the concurrence is 0. O

The monogamy of TI states is more clearly observed by examining the subconcurrence,
defined as
SE =M — A — A3 — A4, (3.38)
where A; are the square roots of the eigenvalues of pp in descending magnitude, as in the concur-
rence definition. More simply, the subconcurrence has the same definition as the concurrence,
except it doesn’t map negative sums of A; to 0. The subconcurrences of randomly generated 4
and 5 qubit TI states are displayed in Figure 3.2.
Figure 3.2 clearly demonstrates the apparent thresholds in 4 and 5 qubits. For both
n =4 and n =5, it appears that above some k = 2 subconcurrence, the k = 1 subconcurrence
must be negative. Due to the symmetry discussed at the beginning of the previous section, in

5-qubits, states with k = 1 subconcurrences above the same threshold will have negative k = 2
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Figure 3.2: Pairwise subconcurrences of 10° randomly generated 4 and 5 qubit TI states.

subconcurrence. For n = 4, however, the totally symmetric state, |[W) = |0001) has the same
s‘flm) as (3.34) while also having s%2(4) = %

The analytic description of these monogamy thresholds will again be performed on
the X state subspace, where the calculations are much simpler. Shown in Figure 3.3 are the
subconcurrences of randomly generated TIX states overlaid on general TI state subconcurrences.
Based on these numerical results, it appears that TIX states share the same monogamy thresholds
and maximum concurrences as TI states, making them a relevant subset for analysis.

Looking only at TIX states, we found the achievable concurrence boundaries in both 4
and 5 qubits. The full analysis is presented in Appendix A, but the boundaries allow for a quick
determination of the concurrence thresholds in the X state subspace. The thresholds are compiled
in Table 3.2 on the next page. Note that the 5%1(4) threshold only fully holds for TIX states. Also
recall that the concurrence symmetry in 5 qubits implies that s‘gl(s) and s‘gz(s) have the same
threshold.

This work is, in part, a reprint of material from published work done in collaboration
with David Meyer, as it appears on the arXiv. Alexander Meill and David A. Meyer, ‘“Pairwise

Concurrence in Cyclically Symmetric Quantum States,” arXiv:1802.06877. The dissertation
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Figure 3.3: Pairwise subconcurrences of 10° randomly generated 4 and 5 qubit TI and TIX
(darker blue) states.

Table 3.2: Threshold concurrences of 4 and 5 qubit TIX states. The analytic result for n =5 are
the roots of complicated polynomials, so the rounded numerical value is reported instead.

Concurrence | Threshold
3‘51(4) M#
s‘f2(4) %
6 ~0.418

author was the primary investigator and author of this material.
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Chapter 4

Symmetric Matrix Product States

The results of the previous chapter are somewhat surprising when put into context.
Theorem 2 implies that maximal entanglement in translationally invariant states increases with
the spacing between the party labels. This, at a first glance, is in stark contradiction with the
classical intuition - that classical correlations decay with spacing in translationally invariant
systems [54] [55]. This contradiction is resolved by the fact that label spacing, in states which are
only constrained by translational invariance, has no immediate physical meaning. As discussed in
the previous chapter, permuting the parties of a TI state equates pairwise correlations along any
spacing to that of a factor of the number of parties, n. The most apparent example of this is prime
n, which leads to each spacing being essentially equivalent. So this then begs the question: If
translational invariance alone is not enough, what further symmetry or state structure is required
to convey physical separation in translationally invariant systems?

One potential approach is the ‘Matrix Product State’ (MPS) structure, which is ubiquitous
in the study of condensed matter spin systems [56] [S7] [58] as well as in high energy theory, as
it pertains to the holographic principle in the study of anti-de Sitter space/conformal field theory
[59] [60]. A matrix product state is constructed by assigning a set of matrices, {Al[j ] } € Mp,x Dji1o

to each particle, where j is the party label and i = 1,...,d;. The trace of the product of these
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matrices determine the computational basis coefficients of the overall state,
d dy

=Y .. ZTr(AE}...AI[Z]) lig.oin) - 4.1)
One interpretation of matrix prodi;:tl staltne:sl, which in part led to their initial conception in the
AKLT model [58], begins by assigning to party j a pair of virtual spins of dimension D; and D .
The virtual spins of neighboring parties, j and j+ 1, are taken to be in a maximally entangled
bond, which, upon being measured in a basis corresponding to the matrices Al[-j ], leave the physical
spins in the actual state, |y). In this sense, the entangling of neighboring spins adds a notion
of locality to the state. The dimension of the virtual spins, D;, are referred to as the “Bond
Dimension”, and convey some notion of interaction scale for the state. Physically this notion is
formalized by the fact that one can always construct a parent Hamiltonian which acts non-trivially
on L ~ 2logD/logd neighboring parties, for which that MPS is a ground state [56]. If the bond
dimensions are sufficiently large, any state may be represented as an MPS [61]. To make use of
the interaction length interpretation, however, we generally seek the smallest bond dimension
which admits a MPS representation of the state. MPS representations of a given bond dimension
then form a non-trivial subset of the overall Hilbert space with physically relevant properties.
This restriction to matrix product states allows us to further constrain the translationally
invariant space of states in such a manner that enforces a physical length scale. A translationally
invariant MPS is one which assigns the same set of matrices, {A;} € Mpxp, to each party. This
alone is enough to yield translational invariance because cycling the parties merely cycles the A
matrices, which, due to the cyclic invariance of the trace, leaves the state unchanged. Returning to
the problem of growing pairwise entanglement with party spacing in TI states, one would expect
that the entanglement grows at the cost of bond dimension, D. While there is yet no formal proof
of such a statement, it is nonetheless interesting to ask what kind of entanglement can be achieved
when D is fixed, and preferably, small. In this chapter I answer this question for fully symmetric
matrix product states and develop an LU canonical form for TI matrix product states as a tool for

future entanglement analysis.
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4.1 Translationally Invariant MPS LU Canonical Form

As discussed in Chapter 2, LU canonical forms are a powerful tool in entanglement analy-
sis because they simplify the state space while leaving the entanglement properties unchanged.
MPS’s are particularly difficult to expand into the computational basis, so any reduction in the
parameter space is valuable in that pursuit. Other work has examined reducing the degrees of
freedom in exact representation of MPS’s [35] [62], but none have yet exploited the action of
local unitaries to further simplify the state. I was able to develop an LU canonical form for
translationally invariant matrix product states of n qubits with D = 2, which leaves the state with
only 1 real and 2 complex degrees of freedom, with probable room for additional reduction. What
follows is a derivation of that LU canonical form.

Begin by considering an n qubit TI MPS,

ly) = i 21: Tr(A;, ... Ai,) i1 in) - 4.2)

A standard canonical form for sucﬁls:tgtes l\nV:a(; introduced in [62] which involves merely changing
the structure of the A; matrices, while maintaining the exact original state. They identified the key
property that, without changing the bond dimension, D, one can achieve the original state with a
set of matrices A; which obey

iAiAj' =1p. (4.3)

i=0
This form is referred to as ‘left normalized’, while the same constraint for Ain is referred to
as the ‘right normalized’ canonical form. For D > 2, the canonical form can be additionally
constrained with a block structure, but we will restrict to D = 2 where (4.3) is sufficient.

In the search for an LU canonical form on TI MPS’s it will be important to observe that
a state which obeys (4.3) will continue to do so under LU evolution. To see this, consider a

symmetric local unitary operator, U = U 1®” acting on |y), resulting in a new set of matrices,

1
A=Y {U},; A;. 4.4)
j=0
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We can then show that these new matrices are still in the left normalized canonical form,

1 1
YauaT = Y {uidu Al 4.5)
i=0 i,j k=0
: T T
_ U} {U} AA (4.6)
i,j.,;:o{ TR P
Lo t
-y {UlUl}ijjAk 4.7)
J:k=0 ’
1
= 8, jA AL (4.8)
J=0
1
= Y AA] (4.9)
i=0
— 1. (4.10)

This fact allows us to freely apply LU operators while continuing to enforce (4.3). Consider, then,

parametrizing
cos @t —sinBelv
U = | P (4.11)
sinfe "V cos@e
and examine
{A}, =cosBe™ {Ag}y —sinBe™ {A1}g . (4.12)
We can choose U so that {Af)},, = 0 by setting
. Ao
tangeitv-) — Aolor (4.13)
{Ai}os
At this point we can express Aj as,
, a 0
Ao = , (4.14)
Y B
where & € Rand 3,7 € C.
We can now enforce (4.3) to constrain A",
_ _ 1—o? ay*
ALAT =1 ApAY = : (4.15)

ay 1=y —|BP
In examining the parametrization of A’, the following Lemma will be useful.

Lemma 2. IfA,B € M(D) satisfy AA" = BB, then A = BV for some V € U(D).
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Proof. Let UAZAVX = A and UpZgV, = B be the singular value decompositions of A, and B. Note
that AAT = BB" implies Uy = Ug = U and £, = X3 = X. Then if V = V3V,
BV = ULV VgV, = ULV = A. (4.16)

O

Lemma 2, in conjunction with the Cholesky decomposition of (4.15), gives the following
parametrization of A",
1—a? 0

oy o[y
A 118 - 2 - L
where V is an arbitrary unitary matrix. These two matrices, A;, and A}, form an LU canonical

4.17)

form for any TI MPS with D = 2.

This canonical form is potentially useful in parametrizing states of D = 2, but the process
could potentially extend to D > 2. One would simply eliminate the desired entries in Ag through
LU evolution, then parametrize A; with (4.3) and the Cholesky decomposition. There are some
notable choices made in the derivation of my canonical form, which could be altered to suit the
needs of any particular application. One could eliminate a different entry in Ap, and one could
choose an expansion of AIAT other than the Cholesky decomposition. Additionally, numerical

evidence suggests that 3 can likely be constrained to be real by further manipulation.

4.2 Fully Symmetric Representations and Entanglement

While the primary application of the MPS structure has been to TI systems, fully permuta-
tion symmetric states have also been examined in the MPS context [35] [63]. When expressing a
symmetric state as an MPS, one could opt for a non-symmetric matrix structure. The W-state,
——
|[W) =0...01), for instance, can be achieved with only D = 2 by the almost symmetric set
of matrices, (A([{],A[lj]> = (|0)(1],1) for j < n and <Agn},A[ln]> = (|0)(1] oy, Oy) [62]. If one

wanted a more symmetric choice of matrices, the obvious choice is to enforce that A; are diagonal
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and independent of party. Much like party independence of A; being sufficient for translational
invariance due to the cyclic invariance of the trace, having A; be diagonal allows for arbitrary
shuffling of the (now commuting) matrices leaving the state unchanged. With this matrix structure,
the W-state requires a minimal bond dimension of D = n, and is given by the matrices,
Ap o< diag {o, 1,6 Qi ,e<"—2)”°‘} (4.18)
Ay o< diag { (1= )7, 1,8 (=28 2B, (4.19)
where a =2 /n(n—1) and B = 27/n [35]. While the W-state has a provably minimal bond

dimension of D = n, I was able to show that the MPS, |W, ), described by the matrices,

1 O
Ag = . (4.20)
0 en
0 0
Al =¢ o) , 4.21)
0 e

obeys (W|Wg) = 1 — (¢g). This example is notable from an entanglement perspective, for the
W -state maximizes pairwise concurrence in symmetric states of n qubits [21]. This implies
that for a bond dimension of only D = 2, one can get arbitrary close to a maximally entangled
symmetric state, which is quite valuable as an information resource.

The previous example of approximating the W-state with a low bond dimension state
generalizes to the entire symmetric subspace. It was shown in [35] that an arbitrary symmetric
state of n qubits can be exactly described by a diagonal MPS of bond dimension D < n+ 1. The
state is constructed by first observing, as was introduced in Chapter 2, that a symmetric state can

be expressed as a superposition of symmetric product states,

D
®
) =Y x;|e;)". (4.22)
j=1
This state then admits a diagonal MPS representation with the matrices,
D
/n ;. N
Ai=), xj/" (iloi) 1) (- (4.23)
j=1
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This map from symmetric state to diagonal MPS is also invertible. Given the matrices,
D .
A = ; A G (4.24)

we can expand this state into the form of (4.22) with

(4.25)

A

(ilxj) = ’—J (4.26)

It seems as if we can do much better than D < n+ 1, however, given our knowledge of the
Mandilara canonical form, which states that almost every symmetric state can be expressed as a
superposition of D < [3] symmetric product states. The exceptions, which do not admit such an
expansion, are states with at least one Majorana root degenerate to degree 2 < & <n— 1. The
W -state is a prime example of such an exception, having one non-degenerate root and one root
degenerate to degree ¥ = n — 1. The obvious question then is; if we perturb the degenerate roots
to infinitesimally break that degeneracy, do we maintain near unit overlap with the original state?
If the answer to this question is yes, then we would be able to approximate any symmetric state
with a diagonal MPS with bond dimension D < [5] with infinitesimal error. I confirmed that this

is indeed possible, as described by the following theorem.

Theorem 4. Given a symmetric state of n qubits in the Majorana representation,

Z U,r® 0;), (4.27)

7'C€S
and the perturbed state

‘WI> \/— Z Uﬂ“Pl ®‘¢j (4.28)

TES,

which obeys |(91|9])| = cose ~ 1 — €2, then the overlap between these two states is bounded

from below by (y|y') >1—2(n!)e.

The proof of this theorem can be found in Appendix B. Note that the overlap, |(¢;|9;)| = cose,
was chosen to represent a perturbation of the according Majorana star by an angle of 2¢.

The above theorem and its implications are exciting, particularly in the context of entangle-
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ment. We now know that we can get arbitrarily close to highly entangled symmetric states while
keeping the bond dimension low. We should confirm, though, that those approximate states have
approximately the same pairwise concurrence. Say |y') = [y) +€|y~), where (y|yt) =0.

We want to show that
C(lv))—€(y)| <)
To do so, we will find the square roots of eigenvalues of the usual p’p’, or, equivalently, the fourth

roots of p’p’p’p’. To first order in € we have

YN

p'ppp =pppp+EeG,
where
G=Hppp +pHpp +ppHp +pppH,
where
= (o ol
Importantly, pppp and G are Hermitian, so in finding the eigenvalues of the Hermitian p’p’p’p’
we can use the usual quantum error propagation. Namely, to first order in &€,
M =L+e(A|GIA),
unless some of the A/s are degenerate. In that case, the corrections to A/ are the eigenvalues of
€ (A;| G|A). Since (A;| G| ) are finite, so too is the & (€) correction to A/. And so, finally, the
perturbed concurrence is
% (|y')) =max {0,(41)* = () * = (ha)* = (M) } =€ (|w) + O (e).

To give some final context to these results, I will find the full space of D = 2 matrix

product states and show how the W-state lies infinitely close to that space. Start by exploiting the

inverse map from a D = 2 diagonal MPS to a superposition of 2 symmetric product states,

W) =x1]01)"" +x2[¢2)"". (4.29)
I will describe the achievable subspace of symmetric states using the Majorana representation,

and to do so we will find the Majorana roots of this state, then see what is achievable. Note that
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the action of LU operators is easily visualized in the Majorana representation as rotations of
the Bloch-sphere. This will be helpful, as I will use LU operators to simplify the state as much
as possible before calculating the Majorana roots, and it will then be understood that the set of
achievable Majorana representations includes all rotations of the ones found.

Now, to simplify the state and find its Majorana representation, start by using local

unitaries to leave the state as

W) = x1|0)*" +x2 (ro [0) +r1 [ 1))*", (4.30)
where r; € R. Now let x = —(xpr1 /x1)" and y = —r(/r; and express the (now unnormalized) state
as

[y)' < [0)7" =27 (=p[0) + 1) (4.31)

Note that in computing the Majorana roots, the normalization of the state does not matter,
so the roots will entirely depend on the unbounded x € C and y € R. Moving forward in calculating
the Majorana roots, we define the unnormalized state

o) = (0) + & 1)), (4.32)
where « is an unbounded complex number. The Majorana roots are then the solutions in o to

{a|w) =0, which can be expressed as,

l—x"(a—y)" = 0 (4.33)
a—y = xe2®min (4.34)
a = y+xeXFmin, (4.35)

where m € Z. To finish the computation of the Majorana representation we would perform a
stereographic projection of these n roots to the Bloch-sphere, then use points directly opposite
these projections as the points of the Majorana representation. So, to summarize this result, the
roots in the complex plane lie in a circle of radius |x| centered at y, and are evenly spaced around
this circle with starting angle, arg(x). The W-state, in particular, is approached by taking the

limits, |x| — oo and y — eo. This places a single star at the origin, with the remaining n — 1 points
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out approaching infinity. This projects to one point at the |1) pole, with the remaining points

project infinitely close to the |0) pole.
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Chapter 5

Party-Site Symmetric States

The final symmetry examined in this thesis is motivated by the dynamics of identical
particles whose motion is constrained to the discrete sites of a complete graph. Consider n
particles evolving on a complete graph of d sites. To describe the state of such a system, we can
index the site position of particle j by i}, and therefore the overall state can be described by n

qudits, or, a vector in C",

d d
|I[/> = Z Z aj, ..iy |i1...in>. (51)

=1 ip=1
To this state we would then want to enforce constraints which reflect the symmetries of both:
e Party: Because the particles in question are identical, we want to enforce that any permuta-

tion of their labels leaves the state unchanged.

e Site: Because the particles are walking on a complete graph, the sites themselves of that
graph are identical, and any permutation of their labels would leave the graph, and therefore

the state, unchanged.

We have encountered party symmetry before, as it is the familiar full permutation symmetry
which was the focus of Chapter 2, but site symmetry is a new consideration. We can formalize

these combined symmetries in the following definition,
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Definition 5. A state,

d d
|l[/> = Z Z aj, ..iy |i1...in>, (52)

=1 =1

is party-site symmetric (PSS) if
Udly) = |y) V pES, (5.3)
VW) = ly) ¥ ves,, (5.4)
where Uy, is the unitary representation of |, which permutes the party labels,
Uplit...in) = |0 (i1 .. in)) (5.5)

while Vy is the unitary representation of v, which permutes the basis (site) labels,
Wli)=1v()). (5.6)

The individual symmetries associated to party (5.3) and site (5.4) will be referred to as U
and V symmetries respectively. For PSS states we expect that many of the coefficients, a;, ;.
are constrained to be equal by the U and V symmetries, leaving some much smaller basis for
the subspace. The U symmetry implies that the ordering of i1-i, does not matter, so we can
equate groups of the a;, . ;, under common labels, where each of the i;-i, are arranged so that like
indices are adjacent. For example, a2 3 43 would be equal to and can be labeled as a2 2 3 3 4.
Furthermore, the indices can be arranged in decreasing number of like indices. This would equate

and relabel a; 222334 t0 a22233,14. The V symmetry then implies that the collective index

1o~y by

we can label the grouped elements by a3 > 1,1, where now the subscripts denote the number of
elements who share a given index. One can recognize that such a grouping and labeling can be

expressed in a young diagram,

= {M (v(l),v(2)7v(2)7v(3),v(4),v(2),V(3)> ‘ HESy, Ve Sd}
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In general, the number of rows in a Young diagram indicates that each of the elements in the set
has that many distinct indices. The number of blocks in a row indicates how many parties share
that index. Naturally, the total number of blocks is n, and there can be at most d rows in a Young
diagram. With the interpretation of Young diagrams established, we then find that they serve as

an orthonormal basis for pure PSS states,

vi= Y aly, (5.7)

ye¥ (n.d)
where % (n,d) is the set of Young diagrams with n blocks and at most d rows, and |y) is a

normalized equal superposition of computational basis elements belonging to the set described by
the Young diagram, y.

The symmetries of PSS states clearly offer a significant reduction to the state space, but
they do so while maintaining notable physical relevance. PSS states are a natural starting point for
the description of quantum random walks of identical particles on the complete graph. Such walks
have been shown to be a candidate model for quantum search algorithms which achieve the same
0(v/N) speedup as Grover’s algorithm [64]. While the marking of a site (or sites) to search for
does break the site symmetry slightly, the fully symmetric case offers a baseline for describing the
entanglement properties of the more general walks [65]. In particular, we would like to examine

whether or not the PSS symmetry alone is enough to validate a mean field approximation,

P2~ P1API, (5.8)
where p; and p; are the one- and two-party reduced density matrices respectively, which, thanks to
the U symmetry, are independent of party labels. The purpose for examining such an assumption,
as detailed in the next section, is that it is a key step in potentially approximating the dynamics of
quantum random walks with non-linear equations of motion which result in conditional &'(N 1/ 4
speedup of quantum search [66].

At first glance, the mean field approximation seems like a reasonable one for the PSS
setting. It is certainly not true for an entangled state, so presumably the more entangled the

state, the bigger the violation. But, as we have seen previously, the symmetry of the state forces
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any entanglement to be shared among each party, and therefore should decrease with n due to
monogamy. In this chapter I will further motivate the relevance of the mean field approximation

for PSS states, then examine its validity more precisely.

5.1 The Gross-Pitaevskii Equation

To appreciate the need for the mean field approximation we have to make a slight diversion
into continuous space equations of motion. In particular, we will examine the derivation of
the Gross-Pitaevskii Equation [67], which is a widely use tool in the study of Bose-Einstein
condensates [68]. The derivation begins with the exact equations of motion, which are described

by the multi-particle Schrodinger Equation,

2
n . 1
iha,w(r,xl,...,xn):[ZMJr— ) V(xj—xk)]ly(t,xl,...,xn), (5.9)

=M NSy
where the particle interactions are merely pairwise and described by the potential, V (x i xk) ,

which is independent of party labels. If one were to trace over each party but the first to find the
equations of motion for reduced state of the first particle, p;, one would arrive at the BBGKY
Hierarchy,

—ihdpy (1,x13x]) = (M — w) p1 (¢,x15x}) (5.10)

2m 2m
1 n
+-) / [V (i1 =xj) =V (1 =x))] o (801,%)51,%)) dx;.
j=2
The main obstacle in the use of the BBGKY Hierarchy is the fact that the dynamics of p; are
coupled to the dynamics of each of the two party reduced states, p;_ ;, which, in turn, are coupled
to the dynamics of the three party reduced states, and so on, forming a hierarchy of coupled
differential equations. To break the hierarchy and decouple the equations of motion we must
make a set of assumptions. First, we assume party symmetry, an assumption natural given that

the intent is to describe the motion of identical bosons. Party symmetry allows the sum to be
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evaluated, leaving,

2
_-ha Y |p1|2_‘p/1’ ) 511
l tPl(l‘,xl,X])— o om Pl(f,xl,)ﬁ) (5.1
n—1

+

- / [V (x1—x) =V (x’l —xz)} 02 (t,xl,xz;xll,xz) dxy,
where now p; and p; label the reduced states of any single particle or pair of particles respectively.
Next we assume many particles, | < n, and suitably short range interactions such that V (x) ~

Ad(x). These make the integration easy to perform and leaves us with the Gross-Pitaevskii

Hierarchy,
/ ‘ 2

2
—indypy (t,x1:%)) = (M _p

2m 2m

) p1 (t,x15x7) +A [p2 (8,x1,x1:x),x1) — pa (£, x1,x]5x7,x7) | -

(5.12)

To this point, the assumptions have been minor and natural. The assumption which breaks

the hierarchy, though, is somewhat unique to the Bose-Einstein condensate setting. In the large n

limit, the state of any two particles in a Bose-Einstein condensate decouples and can be described

by the tensor product of the individual state [68],

o) (t,x1 ,xz;xllxz) ~ P (t,xl;xll) ® pP1 (t7x2;x'2) , (5.13)

which is exactly the continuous space version of the mean field approximation, (5.8). This
approximation breaks the hierarchy and arrives at Non-Linear Schrodinger Equation,

2 112
. 1 p
—iho,py (t,x15x]) = il Il + A [pi (t,x13x1) — p1 (1,x1:x1)] | p1 (£,x15x7) . (5.14)
2m 2m
The final necessary assumption, which is also appropriate in the Bose-Einstein condensate setting,
is that p; (t,x1;x]) = w(r,x1)y*(z,x}) is pure. This alters the equations of motion from describing

the dynamics of a density matrix, p; to a pure wavefunction, y, and is the final form of the

Gross-Pitaevskii Equation,

2
—ihdy(t,x) = (% +1 Il/f(t,x)|2> v (t,x). (5.15)

The Gross-Pitaevskii equation is notably non-linear, but results in decoupled equations of motion.
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It is that non-linearity which, in the complete graph quantum search setting,

—ind |y(0)) = | A +8 L 1{Iv) 1)) <j|] lw(®)), (5.16)
enables the conditional speedup over Groverj’s algorithm, which is provably optimal in the
linear setting [69]. Clearly, though, in order to use (5.16), we need to show that the mean field
approximation, (5.8), is a reasonable one. Examining that assertion in the fully symmetric PSS

setting is the clear first step.

5.2 Measuring Mean Field Approximation Validity

There are two main challenges in measuring the validity of mean field approximation,

(5.8), for a general PSS state, (5.1). The first is performing the partial trace to find p; and p»,

and the second is evaluating how similar p, and p; ® p; are by some metric. There are many

options for measuring the distance between two matrices. Two methods which make use of the

generalized Bloch vector representation of the state are described in Appendix C, but the primary
metric of choice for this thesis is the matrix Fidelity [70],

F(A,B) = [Tr\/\/ZBx/Z 2. (5.17)

The fidelity is a common choice in quantum information theory [71] as a generalization of the

pure state inner product to mixed states. As applied to the task at hand, let us label, for a PSS

state, |y),

2
F(ly)) = {Tr\/\/m@plpz\/pl@pl} . (5.18)
Before determining F (| y)) for a selection of PSS states, it will be useful to examine some
properties of PSS states, their reductions, and the fidelity measure applied to those reductions.
First, let us examine the reduced state, py, of any k < n parties from the overall PSS state, and

find how the U and V symmetries translate to the symmetries of that reduced state. Begin by
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tracing out the last n — k parties to find
pr = Tr (|w) () (5.19)
= Y Y Y gyl i) Gl @y (5.20)

lk+1 A i JieeJk
Now consider V,,—1 for some v € S, acting on py,

ViV, = Z,lavzl V(i dy VL) G TR @) vty (5.21)
LJs

- ”Zlav i) (V) () [T - 9y v G vay) O-22)

= Zl“n gty 10 ) G Tl @Gy (5.23)

- he (5.24)

Likewise consider U1 for pu € ;. We can also extend p & 1, x €S, as the permutation which

acts on the first k parties by t and leaves the traced over parties fixed. Now examine

U;rlPkUZ,1 = Zla Wit i)y Ay V0= B - @y ot (5.25)
LJs

= 1;1 U@Ly (it gl o) 11 0D 1+ T Gty (G iy - in) (5.26)

= Zlail...iklkﬂ...l;v iy i) (- - - il a;,.,;,(zkﬂ.,,l,v (5.27)

- p]k (5.28)

Even more interesting is that acting on only one side by U would likewise leave p; invariant

because u can be freely extended to p ® 1y for either the bra or the ket individually. This is

not true for the V symmetry, where absorbing v into the sum in / has to affect both the bra and
the ket simultaneously. Altogether then we have

Upr = pU = pi (5.29)

VoV = pr. (5.30)

These symmetries allow us to greatly constrain the elements of p; and p;, leaving us

with a fairly simple parametrization of the two matrices. Starting with p;, the V symmetry

implies that {p1}; ; = {pP1},(;),v(;) for any v € Sy. This then equates all the diagonal elements

as {p1};; = 1 and the off d1ag0na1 elements as {p1}; ; = A for all i # j. Since the V symmetry
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equates {p1}; ; = {p1};;, the hermiticity of p; then implies that A € R. The same application of
the U and V symmetries along with hermiticity constrain the following elements of p;, in which

it is implied that i, j, k, and [ are distinct,

{p2}ijw = Bi (5.31)

{p2ti = B2 (5.32)
{p2tiju=AP2tij i =A{P2tjia ={P2}jii = B3 (5.33)
{p2}tiie = Ba (5.34)

{p2}iu=Ap2}isi = Bs (5.35)

P = o)y = € (5.36)

{p2}tiii = diz—(d—l)a (5.37)

where B1, B3, B4, and C are real, while B, and Bs are complex. Notably, we can relate A to the

parameters of p; by

A={p1};; (5.38)
={Tr2(p2)},; ; (5.39)
= zﬁi {P2}i jx (5.40)
— (d —2)B3+ Bs + B (5.41)
=(d—2)B3+2R (Bs). (5.42)

The symmetries of p; and p; aid in the determination of M := \/p1 ® p1p2+/pP1 ® p1 and

its square root for the purpose of calculating F(|y)). First, we can confirm that
(d—1)V1—Ad++/1+Ad(d—1)

vPlZ dé 1d
- (5.43)
1+Ad(d—1)—V1—Ad — .
L Virad n Y1)l
i Y
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by recognizing that

2
{\/p_lz}i,i _ ((d— V1 —Ad:lr%\/l +Ad(d— 1))

) (5.44)
+(d_1)(\/1+Ad(d;31)—\/1—Ad> :é’
and
N [ @=DVI=Ad+\/1+Ad(d—1)\ [ /14+Ad(d—1)—/1—-Ad
() {2 vy
2
+(d_2)<\/1+Ad(d;31)—\/1—Ad> A

(5.45)

for i # j. From this we can see that ,/p; has the same symmetries as p;. We can extend this
notion and show that M, as well as its square root, have all the same symmetries as p,. To see

this, begin by noting that

(VP Ep )= (VAT (VAT (5.46)
This allows us to confirm that \/p; ® p; has V symmetry,
{V\/WVT}Z.W = WPilvivw VPG va (5.47)
= {vpiidvpily, (5.48)
- { \/m}ij,kl : (5.49)

The same is not true for the full U symmetry, however, which we can see if we consider U as the

swap operator and the following family of entries,

ONCETT R I (5.50)
# (P} (VPT} - (5.51)
It is true, however, that
{uvmenu'y = (v (Ve (5.52)
= {W}W- (5.53)
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This finally allows us to show that

Vipi@pip/propVl = Vi/pepVivpVivy/prep v’ (5.54)
= /P1®@pip2y/P1®p1, (5.55)
and
U\/Pr@pipay/pi@pr = Uy/pi@pU Ups/prep (5.56)
= VP1@P1P2y/P1®p1, (5.57)

with of course the same being true for a right application of U. The same symmetries then apply
to v/M, a fact which is easily shown through the singular value decomposition.

The fact that v/M has the same symmetries as p, means that we can associate a set of
B1-Bs to its off-diagonal elements. We can then let \/M2 = M provide a set of constraints of

those B;-Bs, which, in the large d limit evaluate to

M} ={ VM }2 _+d’B3+dB3+2d|Bs[* (5.58)
(M) =2{VHI} 4B+ Bl 4+ 5P (5.59)
(M}, =2 {\/A_/I}m_i By +d?|Ba|? +2dB:B% + 2dB5Bs + 2 |Bs|* + dB? (5.60)
(M} = {\/M}ii,iiBs +B4Bs +2 {\/M}ijﬂij Bs +dBs3Bs (5.61)

+dB3B% 4 dByB;3 + dB3Bs + d*ByB; + dB)By

(M} 0= {\/M} " B+ ByBs + BB + 2B3Bs +2B3B% + dByBs2 (5.62)

11,11

+ {\/M} o .Bz +dBlBs —|—BIB§ + deng, + 23;33 + d23132
1y,

(M}, =4 {\/M} B3+ B3Bs+ BB} +d|By|* +|Bs|* +2dB} +4dB\Bs + d°B}  (5.63)
ij,ij

(M} =4 {\/171} Bi +2B}Bs+ 2B, B+ 8B3 +d|B|* +8dB B3 + d’B?. (5.64)
’ ij,ij

With these symmetries, properties, and constraints in tow, we can turn to finding F(|y)) for PSS

states.
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5.2.1 Exact Fidelity Analysis

For the most general PSS state,

)= Y aly, (5.65)

ye¥ (n,d)
the resulting matrix, M, is analytically challenging to diagonalize or find the square root of for

the purpose of finding the fidelity. In some simple cases, however, the fidelity can be determined
exactly. Consider the following set of PSS states described by single, rectangular Young diagram

basis elements,

139

Expressed as a state in the computational basis,

yk)=2Y ¥ Uu®\zj>®%

HES, 11<...<ig
where .7}, is a normalization constant equal to the number of computatlonal basis elements present

(5.66)

in |y(k)). It evaluates to
kN 1
d ! k!'(d—k)!| (%
oy = ( ) n _ ( ) [(k) } ) (5.67)
(@ \ o
The first step in calculating F(|y(k))) is the determination of the components of p, and pj.

Consider first

pi=a"" Y Y 1)l (5.68)
i,kz...knéyj,kz...kHEy
A NAULI (5.69)
L]

where e/li(jy) is the number of strings, (k;...k,), for which both (ik,...k,) and (jk;...k,) are

contained in the set associated to y. We can analogously define 4] ;yk)l such that

pr=of VY A i) (k). (5.70)
i,j.k,l
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Determining each of the .4 for the family of y(k) is a simple counting/combinatorics exercise.

The results are the following, where it is assumed that i, j, k, and / are distinct,

G0) _ s oy (d=2)!
N =0k n)—(d—n—l)! (5.71)
0 k=
M = ' (5.72)
i d—1 (n—2)! k£ n
)
— _ o)
iy = (Z ;) . - 2); = (5.73)
2/ (-0 ( ()]
o) oy (d=2\ (n—2)!
gy =0 (k 2) (% B > T (5.74)
(v(k) (d-3)!
J’{j,ik =6(k n)(d—n—l)' (5.75)
d—4)!

JViJ'(,yzc(zk)) =6(k—n) ( d(_ - _)2) ,, (5.76)
while Jl{l(ly j(k)) = ,/Ifi(ﬁl((k)) = 0. Dividing by 2% then finally gives the components of each reduced
density matrix,

d _
A=5(k—n)d(d_n1) (5.77)
n—k
{pZ}ii,ii = m (5.78)
B nk—1)
- n d—3
B4_5<k_§) d(d—1)(n—1) (5.80)
d—n
B3:6(k_n)d(d—l)(d—2) (581)
_ (d—n)(d—n—1)
Bi=olk=n) sy u=2ya-3 (5.82)
By=Bs=0 (5.83)

From here there are three major cases to consider: k < n/2, k =n/2, and k = n. Starting with the
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k < n/2 case we have
1

p1= Eld

1
\/ P] ®p1 = Eld2

1
p2 =

M= 1
~ dPk(n—1)

(n—k) Y lii) ii] +

k—

T [m—k);wm N

7]

n(k—
d—1

2 X6l + 1)

(5.84)

(5.85)

(5.86)

(5.87)

Given that we will be tracing this matrix after finding its square root, we can jointly reorder the

rows and columns together. Doing so yields the convenient representation,

_ n(k—1)
~ d%(n—1)

which we be easily diagonalized,

_ n(k—1)
~ d%%(n—1)

and then we can take the square root,

| n(k—1)
VM = d*k(n—1)

And finally we can find F (|y(k < n/2))),

Fly(k <n/2))) = (Tev1)’

g

®d(d—1)/2
1 d(n—k)
- n(k—1) 7|’
@d(d—1)/2 7
20 d(n—k) ,
0 0 n(k—1) 7|
®d(d—1)/2
V2 0 d(n—k)
0 0 n(k—1) ¢
nk—1) (dd—1) |d3(n—k)
d*k(n—1) V2 i nk—1)

((d— 1)/n(k—1) +\/2d(n —k)>2

2d%(n—1)
This is a nice exact result, but F() as d — oo simplifies to

F(ly(k <n/2)))
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- 2k(n—1)

(5.88)

(5.89)

(5.90)

(5.91)

(5.92)

(5.93)

(5.94)



Moving to the k = n/2 case, the same analysis arrives at
®d(d—1)/2

M=

I |2m-2 10 I d-n
Pn—1) [dd—1) | o o a4 aa=n

Y |i><j!) . (5.95)

i#]
In computing /M, we can recognize that the final block component of M is of the same form of

p1, which we have computed the square root of in (5.43). This allows us to find

®d(d—1)/2
B 1 2n—=2)( 1 0
m_\/dz(n—l) {\/d(d—l) 0 0

(5.96)
V2+2d—n+ \/(d—l)(n—2)1d+ V2+2d —n— \/EZWJI }
Vad e
And now we can find
(\/deH) = 1)@—2))2

F(ly(k=n/2))) = 2B 1) : (5.97)

which, as d — oo, evaluates to
Pk =n/2))) = 50—, (5.98)

Lastly we have the k = n case, in which only three cases lead to simple analysis: n =d,

n=d—1,and n < d. For n = d we find that
@d(d—1)/2
M 2 Lo (5.99)
— Bi_1) : '
d3>(d—1) 00

This makes determining the fidelity rather straightforward,

d—1
F(lyk=n=d))) = —— 5.100
(iy(k=n=d)) ==, (5.100)
which is equal to 1/2 in the large d limit. Now for the n = d — 1 case, we start with
1 1 N
pr=-Ta+ -5 Y D] (5.101)
i#]
P2 ==5 Y i) il +1ij) (i (5.102)
i#]
+ox X i)kl L) (ki + i) k| i) (kil.
distinct i, j k
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From here we can find M, whose symmetric entries in the large d limit are

{M}ii,ii :# (5.103)
{M}ij,ij :% (5.104)
1 :%ﬁ (5.105)

B, :B4w (5.106)

Bs :a% (5.107)

Bs :8_;‘/2. (5.108)

These allow for us to solve (5.58)-(5.64) to find the components of VM, a calculation which is

not at daunting as it seems thanks to the large d limit. The result is that
{\/M}W:ﬁ@*%) (5.109)
ij,ij
1 5
\/M} - +ﬁ(d’7>, 5.110
{ ijij  /2d> 61O

and therefore F(|y(k=n=d —1))) = % in the large d limit. Lastly, moving to the n < d case,

we actually have that in the large d limit,

p1~$Z|i><J’!, (5.111)

which is pure, and therefore p, = p; ® p; and F’(le(k =n<d))) =1
The results of these calculations are somewhat surprising given our intuitions regarding
monogamy constraints on the symmetric sharing of entanglement. We had expected a heuristic
connection between entanglement in the state and violation of the mean field approximation. This
notion was only partially correct though, as the mean field approximation is a stronger assumption

than the separability of p;. Recall that a mixed state is separable if

p=Y o o, (5.112)
for some decomposition, in which r is unlbounded. The mean field approximation, however,
demands r = 1, which is therefore only true for a subset of separable states. So it is then

unsurprising that we were able to find PSS states for which F(|y)) was not close to 1, as the
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entanglement decaying with n due to the symmetry implies that the state merely approaches a
separable one, not one for which the mean field approximation is a necessarily good one.

The example of rectangular Young diagrams raises an important intuition regarding the
validity of the mean field approximation. The results of this section can be summarized as larger
k leading to better agreement with the mean field approximation. Physically, small k£ corresponds
to more compact grouping of the particles. Therefore we are led to believe that the more spread
out the particles are, the better the mean field approximation gets. This notion is given further
context in the next section, where we conclude that the only way to get good agreement with the
mean field approximation is to have isolated particles. This intuition does give hope to the use
of the Gross-Pitaevskii Equation in quantum search. The initial state for that algorithm is the

uniform superposition,

d @n

Vo) = <Z|i>> : (5.113)

which we know is approximately the |y(k = n))l:siate in the n < d limit, and approaches perfect
agreement with the mean field approximation. Left to evolve, we would expect that the particles
would stay mostly spread because that is both entropically and energetically favored. This

intuition would need to be examined in the case of PSS states with marked sites, however.

5.2.2 Bounded Fidelity Analysis

The previous section introduced the intuition that isolated particles make for better
agreement with the mean field approximation. In this section I will confirm that notion by
proving that good fidelity is impossible without isolated particles. The following theorem will be

instrumental in that endeavor,
Theorem 5. As d — oo, if a PSS state, |y), has A < 0(d~?), then F(|y)) < 1/2.

Proof. Begin by noting that the normalization of p; implies that {p>};; ; < (d~!) and {p,}, 10 <

i >

0(d~?) for i # j. This then constrains each of |B;|-|Bs| by the positivity of p,. The simplest
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constraint comes from enforcing that the minors with a single B; and its associated diagonal

elements is positive. This gives
B)| <0 (d7?)
B3| < 0 (d7?)
Bo| <0 (d”

IBs| < ﬁ(d 3)

B4l <O

—~
Q.

._

~—

(5.114)
(5.115)
(5.116)
(5.117)

(5.118)

We know that, as d — oo, A = dB3 + 23R (Bs). This tightens the constraint on B3 to |B3| <

0(d -5/ 2). The final required constraint is a tighter bound on B;, which will be achieved by

considering the larger minor of p, defined by,

pn=Y Y {pa}ijulid) (ki

i)kt
I will now show that the following are eigenvectors of [
A1) =) |ij)
i#]
d—4
Mz>:\12>+]21>+ﬂ2\2l>+]12 Z lij) .
T2 17&]>2

Starting with |A;) we have,

Ml Z Z { } kl
i#£jk#l i,
And therefore

ijlpglt) = X {op}
(ijlpgl ) kZ# POS
= 2{p2};j;j +4(d—2)B3+(d—2)(d—3)B
This implies that the associated eigenvalue is

A= 2{pa};+4(d —2)Bs + (d —2)(d —3)B,

Moving to |A;) we have,
d—4

fglta) = & (2{1’5},.,,12*2@ % (e} a2, X {Pa},.,-,k,) i)

k>2

i#] k#£1>2
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(5.124)
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Element by element we can confirm that

(121pglAa) = 2{p2};;s;+2(d —4)Bs—2(d —3)By (5.127)
= (1]pglh), (5.128)
and for i > 2,
(i2] pg|22) 2B3+2d—<{p2}l”] (d-3)Bs) (5.129)
2 -3)By + (d-3)(d~ 4)B)
j ;(2{p2},],J+2(d 4)By —2(d — 3)31) (5.130)
= (2i[ pg|A2) (5.131)
(i1 pglio) =283 +253 (Bs + (d—3)8y) (5.132)
—d%(Z(d—3)B3+(d—3)(d—4)Bl)
—0 (5.133)
=(2i[pglA2), (5.134)
and for i # j > 2,
(il pglAa) =28, +2§%‘2‘ (2B + (d—4)B)) (5.135)
- d% (24p2} iy +4(d— B3+ (d~4)(d—5)B))
- d22<2{p2}l]lj+2(d 4)B3y —2(d — 3)31> (5.136)

which implies that the associated eigenvalue is
Ao :2{p2}ij’ij—|—2(d—4)B3—2(d—3)B1. (5.137)
To enforce that P > 0, we must have that A; > 0 and A, > 0. In the large d limit this evaluates to

the following constraints on By,

2{p2}tij;; 4B; {p2};:::
B; > — S <B; < — YU p 5.138
320 - e 7 SBis— 1B ( )
B;<0 = _ip 2}” i <p, {p 2;””7 (5.139)

which can be combined to |Bj| < max{&(d™ ),ﬁ (B3)}, which in this case gives |Bi| <

0(d=/?).
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With the magnitudes of the off-diagonal elements of p, so constrained, the matrix multi-

plication to find M reveals that

)= 20084 (a3 (5.140)
(M}, = {%;“W+ﬁ<w@>. (5.141)

We can then turn (5.58) and (5.59) into the following inequalities,

{\/A_/I} _ \/{pZ}ii,ii (5.142)

iiii d
\/ {p2}; Jiij
vmp < 5.143
{ ijii — /2d G149
If we parametrize the diagonal elements of py with d — co as {p2};; ;; = cos*6/d and {p,},; ;; =

sin® O /d? for i # j, we can finally evaluate

F) = (a {37}, +a {m}w)z (514

cos® sin@)\?>
< W—FT (5.145)
1
SE (5.146)
]

Theorem 5 allows us to identify any PSS state with A < &'(d~?2) as one for which the
mean field approximation is not valid. In finding sets of PSS states with such A, it will be
important to establish notation which allows us to describe an arbitrary Young diagram, y, and

). First, as before, label the number of rows as k(y), but now

its corresponding state vector,

denote the number of distinct row lengths as p0*). Denote the length of the g™ distinct row
)

from the bottom as M;'. Denote the number of rows of length Méy ) as Z(Sy ). These labels are

) . . .
constrained by p(y ) < kW) < d and Zp v M[(,y ) —n. Finally, this notation allows us to determine

the normalization coefficient, %7, for a single Young diagram basis element,
d!'n!

A=
T(d -k

(5.147)
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where
p» léy)
I, = [T 4 [M;y> !} . (5.148)
q=1

To confirm the intuition of the previous section, that isolated particles are required for
good fidelity, let us start by considering the fidelity for single basis element states. In particular,
let us examine Young diagrams which contain no isolated particles, and denote the set of such
Young diagrams as %<,

Y = {y c @(n,d)’Mfy) > 2} , (5.149)

for example,

yeEX =

>2
We can then confirm that A for any |y) such that y € %% obeys A < &(d~?), and therefore,
by Theorem 5, F(]y)) < 1/2. To see this, start by performing the partial trace on |y) to find p;

and p;, which amounts to finding the set of .4 (). The thought process for finding a particular

N 0) is relatively consistent, so take .4, (jy ) as an example. Obviously, if M fy )

»)

contribution to .4, F

=1, there will be a
which is proportional to / gy ). But for Ml(y ) > 2, the only way to contribute to
N, 0 is if i and j are in row blocks ¢ and g+ 1, and Méy ) +1= Mgz ;- To add some intuition
to that statement, we can only add to </1/ v) if, after removing a single block from y, there are at
least two places (one for i and one for j) to put that block back to return to y. All that remains is
to sum over the possible arrangements and selections of the remaining indices which construct an

element in y,

) _d=2)!(n—1)!

O _ 1y 1) g 0)
T k), smMY =) (d — kW +2):A )y LMy |, (5.150)

where AY) (¢,r) =& (Méy ) —Méy_) 1= r). The same intuition applies to the remaining .4, and
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we can fully specify them all as

d—1)!(n—2) 'p
0 1 5.151
11,11 (d k q;l q ) ( )
o
(y)_(d—z)!(”—z)! ;00 1,0) 2,0) S v M2
d—2)1(n—2 2 )
) 22 (g 00y Y s 208+ Y A0 (g, 2010, MY (1~ 1)
(d kY )-Hy q=1 q=2
(5.153)
o _(d—=3)(n—-2)! 0 v ) )
N = @ O, SMyY — )Y (17 —1)(d — kVY)) (5.154)
+2 Y A0 MY m
q#{mflvm}
+2 Y, A0 (g 0117, g (=M + (), - 1)M[§”1))
) _(d—4)!(n—2)! 0 v ) 1N (g — ) _
N = (d— KO, S(My” =)l —1)(d —kY)(d— kY —1) (5.155)
+8 Y A DAY (m, 1)@ 11 Mg M
g#{m—1,mm+1}
p0—1
+8 Y AV, DI My [A(y)(q+ L 1§ - M),
=), - 0+ 80 =1, - i)
A =2 =0, (5.156)
From here we can use JI{ (jy ) for M, ) > 2 to determine A, and find the following bounds,
2 1 0),0) g0
A= ZA (g, )lg"1;" Mg (5.157)
0);0) 2,0
S%qulqy 1 Mg (5.158)
(y) p(y)
s X 1My (5.159)
2% )
<%. (5.160)
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So indeed, A < @(d2) so long as k) = &(1), and therefore F(|y)) < 1/2 fory € %% .

Now let us consider the bigger picture by returning to an arbitrary PSS state,

vi= Y aly, (5.161)

ye¥ (nd)

with Zy }ay|2 = 1. From this state, we would like to trace down to p; and examine A, for the
potential use of Theorem 5. So let us perform that partial trace, which I have broken up into three

components,

A=Y [AY 4]+ pal?, (5.162)
y y#2
where, before defining them formally, the components can be described as A(>y ) and Agy ) being

()

the contributions from the M 1(y )> land M fy =1 components respectively for each y, and A},

being the cross terms from different Young diagram basis elements. Now, in more detail, we can

start with the familiar terms,

2 o
0 Sl (d=2)t (n—1)1% 5)70) 3,0)

457 =2 oy (d—kW) Tl Y, AV (g 1)ig’ LMy (5.163)

y . y =2

2|ay” R 0),0) 1,0)
_ m Y AV (g, 011" Mg (5.164)
q=2
2
_ | _ |

d(d=Tin (5.166)

The new term in the calculation is the cross term, A(XW) , arising from the fact that |y) is now a

superposition of Young diagram basis elements. But not all cross terms are going to appear in the
partial trace. Two Young diagrams, y and z, will only contribute to A(Xy’z) if |iky .. .ky) is in |y) and
|jka .. .ky) is in |z) or vice versa. This then implies that Young diagrams, y and z, differ by only
one block placement. Possibly a clearer way to describe this is that removing a single block from
y and from z will arrive at the same Young diagram, or, more precisely, they are connected to a

common vertex with n — 1 blocks in Young’s lattice. This leads us to define the ‘compatibility

function’, G(y,z), which evaluates to 1 if y and z are connected to a common vertex with n — 1
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blocks in Young’s lattice, and evaluates to O otherwise. The size of A(XN) will then depend on the

number permutations of the remaining k; ...k, which are consistent with y and z. To quantify
this, let m&y ) indicate the row cluster from which the block is taken in y and moved to the row
cluster mgy )in y to create z. We can analogously define m(lz) and mgz). We could then choose

which diagram, y or z, to index the sum over the k» .. .k,. Rather than committing to one, we will

do both simultaneously, relying on the following identity for compatible y and z,
i) _ ) _ [

= 5.167
I1, IT, I1, IT, ( )
From here we can finally determine
a.ar (d _ 2) l()’)l()’)M()’) Z(Z)Z(Z)M(Z)
09 = 2 Gly,2) e (n— 1)y e T (5.168)
N (d —k2)! I, I,

S “ V(d— kNN d = kD! [0 001000400
= a@-a0? (d—K09)1 VISR M), (5.169)

where k%) = max{k(Y),k(Z)}. The k%) distinction is required if only one of M,Sfl) =1or
M,gfl) — 1, which causes kW) and k@) to differ by 1. If this is the case, we arrive at an overall factor
of \/m in A(Xy’z), if not, that whole first fraction cancels.

Now consider a PSS state which is an arbitrary superposition of only Young diagram basis

states in %5,

lws) =Y ayly). (5.170)

ye#s
(»2)

%/ term needs no k0?) distinction, as none of

For such a state, the A(ly ) term disappears, and the A

the y € 5 have isolated blocks. We can then bound the sums over the remaining terms, starting
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with that over A(>y)

ZA Zlay| ZA g1 ) (5.171)
(5.172)
n 2
STd-D 5.173
~d(d—1) ;W (5.173)
n
- 5.174
d(d—1)’ (5.174)
which is clearly still < &(d~?) so long as n < d. We can then turn our attention to bounding the
sum over A(Xy’z),
¥ AN = gy, L ala0: w,sﬁzsz;zw,%zs;emgz 5179
y#2 nyz
1 Za (5.176)
- %
n
= 1dd=1 . Taa, 5.177
4d(d — 1)y§z(ayaz +a:8,) G(3,2) (5.177)
n
S Y G 5.178
= 2d(d— 1);&“@‘ la:| G(3:2) (5.178)
Z\ay} Y la:| G(y.2), (5.179)
<y

where z <y if |a;| < |ay|. Contmumg on,

ZA(XN) Z lay|* Y G(,2) (5.180)

V#2 7<y

< m\@;w (5.181)
n n
= m\@, (5.182)

which is likewise < €(d2) so long as ny/n < d. These two together imply that A < &'(d~?),
and therefore, by Theorem 5, F (Jy~)) < 1/2.

The cumulative work of this chapter is limited to concluding that isolated particles are
required for good agreement with the mean field approximation in PSS states. I have not yet

been able to say more that this, however. In particular, if A > ¢ (d~?), then the resulting M

81



matrix, while easy enough to calculate, proves to be too difficult to analyze further in a fidelity
calculation. For single basis elements, |y), I would ideally be able to bound F(|y)) as a function
of the ratio of isolated particles to non-isolated. Those bounds could then be extended to arbitrary

superpositions. Then, of course, the entire analysis would need to be repeated with marked sites.
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Chapter 6

Conclusion and Future Directions

The whole of this thesis can be summed up by the general approach of making difficult
calculations in the fields of quantum entanglement and state representations more tractable by
restricting to symmetric subsets of the overall Hilbert space. In Chapter 2 I did just this for
the totally symmetric subspace of multi-qubit states. Comparing and constraining different
entanglement measures is generally difficult and, even in the three qubit case, cannot be done
fully. But restricting to symmetric states allowed the full invariant space to be analyzed exactly.
Likewise, the question of LU equivalence, while only partially understood in general, was shown
to be fully understood in the symmetric subspace in three qubits. The result that equal pairwise
concurrence in three qubits guaranteed LU equivalence to a symmetric state is a powerful result,
and I would like to find its analogue in more qubits.

In Chapter 3 I shifted both to more qubits and translational invariance - a weaker symmetry.
Rather than attempt to constrain all entanglement in this larger setting, however, I narrowed the
entanglement picture to just pairwise entanglement as measured by the pairwise concurrence. |
showed that pairwise entanglement in translationally invariant systems is entirely described by
spacing of particles, but that spacing does not have the same physical interpretation one would

expect in a translationally invariant system. Two parties being ‘adjacent’ does not reflect some
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physical interaction length, but rather establishes some periodicity in the ring of parties, periodicity
which changes when the spacing between parties is a factor of the number of parties. This allowed
for the search for maximal pairwise concurrence to be restricted to maximal entanglement between
adjacent parties in those smaller periodic cycles. Performing that maximization, as well as finding
constraints on simultaneous entanglement of different spacings, could not be done in general
and required restricting to the X state subspace in 4 and 5 qubits. The most notable unanswered
question at this point is how the maximal adjacent entanglement decays with n in translationally
invariant systems. Even if an exact answer remains out of reach, I would at least like to bound the
scaling with 7 in the large » limit.

In Chapter 4 I addressed the matrix product state structure and how it adds the physical
interpretation of spacing and interaction length in physical systems. Unfortunately, I was unable
to do any entanglement calculations in the translationally invariant space, but I was able to
come up with a novel canonical form for those states. In the fully symmetric space, however,
I connected the Mandilara canonical form to the matrix product state space as a low bond
dimensional approximation and demonstrated how maximal pairwise concurrence is achievable
with only D = 2. Moving forward, I would like to find how the pairwise concurrence for D = 2
translationally invariant matrix product states decays with spacing, potentially in the large n limit.

Finally, in Chapter 5, I examined the assumptions required for non-linear dynamics in
party-site symmetric systems and found that the mean field approximation is a poor one if the
particles are not isolated. It remains to be shown, though, to what degree isolated particles
give good agreement with the mean field approximation. The main hurdle to overcome in that
analysis is the evaluation of the matrix fidelity for matrices with arbitrary dimension. If possible,
that analysis would then need to be extended to the case where the complete graph is not fully
symmetric, but has a subset of marked sites, partitioning the sites into marked and unmarked,
while remaining symmetric in those sets. This would mean the basis elements are now pairs of

Young diagrams, for marked and unmarked sites. An interesting tangential idea worth exploring
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is what kinds of dynamics can be derived if separability, rather than the stronger mean field
approximation, is assumed. We expect separability to be a more reasonable assumption in the
PSS setting, so it would be safe to use the resultant equations of motion and to see what can be
accomplished with the quantum random walk search in that setting.

The theory of entanglement has proven to be a fruitful medium to apply concepts of
symmetry. Tools such as Young diagrams and the Majorana representation were invaluable in
understanding state representations in the symmetric subspace, and the symmetrized matrices
made otherwise impossible analysis doable. These benefits need not be limited to entanglement
theory, though. Both in quantum mechanics and abroad, my study of symmetry will hopefully

allow for future problems to find partial solutions in the symmetric subspace.
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Appendix A

TIX State Achievable Pairwise

Subconcurrence Boundaries

To find the boundary for TIX state subconcurrences, the boundaries of each of the

- (n) (n)
pairs (s%] 7u(v),s‘527”(v)

outermost boundaries from each pairing. To simplify the search for the boundaries, note that for

) need be found, with the overall boundary being a combination of the

any 4 or 5 qubit TIX state, the subconcurrence terms (3.26)-(3.33) are strictly increased by setting
the coefficient phases to 0. This implies that the boundaries can be searched for among 4 and 5

qubit TIX states with purely real coefficients.

A.1 4 Qubits

Consider an arbitrary 4 qubit TIX state, (3.21), with real coefficients. The corresponding

normalized state

_ 1 —~
W/):m(a|0000)-I-c|1100)+f|1111),) (A1)
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has both larger or equal s%l(t) and larger or equal s‘ﬁz(‘g. To show this, consider either subconcur-

rence, €, for which it is then true that

() =g (w)| =7%(v)) % (lw)). (A2)
d=0 d=0
All of which implies that the boundary of the (s%l( v) , s%éj}) pairs can be looked for among states
with d = 0. Likewise the state
_ a2 + f2 —— ——

) = > (|0000) +|1111)) 4 ¢|1100) +d |1010), (A.3)
has larger or equal SCKI( ‘2, s‘ﬁl( v) , and s%z( v) , meaning the boundaries of the (s%l( u) , s%é?) and
<s‘51( v) , s‘fz(flv)) pairs can be found among states where @ = f. And lastly the state

) ! ( 11100) +d1 1o1o>‘) (A4)
=—|c , .
v Ny
has larger or equal s%l(_ ) and s(fz( li) so the boundary of the (s% 1( J ,s%z(if) pairs can be found

among states where a = f = 0.
Using these simplified states, the remaining coefficients can be expressed using the

following spherical parametrizations,

{a,c,f} — {sinBcos@,cosO,sinOsing} (A.5)

{a,c,d} — {cosa,sinacosf,sinasinf} (A.6)

{c,d} — {cos{,sinl}, (A7)

associated with the <s$€1(v),s<€2(iz>, (s%l(ﬁ(v),sﬁféﬁ), and (s%”l( ‘z,s%”( )> pairs respectively,
where {0,¢,a,,{} € [0,7/2]. In these parametrizations, we can define the maps,

Gt 10,01 {sgl) el (A8)

Cuwyw + 0B = {561, 5%} (A.9)

%M L0 {s%](g,s%( e (A.10)

according to the expressions (3.26)-(3.29). The boundaries of the images of these maps correspond
to the boundaries of the domains, as well as the zeroes of the determinant of the Jacobians for

each map. The result of all these boundary determinations leave the following two outermost
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boundaries,

2 4) D) _ i@ I 4) - 63
2 8\/1 —aseiy 4 (s6)) —se 1), b < 8
$Eyy < 2 A
é 8\/1 — 3%1(74) -2 (s%f?) — 4s<€1(32 -1, 26—236 < 5%1(,‘2 < %
: @) @\ . . . . .
which came from the (5% /5%, ;i ) pairs. These boundaries are displayed in the Figure A.1.
sCy 4)
N
0.6
0.4}
0.2
! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | h ) (4)
0.4 0.2 : 02 63 04 \ ¢
_02f 226

Figure A.1: The 4 qubit TIX state subconcurrence boundaries.

A.2 5 Qubits

Following the methods from the previous section, start by considering an arbitrary 5 qubit

TIX state, (3.22), with real coefficients. The corresponding normalized state,

_ 1
|W>_\/m<

so therefore the boundary of the <s‘51(5u) , s‘ﬁﬁf) pairs can be

— N
c]00011) +4]00101) +g|01111)> , (A.12)

has larger or equal s‘fl(sﬂ), and Scfz(sﬁz’

searched for among states with a = 0. For the other pairs, we will bound their subconcurrences
by a sequence of lines which lie within the <s‘€l(i) , chz(S;D boundary.

We can now parametrize the remaining coefficients of (A.12) as

{c,d,g} — {sinBcos¢@,sinOsinp,cosO}, (A.13)
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and define the map

Guu: 10,01 {56560, (A.14)

according to (3.30) and (3.32). By analyzing the boundaries of the domain and the zeroes of

the determinant of the Jacobian of this map, three boundaries make up a maximal set, and are

plotted in Figure A.2. These three boundaries are parametrized by 6 = %, ¢ =0, and ¢ = 7. The
5)

exact polynomials in chl(s)g and s%z( y Which describe these boundaries are easily determined by a

Grobner basis calculation, but the results are quite lengthy.

sCy 5)

-0.6 -0.4 -0.2

-0.2¢

—0.4¢

-0.6-

Figure A.2: The 5 qubit TIX state subconcurrence boundaries.

Turning now to the remaining subconcurrence pairings. It was shown in Table 3.1 that
‘51((52))7‘, < 0.366. Another simple maximization shows that s(fl(i,) + s(fz(sv) < % These three

conditions bound the (s%l(sv),s%z(sv» pairs to a region well within the previous boundary, as
shown in Figure A.3.
Lastly, the remaining two pairs, (scf](iz (v)’ s(gz(sv)( #)) can be handled together due to the

symmetry in 5 qubits. Similar to the previous pair boundary, we will find a set of lines which
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0.2

-0.6 -04 -0.2

-0.2

-0.4

-0.6

Figure A.3: The bounding conditions on the (ch(s) s‘fz(sv)) pairs (darker blue) with the overall

1,v»
boundary.

bound the <s<51(5‘2,s‘52(5v)> pairs. We can again take advantage of s‘fZ(SV) < 0.366, as well as the

following two new maximizations,

(5)  cp(5) 47
S(gz?v + chlhu S Lll@ (A15)
SCy +256), < < (A.16)
These three conditions bound the <s‘51(53 , s‘fé?) pairs within the original boundary for 0 < 3(51(5;2
and 0 < s%z(sv), as shown in Figure A.4. Note that these conditions on the <s<€1(‘2 , scﬁz(sv)> do not

5)
yT

5)

actually fall within the original boundary for regions in 0.4 < s(fl( and s%z( v < 0. But given

that s‘éz(sv) < 0 for that region, the actual concurrences would be mapped to ‘52(5) = 0, where the

boundaries would then agree.
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sCy )

0.4
0.3
0.2

0.1

0.0i\\\\\\\\\\\\\\\\\\‘“ (5)
0.0 0.1 0.2 03 04 ¢

Figure A.4: The bounding conditions on the (s‘gl(if , s‘fz(sv) ) pairs (darker blue) with the overall

boundary.
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Appendix B

Proof of Theorem 4

Proof. To show this analytically, start by considering an arbitrary n qubit symmetric state in the

Majorana representation,
n

1
\% =7 Y Uz R)|9)). (B.1)

neS, j=1
where again we have,

A=nt Y, T1{0il9x5)- (B.2)

weS, j=1
Consider perturbing one of the single qubit states, |@;), to |@{) by rotating its Majorana star away

by an angle 2¢ such that (¢;|¢;) =cose =~ 1 — %82. The new overall state, |y’), would have a
new normalization coefficient, A’. Let us start by putting bounds on A’ in €.
For any j > 2, let 20; be the relative angle between Majorana stars 1 and j, so that
}((])1 ‘¢j>‘ = cos 0;. The new relative angles, 29J’~, are bounded by
126, —26]| < 2e.
Likewise the inner products, <¢) i | o] >, are then bounded by
(9j]91) = (5l01)| < e.

Notably, this does imply that the inner product could be negative if <¢ i | ¢1> =0 for some j.
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Now consider the upper bound on A’ in €. Start by labeling
n
Ap= Hl<¢,’~ ¢,’r(,-)>7 (B.3)
j:
(z)]’> = |;) for j# 1. Now A" = n!Y zc, Ay We can then bound,

az| < (<¢1|¢n<1)>+e)(<¢n-1<1)\¢1>+e) [T (ol0xp) (B.4)

JA LN (1)}

where

< \An\+€)<¢1\¢n(1)>+<¢rl(1)‘¢1>‘ [T  (9]0z))| +O(%) ®B.S)
AL (1))
< |Ag|+2e+0(€%). (B.6)

Notably, for the set of 7 for which (1) = 1, A7, = Az and the above condition is still true, though

possibly unnecessary. We then have, to first order in &g,

A'=n!) AL <n! [Z (Az+2€)

neS, IS\
Now turn to finding a lower bound for A’ in €. Consider, first, an A; which is not equal to

—A+2(n)%e. (B.7)

0. We could repeat the analysis above to find that
|AL| > |Az| —2e + O(&?). (B.8)
Then, for Az = 0, the magnitude of A could only increase, so the above expression still holds.
This then allows us to compute the full bounds on A’,
A—2(n)’e<A <A+2(n)’e. (B.9)

We can now turn our attention to bounding |(y’|y)|. Start by examining

)] = | £ TT@lon)

nes, j=1

Y

- i B
VAA ,rggn r

where

Br = T140}10x(1) (B.10)
=
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We can extremize,

|Bx|

v

(totowo) ) TTtodocs)

j=2
> |Ag|—e.

So then

v

)l = ]S -]

To give the most extreme lower bound, we would want to minimize the first term and maximize

the second. Examining the first term,
A A
— >

Al T A+2(n)’e

And the second term,

€ £
<
VAA a2 oA m)e
~ L0
Combined we have
2
(vl >1 —2(”7!)8. (B.11)

All that remains is to examine the minimum possible value of A, which we can show to be
bounded from below by A > 1. I will prove this by induction, starting with the n = 1 case, as well

as the n = 2 to be thorough. If n =1,

A= (¢1|¢1) = 1. (B.12)
Forn=2,
A= 2(<¢1\¢1><¢2!¢2>+(¢1|¢2><¢2\¢1>) B.13)
= 2(1+\<¢1!¢z>!2) (B.14)
> 1. (B.15)
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We must now prove the induction condition, or that

) H<¢j\¢n 21 =) H 0j|0z(j)) > 1. (B.16)

TES—1 J= ES, j=
To show this, start by part1t10n1ng S, into two disjoint subsets,

2 = {neSyn:1—1} (B.17)
% = S,—-Z. (B.18)
So 2" are the permutations which fix party 1, and ¢ are the remaining permutations in S,,.

Using these partitions, split the sum in A into

A= Y 1000w+ X 101050 (B.19)

acZ j=1 Be® j=1
All the permutations in the first sum fix party 1, but freely permute the remaining n — 1 parties.

Y [100|0acy) = (01l1) Y H 0;102() (B.20)

ack j=1 neS, 1 j=

> (¢1]¢1) (B.21)
=1, (B.22)
where the first inequality is true by the induction condition.
Now examine the second sum. Consider a permutation, & € %, which sends party 1 to
party, p # 1, and sends some g # p to 1. The product of inner products, A, for such a permutation

would look like

(91195) (9p[1) - (Om|94) (9] 01) (B.23)
Also in ¢ would be permutation which has all the same mappings for parties except 1, p, and
g, but now acts as a swap on parties 1 and p, and sends g to /. This corresponding Ay for this

permutation would look like

(01]0p) (Dg|01) - (Om|0g) (0p|01) - (B.24)

And also in % would be the two permutations which merely exchange the roles of p and ¢ in the
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previous two permutations. If we sum the A of these four permutations we get

(91100) (8p91) - (Bm[ @) (9] 01)
+<¢1}¢P> <¢¢1’¢1>"'<¢M‘¢q> <¢p|¢1>
+(91(9q) (94|91) - (B[ 0p) (9p|91)

+(91194) (9| 91) - (9m[8,) (84]01)
Now define ¥, = <¢1 |¢p> and |xp7q> =Y ‘¢p> +% ‘¢q>. Using these definitions, the previous

(B.25)

sum becomes,

Xp.al®r)--- (| Xpq)- (B.26)
Note that this new single effective permutation on n — 2 qubits makes no constraint on the
permutation on parties other than 1, p, and g. This means that, in summing over all permutations
in %, the set of permutations of the form in (B.25) will include all effective permutations in S,,_;.

Altogether, this means that we can reduce the second sum in A to

Y [Tolos) = ¥ % (<xp,q| R <¢,~)Un (m,q> R <¢j)

pe j=1 P>q>17ESy—2 J#1.p.q J#1.p.q

i ’<7Cp74‘75p7q>}2

p>g>1
> 0.

v

Together this finally implies that A > 1.

We then finally have that

(w|y')| >1-2(n!)e. (B.27)

Obviously, this bound could likely be tightened, but it is sufficient for my purposes.
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Appendix C

Matrix Norms on PSS Bloch Vectors

While the Fidelity is the matrix norm of choice in quantum information theory, other norms
do exist and are less challenging analytically to evaluate due to not needing to find the eigenvalues
of large matrices. The two norms discussed in this Appendix, the Hilbert-Schmidt distance [72]
and the Super-Fidelity [73], are relatively simple analytically and also make convenient use of the

generalized Bloch vector representation [74] of PSS states.

C.1 Bloch Vectors of PSS Reductions

A two qubit pure state,

0 0\ ;
ly) = cos (§> |0) + sin (5) e 1), (C.1)
can be mapped to unit length vector in R3 by the Bloch vector representation [75],
1 L, _
W)yl =31+, (C2)

where G is a vector of the Pauli matrices and

= (sinBcos@, sinOsing, cosh), (C.3)
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is the unit length Bloch vector of the state, |y). This representation likewise extends to mixed

two qubit states,

1 1, .
p:§1+§7~6, (C4)

where now |7| < 1. The Bloch vector, 7, lends to the ‘Bloch Ball’ illustration of 2 qubit quantum
states - that any 2 qubit state can be represented as a point within the unit ball in Rz, with pure
states lying at the surface and mixed states in the interior. Beyond being a useful visualization
of the state, the Bloch vector representation also forms an orthonormal basis for 2 qubit density
matrices. To see this, begin by expressing p as
3
p= Zci o;, (C.5)

where 6y = 15, 61 = 0y, 02 = 0y, and 03 = Gzl._g)l“his representation relies on the orthonormality
of 0;, namely that

Tr (0;0;) = 26; ;, (C.6)
to find that

Tr(poy). (C.7)

1
Ci — E
The normalization of p then implies that ¢y = %, while the hermiticity of p implies that the
remaining ¢; € R, which agrees with the idea that 7 € R3. These properties will be critical as the
Bloch vector representation is extended to multi-qubit states.

The multi-qubit extension of the Bloch vector representation has been shown to be a

powerful tool in the analysis of symmetries and quantum marginals [31]. A multi-qubit state,

pure or mixed, can be expressed as

p= Z Ciy...inOiy i (C.8)

iein
where

Oi)..iy = ®Gij- (C.9)
The properties of o; again allow us to determine

1
Ciy.iy = ﬁTf (poi.i,)- (C.10)
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The normalization of p then implies that ¢ o = 27", while the hermiticity of p again implies
that each of ¢;, ;, are real. The positivity of p enforces an additional constraint on the vector
components, but the constraint has no convenient form. If the state is pure, however, we can find
an additional constraint by enforcing Trp? = Trp, which, after performing the trace, gives the

following

1-27N 5
b Y Gy (C.11)
i1...INEZ
The multi-qubit Bloch vector representation greatly simplifies the determination of re-

duced density matrices of an overall state. Consider tracing over the last n — k parties of p,

pe = Tri ., ( Z Cil...inoi]...in> (C.12)

i1...Ip

= Z Cirrvin it it T (G i) - (C.13)
i1...0n
But of the o;,,...;,, the identity, 0y.. o, is the only element with a non-zero trace, leaving
Pk = Y. €000, Tr(0o..0) (C.14)
i...0x
= ok Y ciii0..000 - (C.15)

ih...ix
For short hand, we will denote the Bloch vector components of the reduced state, py, as ¢;;..;,

where the other indices are implied to be 0.

In order to apply this representation to PSS states, we need to extend o; to higher dimen-
sional particles. That would require a set of d*> Hermitian matrices which are again orthonormal
under the trace inner product. The generalized Gell-Mann matrices are exactly such a set and can

be denoted, fora =1,...,d — 1 and B > «, as
Oup = l)(Bl+|B){c (C.16)
orp = i 100(I-18)(el) 1)

7 2 B a
%a = oc(a+1)< “|“+1><°‘+1|+y;|7><7|> (C.18)
% = L (C.19)

With the generalized Gell-Mann matrices as a basis, a single d-dimensional mixed state can be
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expressed as

p =) cio, (C.20)
i
where i is implied to run over each element in (C.16)-(C.19), and we will let Greek indices run

over all except the identity. The Gell-Mann matrices are likewise orthogonal, following

Tr(og) =d (C.21)
Tr(0p0q) =0 (C.22)
Tr (0o Op) = 254 g- (C.23)

We can likewise build an n party state in this generalized Bloch form as

p= Z Ciy..ixOi;..in - (C.24)
iy
where co.. o = d". The same partial trace analysis allows us to find
p1=Y G (C.25)
i
P2 =) cijGij, (C.26)

ij
where T am again using the shorthand, ¢; = d' ~"¢j(_o and Cij = dz’”cijo“_o.

Up to this point, this has been a general review of the Bloch vector representation and
its extension to higher dimensional particles. Let us now consider finding the Bloch vector
representations of p; and p, for PSS states. This is a useful piece of analysis on its own, but it
will also make determining the Hilbert-Schmidt sistance and Super-Fidelity rather trivial. The
goal then is to find ¢; and c¢;j as functions of A, B1-Bs, and C. Starting with py, it is fairly simple

to recognize that

! .
pr=-1a+AY )] (€.27)
i#]
1
—-1+4 Y oy (C.28)
a<f

meaning that ¢y = d-1, c)&ﬁ = A, and the remaining ¢, = C:/xﬁ =0.

The picture for p, is considerably more complex, and will be broken down into compo-
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nents in the following sub-sections. The components are,
The Semi-Oft- Diagonal (Real and Imaginary)

The Dlagonal
P2 —Zc GZ®GZ+Z Y ) <is (az®c"ﬁ+ B@o-z)
i a<f pe{xy}
(C.29)
+ Z Z Z oc B y5 a B ® G
a<Pr<8 pgeivy}
The Fully—Off—Diagon;T (Real and Imaginary)
Throughout these calculations, the following identity will be often used,
J I B | (€.30)
sala+1)  j+1 i
The Diagonal - The c°-c* Pairings
After subtracting off by d _2600, the diagonal of pz is now of the form,
Z lij)(ij|—(d—1) Z]u il | . (C.31)
i#j=1
I will now show that this can be represented in the Bloch form purely by using cfxzﬁ = —%5057 B
Proof.
d d d—1
Z lij)(ij| — Z i) (ii| = —= Z lopzXopd (C.32)
i#j=1 i=1 Oc 1
d—1 1 5
=—d — (o |jlo+1 oo+ 1)(a+1 a+1
[;a(am( | X |
(C.33)

a

+ Y lipGjl—ali o+ 1) a+1|—ola+1 j){a+1 j|>].
ij=1

Now consider only the terms on either side with matching indices for both parties,

—(d—l)zd:|ii)(ii| - di‘ja_—d<a2\a+1 a+1)(o+1 a+1|+za:|ii)(ii|> (C.34)

i=1 ama(a+1) i=1
d [i—1 4l .
— _d; (T-{— Z’-M) |ii) (i (C.35)
d -1 i—-1\,..,.
= —dZ ( d - ) |if) i (C.36)

M&~

= —(d—1)) |ii)iil. (C.37)

i=1
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And now the non-matching indices for either party, starting with i < j,

d—1
—d
NGl = ) ——— (lij)(ij] — el o+ 1) (i o+ 1]) (C.38)
i;j O;Ia(a+l)i<j§c+2
IS
= —d ——+ ) —— | ij){ij| (C.39)
l.;j J azz'joc(oc+1)
1 d—1 j—l) N
=gy (LT g (C40)
O WL
= Y lii)il. (C41)
i<j
And likewise for i > j, which completes the proof. 0

The Real Semi-Off-Diagonal - The 6° ® ¢* Pairings

In the computational basis, the Real Semi-Off-Diagonal is of the form,

By Y, Y (lij){ik| +1ji) (ki])

i)k j#k (C.42)
+R(Bs) Y, (117) Gkl + 17 Kl + 1K) Gl + ki) Gl
J#k
which we will now show can be represented in the Bloch form with the following coefficients,
d—2 2
X “
cOa,ﬁ T~ d B3 + dm(BS)v (C43)
and
.
-2  B<y+l
y—1 B=vy+1
1
X — —
Cyap = 29(y+1) (B3 —R(Bs)) § —1 a<y+1<p- (C.44)
Y a=vy+l1
0 o>y+1
\
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X

For a fixed y, we can visualize ¢ in an array indexed by a and 3,

voB
s [ . |
-2
y—1 —1 -1
1
X _ _

Cyap = —2Y(Y+l)(B3 R(Bs)) y oo oy |, a5

0 ... 0

0

where the @ = Y+ 1 and B = y+ | entries have been highlighted in red and blue respectively.

What follows is a proof that these representations are equivalent.

Proof. Start by expanding the matrices of the Bloch representation and considering only the
entries for which j < k, because the converse will follow from symmetry of 0';.“ - Likewise, we
will only consider the oy ® o, p components, as the exchanged elements will follow from the U

symmetry. In the computational basis, this leaves,

By Y Y [ij) (k| +R(Bs) Y. (17) (k| + |k j) (kk]), (C.46)

i)k j<k j<k
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while in the Bloch representation we are left with,

d—1 Y
26,-9(89) Lt |- © (—yw+1j><y+1kr+zrij><ik\)

r=1 Y(Y—'— j<k<y+l i—1

_1 ’}/ . y .. .
+YTZ <—7W+1 H(r+1 7+1|+Z|u><z V+1!>
] :

( Yly+1 j)(y+1 k\+Z\u lk!>

i=1

1
2; <k
y d
+§ Z ( YIy+1 y+1(r+1 k|+Zyzy+1 lk|>:|

7 B3 + 9?85>ZZ|11 (ik| .

i=1j<k
(C.A47)

Consider first the elements of the form, | jj)(jk|, which leaves, in the computational basis, only

R(Bs) Y 1ji) ikl (C.48)
j<k
while, in the Bloch representation, we have,

d—1 1 Y
263-9E) Lo X Lk T R v

b I (O o O B S e 2 =
1 ,},2 d
“3 L LU= b Iy DLk (C49)
J<y+1<k k=y+
d—2 2
+ B3+ —R(Bs) ) ) 1))k,
d d
j<k
which can be evaluated further to,
d—2
Y 1iJ) Jk\{—33+ —R(Bs)
I (C.50)
k—2 *=21 j—1 '
+ (B3 — 2 - —— }
[ YZ;{Y}“rl k(k—1) EJ-WH) J ]
We can now evaluate the sums over ¥ in the Bloch representation using (C.30), leaving,
2
Y 1id) Jk|{—B3+ ~R(Bs)
Jj<k (C.51)

d—1 _k—1 k-2 k-2 j—1 j—1
B3 —R(Bs)) | -2 2 - B
+ (B3 — R( 5)){ 7 7% +k(k—1) —1 j j H’

which indeed evaluates to (C.46). Now consider elements of the form, |kj)(kk| for j # k, which,
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in the computational basis, leaves,
R(Bs) Y [kj) (kk|, (C.52)
j<k
and in the Bloch representation we have,

d—1 1
2(B3 —NR(Bs)) - |k j) (k|
o ;MH){ j<";”1 ] (C.53)

—1) & d—2
—Mz )Y et iy y+1|] +(733+ R (Bs) ) Y (k) (k|
j=1 Jj<k
which can be expressed as

Y kj) kk|{—233+ —R(Bs) — (Bs —R(Bs))

ol k—2
2) R ” (C.54)

j<k y=k ¥
d—2 d—1 k—1 k-2
= ¥ Ikj) kk|{—33+ “R(Bs) — (B3 — R(Bs)) [2 — 2 —+— H (C.55)
Jj<k

which evaluates to (C.52). This leaves only needing to consider terms of the form, |ij)(ik|, for

distinct i, j, and k, which, in the computational basis, leaves

By Y Y ij)(ik|. (C.56)

i# )k j<k
Turning to the Bloch representation, naively we can simplify equation (C.47) by eliminating the
first terms in the second and fourth lines, then changing the sums over i to skip over j and k. To

evaluate further, however, we need to address how each remaining term behaves as the value of i

ranges from i < j, to j <i < k, and finally to i > k. Starting with i < j, all that survives is

Y Y i lkr{—zm 24:(85)

i#j.kj<k

C.57
+(B 5" k=2 kf L1 } o
3— - T
ykw+1 T kk—1) =v(r+1)
For j <i < k, the surviving terms are
2
Z Z |i7) lk|{—B3+ —R(Bs)
i£j.kj<k
2 { (C.58)
+ (B3 — 2 - ) ——+=
[ yk'}"}"f—l k(k—1) Ey(erl) i
while for i > k, the surviving terms are
Y Y k|{ 2By 29(Bs) + (B~ R(By)) Yl 2 } (C.59)
l] l — 5 D3 5 3= 5 - .
i#jkj<k Y iY(Y"‘l) l
Each of these indeed evaluate to (C.56). ]
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Interestingly, we also know that the 1; ® 6* and 6* ® 1; correspond to the single-party

marginal, meaning that ¢,', 5 = ¢, 5 o = A, which confirms that A = (d —2)B3+2R(Bs).

The Imaginary Semi-Off-Diagonal - The 6° ® c” Pairings

In the computational basis, the Imaginary Semi-Off-Diagonal is

iS(Bs) Y (i) ikl + 1) (kjl = 1ik) (il = ki) i) (C.60)
J#k
which we shall now show can be represented in the Bloch representation with coefficients,
coya p= 0. (C.61)
and,
(
0 B<y+1
y+1 B=y+1
1
Crop = —3(Bs) 2+ ! a<y+1<pB- (C.62)
-y a=y+1
0 o>vy+1
\
The same array visualization of c;ym B 18,
0 - 0 y+1 1 - - 1
0
y+1 1 1
: 1
& =-3(B — Y e e — . C.63
Cya,ﬁ S( 5) 2y(y+]) Y Y ( )
0 0
0

What follows is a proof that these representations are equivalent.
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Proof. We can again begin by exploiting the symmetries of 62 p to only examine the following

computational basis elements,

Y (1) (k| = kj) (k) (C.64)
j<k
where we have also divided out by i3 (Bs). The same treatment of the Bloch representation leaves,

d-lryp ¥ Y
)y [—Z <—Y|7+1 r+1 }’+1|+Z\ij>(iy+1|>

y=1 Yj:1 i=1

1 Y
=YY+ 1 Ay + 1 k[ ) 1)) (k] (C.65)

d Y
t —yly+1 y+1){y+1 ky+Zyiy+1)<ik| ]
T+l i=1

Start again with the terms of the form |jj)(jk|, for j # k, in the Bloch representation,

S 1
Z{; Liiir 11+ Y 1) Gk

_|_

e Y(Hl)fﬂkk (C.66)
Y
+— ly+1 y+1){(y+1 k]},
7’+1k—);+2
which simplifies to
| j—1
Ji) ik + + — (C.67)
,;J ) |[k—1 y;,-y(wrl) J ]
= Y 1ih (kK (C.68)
j<k

which agrees with (C.64). The same treatment of the |kj)(kk| terms for j # k in the Bloch

representation gives,

d—1 Y
) [—Z ly+1 j){y+1 y+1] (C.69)
=11 j=1

= — ) |kj)(Kkl, (C.70)

j<k
which again agrees with (C.64). Lastly we need to show that terms where i # j,k vanish. Begin

with i < j, the surviving terms evaluate to

Y Y i) (k] Lﬂtkf Lo, (C.71)
iL7k j<k k=1 =y(r+1)

Terms where j < i < k likewise evaluate to )
Y Y| ey L )
ik j<k k=1 Emvv+) i
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And finally there are no terms in the sum for i > k.

The Real Full-Off-Diagonal - The 6* ® ¢* and ¢” ® ¢” Pairings

In the computational basis, the Real Full-Off-Diagonal components are

;j{mliixnl + () i

+ ) | R(B2) (lid) (k| + | jk) id]) + B3 (|i) kil + | ji) (ikl) + Y B Iij><kl|] }
ki, j I#i,j.k
which are represented by Bloch vector components given by
1/1
1
CapBy= Capra = Capuy=Capyp = 5 B3tR(B))
C)&?B;Caa = B]
1 /1
apup = 3 (d_z +C_B4>
1
_ y o _ y oo y o
CaupBy = Capra=Capay=Cupyp = 5 B3~ R(B2))
cfx,ﬁ)}}/,& =0,

o

for distinct o, B, ¥, and 8. For fixed @ and 3, we can visualize ¢! .B)}C/ 5 and CZ: ﬁ;

following arrays indexed by y and 9,
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(C.73)

(C.74)

(C.75)
(C.76)
(C.77)

(C.78)
(C.79)

s 1n the



VAN

Y,

Z

Z
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and

0 0 2. 0 0O % 0 0
0

.0 0O %2 0 0

% A /. a

0 0O % 0 0

C‘Zc,ﬁi,éz
0

w0 0

. N

0 ce e 0

0
(C.81)

where 2" = By, %1 = %(83 +R(B,)) and & = % (d72+C+Bs). Elements where only one
of the conditions, Yy = &, or 8 = a, or Yy = 3, or 6 = 3 are met are colored in blue, while the

element in red indicates when ¥y = o and 6 = 3.
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The Imaginary Full-Off-Diagonal - The ¢* ® c” Pairings

Lastly, the Imaginary Full-Off-Diagonal can be represented in the Bloch representation as

: . e (B2
3B Y, Y ik~ i =2V Y Y of00)+of,e 0,
i<ji<k#j i>ji>k#j
3(B
_ (22) Y Y of@d,+0,@d,
i<ji<k#j
meaning that the only non-zero individual components are
, , 3(B3)
x oy X _ X Yy _ X _
“Baya~ “yapa”  Capay Ciwa,ﬁ_ 2 7
allowing us to visualize c)(;./ B i 5 as
0 v+ oo cei eee ool 0 10 -~ 0
0 0 1 O 0
—1 -1 0 —1I —1
0 0 1 O 0
&Y _3(32)
a,Byé
Br. 2 0
1
0
0

where the blue elements indicate when o = 7, while red indicate B = 9.

(C.82)

(C.83)

: (C.84)

This completes the conversion of PSS one- and two-party reductions to the generalized

Bloch vector representation. We can now turn to evaluating the alternate matrix norms for the

purpose of measuring the validity of the mean field approximation.
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C.2 Hilbert-Schmidt Distance

As defined in [72], the Hilbert Schmidt distance between matrices, A and B, is
1
D(A,B) = \/ETr [(A . B)Z] . (C.85)

By the orthonormality of the Bloch vector components, this conveniently reduces to

2
D(A,B) = \/ y (cﬁ;‘) - cﬁf>) , (C.86)
o

assuming, of course, that Tr(A) = Tr(B), which is the case for density matrices. Given the results

of the previous section, where the Bloch vectors of p; and p, were determined in terms of the
computational basis matrix elements, we can fully express D = D(p; ® p1,p2) in terms of B;-Bs
and C. Splitting the sum into the different types of Bloch vector components, we are left with

1
D = |:SZ>Z + Sz’x + SZ>)’ + S)(;}y) + S)()vzy) + SXJ + S)(CI_)X + S)(CZ—))C + S.7(C3—)x] ’ Y (C87)
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d—1
See= Y (5a)” (C.88)
o=
d—1 o)
5o =2 o (C.89)
) r=loa<p (Cyoc,ﬁ)
d—1 2
_ Yy
2
S0=F (20p) con
oa<p
(2) v )2 y )2 vy \? vy )2
Syy = c + c + c + c
yy a<zB:<y< aﬁﬁ#) 7<§'<B<Oc’ﬁm> a<{zﬁ"#7}<a’ﬁa#> {a%@(aﬁm)
(C.92)
Sxyzzl ) <cx y )2+ ) (cx y >2+ Y (cx y )2+ Y (cx Y )2]
I P e R T A B A
(C.93)
2 2
=% (c;;ﬁfw— (ctp) ) (C94)
(2) 2 2 2 2
.= L (b (50)') + £ (haha(cha)) €5
oa<p<y y<a<f
2\ 2 N 2
+ 2 (gt ()) + L (cpro(cis))
a<{B#v} {a#7}<B
2 2
s, = agﬁg (c’&,ﬁ);,g—(céﬁ)) : (C.96)
H,Y_/

distinct o,3,7,6
It is now just a matter of counting and summing for each of the § terms. First is S, ;, which is

straightforward as each of the ¢}, are the same,

d*C?
S,.=(d— I)T. (C.97)
Next is S », which requires a more involved sum over 7,

w2y |l Sy L B2 s
S = BRE LT e T BB-D T o)

= (d—1)(d—2) (B3 —R(Bs))*.
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Likewise S, , requires a similar sum,

s 3(Bs)2 ¥ a_1+ﬁf L, F (C.98)
, pu— 5 —_— .
- a<f o Y=o Y(Y+1) B_l

= d(d—1)3(Bs)% (C.99)
We then have S;ly), which is straightforward, as each of the c“(vx ﬁya p are the same.

2
1) _ dd—1) (1
Syy = g 72 +C—By | . (C.100)

2)

Moving to S§7y , the only challenge is in the counting of terms,

1
s = Z(Bg—i)t(Bz))zl Y + Y + Y + ) ] (C.101)
a<B<y ry<a<p a<{BFy} {a#ri<P

1 2 I 1 1 1
= —-(B3—R(Bp))'dd—1)d-2)|-+=-+=+= C.102
(B2 R (B D@-2) [+ 5 +5) c.102)
1
= (B —R(By))*d(d—1)(d—2). (C.103)
The same counting of terms can be applied to determine Sy,
1
Sxy=15d(d—1)(d~2)3 (B2)*. (C.104)
Then S)(Cl_)x is straightforward,
My 1 1 C B )\ 2
S = Ed(d_ 1) (2712 + ) + 5 ((d —=2)B3+2%R (Bs)) ) . (C.105)
The same counting of terms used in S}(zy) can be applied to S)(Cz_)x,
B; R(B 2
S)(Cz_)x =d(d—-1)(d-2) (73 + (2 2) _ ((d=2)B3+2R (BS))2> . (C.106)
Lastly S )(63,))( is just a new counting of terms,
@ _1 2)?
S=3d(d=1)(d=2)(d~3) (31 —((d—2)B3+2% (Bs)) ) . (C.107)

C.3 Super-Fidelity

The Super-Fidelity was originally presented in [73] as a means for bounding the Fidelity.

It is defined as

G(A,B) = Tr(AB) + /(1 ~ Tr(42)) (1 - Tr(B2), (C.108)
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which conveniently can be expressed in terms of the Bloch vectors for A and B as
cus)= o (- g-2a) (1o fowa).  cio
Applied to G := G(p; ® p1, p2), we can again expand the sums by type of Bloch vector component,
G= % 2 (S0, -+ S0+ SE+ 58 + { (1 - d]—2 —2(So,c+ 58 + 57 +S§3)))
| ! (C.110)
x <1 — -2 (S04 e S Sey + S8 + 883+ 8y + 5 + 53 + 52 ) } :
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where the new terms are

2
So.=2 Y (citp) (C.111)
a<f
2
SU=Y (chp) chpes (C.112)
a<f
2 2
=Y (c;;ﬁ) gyt Y (c;;ﬁ) g (C.113)
a<f<y y<oa<f
2 2
+ Y () gyt X (chp) chpie
a<{B#v} {a#yi<B
2
Sh= L X (chp) chpho (C.114)
a<fy<é
~—
distinct o, 3,7,8
O_y (Cé;s)4 (C.115)
a<f 7
2) . 4 . 4 4 . 4
D= % (chp) + L (chp) X (hp) + L (cip)
a<p<y y<a<p a<{B#v} {a#y}i<B
(C.116)
9= Y Y (c;;ﬁf (C.117)
a<fy<d 7
N——
distinct o, 3,7,6
2
T (cust) e
a<f
2 X 2 X 2 X X 2 X X 2
Sxx = Z <CE,BB,Y) + Z (c)&.ﬁ%a> ™ Z (ca,ﬁa#) T Z (ca,ﬁ%ﬁ)
a<p<y y<a<p a<{f#v} {a#ri<B
(C.119)
2
s = Y (chphs) (C.120)
a<fy<d
——

distinct o, 3,7,8
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These calculations largely repeat of those of the previous section, so their final results are compiled

below,

SO,x

s

X*X

s

sO)

X*X

s

X

d—2

d(d—1) (—Bw%iﬁ(Bs))z

{a=1) (@2 + 897

%d(d —1)(d—2)((d—2)B3+2R (Bs))* (B3 + R (B2))

1
4

2

d(d—1)(d—2)((d —2)B3 +2% (Bs))*

1

4

1
—d
8
1
—d
i
é_ld

d

Ld(d—1)((d ~2)B + 2% (Bs))*

2
(d—1) (% +C+B4)
(d—1)(d—2) (B3 +R(B2))*

(d—1)(d—2)(d —3)B3.
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+C+By

—(d(d—1)(d —2)(d —3) ((d —2)B3 +2%R (Bs))

~d(d—1)(d —2)(d —3)((d —2)B3 +2% (Bs))"*

)

ZB]

(C.121)
(C.122)

(C.123)
(C.124)
(C.125)
(C.126)
(C.127)

(C.128)

(C.129)

(C.130)
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