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ABSTRACT

Quantum State Verification (QSV) attempts to figure out if, at a certain
confidence level, an unknown quantum state is sufficiently near to a fixed tar-
get state. The spectral gap of the verification operator is inversely proportional
to the number of identical, independent copies, N, needed for this operation.
A significant class of quantum states that often feature in quantum computing
are stabilizer states. These states’ structural characteristics make it easier to
express and simulate quantum states mathematically. They are specified by a
collection of stabilizer operators that are derived from Pauli matrices in qubit
systems. These characteristics also make stabilizer states particularly suitable for

local measurement-based verification processes.

Previous research by Dangniam et al. has demonstrated that the spectral
gap for qubit stabilizer states cannot exceed 2/3 when the verification operator
is restricted to local measurements. Building upon their methodology, we extend
these results to graph states in d-level systems, where d is a prime number. Specif-
ically, we establish that the spectral gap for these systems is upper-bounded by
d/(d + 1). This problem is reduced to the case of bipartite maximally entangled
d-level systems, for which the optimal spectral gap is known from the work of Li et
al. Our derivation leverages the property that d-level graph states exhibit maximal

entanglement across all possible bipartitions of the graph.
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CHAPTER 1

INTRODUCTION

Quantum computing has emerged as a significant paradigm in information pro-
cessing, rooted in the fundamental principles of quantum mechanics. By utilizing
phenomena such as superposition and entanglement, quantum systems offer a
fundamentally different approach to processing information compared to classical

computers.

However, realizing practical quantum eomputers remains challenging. Quan-
tum information is fragile and highly sensitive to environmental interactions, which
can introduce noise and lead to decoherence. As a result, one of the main tasks
in quantum technologies is not only to build quantum processors but also to
develop effective methods for controlling and verifying their behavior. Before using
a quantum device for meaningful computation, we need reliable ways to check

whether it has prepared the intended quantum state.

1.1 The Problem of Quantum State Tomography

A standard method to characterize an unknown quantum state is Quantum
State Tomography (QST). This technique aims to reconstruct the complete density
matrix of a system, offering a full description of the state. While conceptually
straightforward, the practicality of QST is limited by its significant resource re-

quirements, which scale with the dimension of the Hilbert space, D.

For a general mixed state, early studies showed that QST requires a number
of measurements that grow polynomially with the dimension D. Specifically, it
requires measurements from a set of O(D) mutually unbiased bases [1, 2, 3] or,
more generally, the outcome probabilities associated with a set of O(d*) POVM

elements [4, 5, 6, 7]. This becomes quickly impractical for systems with many



particles (like qubits), as the Hilbert space dimension d grows exponentially with
the number of constituents n. For an n-qubit system, where d = 2", the number

of POVM measurements scales as O ((2”)2) =0 (4") [8].

Due to these scalability challenges, alternative approaches have been pro-
posed that focus on verifying if a system is in a specific target state, rather than

performing a full tomographic reconstruction of the entire quantum state.

1.2 A Practical Alternative: Quantum State Verification (QSV)

Quantum State Verification (QSV) offers a more scalable solution. Instead
of learning the exact state, the goal is to determine whether the prepared state
is sufficiently close to a known target state, or whether it deviates from it by at
least some small amount e, typically measured using fidelity. This is framed as a

hypothesis testing problem [9, 10].

A QSV protocol aims to make this distinction with a high level of confidence
(at least 1 — d) while using as few copies of the quantum state as possible [11, 10].
For many important families of states, including stabilizer/graph states, QSV can
be performed efficiently, making it a valuable tool in quantum experiments and

benchmarking [12, 11, 13].

1.3 The Role of the Spectral Gap

The main factor that determines the efficiency of a QSV protocol is the
number of copies N of the unknown state needed to reach a decision. This number
is related to the spectral gap v(2) of the verification operator €2, which corresponds

to the measurement used to decide whether the state passes the test [11, 9]:

In(1/6)

N =~ () (1.1)

To minimize the number of copies, it is important to design a verification operator



() that maximizes the spectral gap. In practical settings, it is often desirable to
use local measurements—those that act on individual qudits—since they are easier
to implement than global or entangled measurements. This work focuses on the

efficiency of QSV under this local measurement constraint.

1.4 Motivation and Scope of This Study

Within the broader class of quantum states, stabilizer states are particularly
important due to their applications in quantum error correction, measurement-
based quantum computing, and quantum communication. A notable subclass is
the family of graph states, which can be described by a graph where nodes represent

qudits and edges indicate entanglement.

For qubit stabilizer states (d = 2), it has been shown that the largest possible
spectral gap under local measurements is 2/3 [12]. For a special class of qudit
states called generalized maximally entangled states, the upper bound is known to
be d/(d 4+ 1) [14]. However, for general qudit graph states, this question had not

been fully answered.

This thesis addresses that open problem. We study the case where the local
dimension d is a prime number, which allows us to use mathematical tools from
finite field. The aim is to determine whether the known upper bound d/(d + 1)

also applies to more general graph states under local measurements.

1.5 Research Questions

This work is driven by two main questions:

1. What is the maximum spectral gap achievable when verifying general d-level

graph states using only local measurements?

2. Can the proof techniques used for qubit systems, which involve reducing the



problem to a simple bipartite case, be successfully generalized to the more

complex qudit formalism?
The key contributions of this thesis are as follows:

1. The upper bound on the spectral gap for any d-level graph state (with d

prime) under local verification is d/(d + 1).

2. This result is derived by proving a key structural property: any d-level graph
state is maximally entangled with respect to any bipartition of a single qudit

versus the rest of the system.

3. This property allows us to reduce the problem for an arbitrary n-qudit graph
state to the known case of a bipartite maximally entangled state, for which

the d/(d + 1) bound was already established.



CHAPTER 1II

THEORETICAL FRAMEWORK

To analyze and evaluate the efficiency of quantum state verification (QSV), it is
first necessary to establish the mathematical foundation of quantum information
theory for multi-level systems. This chapter outlines the core physical and math-
ematical concepts utilized throughout this thesis. We begin by defining d-level
quantum states (qudits), density operators, and the critical concept of entangle-
ment. This foundational background is primarily drawn from [15, 16]. Following
this, we formulate the framework of quantum measurements, starting with positive
operator-valued measures (POVMs) and the restrictions imiposed by local opera-
tions. Finally, we review the methodology of quantum state tomography (QST) for
qudits, illustrating the exponential resource scaling that makes QSV a necessary

alternative.

2.1 Description of Quantum State

2.1.1 Qubits, Qudits, and Hilbert Space

The most elementary unit of classical information is the bit, a system that
can exist in one of two definite states, labeled 0 and 1 . The quantum analogue is
the qubit, a two-level quantum system. Unlike a classical bit, a qubit can exist not
only in the definite states |0) and |1), but also in a superposition of both. These
basis states, |0) and |1), form an orthonormal basis for a two-dimensional complex
vector space known as a Hilbert space, denoted Hs. A general pure state of a qubit,

|1}, is a normalized vector in this space, expressed as:

[¥) = al0) + Bl1), (2.1)

where « and 8 are complex numbers called probability amplitudes. The normal-



ization condition, |a|* 4+ |3|*> = 1, ensures that the probabilities of measuring the

state to be |0) or |1) sum to one.

This concept naturally generalizes to systems with more than two levels.

A qudit is a generic quantum system associated with a d-dimensional complex

Hilbert space, denoted as Hy = C%. The standard basis for this space, known as

the computational basis, consists of d orthonormal vectors labeled by the integers
{0,1,...,d—1}:

B={]0),|1),. -+ |d=1)}. (2.2)

These basis vectors satisfy the orthonormality condition (i|j) = 0;;. A general pure

state 1)) € H, is a superposition of these basis vectors:

) = Z cilt), (2.3)
where ¢; € C are probability amplitudes satisfying the normalization condition
Selef = 1.

For a system composed of n qudits, the total Hilbert space is the tensor

product of the individual spaces:

H=HDOHD @ e HI (), (2.4)
The dimension of this composite space grows exponentially as D = d".
2.1.2 Density Operators

The state vector |¢) provides a complete description of a pure state, which
corresponds to a quantum system in a precisely defined state. However, in many
practical situations, our knowledge of the system is incomplete. Consequently, the
description of the system is a statistical mixture of pure states. To handle these

cases, we employ a more general tool: the density operator (or density matrix), p.

When a quantum system is not described by a single state vector, its state

is represented by a density operator p. This is a positive semidefinite operator with



unit trace,

p=0, Tr(p)=1. (2.5)

A pure state [1)) corresponds to the density operator

p = [0){¥]. (2.6)

A general mixed state is given by a convex combination of pure states,

P:Zpi’%'x%’h pi >0, Zpizl- (2.7)

The purity of a state is defined as

Y(p) = Tr(p”). (2.8)
It satisfies
<o)< (2.9)

with v(p) =1 if and only if p is pure.
2.1.3 Reduced Density Operator

While the density operator describes statistical mixtures arising from clas-
sical uncertainty, it plays an even more critical role in the context of composite
quantum systems. When a system is composed of two parts, A and B, that are

entangled, the state of subsystem A alone cannot be described by a state vector
e

Even if the global state of the total system |U),p is a definite pure state
(perfect knowledge of the whole), an observer looking only at subsystem A pos-
sesses incomplete knowledge. The information about A is effectively lost to the

correlations with B.

To describe this local state, we use the Reduced Density Operator, pa.

Mathematically, this is obtained by “tracing out” subsystem B:

pa = Trp(|¥)ap(¥[) (2.10)



Just like the statistical mixtures described above, this reduced state p4 is a mixed
state. The more entangled the global system is, the more mixed the local reduced

state becomes.
2.1.4 Schmidt Decomposition and Entanglement

2.1.4.1 Schmidt Decomposition.

When analyzing correlations in bipartite quantum systems, the Schmidt
decomposition provides a form that simplifies the description of pure states. It
is a fundamental tool for quantifying entanglement, as it allows us to express a

composite state using a minimum number of terms in an orthogonal basis.

Theorem: Consider a pure state |¥)4p in the composite Hilbert space Hap =
Ha ® Hp with dimensions d4 and dp. There exist orthonormal bases {|u;)4} C Ha

and {|v;)p} C Hp, and a set of non-negative real numbers {\;}, such that the state

can be written as:
(4
|\I/>AB = Z >\7‘U1>A X |Ui>B
i=1

where r < min(da,dg) is the Schmidt rank of the state, and the coefficients \;,

known as Schmidt coefficients, satisfy the normalization condition Y ;_ A7 = 1.

This decomposition captures the properties of the state entirely within the

coefficients \;. If r = 1, the state is a product state. If » > 1, the state is entangled.
2.1.4.2 Linking Entanglement to the Reduced Density Matrix.

We now mathematically demonstrate the relationship between the entan-
glement of the pure state |U)4p and the “mixedness” of its subsystem’s reduced
density matrix (RDM). The central insight is that the more entangled the global
state is, the more mixed the reduced state becomes.

Let us compute the reduced density matrix for subsystem A, defined as

pa = Trg(pap), starting from the Schmidt form of |¥) 4p.



e Form the total density matrix pap:

pag = V) ap(¥|ap

= (Z Ailui)a @ |vz~>B> (Z Aj{ujla ® <vj|B>
i J
= (Jua) (usla @ [oi) (vy]s) -
2%

e Apply the Partial Trace over B: The partial trace operation acts linearly. We
trace out the B components using the basis orthonormal property Tr(|v;)(vj|5) =
(vilvi)p = bi.

pa =Trp(pap)
= Z Aijlui) (ug|a - Te(log (v]B)
et

irj &
=30 X ug) (i)
The result shows that ps is diagonal in the Schmidt basis {|u;)4}, with
eigenvalues p; = \?.

Proof of the Entanglement-Mixedness Relationship: The mixedness

of the state can be quantified using purity. The purity of p4 is calculated as follows:

v(pa)= Tt (Z)\ﬂui)(uio :Z)\f. (2.11)

We now compare two extreme cases to prove the relationship:

e Case 1: Separable State (No Entanglement). If |U),p is separable,

the Schmidt rank is » = 1. There is only one coefficient A\; = 1.

Y(pa) = L.

The reduced state p4 is a pure state. Zero entanglement corresponds to zero
mixedness.

e Case 2: Maximally Entangled State. A state is maximally entangled if

all branches of the superposition have equal weight. This implies the Schmidt
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coefficients are uniform: \; = \/Lg foralle=1,...,d.
d 4 a4 1
=3 (7) =@tz =a
i=1 =1
Since d > 2, y(pa) = 1/d is the minimum for purity. The reduced state
is proportional to the identity operator, p4 = I/d, which is the maximally

mixed state.

2.2 Quantum Measurements:

Quantum measurement refers to the process of observing or measuring a
quantum system to obtain information about its properties or states. In quantum
mechanics, measurements are described by a collection of measurement operators,
denoted as {M,,}, which act on the state space of the system being measured.
The index “m” refers to the possible measurement outcomes that may occur in the

experiment.

(Postulate 3: In quantum mechanics, measurements are characterized by a set of
operators {M,, } acting on the state space of the system. The index m refers to the
possible measurement outcomes. These operators satisty the completeness equation:

> MM =

m

If the system is in the state |¢)) immediately before the measurement, the probability

of observing outcome m is given by:

p(m) = (Y| MM |t)

and the state of the system after the measurement is

vy = 2l
V OIMEM, 1)
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This postulate captures the essence of quantum measurements: they are proba-
bilistic and irrevocably alter the system’s state. Unlike classical measurements,
which reveal pre-existing values, quantum measurements create outcomes through
an interaction that depends on the system’s initial state and the chosen operators.
This framework underpins phenomena like superposition collapse, entanglement,
and the uncertainty principle, distinguishing quantum mechanics from classical

physics.
2.2.1 Projective Measurements

Projective measurements are a specifie class of quantum measurements that
correspond to the general measurement operators {M,,} becoming orthogonal
projectors, denoted here as {P;}. That is, we set M,,, — P;, where these operators
are Hermitian (P = P;) and idempotent (P2 = P,).

A projective measurement is typically described by a Hermitian operator
M (an observable), whose eigenvalues represent the possible measurement out-
comes. This formalism ensures real-valued results. The operator M encapsulates

the relationship between the outcomes and the projectors through its spectral

decomposition:
M =) XP, (2.12)
where:

e )\; : Real eigenvalues.

P, = |\;) (A\;] : Orthogonal projection operators onto the eigenstates |\;).

P,P; = 6;; P, : Projectors are orthogonal (i # j) and idempotent (P? = B).

Completeness relation : ). P; = I, ensuring total probability conservation
(consistent with > MI M,, = I).
Note that if the spectrum of M is degenerate, the projector P; is a projector

with rank greater than 1, expressed as P, = >, |\, k)(\i, k| where k labels the
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degenerate states.

2.2.1.1 Probability of Outcome. When measuring an observable M, the
probability of obtaining a specific outcome ); is determined by the projection of
the system’s state |¢)) onto the eigenspace associated with \;. Mathematically, this

is expressed via the Born rule:

p () = (IR [w) = [ Pl¥)|° (2.13)

where P; is the orthogonal projection operator onto the subspace spanned by the

eigenvectors corresponding to the eigenvalue \;.

2.2.1.2 Post-Measurement State. Upon obtaining the outcome \;, the
system’s state undergoes an irreversible transformation known as wavefunction

collapse. The post-measurement state [¢)) is given by:

. Pl
)= oo (2.14)

This expression reflects two key physical principles:
e State Reduction: The system is projected onto the eigenstate |);), erasing all
coherence between |\;) and other eigenstates.
e Normalization: The denominator /p()\;) ensures the resulting state [¢) is
properly normalized ((¢ | ¢') =1).
This collapse postulate distinguishes quantum measurements from classical obser-

vations, as the act of measurement fundamentally alters the system’s state.

2.2.1.3 Expectation Value of the Observable. The expectation value (M),
representing the statistical average of outcomes over many repeated measurements,

is derived as:
(M) = (WIMI) = D Xip () (2.15)

Here, the Hermitian nature of M ensures (M) is real, aligning with the physical

requirement that measurable quantities yield real-valued results. The expectation
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value bridges quantum theory and experimental observation, offering a statistical

summary of measurement outcomes before any single result is realized.
2.2.2 General Measurements

The Positive Operator-Valued Measure (POVM) formalism generalizes the
concept of quantum measurement beyond standard projective measurements. Un-
like projective measurements, which are associated with observables and numerical
eigenvalues, POVM elements describe the statistics of measurement outcomes with-
out necessarily assigning them physical values. Consequently, this formalism does
not yield expectation values in the traditional sense, nor does it uniquely determine

the post-measurement state of the system.

The ambiguity of the post-measurement state arises from the mathematical
structure of the measurement operators. A POVM is defined by a set of operators
{E;} such that E; = M -T]WZ-, where M; is the measurement operator. From the

()

polar decomposition theorem, measurement operator can be written as:

M; = U\/E;, (2.16)

where U; is an arbitrary unitary operator. While the probability of an outcome
is determined solely by B; (since M| M, = /E;U!Un/E; = E;), the state of the

system after measurement depends explicitly on the choice of U;:

N M) UVEY) -
) VWIERD)  /WIEY) 217)

Since the unitary operator U; affects the state evolution but leaves the POVM

element F; unchanged, the POVM formalism is sufficient for tasks relying only on
measurement statistics, such as quantum state tomography and verification, while

remaining agnostic about the specific post-measurement dynamics.

Formally, a POVM is defined by a set of operators { F;} acting on the Hilbert

space of the system, satisfying two key properties:
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e Positivity: Each element must be a positive semi-definite operator, denoted
as F; = 0. This ensures that the measurement probabilities are always non-

negative.

e Completeness: The sum of all elements must resolve to the identity oper-
ator, ensuring that the probabilities of all mutually exclusive outcomes sum
to unity:

Y E=1 (2.18)

For a quantum system in a state described by the density matrix p, the

probability p(m) of obtaining the outcome m is given by the Born rule:
p(m) = Tr(Epnp). (2.19)

The definition above provides the physical intuition behind general measure-
ments. However, to rigorously analyze quantum information protocols, it is neces-
sary to examine the mathematical structure of the set of all possible measurements.
Specifically, the set of all POV Ms forms a convex set, a property that corresponds

physically to the ability to mix different measurement strategies probabilistically.
2.2.2.1 Convex Structure of the POVM.

Formally, let H, be a finite-dimensional Hilbert space of dimension d. We
consider the set of measurements with a fixed number of outcomes n > 1. Based
on the properties of positivity and completeness defined previously, we denote the
set of all such n-outcome POVMs as POVM,,(H,).

An element M € POVM,,(H,) is an n-tuple of operators M = {E;}*, C
L(H4) satisfying the POVM properties. This set possesses a convex structure
(17, 18].

While general convex combinations of measurements can be defined in var-

ious ways, here we focus on the element-wise convex combination. This specific

structure models a randomized measurement [17], where an experimenter chooses
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between measurement settings probabilistically, but the outcome labels remain
fixed. This formalism is essential for constructing the verification operator €2 in

the Quantum State Verification protocol discussed later in this work.

Let M® = {EM}  and M® = {E®}"| be two elements of POVM,, (),

7

and let p € [0,1] be a mixing probability. The convex combination of M(®) and

M® is defined as the n-tuple:

n
i=1"

M = pMY + (1 = p)MP = {pEY + (1 - p)ES} (2.20)

Convexity of POVM,,(#)): The set POVM,,(#) is convex [18]. That is, for any
MM M € POVM,,(H) and any p € [0, 1], the effective measurement pM®) + (1 —
p)M® is also a valid POVM in POVM,,(#).

Proof: We verify that the two defining properties of a POVM are preserved under
convex combination.

1. Positivity: For each outcome i, the operators EZ.(l) and Ei(z) are positive semi-
definite by assumption. Since the cone of positive semi-definite operators is closed

under non-negative linear combinations, we have
pEY + (1=p)E® 20Vi,

because p > 0and 1 —p > 0.

2. Completeness: Summing the elements of the convex combination yields

n

Y BN+ =pEP] =pY BV +(1-p)Y EP =pl+(1-pI=1
=1

i=1 =1

Since both properties hold, pM® + (1 — p)M® € POVM,,(H).

2.2.3 Local Measurements and Separable Measurements

The fundamental challenge in designing state verification protocols is de-

termining the optimal verification operator €. If an experimenter had access
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to unlimited technological capabilities, the optimal strategy would simply be to
choose a single measurement setting where the “pass” POVM element is the global

projector onto the target state 2 = [1) (1] itself.

Therefore, practical QSV optimization is subject to experimental restric-
tions. We must restrict our accessible measurement settings to those that can
be implemented via Local Operations and Classical Communication (LOCC), or

mathematically, the set of separable measurements defined in this part.
2.2.3.1 Local Operations and Classical Communication (LOCC).

In a multipartite quantum system, a local measurement is defined opera-
tionally by how it is implemented, rather than solely by the mathematical form of

its measurement operators.

A measurement is considered local if it can be implemented using Local
Operations and Classical Communication (LOCC). Each party acts only on their
own subsystem (e.g.; Alice on (A), Bob on (B)), and no joint entangling operations
across the partition (A:B) are allowed. However, the parties may exchange classical
information. For example, Alice may measure her subsystem, send her outcome
to Bob, and Bob may adapt his measurement accordingly. Since only classical

information is transmitted, the protocol remains local.

If the measurement requires joint quantum operations, bringing subsystems
together, or exchanging quantum particles, it is classified as non-local.
An essential feature of local measurements is classical post-processing. If

Alice obtains outcome (a) and Bob obtains outcome (b), they may compute a

function
y = f(a,b) (2.21)
to define the final reported outcome. Thus, the measurement outcome need not be

the pair (a,b), but any classical function of these local results.

2.2.3.2 Separable measurements.
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Now consider a bipartite system with Hilbert space H = H @ H®. A
POVM {Ey} is called separable if each element Ej can be written as a sum of

product operators. That is:
B, =Y M) o M) (2.22)
J

where M,Elj) and M}gzj) are positive semi-definite operators acting on subsystem 1

and 2 respectively, satisfying 0 < M, ,57;) =<1

2.3 Quantum State Tomography (QST) 101

Quantum state tomography aims to reconstruct an unknown density op-
erator p from measurement statistics. Because p is an operator on a D = d"
dimensional space, tomography typically requires resources that scale quickly with
n. This scalability issue is one of the main motivations for using verification instead

of tomography.

Tomography requires measurement settings that are informationally com-
plete, meaning the resulting probabilities uniquely determine p. Since the density
matrix p is a Hermitian operator with unit trace, it contains D? — 1 independent
real parameters. Therefore, to reconstruct p, one must perform measurements in
a sufficient number of bases to resolve these independent real parameters [19, 15].
Operationally, one chooses a set of measurement settings s € S, where each setting
corresponds to a POVM {Ef,f)}m Repeating setting s many times yields estimates
of

p(mls) = Te(E}) p).

m

Because these probabilities depend linearly on the unknown entries of p, recon-
struction can be performed by solving a linear inversion problem, often followed by
a physicality-enforcing procedure (e.g., maximum likelihood estimation) to ensure

positivity.
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To formulate this linear inversion problem explicitly, it is convenient to
express p as a linear combination of an orthogonal operator basis. Specifically, we
can choose an orthonormal basis {w;} for the space of Hermitian operators acting

on a single qudit (with i = 0,1,...,d? — 1, where wy = I is the identity The set
B,={Bi=w, ® - ®uw, |i; €{0,1,...,d* —1}} (2.23)

forms a complete orthogonal basis for the space of Hermitian operators acting on
n qudits, satisfying

Therefore, the density matrix can be expanded as:

d?—1
1

15000yin=0

where the real-valued coefficients are given by the expectation values:
Ciy .ip, =W ® 2 B wip) = Tr(p- Wi ®- B wi, ). (2.26)

Two commonly used operator bases for qudit systems are:

e Generalized Gell-Mann (GGM) basis: Consists of symmetric off-diagonal
operators A%, = [7) (j'| +5") (j|, anti-symmetric off-diagonal operators Af;, =
—i|5) (4’| + i|5")(j|, and diagonal operators A{ that generalize the Pauli Z
operator.

e Heisenberg—Weyl observable (HWO) basis: Constructed from linear
combinations of generalized shift and clock operators, which will be defined

rigorously in Chapter 4.
2.3.1 Example of a Single-Qubit Case (d = 2)

To find the expectation value of a Pauli operator, such as X, for a general
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1-qubit state, we compute the following:

(X) = Tr(Xp) = Tr(X%(] X 1Y 4+ 1.2) (2.27)
_ %(Tr(X) 1y Tr(I) + 7, Te(XY) + 7, Tr(X 2)) (2.28)
— 047, +0+0 (2.:29)
. (2.30)

By determining the expectation values for all three Pauli operators, the state is
reconstructed as:

p= % (e X, Y ¥ 55 2) (2.31)
where r; = (1) for v € {X,Y, Z}.

The following algorithm provides a demonstration of the quantum tomog-

raphy process. The methodology consists of the following steps:
e A set of identical single-qubit quantum states is randomly prepared.

e Measurements are subsequently performed using the X, Y, and Z observ-

ables, with 1,000 samples collected for each basis.

e Finally, the quantum state is reconstructed according to Equation (2.31).

The result of this reconstruction is depicted in Figure 1.
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Comparison of Original and Reconstructed Bloch Vectors

— Original
—— Reconstructed

Figure 1 Example of comparison of original and reconstructed state via

Python simulation

QST enables complete reconstruction of an unknown quantum state, but
its sample complexity grows rapidly with the Hilbert-space dimension. Even under
sample-optimal tomography with collective measurements, Haah et al.[20] show
that achieving trace-distance accuracy € for a rank-r state requires O((dr/€?) log(d/¢))
copies. This improves upon the earlier O(dr?/e?) scaling in the low-rank regime,

but retains a linear dependence on the dimension d.

This dependence becomes prohibitive for n-qudit systems, where the dimen-
sion grows exponentially with the number of qudits. By contrast, quantum state
verification (QSV) does not attempt to reconstruct the state p, but instead certifies
that it is close to a known target state. As a result, its copy complexity scales as
N ~1In(671)/(ev(Q)) [11, 9], and is governed primarily by the verification gap v(1)

rather than by the full number of state parameters.



CHAPTER III

QUANTUM STATE VERIFICATION

As demonstrated in the previous chapter, fully reconstructing a quantum
state via tomography becomes highly impractical as the system size grows. This
chapter transitions from the general measurement formalisms of Chapter 2 to the
specific theoretical framework of Quantum State Verification (QSV) [11, 9]. Unlike
tomography, QSV does not attempt to learn the exact state; rather, it asks a simple
yes-or-no question: is the prepared state sufficiently close to the target state?
Here, we formalize QSV as a statistical hypothesis testing problem. We detail
the protocol’s decision rules, error rates, and sample complexity. Crucially, we
introduce the concept of the spectral gap of the verification operator, establishing
it as the primary mathematical quantity that dictates the efficiency and resource

requirements of any QSV protocol.

Building upon this foundational framework, researchers have successfully
designed efficient verification strategies for a wide variety of physically significant
quantum states. To date, previous efficient QSV results have been established for
general bipartite states [21], qubit stabilizer states including graph states [12, 11,
22], hypergraph states [23], qudit GHZ states [14], (phased) Dicke states including
antisymmetric states [24, 25|, and ground states of frustration-free Hamiltonians

126].

3.1 Hypothesis Testing

A statistical technique called hypothesis testing is used to ascertain if the
observed data from a quantum system confirms a certain theory on the quantum
state. The process entails developing a null hypothesis and an alternative hypoth-

esis, after which statistical tests are performed to assess each hypothesis’s viability
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in light of the data. Finding out if a certain quantum state is near or far from
a target state is frequently the aim of hypothesis testing. According to the null
hypothesis (Hy), the quantum state is either not the target state or differs from it
in a substantial way. The alternative hypothesis (H;), on the other hand, contends

that the quantum state is either the target state or very near to it.

For example, suppose you want to verify if a quantum system has been
prepared in a specific state, say |¥). You can perform measurements on the system
and collect data. Based on the data, you will then perform a hypothesis test to

determine which of the following hypotheses is more likely:

e Null hypothesis (Hp): The quantum state is not |¥) (or significantly different
from |0)).

e Alternative hypothesis (H;): The quantum state is |¥) (or very close to |¥)).

When conducting a hypothesis test, there are two possible types of errors that
can be made: Type I errors (false positive) and Type II errors (false negative).
These errors can arise due to various factors, such as imperfections in the quantum

system.

e False positives, or type I errors, happen when the null hypothesis is disproved
while it is true. A Type [ mistake in the scenario described above would be
determining falsely that the quantum state is near the target state while in
fact it is not. The test’s significance level, or 9, represents the likelihood of

committing a Type I mistake.

e False negatives, or type II errors (represented by (), happen when the null
hypothesis is accepted when it is not true. Erroneously determining that the
quantum state is not near the target state when in fact it is constitutes a

Type II mistake.

To perform hypothesis testing, we need a decision rule that defines the criteria for

accepting or rejecting a particular hypothesis. The decision rule is typically based
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on the statistical properties of the measurement outcomes.
3.1.1 Statistical Verification

The QSV protocol aims to verify whether a quantum device produces a
specific target state [¢)). The device generates a sequence of independent states
01,09, ...,0,. In the context of hypothesis testing, the two hypotheses are defined

as follows:
e Null hypothesis (Hy, non-target state): op € S. = {p [(¥|p|) <1 —¢} Vi
e Alternative hypothesis (H;, target state): o, € S = {|¢){(¥|} V%

where S and S. are sets of the target state and non-target states that are far away

from the target state at least 1 — ¢, respectively, as illustrated in Figure 2.

Figure 2 A schematic representation of a hypothesis testing configura-

tion.

For each state o, produced by the device, the verifier selects one measure-
ment setting from a collection of m possible settings. The jth setting is chosen with
probability p;, where j = 1,...,m. Each setting is described by a two-outcome
POVM {Q;,I—Q,}. The outcome corresponding to €2, is declared “pass”, whereas

the outcome corresponding to I — €2; is declared “fail”.

In standard quantum state verification protocols, it is a common design

choice to require perfect completeness, meaning that a correctly functioning device



24

producing the ideal target state [¢)) is never rejected [11]. This assumption is
imposed to avoid the false rejection of an ideal source due to the inherent random-
ness of quantum measurements; if the target state had even a small probability of
failing, repeated testing would eventually reject a perfect device. To ensure this,
the probability of false rejection is set to zero for every verification test j, which

imposes the constraint:

(I824[4).= 1. (3.1)

Since the measurement effects satisfy 0 < €2; < I, this condition math-
ematically implies that the target state |¢)) must be an eigenstate of every pass
effect €); with an eigenvalue of exactly 1. Within this framework, the verification
proceeds through a sequence of measurements where any “fail” outcome results in
the immediate acceptance of the null hypothesis H, [11], asserting that the states
were not the intended target. Conversely, a “pass” allows the verifier to proceed to
the next state i, and repeat the test. By ensuring that the target state passes
with certainty, the optimization of the protocol focuses entirely on minimizing the
Type I error ¢ for a specified precision €. These two parameters, o0 and e, ultimately
dictate the number of samples /N required to achieve a confidence level of 1 — ¢,

providing an asymptotically optimal strategy for high-precision verification.
The Decision Rule:

e If the measurement outcome corresponds to I — €}, the verifier accepts Hy

(rejects the device).

e If all N copies yield outcomes corresponding to €2;, the verifier rejects Hy in

favor of Hy, concluding the device produces |)).

Accordingly, the decision rule can be represented as a flowchart as shown in Figure

3.
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Next to
Ok 41

Pass

Apply a
measurement
probability p;

Reject

Fail

Figure 3 A flowchart illustrating the sequence of actions governed by

the decision rule.

To evaluate the Type I error, we consider the worst-case failure probability
for each run. Assuming H, is true, the worst-case passing probability can be
expressed as (see Note 1):

max Tr(Qo) =1 — cv(f) 3.2
(Ylolp)<i—e ) () (3:2)

where v(2) represents the spectral gap between the largest eigenvalue (A\; = 1) and
the second-largest eigenvalue (Ay = 3(Q2)) of 2. Here, Q2 = > p;€; is a verification
strategy or verification operator, where the j-th measurement is performed with
probability p;. Since the verifier rejects Hj only if all N independent sample states

pass the test, the Type I error is bounded by:
6.< (1 —eu(Q))N (3.3)

To achieve a given confidence level of 1 — ¢, it is sufficient to take N =
In(9)/In(1 — ev(§2)) sample states from the quantum device. In the high precision

limit (¢,0 — 0), the scaling of N becomes:

(3.4)

Equation (3.5) reveals the central thesis of QSV optimization: to minimize the
number of required state copies N, we must design a verification operator {2 that

maximizes the spectral gap v().
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(Note 1: Worst-case Scenario
We want to find the maximum value of Tr(Q2o) under the condition that ¢ is not
the target state, meaning it has fidelity less than or equal to 1 — . Let {|¢;)}; be

an orthonormal eigenbasis of €2 with eigenvalues A\ > Ay > -- -, where
M=1, o) =),

since Q) = |[¢).

By the spectral theorem, the verification operator €2 can be decomposed as:

Q= Z)\i|¢7¢><¢z’|'

The passing probability for an arbitrary state o is then given by the trace:

Ir(Qo) = Tr <Z Ai‘¢i><¢i|0> = Z)\i<¢i‘0-|¢i> i Z/\ipi
where p; = (¢;|o|p;) represents the probability distribution satisfying p; > 0 and
>ipi =1
To find the worst-case pass probability, we maximize this sum subject to the fidelity
constraint p; = (¢|o|y) < T—e. Since Ay > Ay > \; for i > 2, the objective function
is maximized by assigning the maximum allowed weight to the largest eigenvalue A\,
and the remaining weight to the second-largest eigenvalue Ay = 5(£2). Specifically,

we set py = 1 — € and py = ¢, yielding:

Tr(Q0) = Ai(1 —¢) + B(Q
X, Tr(Q0) = (1 —e) + B()e

=1(1—¢)+ B(Q)e
=1-¢(1-5(Q)
=1—-¢ev(Q)

where v(2) = 1 — B(Q) is the spectral gap of the verification operator.

(.

The primary challenge in designing a quantum state verification protocol is
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finding the optimal verification operator {2 that maximizes the spectral gap v(€2),

thereby minimizing the number of state copies required.

If there are no experimental restrictions, the best strategy is to perform
a global measurement that projects directly onto the target state, Q@ = |¢){(¢)].
This strategy is optimal because it achieves the maximum possible spectral gap of

v(Q) = 1, which perfectly distinguishes the target state from any orthogonal state.

However, implementing such global projective measurements is often exper-
imentally infeasible for large multi-partite systems. Consequently, the optimization
of Q is practically subject to locality restrictions [11, 9]. Specifically, the accessible
measurements are typically limited to local measurements or separable measure-
ments (as previously defined in Section 2.2.3), requiring us to find the optimal 2

within these restricted sets.



CHAPTER IV

BACKGROUND FOR STABILIZER AND GRAPH
STATES

While Chapter 3 established the general framework for Quantum State
Verification, the efficiency of any QSV protocol is fundamentally dictated by its
spectral gap, which relies heavily on the target state’s mathematical structure.
Consequently, this chapter focuses on a significant class of quantum states: qudit
stabilizer and graph states. A key reason for introducing stabilizer states is that
graph states serve as their canonical representatives. Specifically, in systems of
prime dimension d, every stabilizer state is equivalent to a graph state under
local Clifford unitaries [27]. Since local unitaries strictly preserve entanglement
across any bipartition, the verification frameworks established for graph states can

naturally be extended to all stabilizer states.

This chapter provides the essential algebraic background to support this
connection. For prime dimensions d, we introduce the generalized Weyl-Heisenberg
operators, define the stabilizer group, and outline the construction of graph states
28, 29]. Finally, we review the derivation for the transformation of these states
under local Z-measurements and calculate the reduced density matrix, following
the approach of [12, 30]. To the best of our knowledge, the resulting form of the
reduced density matrix—central to the main proof in the subsequent chapter—is

new.

4.1 Generalized Pauli Operators and the n-qudit Pauli Group for Prime

Dimensions

For a d-level system, using the computational basis |0), [1),...,|d — 1), we
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can define the single-qudit generalized Pauli operators as follows:

9
—

X = 37| + 1(mod d)) j| (4.1)

<.
Il
o

and
Z =2 il (4.2)

2mi/d

where w = ¢ . These operators satisfy the Weyl commutation relation: ZX =

wXZ.

Following [28], we define the generalized Pauli operators for an n-qudit
system via the tensor product. Let v € Z2" be a vector representing the exponents

of X and Z on each qudit. We define the map P : ZZ" — C¥ %" as:
HBv) = 0Z X L0t 3 - - - @ X"t ZHn ! (4.3)

We denote the set of all such operators as P, := P(v) : v € Z3".

Similar to the qubit Paulis, the set P, does not form a group under standard
matrix multiplication. Multiplying two elements generally yields a complex phase
factor involving w that is not captured within the definition of P(v). To formulate
a proper group, we must include these phase factors. Thus, the n-qudit Pauli group

(or generalized Weyl-Heisenberg group) is defined as:
P, = {WPW)Y|veEZY jE Ly} (4.4)

For any two elements w’ P(u) and w* P(v) in P,, their commutation relation
is given by:
TA O _ITL
P(u)P(v) =w" *P(v)P(u), A= (4.5)
I, 0

where A is expressed in four n x n blocks. Consequently, two Pauli operators

P(u), P(v) € P, commute if and only if u"Av =0 (mod d).
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4.2 Generalized Stabilizer Group and Stabilizer Code

Following the definition of the generalized Pauli group P,, we now formally
define the generalized stabilizer group S§. A stabilizer group § is an Abelian

subgroup of the Pauli group (S C P,,) that satisfies two key conditions:
1. Abelian: All elements within & mutually commute.

2. No Non-Trivial Phases: The intersection of & with the set of global

phases contains strictly the identity operator, i.e., {w/I | j € Z4} NS = {I}.

The second condition ensures the existence of a valid, non-trivial quantum
state stabilized by S: a simultaneous +1-eigenstate of all operators within the
group:

Sl) =), VSeS (4.6)
Suppose the group S contained a non-trivial phase element, such as wl. Applying
this operator to the state |¢)) would yield the equation w|¢) = |1), which simplifies
to w|y) = |¥). Since w # 1, this equation holds true if and only if |[¢)) = 0 (the null
vector). Therefore, to prevent the formalism from stabilizing a non-physical zero

state, the group & must exclude all complex phase factors other than the identity.

The vectors stabilized by all elements in the stabilizer group S form a
subspace called the stabilizer code or codespace, denoted by Vs. The dimension of

this codespace is given by d"/|S|.

The projection operator onto the codespace Vs can be explicitly written as:

1 k 1 d—1 '
Ses 7=1 =0

where |S| is the order of the group S, and g; represents the j-th generator of the

stabilizer group such that S = (g1, 92, ..., gr)-

The operator Pg, which projects states onto the stabilized subspace, is an
orthogonal projector. This implies it must be both idempotent (self-squaring) and

Hermitian. The idempotency arises naturally because Pg is constructed as the
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uniform average over all elements of the subgroup S. Applying the operator twice

yields the same result as applying it once (P4 = Pg), as demonstrated below:

P5 = <|3|ZS/> <|3|ZS> (4.8)

S'es SeS
|S| ZS (4.9)
Ses
= P (4.10)

Furthermore, to be a valid orthogonal projector, it must be Hermitian (IP’E =
Pg). Since the elements of the stabilizer group are unitary operators, we have
St = S~1. By the definition of a group, if an element S exists in S, its unique
inverse S7! must also belong to . Consequently, summing over the inverses of
all group elements is mathematically equivalent to summing over the elements

themselves. This gives:

( ZS) (4.11)

SeS

|5| ZST (4.12)

S€eS

Z -~ (4.13)

SGS

=15 Z S =Py (4.14)

S’es
To rigorously demonstrate that the resulting state indeed resides within
the codespace Vg, we must prove that for any arbitrary quantum state |¢), the

projected state |1)) = Pg|¢) satisfies the stabilization condition for all elements in



32

S (i.e., hlyp) = |¢) for all h € S). This can be shown as follows:

hly) = h(Ps|¢)) (4.15)

1
—h (E 2 S) ) (4.16)

= (é Zhs> ) (4.17)
- (ﬁ ) s’) 6) = ) (4.18)

The substitution S’ = hS is valid due to the rearrangement theorem of groups;
multiplying all elements of a group by a fixed group element simply permutes the

elements, leaving the overall sum unchanged.

(Note 2: Codespace dimension
The dimension of the codespace can be determined directly from the trace of
its corresponding projection operator using the relation Dimension = Tr(Pg).

Therefore, we evaluate the trace as:

1
Ir(Pg)i=Tr <|S—‘ " S>

SeS

z %ZT&(S)

Ses

_ % )+ S T(S)
| | SeS\{I}
1 dm
— ("1 0)=
S TO= 15

For an n-qudit system, if the stabilizer group is a maximal stabilizer group,
it is generated by exactly n independent and mutually commuting generators—the
maximum possible number of independent constraints for such a quantum system.
This maximal set of constraints ensures that there is only one unique quantum state

that satisfies all stabilization conditions simultaneously. Consequently, a maximal
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stabilizer group uniquely identifies a single quantum state, characterized by a one-
dimensional subspace (d"/|S| = d"/d"™ = 1). This unique state is formally defined

as a stabilizer state.

4.3 Graph State and Its Manipulation

4.3.1 Qubit Graph State

A graph state is a specific type of multi-qubit state which is associated with
a mathematical graph. Each vertex in the graph represents a qubit, and each edge
represents an entangling operation between qubits. A graph state corresponds to
a graph G = (V, E), where V is the set of vertices and E is the set of edges. Each
vertex in V' corresponds to a qubit, and each edge in E corresponds to a two-qubit

entangling operation.

Given a graph G, the associated graph state |G) is prepared starting from
the state |+)®Vl, where |V/| is the number of vertices (and hence the number of
qubits), and |+) = (]0) 4 |1))/v/2. The state is then transformed by applying a
controlled-Z (C'Z) operation between each pair of qubits corresponding to an edge
in £. The controlled-Z gate, denoted C'Z,;, acts on two qubits by applying a
Pauli-Z gate to the second qubit if and only if the first qubit is in the state |1).

Mathematically, this is expressed as:
CZ,p=10)0| @1+ |1){(1|® Z. (4.19)

So, to generate a graph state, for each edge (a,b) € E, apply a controlled-Z
operation between the a-th and b-th qubits. The final state after applying all these

operations is the graph state |G), as shown below:

G) = [ CZusl)®" (4.20)

(a,b)EE

The stabilizer group of a graph state is particularly interesting. Given a graph

state |G), its stabilizer group is generated by the operators g,, where each g, is
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associated with a vertex v € V' and is defined as:

w=X, [] % (4.21)

u€neighbors(v)

where X, is a Pauli X operation on the v-th qubit, Z, is a Pauli Z operation on the
u-th qubit, and the product is over all v such that there is an edge between u and
v in G. The graph state |G) is a simultaneous +1 eigenstate of all these stabilizer

generators, i.e., ¢,|G) = |G) for all v € V.
4.3.2 Qudit Graph State

The concept of graph states can be generalized to d-level quantum systems,
where we assume d is a prime number. Consider a weighted graph G = (V, E, w),
which has a set of vertices V', a set of edges F, and a weight function w(e) €
{0,1,...,d — 1} assigning an integer to each edge [29].

We can associate a quantum state, called a graph state |G), with this graph.
If the graph has n = |V/| vertices, the state will have n qudits. The graph state is

constructed as follows:

e Initial State: All n qudits begin in the uniform superposition state |+)®"

where:
| dl :
+) 7 Vi ; |7) (4.22)

e Entangling Operation: For each edge (a,b) € E, a weighted generalized

w((a,b))

controlled-Z gate, (CZ{ayb}) , is applied. The fundamental C'Z gate is

defined as:
d—1

CZtapy = Y i)alil © Z (4.23)

J=0

The operator Z,, is the generalized Pauli-Z gate, which acts as Z,|7)s = w’|7)s
with w = e’4" and j € {0,1,...,d —1}.

Combining these steps, the final graph state is:

= ] czis e (4.24)

(a,b)EE
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The graph’s structure can also be described by its n x n adjacency matrix I' (as
shown in Fig.4), where the entry Iy, is the weight of the edge between vertices a

and b. If no edge exists, Iy = 0.

(a) (b)

ONR O
_, NS R
_oN N
O rRR O

Figure 4 A graph representation of GG is shown in (a), and the adjacency

matrix ' that represents the graph G is shown in (b).

The stabilizer generators for qudit graph states are constructed using the
generalized Pauli operators X and Z as discussed in the previous section. For each
vertex v € V, the corresponding stabilizer generator g, is defined as:

gy, BFe 7 (4.25)
ueneighbors(v)
where the power of the Z operator depends on the edge weight I',,, modulo d. The n-

qudit graph state |G) is the unique state stabilized by the group S = (g1, g2, - -, gn)-

4.4 Local Z-Measurements on Graph States

The core of our proof involves understanding how the graph state trans-
forms under local measurements [30]. Here, we analyze the effect of a projective

measurement on a single qudit b in the computational basis.

We first write the graph state in a way that clearly separates the b part and
the rest, denoted G — {b}:
((b,e
= [T ozgs? e [T czug? e~ =TI czpg”1+helc—{h).
(be)eE (a#b,d#b)eE (be)eE

(4.26)

The full derivation can be found in appendix A.
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The total effect of all generalized controlled- Z operations acting nontrivially
on a given qudit b can be compactly expressed as

d—1 )
[T 2% =3 il @ (240 (4.27)
j=0

(bye)eE

where the operator ZV"(® denotes the tensor product of weighted Pauli- Z opera-
tors acting on the neighborhood of b, explicitly given by

ZN'0 = (R Zre) (4.28)

ceN(b)

with N(b) = {c| (b,c) € E} denoting the set of neighbors of b. Applying the pro-
jection operator P, = |j)»(j|, which projects onto the eigenspace corresponding

to eigenvalue w’, the state |G) becomes

P plG) = Gl )i (2 O) |G = (b)) = —=1i0 @ (2™ D) |G {b}), (4.29)

j
\/‘
where we have used the identity (j | +) = 1/+/d for the equal superposition state
|+)-

After we determine the effect of the measurement, we use this result to

compute the reduced density matrix in the next section.

4.5 The Reduced Density Matrix of a Graph State

To understand the entanglement of a single qudit, let us call it A, with
the rest of the graph, B, we compute its reduced density matrix, p4. To do so,
we extend to the qudit setting the method from [30], in which p, is obtained by
averaging the post-measurement states resulting from Z-basis measurements on all
qudits in B, taken over all possible outcomes. Let j € IF‘dB‘ denote a dit string
corresponding to a measurement outcome, and let p(j) be the probability of that
outcome. Then we obtain:

Tog [ 3 p) L8L8WGL ) _ S 51 iy o Tra(liyh = S Gloasti) = pa

p(.])
. _—|B . _—|B . _o|B
]GFL‘ JGFL‘ ]GFL‘

(4.30)
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which yields the reduced state of subsystem A.

To determine the effect of measuring all qudits b € B, we apply the result

of Equation (3.6) to each qudit in B. This yields:

ZN'OV" |G~ B) A © |j)p

Nw(b) Jb ZN}BU(I’) Jb G- B)s® i
= 11 = [T (Z30)" (Z250)" 16 = Bs e 3

(4.31)

=L s Ny 0 gAY, @ Z0es NG}

VBl

(4.32)

1
/4B

ZVaBGA]) 4 ® Z2ven NE O 5
(4.33)

where j, denotes the b-th dit of the outcome string j, and ZN4® (respectively,
ZN5®) ) denotes the component of the operator ZV“(®) that acts on subsystem H 4
(respectively, Hp ). The notation G[A] refers to the subgraph of G induced on
the set A, and T 4p denotes the |A| x |B| submatrix of the adjacency matrix T’
corresponding to the edges between subsystems A and B. As a result, the reduced
state on subsystem A becomes

A= Y Z A GIAT) 4 (GIAT 2728 (4.34)

jer B!

We will now show that the expression for p4 simplifies to the maximally
mixed state. This demonstrates that qudit A is maximally entangled with the
rest of the graph. Our derivation assumes that the qudit dimension d is a prime
number. This is a critical assumption because it means that the set of integers
modulo d, denoted Z,4, forms a finite field, F;. The defining property of a field that
is crucial here is that every non-zero element has a unique multiplicative inverse.
This allows for division and the guaranteed solvability of linear equations, which is

not true for a composite d, where Z, is only a ring.

Let’s analyze the sum in the expression for p4. The term Z148i|4) (4| ZT 48]
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appears for each outcome vector j. Let ¢ = ['ygj = ZZ:1 ['yjr. Our goal is to
count how many times each possible value of ¢ € F; appears as we sum over all

d'Bl possible vectors j.

Suppose that I'; # 0 for a given graph. For any fixed value of ¢, Equation
ZZZI I'vjx = c can be inverted to solve for j; as follows:

|B|
gi={ec=> T | -T7 (4.35)
K=2

This inversion is valid because all arithmetic is performed over the finite
field Fy, where every nonzero element admits a multiplicative inverse. In contrast,
such inversion may not be possible over general rings or real numbers if 'y is not

invertible.

Since each jr € F; can independently take on d possible values, there
are dIBI=1 distinct choices of the vector j € IFldB‘ that yield the same value of c.
Therefore, each state Z?|+), where i € F;, appears exactly d'®/=! times in the
ensemble. This implies that the reduced state p4 is a uniform mixture over all

such phase-shifted states:

d—1

1 : . . .

pa =g Do 4 BIGIAD A(GTANZ 48 o dH <§ :Zl|+><+|Zl> o¢ Lixa
jer!?! =0

(4.36)
Hence, p4 is proportional to the identity operator on H 4, confirming that it is a
maximally mixed state. This explicit formula for the RDM of a subsystem within

a graph state is the foundational equation we will analyze in the next chapter.



CHAPTER V

MAIN RESULT

In Chapter 3, quantum state verification was formulated as a hypothesis-
testing problem, and the efficiency of a verification strategy was shown to be
governed by the spectral gap of the verification operator. In Chapter 4, the
algebraic structure of qudit graph states was introduced, and a key structural
property was established: for a suitable one-qudit-versus-the-rest bipartition, the
reduced density matrix of the chosen qudit is maximally mixed. The purpose of the
present chapter is to combine these ingredients and derive the main theorem of this
thesis, namely an upper bound on the spectral gap of any local verification strategy
for prime-d graph states. To identify the maximal bipartite entanglement in the
graph state, we first partition the system into two parties: party A containing a
single qudit and party B containing the remaining n — 1 qudits. Consequently, this
reduces the verification problem to the well-known bipartite maximally entangled

case.

5.1 Problem Statement

Let |G) be an n-qudit graph state of local dimension d, where d is prime, as-
sociated with a connected weighted graph G. Suppose that €2 is a verification opera-
tor for |G) constructed from local measurements, with perfect completeness,Q|G) =
|G). The goal is to determine how large the spectral gap v(£2) can be under this
locality restriction. This is the natural quantity to optimize, as the number of
copies required for verification scales inversely with v(€2). In the i.i.d. verification

setting discussed earlier, one has the standard asymptotic relation:

In(1/6)
ev(Q)

N =~
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Thus, an upper bound on v(2) immediately yields a lower bound on the best

possible efficiency of verification.

The first observation is that local measurements are automatically separa-
ble across any chosen bipartition. Let the full Hilbert space be decomposed as
H = Ha ® Hp, where A consists of a single qudit and B contains the remaining
n — 1 qudits. A local measurement on the full n-qudit system is implemented
by measuring each qudit locally and then combining the outcomes via classical
post-processing. Therefore, every effect associated with such a measurement is a
sum of tensor-product positive operators across the cut A|B. Hence, any verifi-
cation operator () built from local measurements is separable with respect to the
bipartition A|B. This immediately implies that the local-verification problem can
be bounded from above by the more general class of separable verification strategies
across the chosen bipartition. In other words, if a bound holds for separable
verification operators across A|B, then it certainly holds for local verification

operators, as explained in Note 3.
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(Note 3:

Let LO, LOCC, and SEP denote the sets of Local Operations, Local Operations
and Classical Communication, and Separable Measurement Operations, respectively,
as defined in Chapter 2. It is well-established that SEP represents a broader
class of operations than LOCC, which in turn encompasses LO. This hierarchical

relationship is expressed as [31]
LO c LOCC C SEP

A fundamental principle of optimization dictates that the maximum value of a
function over a given set can never exceed its maximum value over a larger set
containing it. In other words, expanding the search space through more options can
only yield an equal or superior result, never a worse one. Applying this principle to

the spectral gap, v(§2), we obtain the following inequality:

max /() < max »(2) < max v(Q)
QELO QeLOCC QeSEP

This inequality demonstrates that the optimal spectral gap achievable through

local operators, which are subject to-more stringent constraints, cannot exceed the

optimal spectral gap attainable within the broader class of separable operators.

Therefore, our objective is to demonstrate that the graph state |G) is max-
imally entangled across a suitable bipartition. Subsequently, we apply the estab-
lished spectral-gap upper bound for the separable verification of bipartite maxi-

mally entangled states.

5.2 Reduction Strategy

To demonstrate that the graph state |G) is maximally entangled across a
suitable bipartition, we utilize the second key ingredient established in Chapter

4. Upon partitioning the system into subsystems A and B, the reduced density
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matrix for subsystem A is given by:

d—1
1 . . 4 ,
pa= g D 2 PIGIA] a(GLAY 274 oc P (Z Z‘I+><+|Zl> o Lixa

. _ml|B| =0
JeF,

(5.1)

This demonstrates that subsystem A is maximally mixed. For a pure
bipartite state, this is equivalent to maximal entanglement across the bipartition
A|B. Indeed, according to the Schmidt decomposition, there exist orthonormal

bases {|j)a ;l;é in H4 and {Iqﬁj}B}?;(l) in Hp such that:

d—1
Gy % Z s (5.2)

Since the Schmidt coefficients are all equal to 1/ Vd, the state is maximally entan-
gled across the chosen cut, as shown in Note 4. Alternatively, we can state that it

is locally unitary (LU) equivalent to a standard maximally entangled state.



43

(Note 4: Claim

If the reduced state under the bipartition A|B is proportional to the identity matrix,
then the state is maximally entangled across that cut.

Proof: Suppose that this graph state is maximally entangled. This implies that it

can be expressed in the Schmidt form as:

G) = %ZZ 17)a® |65

Subsequently, by tracing out subsystem B, we obtain the reduced density matrix

for subsystem A:

U
—

SHE

pa = Trp(|G)(G|) = Trp ( l7)¢ila ® W)j)(@\B)

i,5=0
d

i
— = > i) (i a0
=0

SH
Il

U
e

17 ] 4

Q=

J=0

X Lgxd

This result is perfectly consistent with the initial claim.

(.

We have established that our graph state is maximally entangled across
the bipartition A|B. However, before directly claiming the spectral gap bound
for the verification operator of a maximally entangled state, we must address a
dimensional discrepancy. Note that our graph state resides in the Hilbert space
Ha@Hp =C?@C? ", whereas the standard protocol for a maximally entangled
state is formulated in C? ® C?. In the following section, we will demonstrate that
the original spectral gap bound remains completely valid. From the previous setup,

our target graph state in C? @ C¥"' can be expressed as in Eq. (5.2):

1 d—1 '
|G) = ﬁ; 7)a ®[65) B

We now define an isometry, V', to map the standard maximally entangled
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state, |®y) = f Z o134 @ |j) B, into the larger space. Specifically,
V.c!—

is defined by its action on the basis states as V|j) = |¢;), satistying the isometry

condition VTV = I;,4. Therefore, we can write:

(I®V)|0,) = I®V( Z ®|g> (5.3)

7=0

— =15 Vil 5.4
— 2> e 55)
e 59

In other words, under this bipartition, |G) behaves exactly like the standard max-
imally entangled state simply embedded within a larger Hilbert space. Conse-
quently, we can directly apply the known spectral gap result for the generalized
maximally entangled state, which is d/(d+1). Crucially, the spectral gap does not

increase as the dimension of subsystem B expands, as explained in Note 5.
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(Note 5: Claim

For a separable verification operator 2 € SEP,

max v(Q) < max v(Q)
Q|G)=|G) | q)=|Pa)

where () is the verification operator for the graph state |G), and €' is the compressed
verification operator for the maximally entangled state |®).
Proof: For a separable verification operator €2 designed for |G) acting on the larger

space C¢ @ C¥" ™", we define the compressed verification operator €)' as:
Q' =TVHNT V)

First, we must verify that ) is a valid verification operator for |®,;). Applying it to

the state yields:
A0 = (I VHQUI @ V)|®,)

= (IeVHQ|G)
= (V"G
= (IQVHIV)|ds)

= |®y)

Thus, Q' perfectly preserves |®,); thereby constituting a valid verification operator.
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(Returning to the optimization problem, the maximum eigenvalue for states orthog—\

onal to the target state is defined as:

where |) is any state in the full Hilbert space C¢@C® . This can be viewed as an
optimization problem over the larger space. Similarly, for the compressed operator

', we have:

B(Y) = max (e}, () = 1 - ()

o) L|®a)
where |a) represents any state in the smaller subspace, specifically |a) € C? ® K,
with K = span({|¢,) ?;3). This relation, C¢ ® K C C*® C¥ ", indicates that this
can be conceptually viewed as a search problem restricted to a smaller space.Because

V' is an isometry, we can establish the following relationship:
(Glp) = 0= ((@a(I @ V1)) (12 V)]a)) = (D)

Following the optimization logic previously discussed in Note 3, finding a maximum
over a restricted subspace cannot yield a value greater than maximizing over the

entire space. Therefore:

max {(a]|Q]a) < max (0|Q — B(Y) < B(Q
i (a2 & max (k) = BO) < p10)

Consequently, for the spectral gaps, we obtain:

v(Q) =1-5(Q) <1-p5(€) =v()

This concludes the proof that () < v(Y).




CHAPTER VI

CONCLUSION AND DISCUSSION

This thesis studied quantum state verification for prime d qudit graph states
under local measurement restrictions. The main objective was to determine how
large the spectral gap of a local verification operator can be for this class of target
states, since the spectral gap directly controls the efficiency of the verification

protocol.
The main result obtained in this thesis is the upper bound

d
v(Q) < m;

where (2 is a local verification operator for the target graph state and v(£2) denotes
its spectral gap. This shows that no local verification strategy for the graph states
considered here can achieve a spectral gap larger than d/(d + 1).The proof was
based on the entanglement structure of qudit graph states. First, the reduced
density matrix of a suitable single qudit was shown to be maximally mixed. This
implies that the graph state is maximally entangled across a bipartition of one qudit
versus the remaining n —1 qudits. Using this property, the verification problem was
reduced to the known bipartite maximally entangled case, from which the bound

d/(d+ 1) follows.

6.1 Discussion

It is worth noting that our proof method is exclusively applicable to cases
where d is a prime number. This limitation arises because the proof relies on
the mathematical structure of a finite field, which guarantees the existence of
multiplicative inverses. Consequently, this approach cannot be directly generalized

to scenarios where d is a composite number. This is demonstrated by the following
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counterexample: consider a 4-qudit graph state where d = 4, with the adjacency

matrix given by:

2 20 2

0220

Upon computing the reduced density matrix for subsystem A of this specific graph

structure, we obtain:
pa o< |0) {01+ 12)€2] # Taxd

As is evident, this reduced density matrix does not take the form of an identity
matrix. Therefore, we cannot conclude that the spectral gap bounds established

for prime dimensions will universally apply to composite dimensions.

One of the remaining open problems is whether it is always possible to
identify specific measurements that saturate the established spectral gap bounds.
While our current framework provides a theoretical lower bound for prime dimen-
sions, future research could investigate the existence of optimal measurements that

achieve equality in these bounds across all graph state configurations.
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APPENDIX A DETAILED DERIVATION OF Z MEASURE-

MENT
We provide here a step-by-step derivation of Eqgs. (4.26) through (4.29) in

the main text, which describe the decomposition of a graph state with respect to a
subset of qudits B C V. The goal is to understand the effect of measuring qudits

in B in the computational basis.

Let us isolate the operations involving a specific qudit b € B. The graph
state |G) can be decomposed by separating the controlled- Z gates (denoted C'Z )

acting on b from those that do not:

= I1 czgq7mpe I czgg@Re™ (@A
(b,c)CE (a#b,d#b)CE

= [] ezp5P 1 elc - {0}) (A.2)
(bye)eF

where [G' — {b}) is the graph state with qudit b removed, and CZ; ;, denotes
the generalized controlled-Z gate of weight w € F;. We now examine the term

H(bﬁ) ceC Z?;(Cl}fc The product of these gates can be expanded as:

T C2 P =05 (0l © Lo Dhfli@ Z2@) ..y (A3)
(bye)eE
(10)640] © Loy + [1)sf1} © ZE ) ) (A.4)
(10)4(0] ® L, + [1)p(1] @ Z2(e2)) -y L (A.5)

Computing just the first two terms explicitly, we obtain:
(First)(Second) = (|0)4(0] ® Lupe, + [1)p(1] @ Z2P0) Zutber) ) (A.6)
Continuing this pattern across all m = |N,| neighbors of b, the result is as follows:

1006 {01® eger .y H1)p(L@Z OO Z2 ) L Z2bom1) 1 ]2)y (2] @Z00 00 Z20 )
(A7)

Z2w(b Cm— 1)+

Cm—1
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This expression can be compactly written as:

II c75” =

(be)eE

il @ (ZV°®) (A8)

d—
j
Now consider the projection of the full graph state |G) onto the eigenspace corre-

sponding to eigenvalue w*. We define the projector Py, = |k),(k|, yielding:

PaslG) = (Bn(D(X il © (ZYO) ol - (1) (A9)
= (C R & (2 OV 35@ G — ) (A.10)
= (Rt (27 0)") 1), © 16 (o)) (A1)
=, )1k 8 (270) " j6 = {8}) (A12)
g1 N (b)
< ikh e (20) 10 = ) (A13)

which matches the corresponding equations presented in the main text.
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