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Abstract of the Dissertation

Entanglement in Valence-Bond-Solid States
and Quantum Search

by

Ying Xu

Doctor of Philosophy
in
Physics
Stony Brook University
2009

The present dissertation covers two independent subjects: i) The
quantum entanglement in Valence-Bond-Solid states, and ii) quan-
tum database search algorithms. Both subjects are presented in a
self-contained and pedagogical way.

i) The first chapter is a through introduction to the subject of quan-
tum entanglement in Valence-Bond-Solid (VBS) states defined on a
lattice or graph. The VBS state was first introduced as the ground
state of the celebrated Affleck-Kennedy-Lieb-Tasaki (AKLT) spin
chain model in statistical mechanics. Then it became essential in
condensed matter physics, quantum information and measurement-
based quantum computation. Recent studies elucidated important
entanglement properties of the VBS state. We start with the defini-
tion of a general AKLT model and the construction of VBS ground
states. A subsystem is introduced and described by the density ma-
trix. Exact spectrum properties of the density matrix are proved
and discussed. Density matrices of 1-dimensional models are diago-
nalized and the entanglement entropies (the von Neumann entropy
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and Rényi entropy) are calculated. The entropies take saturated
value and the density matrix is proportional to a projector in the
large subsystem limit.

ii) The second chapter is a detailed introduction to the subject of
quantum database search algorithms. The problem of searching a
large database (a Hilbert space) for a target item is performed by
the famous Grover algorithm which locates the target item with
probability 1 and a quadratic speed up compared with the cor-
responding classical algorithm. If the database is partitioned into
blocks and one is searching for the block containing the target item
instead of the target item itself, then the problem is referred to as
partial search. Partial search trades accuracy for speed and the
most efficient version is the Grover-Radhakrishnan-Korepin (GRK)
algorithm. The target block can be further partitioned into sub-
blocks so that GRK can be performed in a sequence called a hi-
erarchy. We formulate the Grover search and GRK partial search
and prove that a GRK hierarchy is less efficient than a direct GRK
partial search.
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Chapter 1

Entanglement in
Valence-Bond-Solid States

1.1 Introduction

The fields of statistical mechanics, condensed matter physics and quantum in-
formation theory share a common interest in the study of interacting quantum
many body systems. The concept of entanglement in quantum mechanics
has significant importance in all these areas. Roughly speaking, entangle-
ment [41] is a phenomenon of quantum mechanical nature in which quantum
states of physical systems are linked together so that one system can not be
adequately described without full mention of its counterpart, even when the
individual systems may be spatially separated. Entanglement becomes partic-
ularly interesting in a many body interacting system where a subsystem (also
a physical system by itself) may strongly correlate with its environment (other
parts of the system) in terms of observable physical properties. The correla-
tions may reject the principle of local realism, which states that information
about the state of a system can only be mediated by interactions in its im-
mediate surroundings (neighbors). The characteristic length of entanglement
may be diverging while the usual correlation length remains finite [49]. Quan-
tum entanglement is a fundamental measure of how much quantum effects we
can observe and use to control one quantum system by another, and it is the
primary resource in emerging technologies of quantum computation and quan-
tum information processing [6]. Entanglement properties play an important
role in condensed matter physics, such as phase transitions and macroscopic
properties of solids [43, 44]. At the same time, it also prompts some of the
more philosophically oriented discussions concerning quantum theory.

Much of current research seeks to elucidate quantum entanglement in a



variety of interacting systems. Extensive research has been undertaken to
investigate quantum entanglement in strongly correlated states such as spin
chains, correlated electrons, interacting bosons as well as other models. (See
3, 16, 17, 20, 26, 30, 31, 34, 38, 39, 42, 45, 46, 49| for reviews and refer-
ences.) A general approach studies the density matrix of a certain subsystem
of a strongly entangled state. The spectrum of the density matrix and the
derived entropy functions serve as measures of entanglement. The von Neu-
mann entropy and Rényi entropy are typical quantifications of entanglement.
These characteristic functions may depend on the physical parameters (size,
coupling constants, external fields, etc.) in various different ways. An area law
for the von Neumann entropy in harmonic lattice systems has been extensively
studied [8, 9, 28], which states that the entropy scales proportional to the size
(area) of the boundary of the subsystem. (For comparison, a classical Boltz-
mann entropy is an extensive quantity proportional to the size (volume) of the
physical system.) The entropy of the whole system vanishes if the system is
in a pure state (usually the unique ground state), but it can be positive for a
subsystem. (The density matrix of the whole system is pure but the density
matrix of a subsystem usually takes the form of mixed states.) Much insight in
understanding entanglement of quantum systems has been obtained by study-
ing exactly solvable models in statistical mechanics, in which it is possible to
solve the subsystem density matrix and calculate the entropy exactly. This
chapter is devoted to one particular model — the AKLT model.

In 1987, I. Affleck, T. Kennedy, E. H. Lieb and H. Tasaki proposed a spin
interacting model known as the AKLT model [1, 2]. The model consists of
spins on a lattice and the Hamiltonian describes interactions between near-
est neighbors. The Hamiltonian density is a linear combination of projectors.
Each projector is written as a polynomial of the inner product of a pair of inter-
acting spin vectors. The model is similar to the Heisenberg anti-ferromagnet
with a gap. The authors (AKLT) of [1, 2] found the exact ground state,
which has an exponentially-decaying correlation function and a finite energy
gap. In their early works, authors discussed the 1-dimensional AKLT lattices
with open and periodic boundary conditions and 2-dimensional models such
as the Hexagonal lattice. This model has been attracting enormous research
interests since then [10, 13, 18, 32, 33, 36]. It can be defined and solved in
higher dimensional and arbitrary lattices [2, 12, 35, 47] and generalizable to
the inhomogeneous (non-translational invariant) case (spins at different lattice
sites may take different values) and an arbitrary graph [36, 52]. Given cer-
tain conditions (as to be described later), the ground state has proven to be
unique [4, 36]. It is known as the Valence-Bond-Solid (VBS) state. The VBS

state lies at the intersection of different research fields. The Schwinger boson



representation of the VBS state (see (1.31)) relates to the Laughlin ansatz of
the fractional quantum Hall effect [4, 26, 29]. The Laughlin wave function
of the fractional quantum Hall effect is the VBS state on the complete graph
[24]. The VBS state illustrates ground state properties of anti-ferromagnetic
integer-spin chains with a Haldane gap [23]. In 1-dimension, the VBS state is
related to the matrix product state and deformed VBS-models were studied in
[37]. The theory of VBS state was generalized to the finitely correlated states
and essentially developed [14, 15]. In 1-dimension, the correlation functions
were obtained and studied in [15]. The entanglement of formation in VBS
state was estimated in [40]. It has been showed that the VBS state can be
used as a resource state in measurement-based quantum computation instead
of the cluster state [7]. It was proved in [48] that VBS state allows universal
quantum computation and an implementation of the AKLT Hamiltonian in
optical lattices [19] has also been proposed.

This chapter introduces some of the main results on quantum entanglement
in VBS states defined on a lattice or graph. We take a pedagogical approach,
starting with the basics of the AKLT model, construction of VBS states and
measures of entanglement. We shall consider a part (subsystem) of the system,
i.e. a block of spins. It is described completely by the reduced density matrix
of the block, which we call the density matriz later for short. The density
matrix has been studied extensively. It contains information of all correlation
functions [4, 31, 32, 50]. The entanglement properties of the VBS states has
been studied by means of the density matrix as in [10-12, 18, 32, 36, 49-52].

The chapter is divided into seven sections including a complete treatment
of 1-dimensional models:

1. A brief introduction to the topic. (§1.1)

2. The construction of the general AKLT Hamiltonian, introduction of the
VBS ground state, and definition of different versions of the AKLT
model: 1) The basic model; 2) The generalized (including the inho-
mogeneous) model. Proof of the uniqueness of the VBS ground state.

(51.2)

3. The concept of quantum entanglement, introduction of the subsystem,
definition of the subsystem Hamiltonian and general properties of the
density matrix for the model defined on a graph or a lattice. Proof of
the relation between the non-zero spectrum of the density matrix and
the degenerate ground states of the block Hamiltonian. (§1.3)

4. The simplest 1-dimensional basic model with spin-1. Calculation and di-
agonalization of the density matrix in an algebraic approach. Discussion



of the entanglement entropies. (§1.4)

5. The 1-dimensional homogeneous model with spin-S. Calculation and
diagonalization of the density matrix using the Schwinger representation.
Discussion of the entanglement entropies. Derivation of the relation
between the density matrix and correlation functions. (§1.5)

6. The 1-dimensional inhomogeneous model treated in parallel with the
homogeneous model. (§1.6)

7. Summary including some open problems. Conjecture on the density
matrix and entropies in the large block limit. (§1.7)

1.2 The General AKLT Model

In the following we give the most general AKLT Hamiltonian and VBS states.
The definition applies to both graphs and arbitrary lattices.

1.2.1 The Hamiltonian

The original AKLT Hamiltonian describes a spin interacting system, in which
spins sitting at lattice sites interact with nearest neighbors. One of the most
simple versions is an (1-dimensional) open chain of N sites with spin-1 at each
site, and the Hamiltonian is given by [1]

N-1

1 1 2
H = 5 Z (Sj S+ g(sj -Sin)? + 5) (1.1)

J=0

This Hamiltonian (1.1) looks like the Heisenberg Hamiltonian with an extra
quadratic term (the proportionality factor 1/2 and the additive constant 2/3
are sometimes neglected which only shifts and scales the energy spectrum
as a whole), but the physical system behaves quite differently. It was later
generalized that the spin S at each site can take higher spin values or different
values at different site, and one could apply different boundary conditions (e.g.
a periodic boundary condition or an open boundary condition). An arbitrary
boundary condition or distribution of spin values over sites may not yield a
unique ground state (e.g. Hamiltonian (1.1) has 4-fold degenerate ground
states), and we could find the condition for the existence of a uniqueness
ground state (see §1.2.5 and [36]). The Hamiltonian can be defined on higher
dimensional lattices (e.g. 2-dimensional square or hexagonal lattice [1, 2]) or



an arbitrary graph (in that case we need to specify the meaning of a nearest
neighbor). All these different variations share two common features:

1. The Hamiltonian is a collection of terms with only nearest neighbor
interactions. 1i.e.

H=> H(k1I). (1.2)
(k)

Here the Hamiltonian density H(k,[) describes the interaction between
spins at lattice sites or vertices (for a graph) k and [. Only nearest
neighbor pairs (kl)’s called bonds are involved in the sum in (1.2).

2. The Hamiltonian density H(k,[) is a sum of terms with each term pro-
portional to a projector. The proportionality coefficients are all positive.
1.€.

H(k,1) = Cylk, Dy (k,1). (1.3)

Here 7, (k,1)’s are projectors and C;(k,1)’s are positive coefficients. Note
that they may depend on the pair (kl) and the bond spin value labeled
by J (The bound spin is defined as Jy = Sy + S;). The meaning is
this: The spin Sy with spin value Sy at site (or vertex) k is a (2S5 +
1)-dimensional representation of the SU(2) Lie algebra, while S, is a
(25, + 1)-dimensional representation. The direct product of these two
representations is reducible to a direct sum of irreducible representations
with dimensions 2J + 1 and J runs from |Sy — S| to Sk + 5. The
Hilbert space ‘splits’ into these invariant subspaces labeled by J which
is called the bond spin value of Sy and S;. (The eigenvalues of the
Casimir operator — the square of the bond spin (Sy + S;)% is J(J + 1).)
The projector m;(k, 1) projects on the invariant subspace with bond spin
J. If we choose an orthonormal basis {|J,m) | m = —J,...,J} for
the subspace, such that (Sy + S;)?|J,m) = J(J + 1)|J,m) and (S +
S7)|J,m) = m|J,m), then the projector could be written as

my(k,0) = > [ m)(J,ml. (1.4)

m=—J

This form (1.4) is cumbersome in practical use and it is preferred to
express the projector m;(k,l) explicitly in terms of spin operators Sy
and S;. We shall do that in the next section (§1.2.2).



Even without an explicit form of the projectors, an immediate consequence
of these two properties is that the Hamiltonian is positive semi-definite. 1
Furthermore, because of this, if we could construct a state |1)) which has no
projection on any of the specified bond spin-J states appearing in (1.3) for
each bond, i.e. m;(k,1)|)) =0,V (kl), then it has to be a ground state (with
energy equal to zero) regardless of the specific values of the coefficients. 2

1.2.2 The Projector

In order to complete the definition of the general AKLT Hamiltonian (1.2)
and Hamiltonian density (1.3), we have to give an explicit expression of the
projector 7y (k, 1) in terms of spin operators Sy and S;. There are two different
approaches. The forms of 7, (k,[) for a specific model such as the expression
(1.1) or those for 1-dimensional modelsin § 1.4, § 1.5 and § 1.6 can be obtained
through either approach as follows.

1. The following two sets of operators, namely, the projectors
{ms(k,0) | J=|S%—Sil,...,Sk+ Si} (1.5)
and the powers of the inner product (S - S;)
{(Sg-S)" | n=0,...,25.}, Sc = min{Sk, S} (1.6)

are both complete set of operators. One set is expressible in terms of the
other. In other words, they are related by a linear transform:

(Sk-S1)"
1\" . Sk+51
— (5) [(Sk+ 81)* = Sk(Sk+ 1) — Si(S +1)] Z my(k, 1)
J=|S,—5,
Sk+S; 1 n | |
= Z <§> [J(J+1) = Sp(Se+1) — S(S; + 1)]" 7s(k, 1)
J=|S,—Si|

(1.7)

!The Hamiltonian is essentially a sum of projectors with positive coefficients. A projector
7 satisfies 72 = 7. So that for an arbitrary state [¢), we have (¢|n|y)) = (Y|n?|y) =
(mw|), w|)) > 0, in which (x ,*) denotes an inner product.

2Some authors add or omit additive constants in the expression of projectors. e.g. in
(1.1) the constant 2/3 can be dropped. This may shift the ground state energy but does
not affect the form of the ground state because the ground state is constructed to have no
projection on the specified subspaces for every bond.



forn=0,...,25.. In (1.7) we have used

Sk+S;

o k) =1 (1.8)

J=[Sk =51

being the identity. This set of 25. + 1 linear equations (1.7) can be
inverted, which express the projector m;(k,l) as a polynomial of the
inner product (Sy - S)).

. Another approach is to realize that if an operator P(k,[) satisfies the
following condition

P(k, l)ﬂ'Jl(kZ,l) = (5JJ/7TJ<I€,Z), v J/ (19)

then the operator P(k,!) is identified with m,(k,[) because

Si+S;
Plkl) = Pkl > wp(kl)
J'=[Sk =S|
Sk+5;
= > G | mak 1) =k D). (1.10)
J'=|Sk =5

Therefore we could construct an operator satisfying the condition (1.9):

£ 9 .
St +8S1)° — 1
PkD= ] <J2“J++ 1’; — 'i('j++1)>' (1.11)
[Sk—S11<j<Sk+5 TV
When P(k,1) acting on 7 (k,[), we have:

(a) If J" # J, then the numerator of one factor in the product vanishes,
so that P vanishes;

(b) If J' = J, all factors in the product become equal to 1, so as the
expression P.

So that (1.11) is the projector m;(k,l). Operator 7;(k,1) = P(k,l) in
(1.11) projects the bond spin Jy; = Si + S; on the subspace with fixed
total spin value J and |Sy — S| < J < S, + 5. Note that we could
expand (S; + S;)? = 28, - S; + Si(Sk, + 1) + Si(S; + 1). Therefore
projector m;(k, 1) in (1.11) is a polynomial in the scalar product (S - S;)
of degree 25_, where S. = min{Sy, S;} is the minimum of the two spin



values of the same bond (kl). For example with S, = S; = 1, we may
have a quadratic polynomial as in (1.1):

1 1 1
mo(k, 1) = 6(Sk-LS‘Z)QJFQ(S,C-SZ)JFg. (1.12)

1.2.3 The Basic AKLT Model

The Hamiltonian

Once we have the building blocks for the Hamiltonian from §1.2.1 and §1.2.2,
various types of the AKLT model can be constructed. Let us start with the
definition of the basic AKLT model on a connected graph or lattice. (Any
lattice is a special graph with periodic structure; our notations and definitions
refer to the most general). A graph consists of two types of elements, namely
vertices and edges. Every edge connects two vertices. As in Figure (1.1), a
vertex is drawn as a (large) circle and an edge is drawn as a solid line connecting
two vertices. For every pair of vertices in the connected graph, there is a walk
3 from one to the other. Vertices can also be called sites and edges sometimes
called links or bonds. In a graph, a pair of vertices connected by an edge is
regarded nearest neighbors, i.e. the terms edge, bond and nearest neighbor
are equivalent and interchangeable. (For a lattice, vertices become sites and
bonds become lattice vectors connecting nearest neighboring sites.) In the case
of a disconnected graph, the Hamiltonian (1.2) is a direct sum with respect to
connected components and the ground state is a direct product. Therefore we
shall need only to study a connected graph. Also, assuming that the graph
consists of more than one vertices to avoid the trivial case where there would
be no interaction at all.

Let us introduce mathematical notations. By S; we shall denote the spin
operator located at vertex [ with spin value .S;. In the basic model we require
that S; = %zl, where z; is the number of incident edges connected to vertex
[, also known as the wvalence or coordination number (the number of nearest
neighbors of the vertex ). The relation between the spin value and coordi-
nation number must be true for any vertex [, including boundaries. This will
guarantee the uniqueness of the ground state, see §1.2.5. For a lattice, this
condition would also yield that bulk spins (spins not on the boundary) take
the same value %z because the number of nearest neighbors z is a constant.

In the basic model we define the Hamiltonian density H (k,[) for bond

3A walk is an alternating sequence of vertices and edges, beginning and ending with a
vertex, in which each vertex is incident to the two edges that precede and follow it in the
sequence, and the vertices that precede and follow an edge are the endvertices of that edge.



(edge) (kl) as
H(k, 1) = C(k,1) wsrs,(k, 1), H(k,1) >0 (1.13)

with C'(k,[) an arbitrary positive real coefficient (it may depend on the bond
(kl)). So that the Hamiltonian density for each bond (edge) is proportional
to the projector on the subspace with the highest possible bond spin value
(Sk + ;). The physical meaning is that interacting spins do not form the
highest possible bond spin (this will increase the energy) in the ground state.
Then the Hamiltonian according to (1.2) is

H=Y H(k1)=> Clk)mss (k1) (1.14)
(Kl)

(K1)

Here we sum over all bonds (edges) (kl). Note that for a lattice all the highest
bond spin values for bulk spins are the same and equal to half the coordination
number z/2. For example, the basic model defined on a 2-dimensional square
lattice must have spin-2 in the bulk and 7, in the Hamiltonian; also, the
Hexagonal lattice has spin-3/2 and 3.

The VBS State — Graphical Method
The Hamiltonian (1.14) with condition

Sl = lzl (1.15)
2

has a unique ground state [1, 2, 4, 36] known as the Valence-Bond-Solid (VBS)
state. It can be constructed in a graphical way as follows (see Figure 1.1). Each
vertex [ is represented by z Spin—%’s. We associate each spin—% with an incident
edge. In such a way each edge has two spin—%’s at its ends. We anti-symmetrize
the spin states of these two spin—%’s. So that anti-symmetrization is done along
each edge. These anti-symmetrizations ensure that there is no projection on
the highest bond spin states for every bond. Then we also symmetrize the
product of spin—%’s at each vertex (each large circle in Figure 1.1). These
symmetrizations preserve the correct spin value at each vertex.

Let us write down the VBS ground state algebraically following this ap-
proach. We label the particular dot from vertex [ connected with some dot
from vertex k by [; (correspondingly, that dot from vertex k is labeled by k).
In this way we have specified a unique prescription of indices with dots. Then



Figure 1.1: Example of a part of the graph including vertex k with z; = 3 and
vertex [ with z; = 4. Black dots represent spin—é states, which are enclosed by
large circles representing vertices and symmetrization of the product of spin-
é’s at each vertex. Solid lines represent edges (bonds) which anti-symmetrize
the pair of connected spin—;’s

the anti-symmetrization results in the singlet state

___ﬂ:
D) = /2 (I Dl Do =1 Dl Dwy) s (1.16)

where | T) (or |)) denotes spin up (or down) states referring to a basis. The
direct product of all these |®) singlet states corresponds to all edges (bonds)
in our Figure 1.1:

H D) k- (1.17)
(ki)

We still have to complete the symmetrization (circles) at each vertex. We
denote the symmetrization operator of zl black dots in vertex | by P(l). The
action of P(I) on any product of z spin-1’s is

PIXt iy X0, 0y - X0 i, (1.18)
2! terms
— Z Xt gy Yy Xt ) D1y |Xlkd(2l)>lk217 x=Tor]

g

10



where ki, ko, ..., ks, are the z spin-3’s (block dots) belonging to vertex [ (the
index also refers to the z; vertices connected to vertex [ by an edge) and o is
a permutation of the indices:

o= (ot o) o) 11

All permutations are summed up in (1.18). Then the symmetrization at each
vertex is carried out by taking the product [], P(l) of all vertices. Finally, the
unique VBS ground state can be written as

VBS) = [P0 [[1®)u- (1.20)
! (k)

Here the first product runs over all vertices and the second over all edges
(bonds). Note that the VBS state in (1.20) is not normalized in general. If
the coordination number z; is a constant over all vertices in the graph except
for boundaries (such as in the case of a lattice), then we would have the same
spin value at each bulk vertex. In that case the basic model is also referred to
as the homogeneous model.

1.2.4 The Generalized AKLT Model

The Hamiltonian

In the generalized AKLT model, relation (1.15) is generalized. We associate
a positive integer My, (M = M) to each edge (kl) of the graph (or each
bond of a lattice). We shall call My, multiplicity numbers. Similar to the
basic model, the Hamiltonian describes interactions between nearest neighbors
(vertices connected by an edge):

H=> H(k1I). (1.21)
(k)

However, the Hamiltonian density is no longer proportional to a single projec-
tor as in (1.13) in general. Instead, it is a linear combination of projectors

Sp+S;

H(k,1) = > Cy(k, 1) my(k, 1), (1.22)
J=Srp+S;—Mp;+1
1 S Mkl S 25< = min{Sk, Sl}
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Projector m;(k,[) is given by (1.11), and C;(k,[)’s are arbitrary positive co-
efficients. So that H(k,[) projects the bond spin on the subspace with bond
spin value J greater than Sy 4+ S; — My;. Physically formation of any bond
spin higher than Sy + S; — M}, would increase the energy.

The condition of uniqueness of the ground state was introduced in [36]:

25 =Y My, VI (1.23)
k

Here S; is the spin value at vertex [ and we sum over all edges incident to
vertex [ (connected to vertex [). The Hamiltonian (1.21) has a unique ground
state if (1.23) is valid, see §1.2.5. The relation 25; = z; for the basic model
is a special case when all M, = 1. Also, when M;; = 1, the Hamiltonian
density (1.22) reduces to that of the basic model (1.13). The condition (1.23)
can be put into an invariant form. Let us define a column vector S, the [*®
component of which is associated with vertex [ of the graph and equal to
S;. The number of components is equal to the number of vertices N in the
whole graph. Next, we define another column vector M with its dimension
equal to the number of edges M in the graph. The & and [*" components
of this vector are associated with edge (kl) and both equal to M. The most
important geometrical characteristic of the graph is the vertex-edge incidence
matrix I (see [27]). This is a rectangular matrix with N rows and M columns.
Each row is associated with the vertex and each column is associated with the
edge. If the vertex belongs to the edge the corresponding matrix element is
equal to one, otherwise zero. Then the condition (1.23) of uniqueness can be
re-written as

A

28=1-M. (1.24)

For more details we refer to [36].

The VBS State — Schwinger Representation

Under condition (1.23) or (1.24), the unique ground state of Hamiltonian (1.21)
is referred to as the generalized VBS state. It is constructed by introducing
the Schwinger boson representation [4, 18, 32, 36, 50-52]. This method uses a
pair of bosonic creation and annihilation operators (similar to the treatment
of the harmonic oscillator problem) to realize the SU(2) Lie algebra.

Define a pair of independent canonical bosonic operators a; and b; for each
vertex (or site) [:

[ar, af | =1[by, b ] = 6u (1.25)
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with all other commutators vanishing:
lar, ar)=[bx, by]=ar, by]=[ar, b ]=0, VkI  (1.26)
Spin operators are represented as
1
St =alt, S~ =bla, Sﬁ:?dm—@m. (1.27)
It is straightforward to verify that the SU(2) Lie algebra is realized. To re-

produce the dimension of the spin-S; Hilbert space at vertex [, a constraint on
the total boson occupation number is required:

S; = =(ala; + bjb) = S,. (1.28)

DN | —

i.e. any physical spin state [¢); at vertex | must satisfy S;|1); = S;[¢);. In this
framework the spin state |S;, m;); such that S7|S;, my;); = Si(S; + 1)| S, mu);
and S7|S;, my), = my| Sy, my); is represented by

(al) St
\/(Sl + ml)'(Sl — ml)'

|S1, M) = [vac)y, (1.29)

where the vacuum |vac), is annihilated by any of the annihilation operators:
a; |[vac), = b |vac), = 0. (1.30)

As a result, the VBS ground state in the Schwinger representation is con-
structed as

M,
vBS) = [ (a;b} - bgaj) " [vac). (1.31)
(k1)

It worth mentioning that this representation shows that for a full graph (each
vertex is connected to every other vertex by definition) the VBS state coincides
with the Laughlin wave function [4, 24, 26]. In (1.31) the product runs over
all bonds (edges) and the vacuum |vac) is the direct product of vacuums of
each vertex

[vac) = (X) [vac),, (1.32)
l

which is destroyed by any annihilation operators a; or b;, V [. (Note that

13



[al , bl ]1=0,Y k1)
To prove that (1.31) is the ground state we need only to verify for any
vertex [ and bond (edge) (kl):

1. The total power of alT and blT is 2.5, so that we have spin-9; at vertex [;

2. The z-component of the bond spin satisfies

1 1
_ 5(2 My + Y M) < Ji = S;+ 57 < 5(2 My + ) M)
V£ k' +k V1 k' #k
(1.33)

by a binomial expansion. Consequently, the maximum value of the bond
Spln Jkl iS %(Zl/;ﬁl Ml/k + Zk’/#k Mk/l) - Sk; + Sl - Mkl (from SU(Q)
invariance, see §1.5.8 and [4]).

Therefore, the state |[VBS) defined in (1.31) has spin-S; at vertex [ and no
projection onto the Jg > Sk + S; — My, subspace for any bond (edge). The
introduction of Schwinger bosons can be used to construct a spin coherent
state basis (as expected due to the similarity with the harmonic oscillator)
in which spins at each vertex behave as classical unit vectors, see §1.5.1 and
[18, 32, 36, 50, 51]. The coherent state basis converts algebraic computations
into classical integrals which becomes extremely useful in later sections.

1.2.5 The Uniqueness Condition

As stated in previous sections, the condition for the existence of a unique
VBS ground state is 25; = z for the basic model and 25; = ), My, for the
generalized model (the former being a special case of the latter). In this section
we prove the uniqueness condition, i.e. the equation

HIT) =0 (1.34)

with H the AKLT Hamiltonian (1.21) has exactly one solution under the
condition (1.23) or (1.24). Note that this expression (1.34) is equivalent to

Wj(k,l)|\11> = 0, i <k3,l>, Sk +Sl - Mkl +1 S J S Sk —|—Sl (135)

because of the positive semi-definiteness of every projector m; and the positive
coefficients C.

In order to prove the uniqueness condition, we first prove the following
lemma.
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Lemma 1.1
All solutions of the equation

WJ(k,l)’w> =0, S +S — My +1<J<85.+5 (136)
for fixed k and [ can be represented in the following form
[) = f(al, ") (a}b} — ajbj)*™[vac). (1.37)

Here f(af,b!) is some polynomial in al, b} and af, bf. For convenience, let us
apply the Weyl representation of the SU(2) Lie algebra. Consider the space of
polynomials in pairs of variables z; and y; with coefficients in C. We represent
operator alT as multiplication on x; and blT as multiplication on y;. At site [ we

have

0 0
Sh= e S, = ~ U,
0 0 A 0 0
QSZ = {L‘la ; — ylayl 25[ {L‘la— —|— ylayl (138)

A basis of the (25; + 1)-dimensional irreducible representation of spin-S; can
be chosen in such a way:

— {gPrtmgySem gy — 5 S (1.39)

These monomials with total power 25 are clearly eigenvectors of S} and S,.
Now let us consider the tensor product of two irreducible representations Vg, ®
Vg, . Define the bond spin Jy; = S + S), then

Jh = wka—yk —{—xlaiyl,
J, = Y i + i
Kl kaxk yl@azl’
257 = vy Oy O
K kaxk lal‘z ykayk v oy’
20 = wkaikﬂszailﬂLykaiyk-i‘yz%- (1.40)

The tensor product of irreducible representation can be reduced to a direct

15



sum of irreducible representations

Sk+S;

V. ®Vs = P V. (1.41)
J=|Sk—5i]

Now we construct the highest vector (polynomial) v; of irreducible represen-
tation V ; with fixed J:

J,:E?}J =0, JEIUJ: JUJ, jklUJ = (Sk+Sl)UJ. (1.42)
It must have a total power 2(S + 5;), so that the form can be taken as

_ Sy+my, Si—my  Skp+my, Sk—my
vy = E Conemy Ty Y Ly, Yi : (1.43)

mi+m=J

This form already satisfies the second and third equations in (1.42). After
rearranging terms (relabeling indices), the first equation of (1.42) becomes

J-1

J];UJ = Z [(Sk - mk)ka,J_mk + (Sl —J+ my + ].)ka_t,_LJ_mk_l]
mp=0

Because of the linear independence of the monomials appearing in (1.44), the
coefficients must vanish, which yields the following recurrence relation

. Sk—mk
S —J+my +1

ka—l-l,J—mk—l = ka,J—mk (145)

The solution to (1.45) in terms of Cy s is

C[)’J.

S, _
Crnprd—my = kT (1.46)
’ S S+ 95 —J
(_1> F Sk:

Therefore by substituting (1.46) into (1.43) and recognizing a binomial expan-
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sion, the form of v; is found to be

C
vy = 0,J xfk*SﬁfoﬁSkJrJ(xkyl _ xlyk)Sk—&-Sz—J
S Sk + Sl —J
o ap MM @y — wyi)™, M =S+ 5 —J (1.47)

The over all constant factor is irrelevant. All other vectors of representation
V; can be obtained from the highest vector v; by applications of operator J;.
Notice that J,; commutes with the factor (zyy; — ziyx)

[ S+ @eyr — 2y | = 0. (1.48)
So that all vectors of representation V ; are divisible by
(kg — mge)™, M =Sp+ S —J. (1.49)

In other words, any vector (polynomial in xy, yx and x;, y;) in the vector space
spanned by V; has a common factor (1.49). As a consequence, if there is no
projection on the states with bond spin values

S+ S —Myu+1<J<85+5 (1.50)

after summation of spins Sy and S; (i.e. no projection on V; with Sy, + S; —
My +1<J < S+ 85)), then a factor

(zryr — zyyp) Mo (1.51)

. ‘ : Sp+S1—M,
can be isolated. i.e. Any vector in ZJ’;TS]j_Slfl V; would have a common

factor (1.51). Moreover, this fact is independent of whether we are using
the Weyl representation or the Schwinger representation of the Lie algebra.
Therefore, any solution to (1.36) must take the form of (1.37) with the factor
(albl — albl)Mm isolated. Thus we have proved Lemma 1.1.

Now let us use Lemma 1.1 to prove the uniqueness condition (1.23) or
(1.24). Note that (1.36) is valid for each bond (kl), consequently any ground
state |¥) of the Hamiltonian satisfying (1.34) and (1.35) can be presented in
the form

@) =[] Flal, ") (afb] — a]b},)"|vac), (1.52)
(k1)

where F(a',b") is some polynomial in a’s and b'’s. Now we have to make sure
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that in (1.52) each vertex (site) should have the correct spin value. By applying
25, = (aja; + bjb;) to the state |¥), we realize that the explicit factor in (1.52)
contribute to 25; (denoting the eigenvalue of 25;) exactly the value ZW) My,

which is the sum of powers of a/ and b]. A comparison with expression (1.23)
or (1.24) shows that if we require this condition 25, = >~ My, then each
site would already have the correct spin value with the presence in (1.52) of
the explicit factor only. Therefore the degree of the polynomial in variables
alT and blT is zero. This is true for every site [. Therefore the polynomial
F(a',b") is a constant which can be removed. So that we have proved that
the uniqueness condition (1.23) or (1.24) guarantees the existence (through

explicit construction in §1.2.4) and uniqueness of an energy ground state —
the VBS state.

1.3 The Subsystem and Measures of Entan-
glement

The VBS states constructed in previous sections §1.2.3 and §1.2.4 as ground
states of AKLT models are highly entangled states. The quantification of
entanglement is our main subject of study.

1.3.1 The Block Density Matrix and the Block Hamil-
tonian

The Block Density Matrix and Entropies

The VBS state (see (1.20) and (1.31)) has non-trivial entanglement proper-
ties. The density matrix of the VBS state is a projector (a pure state density
matrix):

_ |[VBS)(VBS]

p= TVBS[VES) " (1.53)

In order to analyze the entanglement, let us cut the original graph (lattice)
into two subgraphs (sublattices) B and E. That is, we cut through some
number of edges (bonds) such that the resulting graph (or lattice) BU E is
disconnected (no edge (bond) between B and E). We may call one of them,
say B, the block, and the other one E the environment. The distinction is
arbitrary and the two subsystems are equivalent in measuring entanglement.

Let us focus on the block (subsystem B). It is described by the density
matrix pg of the block (obtained by tracing out all degrees of freedom of the
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environment E from the density matrix p (1.53)):

pg=tre[p]. (1.54)

In (1.54) and below we use subscript B for block and E for environment. After
tracing out all degrees of freedom outside the block the density matrix pg is, in
general, a mixed state density matrix (unless the pure state density matrix p of
the whole system projects on a product state, which is obviously not our case
of the VBS state). Formula (1.54) is the definition of the block (subsystem)
density matrix and it satisfies all three requirements of a density matrix:

1. The trace trg [ pg ] = 1 and hermiticity pl, = pj follow immediately
from those of p;

2. The positive semi-definiteness is seen by picking up an arbitrary state
|1)) g of the block and realizing that

sUlppl¥)s = tre[ pplv)s(d]]
= trg[ (trep)|[Y)s(¥] ]
— tr[ Pl ® s ] >0, (1.55)

because of the positive semi-definiteness of p (Ig is the identity of the
environment).

The density matrix pp is a central quantity in description of the subsystem
(block). It contains all correlation functions in the VBS ground state as matrix
entries [4, 31, 32, 50]. (The relation between elements of the density matrix
and correlation functions is given in §1.5.9.) It is essential in measuring the
entanglement which is our main subject.

The entanglement can be measured or quantified by the von Neumann
entropy

SVN:—trB[pBlan]:—Z)\ln)\ (1.56)
A£0

or the Rényi entropy

Sg(a) = 1ialn{tr3[p% I} = 1ia1n (Zv) ., a>0. (157)

Here \’s are (non-zero) eigenvalues of the density matrix pz and « is an arbi-
trary parameter. Note that the Rényi entropy can be regarded a generalization
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of the von Neumann entropy and reduces to the latter in the limit &« — 1. The
von Neumann entropy is a proper extension of the Gibbs entropy (in statistical
mechanics) and the Shannon entropy (in information theory) to the quantum
case. (The Shannon entropy measures the uncertainty associated with a clas-
sical probability distribution. Whereas in quantum case a density operator
replaces a classical distribution.) It was shown by using the Schmidt decom-
position (Section 2.5 of [41]) that non-zero eigenvalues of the density matrix
of subsystem B (block) is equal to those of the density matrix of subsystem
E (environment). So that the two subsystems are equivalent in measuring
entanglement in terms of entanglement entropies, i.e. S, n[B] = Sy n[FE] and
Sr[B] = Sr[F]. This fact has been used in obtaining entanglement entropies
of 1-dimensional VBS states as in [11, 32] instead of diagonalizing the density
matrix directly. We will study the entropies in detail in following sections.

The Block Hamiltonian

The AKLT block density matrix pg possesses certain characteristic properties
which distinguish the VBS states from others. We shall show in §1.3.3 that
the spectrum of the density matrix pgz contains a lot of zero eigenvalues. In
order to understand this and give the subsystem (block) a more complete
description, we first introduce the Hamiltonian of the subsystem (called the
block Hamiltonian).

The block Hamiltonian Hp is the sum of Hamiltonian densities H (k, ) with
both k € B and | € B, i.e. nearest neighbor interactions (bond terms) within
the block B:

Hp= > H(kl), keB, leB (1.58)
(

klyeB

Here H(k,[) is given in (1.13) for the basic model and (1.22) for the generalized
model, for k£ and [ connected by an edge (bond). In (1.58) no cut edges are
present (boundary edges between subgraphs B and F removed). In other
words, the block Hamiltonian is the internal interactions of the subsystem B.
This Hamiltonian has degenerate ground states because uniqueness conditions
(1.15) and (1.23) are no longer valid.

Let us discuss the degeneracy of ground states of (1.58). Let us denote by
Nyp the number of vertices on the boundary B of the block B. The boundary
consists of those vertices (sites) with one or more cut incident edge (bond),
see Figure 1.2. The degeneracy deg of ground states of Hp is given by the
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Figure 1.2: Example of the cutting for the basic model. The curved double
line represents the boundary between the two subgraphs. We have the block
B on the left and the environment F on the right. Solid lines represent edges
(bonds) while dashed lines represent cut edges (cut bonds). Each dashed line
connects two dots. All vertices in the figure belong to the boundary of B or
E because of the presence of one or more cut incident edges (dashed lines).

Katsura’s formula

deg =[] [(Z MM> +1

leoB keoE

: (kl) € {cut edges}. (1.59)

Here 0B denotes vertices (sites) on the boundary of the block B and OF are
vertices (sites) on the boundary of the environment E. In (1.59) we have
Nyp terms in the product. Formula (1.59) is valid for both the basic and
the generalized model. For the basic model all My; = 1, including those
corresponding to cut edges. Take, for example, a particularly simple case
that each vertex on the boundary of the block 0B was connected to exactly
one vertex on the boundary of the environment 0F. Then the degeneracy
deg = 2NoB. A general proof of formula (1.59) is given in the next section
§1.3.2. The subspace spanned by the degenerate ground states is called the
ground space, with the dimension given by deg in (1.59). We emphasize at
this point that the block B should contain more than one vertices, otherwise
we have a trivial case that the block Hamiltonian vanishes Hg = 0 and the
whole Hilbert space become the ground space. We discuss the density matrix
for a single vertex block at the end of §1.3.3. The spectrum of the density
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matrix pp is closely related to the block Hamiltonian. The density matrix is a
projector onto the ground space multiplied by another matrix. We shall prove
this statement for an arbitrary graph or lattice in §1.3.3.

1.3.2 The Degeneracy of Ground States

We prove Katsura’s formula (1.59) for the degeneracy of ground states of the
block Hamiltonian. The proof applies to both the basic and the generalized
models. The block Hamiltonian is defined in (1.58). Let us first look at the
uniqueness condition (1.23). (The condition (1.15) for the basic model is a
special case of this general one.) For an arbitrary vertex (site) ! in the block
B, the condition can be written as

25, =Y My=>» My+ Y Mg, l€B (1.60)

k keB keOE

Note that the sum over vertices k € OF is outside the block B. These terms
are only present for boundary vertices | € dB. Expression (1.60) is valid for

any vertex in the block (for a bulk vertex the last summation vanishes). Next
we define the block VBS state

M,
VBSy,) = [] (@b}—b@j) “lvac), keB, leB. (161
(klyeB

Here edge (bond) (kl) lies completely inside the block B. Now an arbitrary
ground state of the block Hamiltonian Hg takes the following form

Nyp terms

IT faf,o)

l€0B

G) = [VBSn,), (1.62)

where f (azr, blT) is a polynomial (it may depend on the vertex [) in otlT and blT and
the product runs over all boundary vertices (with the total number denoted
by Npp). The degree of this polynomial is equal to >, _4n M. (Each term
in the polynomial must have the same total power >, 5z My of a; and blT)
It is straightforward to verify that |G) in (1.62) is a ground state:

1. The power of a] and b} in [VBSy,) is > ken Mu (see (1.61)), so that

the total power of alT and b;r in (1.62) is >, cp M + Y pcop M = 25
according to (1.60). Therefore, we have the correct power 2S; of the
bosonic operators alT and blT for each vertex [ in the block B (constraint
(1.28) is satisfied);
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2. There is no projection on any bond (edge) spin value greater than or
equal to Sy + .5, — My, + 1 because of the construction of the block VBS
state (1.61). (One could use the same reasoning as in §1.2.4).

Therefore the degeneracy deg of the ground states of Hp is equal to the number
of linearly independent states of the form (1.62). Since a’s and b}’s are bosonic
and commute, the number of linearly independent polynomials f (alT,aZT) for
an arbitrary [ is equal to its degree plus one, i.e. <Eke8E Mkl) +1,VI e
0B. So that the total number of linearly independent polynomials of the
form H;VZBag’rmS f(al,bl) is the product of these numbers for each [ € 9B.
Finally, the ground state degeneracy of the block Hamiltonian Hp is (Katsura’s
formula)

. (1.63)

deg =[] [(Z Mk,> +1

leoB keoE

In the case of the basic model all My, = 1, formula (1.63) has a graphical
illustration, see Figure 1.2. We count the number # of all cut edges (dashed
lines) incident to one boundary vertex of the block, then add one to the number
#. The degeneracy is the product of these (# +1)’s for each boundary vertex.

1.3.3 General Properties of the Density Matrix

The reduced density matrix pg from a VBS state has important and special
spectrum structures which are universal among AKLT models. Let us denote
by Np the number of vertices in the block B. Then the dimension dim of the
Hilbert space of the block B is equal to [[,(2S; + 1) with [ € B, which is also
the dimension of the density matrix pz. The value is

dim =[]z +1], (1.64)

leB

for the basic model and

dim =[] > My | +1], (1.65)
)

leB ke(BUOE

for the generalized model. In both expressions (1.64) and (1.65) we have Np
factors in the product. Take, for example, a particularly simple basic model in
which each vertex is connected with the same number z of vertices, including
those corresponding to boundary vertices (such as in the case of a lattice).
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Then the dimension dim = (z + 1)"2. The density matrix py would have
dim number of eigenvalues. However, most of the eigenvalues are vanishing
and pp is a projector onto a much smaller subspace multiplied by another
matrix. To prove this statement, we define a support to be the subspace of
the Hilbert space of the block B with non-zero eigenvalues, i.e. it is spanned
by eigenstates of pz with non-zero eigenvalues. The dimension of the support
is denoted by D. Then We have the following theorem on the structure of the
density matrix pg (Assuming that the block have more than one vertices, i.e.
Np > 2, so that Hp is not equal to zero identically):

Theorem 1.1

The support of pg (1.54) is a subspace of the ground space of the block
Hamiltonian Hp (1.58).

To prove the theorem, we recall that H = 3, p H(k,1) and each H(k,!)
is a sum of projectors (1.22). We have H(k,l) > 0. Then the construction of
the VBS ground state (1.20) and (1.31) guarantees that there is no projection
onto the subspace with higher bond spins (J > Sy + S, — My, + 1) for any
bond (edge). (See §1.2.5 for the proof.) Therefore,

H(k,))[VBS) =0, ¥ (ki). (1.66)

In particular, this is true for bonds (edges) inside the block B, i.e. both k € B
and | € B. Now, from the definition of py in (1.54), we have

H(k,)pp = H(k Dtrp[p]
H(k, trp [ [VBS)(VBS| |

(VBS|VBS)
trg [ H(k,1)[VBS)(VBS] |
(VBS|VBS)
= 0, ke B, leB. (1.67)

In the last step of (1.67) we have used (1.66) and the fact that bond (edge) (ki)
lies completely inside the block B so that H(k,l) commutes with the tracing
operation in the environment E. Equation (1.67) is true for any bond (edge)
in B, so that

Hppy= Y H(klpy=0 keB, 1€B. (1.68)
(kl)eB
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If we diagonalize the density matrix pp

pr = S AN, (169)

A£0

where |A) is the eigenstate corresponding to eigenvalue A\. Then (1.68) can be
re-written as

Hp > AN =D AHp| M)A =0, (1.70)

A£0 A£0

Note that {|A)} is a linearly independent set. Therefore the solution of (1.70)
means that

Hpl\) =0,  X#0. (1.71)

Expression (1.71) states that any eigenstate of pg (with non-zero eigenvalue)
is a ground state of Hg. As a result, we have proved Theorem 1.1 that the
support of pg is a subspace of the ground space of Hg, so that D < deg. The
density matrix takes the form of a projector multiplied by another matrix (a
constant matrix depending on non-vanishing eigenvalues) and the projector
projects on the ground space. Also, it is clear from expressions (1.59) and
(1.64), (1.65) that deg < dim (0B C B so that Ngp < Ng). Usually, deg is
much smaller than dim because the former involves only contributions from
boundary vertices (sites) of the block while the latter also involves contribu-
tions from all bulk vertices (sites). Then as a corollary of Theorem 1.1, we
have

D < deg < dim. (1.72)

If the block B consists of only one vertex with a spin-S, then we conjecture
that it is in the maximally entangled state. The support has dimension D =
25 + 1.

1.4 The 1-Dimensional Spin—1 Basic Model

One of the most simple models is defined on a 1-dimensional lattice with spin-
I’s in the bulk and spin-1/2’s at both ends. We shall denote by S the vector
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spin operator at site j (j =0,1,..., N + 1). The Hamiltonian is

N-—1 1 9
(Sj . Sj.|_1 + g (Sj . Sj+1)2 + g) +

H =

Nl

(0,1) + s (N, N +1).

N | —

Jj=1

(1.73)

Each bulk term is a projector my onto the states with bond spin-2. The bound-
ary terms s describe interactions of a spin-1/2 on the boundary and a spin-1

in the bulk. Each term is a projector onto the states with bond spin-3/2:

3
2

2 2

The choice of boundary terms guarantees the uniqueness of the ground state.
As mentioned before, if we have spin-1 at every site in (1.73) instead, the
ground state would become 4-fold degenerate.

1.4.1 The VBS Ground State

Given the Hamiltonian (1.73), we are going to use the graphical method (see
§1.2.3) to construct the unique VBS ground state. In order to represent the
state, we first introduce the following notation for convenience [11]:

la) = (=1) T ®0,|0), a=0,1,2,3 (1.75)

where og = I (2-dimensional identity), 0,-1 2 3 are standard Pauli matrices and
0) = \_/—%(] 11y —| 11)) is the singlet state (antisymmetric projection) of two
spin-1/2’s. (It corresponds to the antisymmetrized state |®) in §1.2.3.) These
four states (1.75) (called mazimally entangled states) form an orthonormal
basis of the Hilbert space of two spin-1/2 operators.

The spin-1 state at each site is represented by a symmetric projection of
two spin-1/2 states given by (1.75) for a = 1,2, 3. Let us take the j* site for
example, see Figure 1.3. The two spin-1/2’s are labeled by (4, 7) (from left to
right, respectively). Then the spin-1 states are prepared by projecting these
two spin-1/2’s (4-dimensional space) onto a symmetric 3-dimensional subspace
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0 11 joJ j+l g+ N N N+1

Figure 1.3: Graphical representation of the VSB ground state for the 1-
dimensional spin-1 model: Each spin-1 is realized by a pair of spln— 's which
are represented by small black dots in the figure. The pair of spln—— states at
site j are labeled j, j. The solid lines connecting two neighboring dots (j and
j + 1) represent anti-symmetrization of two spin—%’s; The large circles enclos-
ing two dots (7 and j) represent symmetrization at each site. The boundary
Spln—* ’s are labeled 0 and N + 1 in consistency with the prescription.

spanned by

1
i = \7(! il D3 =105l 1)3),

2)i7 = f(|T>|T> +1 15l D7),

3);7 = \f(! T3l D3+ 114 17)- (1.76)

Thus the two ending spin-1/2’s are labeled as site 0 and N + 1, consistently
(Figure 1.3). The unique VBS ground state in this representation is [1, 2, 11]

[VBS) = (@P ) 1006110072+ - 0) v 41 (1.77)

Here P; projects two spin-1/2 states onto a symmetric subspace, which de-
scribes spin-1. Using basis (1.75), we have

3

Pj;i=> lo)al (1.78)

a=1

This projector P;; serves the same purpose as the symmetrization operator
P(l) in §1.2.3 and their results acting on a product state of spin—f s only differ
by a normalization. We use the projector P,; for convenience here.

A crucial step (see [11]) is that the ground state (1.77) can be expressed in
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a different form using the following identity

0)1610) 50 = 5 3 le)ss 13 ® (o)l 10) 1 (179

for arbitrary labels (indices) A, B and C. This identity (1.79) can be verified
by direct calculation and comparison. Repeatedly using relation (1.79), the
product of |0)’s in (1.77) can be re-written as

0)61[0)12 -+ [0) v 41 (1.80)

_ (;)N i 1) - Jan) [Io ® (Gay +* Tay) yya] [0)ons1-

at,,an=0

Then by projecting onto the symmetric subspace spanned by |a = 1,2, 3), the
ground VBS state (1.77) takes the form [15, 49]

3
1
W Z |a1>'”|aN> []5®(an"'aa1)N+1} |0>6N+1- (1'81)

g, ,an=1

IVBS) =

Note that this ground state (1.81) is normalized and we have re-written the
overall phase for it has no physical content.

1.4.2 The Block Density Matrix

Given the ground state in the form (1.81), we obtain the density matrix of a
block of L contiguous bulk spins starting at site k by tracing out spin degrees
of freedom outside the block using basis (1.75):

P = tr@l _____ k—1,k+L,....N,N+1 [ ’VBS><VBS’ ] . (182)

(Note that we use subscript L to emphasize the dependence of the density
matrix on the size of the block instead of using the general B as representing
‘block’.) In taking the partial trace, we will encounter the following expression
in calculation

3
L= Y I®(0a, 0a)]000I® (00 0s,), n>1 (183)

Oy Oan=1
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given Iy = [0)(0]. To solve this (1.83), we introduce iterative coefficients A,
and B,, and write

3
Iy = A 000 + B, > 8)(Bl,  n>1 (1.84)
B=1

Then from (1.83) we could write down the expression of 1,11 in terms of A,
and B,. Comparison of coefficients yields the following iteration relation

Awi1 =3B,  Bpy=A,+2B,, n>1 (1.85)

with Ay = 1 and By = 0. The solution to (1.85) is

1 .., n R P n
A”:ZC)) +3(—=1)"), Bn_é_l(B —(=1)"). (1.86)
As a result, we have found that
L= BT+ 3-1 00+ 3 8" (1) D IBEL (18)

B=1

Using (1.87), it is straightforward to take the partial trace in (1.82). The
result is independent of the starting site & and the total length N (see [11]).
(So that the density matrix is translational invariant though the whole spin
chain Hamiltonian does not have complete translational invariance because of
the boundary conditions.) We choose k = 1 (i.e. re-label the indices of sites
for notational convenience) so that the density matrix reads [11]

3
1
PrL = 3_L Z ‘041><a/1| |O‘L><alL|<0u® (0—0/1 "'Ua’L)[® (UaL "'0—041)|0>'

a,a’=1

(1.88)

1.4.3 Ground States of the Block Hamiltonian

The block in 1-dimension is L contiguous bulk spins. The block Hamiltonian
Hpg by definition (1.58) reads

L—-1 9

1 1
Hp =3 > (Sj “Sjrt 5 (S5 Sji1)’ + g) : (1.89)

=1
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Any linear combination of states of the following form

|G X1, X) <®P > X1)110)12[0)35 - - - [0) =1L IxE) 2 (1.90)

is a ground state of the block Hamiltonian (1.89). In (1.90) we have made
notatlon |x) = | T or |) represents the two spin-1/2 states and P,; is defined

n (1.78). Let us make a particular linear combination of these |G, X15 XI)
states using (1.75) and write the four (v = 0,1,2,3) linearly independent
ground states of the block Hamiltonian (1.89) as follows

IVBS; a) (@P )|a 7110)12]0)35 - [0) ;.- (1.91)

Note that we have changed the label G to VBS and these 4 states in (1.91)
are called degenerate VBS states. Now we go through the same steps as from
(1.77) to (1.81), the resultant form of the four ground states (o =0, 1,2, 3) is

VBSia) = > o)+ -las) (aploa ® (0o, , -+ 0a,) 0).  (1.92)

ai,,ap=1

Again we have re-written the overall phase for simplicity. These four states
are orthogonal, and the normalization is given by (the calculation is similar to

that of A, and B, in (1.85))

BF+3(=1F),  a=0
(VBS; a|VBS; ) = (1.93)
1B = (=1, a=1,23.

1.4.4 Spectrum of the Density Matrix

According to Theorem 1.1, the eigenvectors corresponding to non-zero eigen-
values of the density matrix (1.88) are degenerate ground states of the block
Hamiltonian (1.89). These are exactly the degenerate VBS states found in
(1.92). Let us apply p; to |[VBS; ) and use orthogonality of the |«) states.
Then we obtain

3

1
pulVBSia) = or S Jar) - far) Caya (1.94)

ay,,an=1
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with coefficient

Coyay = Z (ap]oa ® (Ua’L,l T Ja’l)|0> (1.95)

Using the same method of induction as in obtaining A, and B, in (1.85), we
have

3

Y U@0w, 0|00/ @00, 0a,_) = > AslB)(B] (1.96)
B=0

a&,~~~,a271:1
with
LB 43(-DEY),  B=0; .
Ag = 1.97
(B —(=1EY, p=1,23.

Therefore the coefficient Cl,, ..., defined in (1.95) can be simplified as

3
Corear = D Aslalloa @ I1B)(BII @ (02,00,)] @ (0a,_, *++0a,)[0).

ol =1,=0

(1.98)

Straightforward calculation using multiplication rules of Pauli matrices shows
that (1.98) can be further simplified as

Cal'“OcL = 3A15a,0(aL|l X (O-aL,l cee Ja1)|0> (199)
3
+(Ao +241)(1 = ba,0)(Gaa, (O] — iz €aar8{B) ® (0a;_, ++*0a,)]0)
g=1

where €44, 3 is the totally antisymmetric tensor of three indices with €195 = 1.
By realizing that

3
Saay (0] = 1) €aa (Bl = (000,00 ® I = (ap|oa @ I, (1.100)
[B=1
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we have reached the final form of the coefficient C,,...,, such that

Coyoay = [3141504,0 + (Ao +24;)(1 — 504,0)] (ap|oa @ (0o, -+ 04,)|0).
(1.101)

As a result, we plug (1.101) into (1.94) and find that

pr|VBS;a) = 341000 + (A°;2A1)(1 — da0) (1.102)

3

Yo ) lan)(anlon ® (0a, - 0a)|0).

ai,,arn=1

By comparing with (1.92), we find that (1.102) is exactly the statement that
|[VBS; a) (e =0,1,2,3) are eigenvectors of the density matrix p;:

p.IVBS; o) = A,|VBS; «), a=0,1,2,3 (1.103)

with eigenvalues

1 1\L _n.
o 3AGa0+ (Ao + 241)(1 = Ga) _ i1+3(=5)"),  a=0
o T 3L =

11— (—%)L), a=1,2,3.
(1.104)

These numbers obtained in (1.104) are exactly the eigenvalues found in [11, 32]
for spin-1, and are consistent with our later explicit expression for eigenvalues
in the more general case, see (1.186) in §1.5.6.

We can also prove explicitly that any other eigenvectors of p; orthogonal
to the set {|VBS; )} have zero eigenvalue. Note that a complete basis of the
Hilbert space H, of the block of spins can be chosen as

{la1) -+ |ar)}, a=1,23. (1.105)

The subspace H, with non-zero eigenvalues is panned by {|VBS;«)}, as we
have already shown. The Hilbert space can be reduced into a direct sum

H; = H, @ Hy. (1.106)

We will show that the subspace Hg orthogonal to H, is a subspace of vanishing
eigenvalues. Mathematically, this means that for an arbitrary basis vector
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|81) - -+ |BL), we shall have

pr(LL —Pp)|B1) -+ |BL) =0, (1.107)

where I is the identity of Hy and P, is the projector onto Hjy:

3

L= 3 e fanonl ol

aq, o =1

|[VBS; a) (VBS; ¢
Py, = 1.108
A Z (VBS; a|VBS; o)’ (1.108)
By taking expressions (1.88), (1.108), (1.103), and realizing that
3 3
Z VES: a\VBS oy lael = S layal=1®1, (1.109)
a=| a=0
we find the left hand side of (1.107) being equal to
pr(Ir —Pa)|B1) -+ |BL) (1.110)
3
1
= 3 Yo lan) o) O @ (05, 05,), 1 © (0a, -+ 0a,)][0).
ap-ar=1

We use multiplication rules of Pauli matrices to write the two terms within
the commutator in (1.110) as

[® (0 -0p,) =e"P @05 §=0,1,2,3

I®(0a, 00,) =" ®0,  a=0,1,2,3 (1.111)

Here €@ and ¢ are two phase factors. Then the commutator is
I ® (05, --05,), ] @ (00 - 0a,)] = DTN @[55 0,].  (1.112)

There are two possibilities:

1. @ = [ or at least one of the two is equal to zero, then og and o,
commutes;
2. o # B # 0, then [05,0,] = 212 1 €Ban0~, but we still have (0] ®
4/0) = {0ly) = 0.
Therefore, the factor (0|[I® (o, - 05,), [ ® (00, - - - 0a,)]|0) in (1.110) is iden-
tically zero. So that we have proved (1.107). Therefore Hg is a subspace with
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only zero eigenvalues.

1.4.5 The Large Block Limit

It is interesting to study the large block limit that L — oo. We recognized
from (1.104) that all four eigenvalues approach the same limit

A==, L— oo (1.113)

As a result, the von Neumann entropy coincides with the Rényi entropy in the
numerical value and both equal to

Sy n =Sr(a) =22, L — oo. (1.114)

The limiting density matrix p; is proportional to the projector P, (1.108)
which projects on the 4-degenerate ground states (the ground space) of the
block Hamiltonian, i.e.

1

pL = ZPA’ L — oo. (1.115)

1.5 The 1-dimensional Spin-S Homogeneous
Model

In 1-dimension, if all bulk spins take the same value S, the model is called
the homogeneous model. The system consists of a linear chain of N spin-S’s
in the bulk, and two Spin-%S ’s on the boundaries. Let S; denotes the vector
spin operator at site j (j =0,1,..., N + 1). The Hamiltonian is

N-1 2§
H=Y Y Cy(Gj+mG.j+1)+H(0,1)+HN,N+1), (1116)
j=1 J=S+1

where the projector 7;(j,j + 1) projects the bond spin J, 11 = S; + Sj1
onto the subspace with total spin J (J =S +1,...,25). Physically formation
of bond spins with these values would increase energy. The boundary terms
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describe interactions between a spin-S/2 and a spin-S:

35/2
H(O’l) = Z CJ(Oal)ﬂ-J(Ovl)a
J=5/2+1
35/2
H(N,N+1) = > CyN,N+my(N,N+1).  (1117)
J=S/24+1

Coefficients C(j,7 + 1) can take arbitrary positive values. This model is
a special case of the generalized model in 1-dimension with all multiplicity
number M; ;1 = S.

1.5.1 The VBS ground State
The Construction of VBS State

According to the general approach in §1.2.4, the unique VBS ground state of
the Hamiltonian (1.116) is constructed in the Schwinger representation as [4]

N
S
vBs) =] (aj.bj.+1 - b}a}H) Ivac), (1.118)

j=0
where af, b' are bosonic creation operators and |vac) is destroyed by any of
the annihilation operators a, b. Recall that these operators satisfy [a;, a;] =

[bi,b}] = 0;; with all other commutators vanishing. The spin operators are

represented as S} = a}bj, Sy = b}aj, St = (a;r-aj — b}bj)/Q. To reproduce the
dimension of the spin-S Hilbert space at each site, an additional constraint on
the total boson occupation number is required, namely (a}aj + b}bj) /2 =25.
More details and properties of the VBS state in the Schwinger representation
can be found in §1.2.4 and [4, 5, 36]. The pure state density matrix of the
VBS ground state (1.118) is

~ |[VBS)(VBS|
P~ VBSVES)" (1.119)

We will discuss the normalization (VBS|VBS) of the VBS state after intro-
ducing the coherent state basis.
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The Coherent State Basis

In order to calculate the normalization of the VBS state (1.118) and later the
density matrix of the block, it is convenient to introduce a spin coherent state
basis. We first introduce spinor coordinates

6 . 0 _,
(u,v) = (cos §e1%,sin Ee_‘§> , 0<f<m 0<¢<2m. (1.120)

Then for a point O = (sin @ cos ¢, sinfsin ¢, cos ) on the unit sphere, the
spin-S coherent state is defined as

25
|Q> (uaT + vbT)
(29)!

|vac). (1.121)

Here we have fixed the overall phase (a U(1) gauge degree of freedom) since it
has no physical content. Note that (1.121) is covariant under SU(2) transforms
(see §1.5.8). The set of coherent states is complete (but not orthogonal) such
that [18]

25 +1
: /de Z 1S, m) (S, m| = Lssa, (1.122)

T
m=—S
where |S,m) denote the eigenstate of §* and S., and Iy, is the identity of
the (25+1)-dimensional Hilbert space for spin-S. To prove (1.122), we expand
the expression (1.121) (see also (1.29))

25) S+m, S—m
Z T T 1S, m). (1.123)

m=—S5
Then, by substituting (1.123) into (1.122) and realizing that

(S +m)l(S — m)!
25+ 1)!

/dQ S HmySTm S RS mmt A6y, (1.124)

the completeness relation (1.122) is then established. This relation (1.122) can
be used in taking trace of an arbitrary operator.
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Normalization of the VBS State

The VBS state |[VBS) defined in (1.118) is not normalized. Using the coherent
state formalism (1.121) and the completeness relation (1.122), we express the
norm square as

(VBS|VBS) (1.125)

_ [(s;l)} {(2S+1} /(ﬁo )ﬂ[ | J“)r

Jj=0
where we have used

(0[5 p57Q) = /(28)! w5, (1.126)
In order to carry out the integral in (1.125), we consider the expansion of the

function [$(1 — z)] % in terms of Legendre polynomials Pj(z) = 55 (%)l (22 —
1)! as follows

[1 1—4 ZClPl (1.127)

The coefficient C; is derived by using the orthogonality of P, and repeatedly
integrating by parts

2A+1 (! 1 s
= 22 [ ap) [-(1—1-)1
2A+1 (1 1 /d) 1 S
- 2 A (=) @2 s -
> ), "o <dx) (z" 1) lz( x)}

B (204 1)S! ! 2 ! 5—1
= SIS D) /_1 dz(x® — 1)'(1 — 2)

D420 +1)8! 1 l
- ;S—&-lz-fl!(;_)l)!/1dx(1_x)s(1+x)

(=12 + 1)S1S!
T S-S+ (1.128)

Having expansion coefficients (1.128) and by replacing = with Qj . Qjﬂ, the

o S
factor [%(1 — Q- QjH)] under the integral of (1.125) can be expanded in
terms of Legendre polynomials and further in terms of spherical harmonics by
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further using

l

A a 47 a . A
Pi(Sd - Q) = 5 D Vi (€)Y (Q41)- (1.129)

m=—

The final result is [18, 32]

N

[%(1 — ;- Qj+1)r

S
1 A
= §172]%+1M@Sﬂﬂ%-mﬂ)
1=0
i S
LSS Y V@@ (113
=0 m=—1
with coefficients (1, S) given by
— 1) g1 !
AL §) = ZUSSH DL (1.131)

(S—=DIS+I1+1)

.. s
Now we expand [%(1 — Q- Qjﬂ)} in terms of spherical harmonics as in

(1.130), then integrate from Qo to QNH We notice by using the orthogo—
nality of spherical harmonics that each integral contributes a factor of S -
except the last one. For example,

[ a0y Bu _Qo.mr

l

S ius ) VIR (@) [ 400 (00)5(00)

m=—I1

1

47
S+1

47 A
= IS 1\/47r Yoo(S21) = (1.132)

The last integral over Q ~+1 contributes simply a factor of 4. Consequently,
the norm square (1.125) is equal to

(25 + 1)!

S+1}Nﬂw+¢ﬂ (1.133)

(VB&VBS):[
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1.5.2 The Block Density Matrix

We take a block of L contiguous bulk spins as a subsystem. Now we calcu-
late the block density matrix in the VBS state (1.118). By definition, this is
achieved by taking the pure state density matrix (1.119) and tracing out all
spin degrees of freedom outside the block:

Pr =101, k—1k+L,. . NN+1 | P, 1<k, k+L—-1<N. (1.134)

Here the block of length L starts from site £ and ends at site k+L—1. p; is no
longer a pure state density matrix because of entanglement of the block with
the environment (sites outside the block of the spin chain). It was shown in
[31, 50] that entries of the density matrix are multi-point correlation functions
in the ground state. We give the proof of this statement for our spin-S case
in§1.5.9.

Using the coherent state basis (1.121) and completeness relation (1.122),
p. can be written as [32]

P, = (1.135)
k—1 N+1 S

/[H IT a2 H H { —Qj-QjH)} BYVBS.)(VBS.|B
j=0 j=k+L j=0 j=k+L

N+1

2l oo

Here the boundary operator B and block VBS state |[VBS,) are defined as

B = (up1bp — vp—10x)° (pyp10ksr — beyr1urr)”,  (1.136)
k-+L—2

IVBS.) = H < ;rb;rﬂ b;r ;rH) |vac), (1.137)
=k

respectively. Note that both B and |[VBSy) are SU(2) covariant (see §1.5.8).
The expression (1.135) can be simplified. We can perform the integrals over Qj
(j=0,1,....,k—2,k+L+1,...,N,N+1) in the numerator and all integrals
in the denominator (see §1.5.1). After integrating over these variables, the
density matrix p; turns out to be independent of both the starting site £ and
the total length N of the spin chain. This property has been proved in [11] for
spin S = 1 (using a different representation, namely the maximally entangled
states, see §1.4.2) and generalized in [32] for generic spin-S. Therefore, we
can choose k = 1 (a relabeling for convenience) and the density matrix takes
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the form

S+1 1" (S+1) [ o .
= Q0dQ 1 BY[VB BS;|B (1.1
PrL {<25+1)!] (dn)? /d 0dQ 1 BY[VBS.)(VBS | (1.138)
with
S S

BT:<u3bI—vSa1> (aTLUEH—bEqu) : (1.139)

L—1

11 ot \°

VBS.) = [ (ajbj+1—bjaj+1) Ivac). (1.140)

j=1

The state |[VBSy) is called the block VBS state. The last two integral of
(1.138) can be performed, but we keep its present form for later use.

1.5.3 Ground States of the Block Hamiltonian
Degenerate Ground States

In order to describe the eigenvectors and spectrum of the density matrix
(1.138), we first study the zero-energy ground states of the block Hamilto-
nian. The block Hamiltonian is a collection of interacting terms within the

block, .e.

L-1 28
Hp=> > Cyms(j,j+1). (1.141)
j=1 J=S+1

Now we define a set of S + 1 operators covariant under SU(2) (see §1.5.8)
J S—J J
AT, = <u(zi + vbi) <a1bTL — b}aTL) (uaTL + vi) , 0<J<S(1.142)

These operators act on the direct product of Hilbert spaces of spins at site 1
and site L. Then the set of ground states of (1.141) can be chosen as

G;J,Q) = AT|VBS,), J=0,...,S. (1.143)

Any state |G; J, Q) of this set for fixed J and  is a zero-energy ground state
of (1.141). To prove this we need only to verify:

1. The total power of a‘{ and b]; is 25, so that we have spin-S at the first
site;
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2. The bond spin value satisfies —S < Jf, = S7 + .55 < S by a binomial
expansion, so that the maximum value of the bond spin J; 5 is S (from
SU(2) invariance, see §1.5.8 and [4]).

These properties are true for any other site j and bond (j,7+1), respectively.
Therefore, the state |G; J, ) defined in (1.143) has spin-S at each site and no
projection onto the Jj ;11 > S subspace for any bond.

Degenerate VBS States

The set of states {|G;J,Q)} depend on a discrete parameter J as well as a
continuous unit vector ). States with the same J value are not mutually
orthogonal. It is possible also to introduce an orthogonal basis in description
of the degenerate zero-energy ground states. This new basis could be used
in determining the rank and the completeness of the set {|G;J, Q>} For
notational convenience, we define

uJ+MUJ—M

V(T +M(T = M)

(ah)>m (o)
V(S +m)(S —m)!

Xy = YL = (1.144)

These two variables transform conjugately with respect to one another under
SU(2). (See §1.5.8 for more details of transformation properties.) Variable
X s has the following orthogonality relation

R 47

(2J +1
Operator qﬁgm is a spin state creation operator such that
YL |vac) = |S,m). (1.146)

With the introduction of these variables (1.144), the operator ATJ defined in
(1.142) can be expanded as (see Chapter 9 of [25])

v S TS = LT
Al = \/ ST (1.147)

mi+mp=M

J
S X Y (S/2,masS/2,mal ] M) B, @,
M=—J

mi,mr,

where (S/2,mq;5/2, mo|J, M) are the Clebsch-Gordan coefficients. Note that
zﬁg J9,ma and 1/); Jo,my, A€ defined in the Hilbert spaces of spins at site 1 and site
L, respectively. We realize that the particular form of the sum over m; and
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my, in (1.147) can be identified as a single spin state creation operator

mi+mp=M

Wh= Y (S/2mS/2mal M) g, vk, (1148)

mi,mr,

This operator \IIT,M acts on the direct product of two Hilbert spaces of spins
at site 1 and site L. It has the property that

ol vac); @ |vac), = |, M)y . (1.149)
If we define a set of degenerate VBS states {|VBS(J, M))} such that
IVBSL(J,M)) =¥l |VBS,), J=0,..,5 M=—J..J (1.150)
then these (S + 1)? states (1.150) are not only linearly independent but also
mutually orthogonal.

The Orthogonality

To show the orthogonality of the degenerate VBS states (1.150), it is conve-
nient to introduce the total spin operators of the subsystem (block):

L L L
) 1
Ste=doalbi  Sge=d ban Si=5 Y (ala—blb). (1151)
J=1 j=1

j=1

First we show that the set of operators {Si, Siot, S5} commute with the
product of valence bonds, i.e.

L-1 L-1
[Sies [ (alblyy = lal, )] =0, [Sz,, [[(albl,, —blal,))*]=0. (1.152)
j=1 j=1
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These commutation relations (1.152) can be shown in similar ways. Take the

commutator with S, first. We re-write the commutator as

L-1

(1.153)

[Siot (a;b;-i-l - b;‘a;rq-l)s]
j=1
L-1
= (a{b; - biag)s -+ [Sehes (a;bjﬂ - b;a;H)S] T (&Efle - bTLflaTL)S
j=1
L-1
S alth — Hlal) ] + S (b — el
j=1

T (aTLfleL - bj:flaTL)S-

Then using commutators [a;, a!] = &;; and [b;, b'] = 6;;, we find that

J J
[Sj + S]—':‘l’ (a;b;['i‘l - b}ahl)s]

= [a}bj + G}L'+1bj+17 (@}b}_u - b}a;fdrl)s]

= d [bja (a;r_b;r_H - bza;“)s] + a;+1[bj+1» (a;r'b;r'ﬂ - b}“}ﬂ

J

_ Pt b \S—1 ot i
= T(_S)aj—l-l(ajbj—l-l - bja;'—l-l) + a;+15a;(@jbj+1 - bja;f'ﬂ

aj;
0.

)’]

)Sfl

(1.154)

Therefore [Sf, [T55 (albl, , — blal, )5 = 0. In (1.154) we have used

J=1\"j"j+1 Jog+1

b, (albl,, —blal, )% = —Sahl(a;bhl - b}ahl)s_l,

Jjoj+1 J g+l

(1.155)

In a similar way, we find that the commutator with S, also vanishes. Next

we consider the commutator with SZ;:

L-1

S
[SH H(a;b;+1 - b}a}H) ]
j=1
L-1
= D (it —blab)® - 18] + S5y, (@)bly — bal.,
j=1

o (ahyb) = b a})®.
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In the right hand side of (1.156), the commutator involved also vanishes be-
cause

[Sj + S;Jrla (a;b;‘-i-l - b}a;f‘-f—l)s]

1
t f f s
5[ }aj —b;bj +aj 0501 = bjibjta, (a}bjﬂ - bjajﬂ) ]

= a} [a;, (a;[‘b;[‘+1 - b}a;H)S] - b} (b5, (a;b;ﬂ - b;ajﬂ)s]

+ a}ﬂ[aj-i-lv (a}b}H - b;a}H)S] - b}H[ij, (a}b}H - b}ajﬂ)s]

= 0 (1.157)
Substituting (1.157) into (1.156), we obtain [SZ,,, [T (albl,, —blal,,)%] = 0.
Now we shall show that the state [VBS(J, M)) is a common eigenstate of S,
and the total spin square S5, = 1(S% Seo; + SioeSiie) + (S5 )? with eigenvalues
M and J(J + 1), respectively. Using the commutation relations (1.152), we
can show that

L
SEIVBSL(J, M) = [[(alvl,, —blal, )3(SiE + SF)|J, M)y |vac)s.. 11

77+ R o A e L T A A AR

~ ?
|
— = —

SeVBSL(J, M) = [ [ (albl,, —blal,)5(S; + S7)[, M) Llvac)s, 11
j=1

(1.158)

Then from the definition of the state |VBS,(J, M)) and the following relations:

(ST +SHIL M), = VJFM)(J£M+1) |J,ME1),
(ST+ SIS M)y, = M|J, M)z, (1.159)

we obtain

SEIVBSL(J,M)) = (JFM)(J+M+1)|VBS.(J, M +1)),
Sz VBSL(J,M)) = M|VBSL(J, M)) (1.160)

and hence S2|VBS.(J, M)) = J(J + 1)|VBS.(J, M)). It is now proved that
|VBSL(J, M)) is a common eigenstate of Hermitian operators SZ, and SZ.,
with eigenvalues M and J(J + 1), respectively. Therefore the states with
different eigenvalues (J, M) are orthogonal to each other. Thus we have proved

the orthogonality of the set {|[VBSL(J,M)) | J=0,...,5; M =—J,...,J}.
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Completeness and Equivalence

It is obvious from (1.147) that any ground state |G;.J,Q) can be written as a
linear superposition over these degenerate VBS states:

J

A [(SHTHDAS = D!
|G,J,Q>—\/ T M;JXJM\VBSL(J,M», (1.161)

and wvice versa. Now we can derive the completeness relation of the set

{|G; J, )} using (1.145), (1.147) and (1.148):

/dQ\G;J, Q)(G; J,Qf (1.162)
Ar (S +J+ DS — ! z": ;
(27 +1)! 2] + 1 =,

The set of states {¥',|VBS.) | M = —J,...,J} are linearly independent.
So that the rank of {|G;J,Q)} with fixed .J value is 2J 4 1, which can be
obtained from the completeness relation (1.162) (see [25]). Thus the total
number of linearly independent states of the set {|G; J,Q)} is 5_, (2 4+1) =
(S 4 1)2, which is exactly the degeneracy of the ground states of (1.141). So
that {|G;J,Q)} forms a complete set of zero-energy ground states. The set
{|[VBS.(J, M))} differs from {|G;.J,Q)} by a change of basis, therefore it also
forms a complete set of zero-energy ground states. These two sets (1.143) and
(1.150) are equivalent in description of the degenerate ground states of the
block Hamiltonian (1.141). (More details such as the expansion (1.147) etc.
can be found in Chapter 9 of [25].)

1.5.4 Eigenvectors of the Density Matrix

Eigenvalues of the density matrix p; can be derived indirectly, as in [11] for
spin-1 (see §1.4.4 for comparison) and in [32] for spin-S. The basic idea is the
following: Because the density matrix is independent of both the total length
of the spin chain and the starting site of the block, we can add boundary
spins directly to the ends of the block. It was shown in [11, 32] by a Schmidt
decomposition (see Section 2.5 of [41]) that non-zero eigenvalues of the density
matrix (1.138) are equal to those of the density matrix of the two boundary
spins. All other eigenvalues of the density matrix (1.138) are zero. This fact
reveals the structure of the density matrix as a projector (up to a multiplicative
‘scaling’ matrix) onto a subspace of dimension (S + 1)
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Now we propose a theorem on the eigenvectors of the density matrix p;
given by (1.138). The explicit construction of eigenvectors allows us to di-
agonalize the density matrix directly. The set of eigenvectors also spans the
subspace that the density matrix projects onto.

Theorem 1.2

Eigenvectors of the density matrix p; (1.138) with non-zero eigenvalues are
given by the set {|G; J, )} (1.143), or, equivalently, by the set {|VBS.(J, M))}
(1.150). i.e. They are zero-energy ground states of the block Hamiltonian Hp
(1.141).

We prove this theorem by showing that the density matrix p; (1.138) can
be written as a projector in diagonal form onto the orthogonal degenerate VBS
states {|VBSL(J, M))} introduced in (1.150). An alternative proof taking a
different approach is given in the next section §1.5.5.

First, it is realized from the definition of spinor coordinates (1.120) that
if we change variables (u,v) to (iv*, —iu*), then the unit vector €2 is inverted
about the origin to —(. So that we have [32]

(u*b" — v*ah)¥|vac) = i°VS! | — Q), (1.163)

where | — Q) means a spin-S/2 coherent state for a point opposite to Q) on
the unit sphere. Therefore, taking expressions of the boundary operator Bf
(1.139) and the block VBS state |[VBS.) (1.140), we have

BT|VBSL> = (1.164)

S . ]
S! H ( Tijrl b; ;+1> | — Qo)1 ® [vac), ® -+ ® |[vac) -1 @ | — Qi) L.

Consequently the density matrix p; (1.138) can be re-written as

S+1 1% sis1 =1
PL :[< }

s
Tpt ot
28 +1)!| S+1 H ( a;bjiy — bja g+1> (1.165)
=1

L-1
.Iélll ® |vac)a(vac| @ - - - ® |vac)—1 (vac| ® [S+1 H ajbjii — bjajH)S,
J=1

where [ k(91421 and [ éi)l are (S + 1)-dimensional identities associated with site
1 and site L, respectively. In obtaining (1.165), we have changed integral
variables from €y , Q7.1 to —Qg, —Qr1 and performed these two integrals
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using the completeness relation (1.122). Next we notice that (see §1.5.3)

1 L
I oI, =
oM

3

As a result, combining (1.165) and (1.166), recalling definitions of [VBSy)
(1.140) and |VBSL(J, M)) (1.150), the density matrix p; takes the following
final form

O [vac); (vac| @ |vac) , (vac|® sy

rmmmm

J
> T M)y (T M| (1.166)
=—J

J

S+1 151 &
Pr = { ] > Z Ul [VBSL)(VBSL W, (1.167)
2S5+ 1)] S+14= &
S+1 S181 &
- [(2S+1>'] S+1Z Z [VBSL(J, M))(VBSL(J, M)].
' J=0 M=—J

The set of degenerate VBS states {|VBS.(J,M))} with J = 0,...,5 and
M = —J,...,J forms an orthogonal basis (see §1.5.3). These (S + 1)? states
also forms a complete set of zero-energy ground states of the block Hamil-
tonian (1.141) (see §1.5.3). So that in expression (1.167) we have put the
density matrix as a projector in diagonal form over an orthogonal basis. Each
degenerate VBS state |VBS.(J, M)) is an eigenvector of the density matrix,
so as any of the state |G; J, Q} (because of the degeneracy of corresponding
eigenvalues of the density matrix, see §1.5.6 and §1.5.7 that the eigenvalues
depend only on J). Thus we have proved Theorem 1.2.

1.5.5 An Alternative Proof of Theorem 1.2

It was shown in §1.5.4 that the density matrix takes a diagonal form in the
basis of zero-energy ground states of the block Hamiltonian (1.141). In this
section, we show the same result by taking a different approach. This alter-
native proof of Theorem 1.2 does not involve the coherent state basis.

The proof uses the fact that the density matrix is independent of the start-
ing site and the total length of the chain (see § 1.5.2). So that we could change
the configuration of the whole system by adding the two ending spins directly
to the block without affecting the form of the block density matrix. The new
system now has L + 2 sites with the block starting at site 1 and ending at site
L. Let us start with the ground VBS state of the Hamiltonian (1.116) of the
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system with N = L:

L
S

[VBS) = H (a;r-b;r-ﬂ — b;a;H) |vac). (1.168)

j=0

In order to calculate the density matrix p; = tro 41| p ], where p is defined

in (1.119), we introduce a useful identity:

(_1)S—J+M

0..+1(S, M| (|s)o1 ® |8)L,041) W

|J,—M)y 1, (1.169)

where |J, M) 1+1 is identical to the spin state defined in (1.149) except for site
indices. |s);; in (1.169) is the normalized singlet state with S valence bonds
defined as

1 S
8)ij = W(d%}—b}a}) |vac); ® |vac);
(1§
= T (—1)™|S/2, —m); ® |S/2,m);.  (1.170)
+ m=—5/2

Identity (1.169) is derived using properties of the singlet state (1.170) and
Clebsch-Gordan coeflicients as follows:

0,.L+1(Js M| (|s)o1 @ [8)r,011)

mo+mp1=M

= Z (J, M|S/2,m0; S/2,mp11)0(S/2, M0l 41(S/2, mp41]

(—=1)"™1[S/2, —mq)o|S/2,m1)1

e 3 (DS —ma) S 2

mL:—S/2
mo+mL+1=M

1
= o Do (UM MIS/2,mo; 52, mp)
mo,mp 41
|S/2,—m0>1|S/2,—mL+1>L. (1171)
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Here the Clebsch-Gordan coefficient is defined by
(J, M‘S/Q, Mo, S/Q, mL+1) = i,j<J, M‘ (lS/Q, m0>i &® ’5/2, mL+1>j) . (1172)
Then using the symmetry property of Clebsch-Gordan coefficients

(‘L M|S/27 mo; 5/27 mL+1) = <_1)SiJ(J7 _M‘S/Qa —Mmo; 3/27 _mLJrl)a
(1.173)

and the completeness of the basis {|.S/2,mg)o ® |S/2,mri1)r+1}, we obtain
the identity (1.169).

With the help of identity (1.169), we calculate the partial inner product of
the VBS state (1.168) with the state |J, M )¢ 11, which is involved in taking
trace of boundary spins. The VBS state |[VBS) is decomposed into the bulk
part and boundary parts, then making use of (1.169), we have

0.0+1(J, M|VBS)

L
S
= o+1(J, M| H (a;b;—i-l - b;‘a;f'+1> |vac)
=0
L

S
— SIS+ 1)! (a}b}+1—b}a;+1> o.41(J, M8)o1|8) 1 L |[vac)s .

I
—

<
Il
-

L—1
S
_ <5!)2H(a§b;+l—b;a;+l) (—1)S=+M|.J, M), vac)s.o 1
j=1
= (=1)5TTM(SHAVBSL(J, —M)). (1.174)

We see that the (S + 1)? degenerate VBS states {|VBS.(J, M))} defined in
(1.150) appear in the partial inner product (1.174). As discussed in §1.5.3,

they form a complete set of zero-energy ground states of the block Hamiltonian
(1.141).

Now, it is straightforward to evaluate the density matrix as

. 0,L+1<J7 M‘VBS> <VBSM M>0,L+1
trozyi| P ] Z (VBS|VBS)

JM

— % > [VBSL(J,—M))(VBSL(J, —M)].
J,.M

(1.175)
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This expression is identical to (1.167) as we change dummy index from M
to —M. Therefore, in this approach again we arrive at Theorem 1.2 that
the density matrix is proportional to a projector onto a subspace spanned by
the (S + 1)? ground states of the block Hamiltonian (1.141). Normalization
(VBS|VBS) has been obtained in §1.5.1. States |VBS.(J, M)) have been
shown to be mutually orthogonal in §1.5.3.

1.5.6 Eigenvalues of the Density Matrix (Normalization
of Degenerate VBS States)

As the next step in analyzing the spectrum of the density matrix, now we
study the eigenvalues. Based on the diagonalized form (1.167), it is clear that
eigenvalues of the density matrix p; can be derived from the normalization
of degenerate VBS states. We obtain an explicit expression for eigenvalues in
terms of Wigner 3j-symbols in this section.

First, the following property is important: Normalization of the degenerate
VBS state |[VBS.(J, M)) depends only on J and is independent of M. This
point is important in proving that any |G; J, Q) is an eigenvector of p; because
it can be written as a superposition of |VBS.(J, M))’s with the same J value
(1.161). With the introduction of total spin operators of the block Si,, Sz,
and SZ,, (see §1.5.3), we prove the statement as follows:

(VBSL(J, M £ 1)|VBS.(J, M + 1))

! F
— Geamore e VBB MISE St VS (A1)

1 2 z \2 z
- (JFM)(J£M+1) (VBSL(J, M)[(Sir — (Sior)” F i) [VBSL(J, M)
= (VBSL(J, M)|VBS(J, M)). (1.176)

Here we have used the fact that [VBS.(J, M)) is the common eigenstate of
S2. and SZ, with eigenvalues J(J + 1) and M, respectively (see §1.5.3).
It is also realized that the normalization of [VBS(J, M)) can be calculated

from integrating the inner product of |G; J, Q) with itself over the unit vector
() such that

1 A A A
— | dUG; J, Q|G; T, Q2
= [ G 2.916.0)

(S+J+ DS = I
(2J +1)!

(VBSL(J, M)[VBS.(J, M)). (1.177)

In obtaining this relation (1.177) we have used expansion (1.161) and orthog-
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onality (1.145) in §1.5.3.
Let us consider the integral involved in (1.177). Using the coherent state
basis (1.121) and completeness relation (1.122) as before, we obtain

1 ~ ~ ~
4—/dQ(G; 7,9|G; J, Q) (1.178)
T

- L[ fan f [T1e0] T [h0- 0]

Y
= J

1 18Ty 1T Y
{—(1—91'5&)} [—(1+Q1'Q)} { (1+Q-QL)} :
2 2 2
ENRE
Now we expand [%(1 — ;- QJ)] in terms of spherical harmonics as in (1.130),

then integrate over Q and from Qs to Q;_4, the right hand side of (1.178) is
equal to

S S-J J l1

47((25 + 1)
L TEE ) I VD D 3

11=01;,=0 =0 mi=—1l1 mp=—1lp m=—I

/dQl/dQL/\L Y, )AL, S — )N, J)
11 ml(Q )}/EL mL(Q )Y (Q )Y (QL)Y*

l1,m lp,mp,

()Y (). (1.179)

Here we apply the following useful formula:

A

/ A5y s ()Y () Vi ()

\/(211+1)(21L+1)(2z+1) Lol é)(nl; L z)j

47 0 0 m; m

(1.180)

L L

my mpg

where ( : ) is the Wigner 3j-symbol. Using formula (1.180), we
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carry out the remaining integrals in (1.179) and obtain

S S-J J Iy

(25 + 1))
e LI Y Y Y

=01;,=0 =0 m1=—11 mp=—Ip m=—1

(20 + 1)(21 + )(21+ DAL 1(11,S)A(1L,S—J)A2(1,J)
Lol N/ I, 1Y\ (1.181)
0 0 0 my mp m ' '

These 3j-symbols obey the following orthogonality relation:

LWl Ll U
> (2l+1) ) = 0wl (1.182)
my mp m my mp m

mi,mr

Using this orthogonality (1.182), we can recast expression (1.181) as

S S-J J

(25 +1)
(S+1)E(S — J+1 (J+1)2 ZZZ (1.183)

11=01;,=0 =0

(20 + 1)(20g + 1)(20+ DA (10, )ALz, S —JW“’”(% o é)

The explicit value of ( ZS Zé (l) ) is given by

Lol 1
0 0 0

— (_1)9\/(29 —201)1(29 — 21)!1(2g — 21)! gl

(29 +1)! (g—1)Ng— 1) (g =DV
(1.184)

if 4 +1, +1 = 29 (g9 € N), otherwise zero. Finally, the normalization of
degenerate VBS states |VBS(J, M)) is obtained as

(VBSL(J, M)|VBS.(J, M)) (1.185)

(27 + 1)I((25 + 1))~ ﬁés‘J
(S+ DS + T+ DS — T+ DT+ DT + 1) =

”M“
Oh =]

O =~
\_/

(20 4+ 1)(20L + 1)(20 + DALy, SN, S — )N (1, J) (
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Combining results of (1.167) and (1.185), we arrive at the following theorem
on eigenvalues:

Theorem 1.3

Eigenvalues A(J) (J =0,...,S) of the density matrix p, are independent
of Q and M in defining eigenvectors (see (1.143) and (1.150)). An explicit
expression is given by the following triple sum

ACT) (1.186)
_ {(221 11)!} 5‘5’1 (VBS,(J, M)[VBS,(J, M))

S S-J J

_ (2J + 1)1S1S!
S+ T+ DS =T+ DT+ DT +1)! I

11=017=0 (=0

2
(20 + 120 + 1)(20 + DA (1, SIA(Ln, S — JIN(, ) < nole ) .
Although not straightforward to verify, this expression (1.186) should be
consistent with eigenvalues given through the recurrence expression (1.199) in
the next section §1.5.7 and the expression A, in §1.4.4 as a special case. We
could check the case when S =1 that

(VBS.(0,0)|VBSL(0,0)) = %(?f +3(-1)b),

(VBSL(1, M)|[VBS.(1,M)) = %(SL — (=%, (1.187)

where we have used the selection rule of the Wigner 3j-symbol. From (1.133)
we find that (VBS|VBS) = 2 - 3%, so that we obtain the correct eigenvalues of
the density matrix from the above result (1.186) (see §1.4.4 for comparison).

We shall emphasize at this point that given eigenvalues (1.186), both von
Neumann entropy

Sen=—tr[pylnp, | == (2] + 1)A(J)InA(J) (1.188)

and Rényi entropy

S
Sk = ! In{tr| p} |} = ! ln{Z(QJ—i—l)A“(J)} (1.189)

11—« 11—«
J=0

can be expressed directly.
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1.5.7 Eigenvalues of the Density Matrix (Recurrence
Formula)

Having constructed eigenvectors, there are more than one way to specify the
corresponding eigenvalues. An explicit expression of eigenvalues has been ob-
tained in § 1.5.6. In this section we express eigenvalues through a conjectured
recurrence formula as appeared in [18, 32]. Let us apply the density matrix
p;, (1.138) to the state |G;.J,Q) (1.143) and obtain

S+1 1"S+1 [ ~ -
N {(25+1)!] (ar)? / Q0241 B'|VBSL)(VBSL| BA}|VBSL).

(1.190)

Using the coherent state basis (1.121) and completeness relation (1.122), the
factor (VBS,|BA|VBS,) in (1.190) can be re-written as

(VBSL|BAY|VBS,) (1.191)
25 + 1) . g
() 0 0
- iy
(et 4 0o (wior — viud)? T (uut 4+ ovk)” (upvre — vpure)”

" s
The factor [%(1 —Q; - Qjﬂ)} under the integral of (1.191) can be expanded

in terms of Legendre polynomials and further in terms of spherical harmonics
as discussed in §1.5.1 (see also [18, 32]). Using the expansion (1.130) and
orthogonality of spherical harmonics, the integrals over Qj withj=2,...,L—1
n (1.191) can be performed. The result is

L S

> @+ DAL S)

=0

. /dQldQLB(Ql . QL) (U(ﬂll — ’Uoul)s (UUT + UUT)J

(VBS.|BAY|VBS,,)

- ij:)i {(25:11)!}

7 (uuy, + UUZ)J (urvpy1 — ULUL+1)S :

(1.192)

(uyvy, —viuy)

We plug the expression (1.192) into (1.190). Using transformation properties
under SU(2) and a binomial expansion (see § 1.5.8 ), the integral over € yields
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that

. s 4 S
/on (uébi — vSaI) (upvy — voul)s =3 : N (ulai + vlbD (1.193)

Similarly we can perform the integral over QO r+1- As a result, the following
expression is obtained from (1.190):

pLlG; JQ

S
pe Z (20 + DALY, ) K] (Q) [VBS,) . (1.194)
=0

The operator K, (€) involved in (1.194) is defined as

~

t A S * \J * % * ok \S—J
K] () /d QL u1a1 +vlb> (wuj +voy)” (ujv] — viug)
S N N
(uu, + vvy)” (uLaTLﬂLb}) P - Q). (1.195)

It is expressed as an integral depending on the order [ of the Legendre poly-
nomial P,(Q; - Q). K/ (Q) can be calculated from the lowest few orders (see
§1.5.8 for example). It becomes increasingly difficult to perform the integral
as order [ increases. Based on the eigenvalue expressions of the density matrix
obtained in [11, 32], we make a conjecture on the explicit form of the operator
K] (Q) for generic order I:

Conjecture 1.1

47
S+1

Ki(Q) = ( )211 (%J(JJr 1) — %S(%SJr 1)) Al (1.196)

Here the polynomial [; (x) satisfy the recurrence relation

20+ 1 A I [/S—1+1\?
I 1) I (2) — I
() = (S +1+2)° <l+1+) (@) l+1(S+l+2) -1(x)

(1.197)

with Iy =1 and [; = ﬁ
2
Note that it is important that KZT(Q) x AT, defined in (1.142) and I;(z)
has the same order as the Legendre polynomial P,(x). The recurrence relation
(1.197) was proposed in [18] and used in [32] to obtain the eigenvalues of the

density matrix. (The original definition of [;(x) differs from our definition in
(1.197) by a factor of 22—:1) Conjecture 1.1 is an alternative form of The-
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orem 1.2 together with Theorem 1.3, which also gives eigenvalues through
the recurrence relation (1.197). Indeed, expressions (1.194), altogether with
(1.196) and (1.197) yields that

p.|G: J,Q) (1.198)

S
1 1,1 A
— Ll _ tort .
= S+12§21+1)\ lS)Iz(QJ(JJrl) 28(25+1))|G,J,Q),

Non-zero eigenvalues (J = 0,1,...,S5) are seen from (1.198) as
5 1 1.1
— L— 1 — — — —

A(J) = S+12 E 2L+ )N (1, 9)], (2J(J+1) 25(25—1—1)).

=0

(1.199)

Since all other eigenvalues of the density matrix are vanishing, then we con-
clude again that the density matrix p, (1.138) is a projector onto a subspace of
dimension (S 4 1)2. This subspace is spanned by the set of vectors {|G; J, )}
(1.143). (The rank of the set is equal to (S + 1)%.) Furthermore, we observe
from (1.199) again that non-zero eigenvalues A(.J) depend only on .J, not on
Q). Therefore, {|G; J, Q>} with fixed J value spans a degenerate subspace with
the same eigenvalue.

1.5.8 The Large Block Limit

In the limit . — oo, that is when the size of the block becomes large, we
learned from [11, 21, 32] that the von Neumann entropy reaches the saturated
value S, x = In (S + 1)*. This fact implies that the density matrix (denoted
by p., in the limit) can only take the form (see [41] for a general proof)

1

- g o 1.2
(S+ 1)2 (S+1)2 @ ( OO)

P =

where [(g11)2 is the identity of dimension (S 4 1)* and @, is an infinite di-
mensional matrix with only zero entries. In this section, we give a proof of
Conjecture 1.1 (1.196) in the limiting case as L — oo. Then we shall verify
the structure of the density matrix (1.200) explicitly.

We first realize from (1.131) that as L — oo, A*71(1,S) — d;. Therefore
only the first term with = 0 is left in (1.194) and contributes to the final
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result. So that we need only to calculate K (Q):
¢ 3. d¢ f o) J
Kj(Q)) = /dQldQL <u1a1 + U1b1> (uuy + voy)
S
C(utvr — ) (wuk 4 vot)? <uLaTL + vaTL> . (1.201)

It is useful to know transformation properties of the integrand in (1.201)
under SU(2). The pair of variables (u,v) defined in (1.120) and bosonic an-
nihilation operators (a,b) in the Schwinger representation both transform as
spinors under SU(2). That is to say, if we take an arbitrary element D € SU(2)
(2 x 2 matrix), then (u,v), ete. transform according to

<Z>—>D(z). (1.202)

On the other hand, (u*,v*), (—v,u), (a',b") and (=b, a) transform conjugately
to (u,v). That is to say (u*,v*), etc. transform according to

( v > - D ( v > . (1.203)
v v
The combinations appeared in K (€) (1.201)

wal + bl wut +ovt, wivl — ot wuh 4+ ok, upal +opbl (1.204)

as well as A' in (1.142), boundary operator Bf in (1.139), etc. all transform
covariantly under SU(2), i.e. those expressions keep their form in the new
(transformed) coordinates.

These transformation properties (1.202), (1.203) can be used to simplify
the K () integral. We first make a SU(2) transform

- uy UL ur | 1
b= (5 ) mu () =(1). e

under the part of the integral (1.201) over Q1. Then this part of integral
becomes

. s
/dQl (ulaJ{ + UlbD (wut 4 vol) (=vf)*7 . (1.206)
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This can be calculated using binomial expansion and the result is

541 . (ua{ + Ubi) ’ (—bI)SJ . (1.207)

Then we make an inverse transform in (1.207) using D;Ll = DLL, consequently

(1.201) is put in a form with a single integral over {2, remaining:

A 4 J
Ki(Q) = 547:1 (uaJ{ +vb{) (1.208)
A To% T 5=J * #\J t t S
-/dQL (ale - bluL> (uuy + vvy) (uLaL + vaL>

Now we make another SU(2) transform using
p,=( % v p,(“)=(1 (1.209)
u T —v U ’ u v - 0 ) .
then the remaining integral over €, in (1.208) becomes
A T, % T S=J x\J } t S
dQy, (ale — bluL> (u]) (uLaL + ULbL> : (1.210)
Using again binomial expansion, this integral (1.210) yields

A S—J J
Sl <a§b2 - bia}) (az) : (1.211)

At last we make an inverse transform in (1.211) using D! = D} and plug the
result into (1.208), the final form is

A 47 \?
K (Q) = <S+ 1) Al (1.212)

This expression is consistent with Conjecture 1.1 (1.196), which also proves
that {|G;.J,Q)} is a set of eigenvectors of the density matrix as L — oo. Let
us denote the density matrix in the limit by p, . Then (1.212) leads to the
result (see (1.198))

Po|G; J,Q) = 51G; 7, Q). (1.213)

(S+1)
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We find from (1.213) that the limiting eigenvalue

1

is independent of J. Any vector of the (S + 1)%-dimensional subspace spanned
by the set {|G;J, )} is an eigenvector of p., with the same eigenvalue 3 +1)
Therefore p_, acts on this subspace as (proportional to) the identity /(g;1y2. So
that we have proved explicitly that the density matrix takes the form (1 200) in
the large block limit. The limiting density matrix is proportional to a projector

P (s;1)2 on the degenerate ground states of the block Hamiltonian Hp (1.141)

1
P = (S i ) P(s+1) L — oo. (1.215)

In addition, we also derive from the eigenvalues that the von Neumann entropy
Sy N = — Z?ZD(QJ + 1)As In A coincides with the Rényi entropy Sg(«) =

——In {Zizo(QJ + 1)Ag‘o} and is equal to the saturated value
S, n = Sr(a) =In(S + 1)?, L — oo. (1.216)

1.5.9 Density Matrix and Correlation Functions

The relation between the density matrix and correlation functions was studied
in [4, 31, 32, 50]. It was shown in [31] that the density matrix contains infor-
mation of all correlation functions in the ground state. The original proof was
for spin S = 1/2. In this section we generalize the result to generic spin-S as
in [50] and the proof is written in a form applicable but not restricted to the
AKLT model.

The Hilbert space associated with a spin-S is (254 1)-dimensional. There-
fore we could choose a basis of (25+1)? linearly independent matrices such that
an arbitrary operator defined in the Hilbert space can be written as a super-
position over the basis. Let us denote the basis by {Ag | a,0=1,...,25+1},
in which each matrix A, is labeled by a pair of indices a and b with totally
(25 4 1)? possible combinations. The matrix element is defined as

(Aap)it = a0y, kyl=1,...,28+1. (1.217)

In addition to {4}, we introduce an equivalent conjugate basis {Ag,} such
that

(Aap) ki = 6010k, a,bk,l=1,...,25 + 1. (1.218)
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These matrices (1.217) and (1.218) are actually matrix representation of op-
erators {|S,m)(S,m/| | m,m’ = —=5,...,S}. They are normalized such that

tr(AupAc) = Z(Aab)kl (Aca)ir = Z 0a106k0c10dk = OacObd- (1.219)
il

k.l

Here tr takes trace at one and the same site. Because of the completeness
of {Au} at each site, the density matrix of the block can be written as (see
(1.82))

pblock:troutside|G><G| = Z ® Aajbj Coeff{ajbj}, (1.220)
{a;b;} \Jj€{block}

where |G) denotes the unique ground state, trousiqe takes traces of sites outside
the block and coeff{a;b;} denotes the coefficient. Using the normalization
property (1.219), the coefficient coeff{a;b;} with label j taking values within
the block can be expressed as

coeff{a;b;} = Z H tr(Aa,p, Ac,a, ) coeff{c;d; }

{c;d;} jE€block

= {tI'plock [( ® Aajbj> pblock]
j€block

= trauK Q) Aup )\G (G

j€block

= (G ( (09 flajbj> G). (1.221)

j€block

Here tryoq takes traces of sites within the block and tr,; takes traces of all
lattice sites. Combing (1.220) with (1.221), we have the final form

Prlock = Z ® A(ljbj <G| ( ® Aajbj> |G> (1222)

{a;b;} \Jj€{block} j€block

This is the expression of the density matrix with entries related to multi-
point correlation functions (G| <® ieblock A ) |G) in the ground state. All

possible combinations {a;b;} are involved in the summation. Therefore, we
have prove for generic spin-S that the density matrix contains information of
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all correlation functions. The matrix elements are all multi-point correlators.

1.6 The 1-dimensional Inhomogeneous Model

The most general 1-dimensional model is the inhomogeneous model in which
spins at different lattice site can take different values. As a special case of the
generalized model defined in §1.2.4, we associate a positive integer number
(called multiplicity numbers, see §1.2.4) to each bond of the lattice and denote
by M;; (M;; = M;;) the multiplicity number between sites ¢ and j. They are
related to bulk spins by the following relation which ensures the existence of
a unique ground state

25]' — Mjfl’j —|— Mj,j+17 VJ (1223)

with 25y = My, and 2Sy11 = My n+1 for ending spins. (Equation (1.223) is a
special case of the more general relation (1.23).) The condition for solvability
of relation (1.223) is

Z(_l)jgj = 0. (1.224)

Solution to relation (1.223) under condition (1.224) is

J

M =2) (-1Y7'8 > 1. (1.225)
=0

(More details can be found in [36].) Now we defined the Hamiltonian of the
inhomogeneous AKLT model according to (1.21) as

H=>" > Cy(j,j+Dms(j,j+1). (1.226)

J=0 J=8j+8j11-Mjj+1+1

Here the projector m;(j, j+1) describes interactions between neighboring spins
j and j+1, which projects the bond spin J; ;11 = S+ 8,41 onto the subspace
with total spin J (J = S; + Sj41 — M 41+ 1,...,5; + Sj41). An explicit
expression of 7;(j, 7+1) is given in § 1.2.2 and [36]. The coefficient C;(j, j+1)
can take an arbitrary positive value. This Hamiltonian (1.226) has a unique
ground state (VBS state, see §1.2.5).
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1.6.1 The VBS Ground State

The unique VBS ground state of the Hamiltonian (1.226) is given in the
Schwinger representation by [4, 36]

N
Mj,j+1
vBS) = I (albls, —blaly,) " fvac), (1.227)

J=0

where af, b are bosonic creation operators defined in exactly the same way
as in §1.2.4, the constraint on the total boson occupation number is now
%(a}aj + b;bj) = §;. The pure state density matrix of the VBS ground state
(1.227) is

~ [VBS)(VBS|

~ WBSIVES)" (1.228)

Normalization of the VBS state is (calculation similar to those in §1.5.1)

N+1

H23+1

(VBS|VBS) = (1.229)

J]+1 + 1

Q:jz

(See [51] for more details.)

1.6.2 The Block Density Matrix

We take a block of L contiguous bulk spins as a subsystem, which starts from
site k£ and ends at site kK + L — 1. Using the coherent state basis (1.121) and
completeness relation (1.122), tracing out degrees of freedom outside the block,
p., can be written as [32, 51]

k-1 N+1 -2 N 1 o Mj 41
/[H I] 4 H 11 {5(1—Qj-ﬁj+1)} BY|VBS.)(VBS,|B
=0 j=k+L j=0 j=k+L
k+L—1 N+1 N M
(25; +1)! . 1 A A
12 ST T 309
j=k §=0 j=0
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Here the boundary operator B and block VBS state |[VBSy) are defined as

_ M1k Mygir—1k+L
B = (kalbk - quélk) (ak+Lflvk+L - bk+L71uk+L) )

(1.231)
k+L—2 M
[VBS,) = H (a}b}H - b}a;H) T |vac), (1.232)
j=k

respectively. After performing integrals over Qj (j=0,1,....k—2k+ L+
1,...,N,N + 1) in the numerator and all integrals in the denominator, the
density matrix p; turns out to be independent of spins outside the block.
This property has been proved for the homogeneous AKLT model in §1.5.2
(see also [11, 32, 50]). Therefore, we can re-label spins within the block for
notational convenience. Let £ = 1 and the density matrix takes the form

=

(Mjj1+1)

.

.:h g

1 A A
P = oL / dQodQp 1 BT [VBS.)(VBS.|B  (1.233)

(25, + 1)!
1

J
with
. . Mo,1 . . Mrp 41
B'= <Uobi - ani) (aTLULH - bTLuL+1) ) (1.234)

L-1

M; j+1
|VBSL>:H(a}b}+1—bja}+l) " vac). (1.235)

j=1

Again, the remaining two integrals in (1.233) are kept in the present form for
later use.

1.6.3 Ground States of the Block Hamiltonian
The block Hamiltonian with the re-labeling k£ = 1 reads

L—1 Sj+Sj+1
Hp = > Cy(j,d +1)Ps(j,5 +1). (1.236)

J=1 J=5j+S8j41—Mj j+1+1
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Now the degenerate ground states are constructed in a similar way asin § 1.5.3 .
The new A]L, operator is defined as:

Jo+J Ti—J —J_+J
Al = (uai + vbi) (aIbTL — bIa}) " (ua} + vb}) . (1.237)

where J_ = %(Mm — M), J4 = %(Mm + My 4+1) and |[J_| < J < J,.
Then the set of ground states of the block Hamiltonian (1.236) is

G;J,Q) = AN VBSL),  J=|J|....J.. (1.238)

To prove that any state |G;J,Q) is a zero-energy ground state of (1.236), we
essentially repeat the arguments as in § 1.5.3 for any site j and bond (j,j+1):

1. The total power of a;r- and b;r- is 2.5}, so that we have spin-S; at site j;

2. —5(Mjj+ My i) < J7 500 = S5+ 870 < 5(Mjy+ My jie) by a
binomial expansion, so that the maximum value of the bond spin J; ;11
is 2(Mj_1;+ Mji1542) = Sj+ Sj41 — Mj j1 (from SU(2) invariance, see

[4])-

Therefore, the state |G; J, Q) defined in (1.238) has spin-S; at site j and no

projection onto the J; ;11 > S; + Sj11 — M, j+1 subspace for any bond.
Parallelly, we also introduce an orthogonal basis in description of the de-

generate zero-energy ground states of Hp (1.236), i.e. the degenerate VBS

states. Using the same notations as in §1.5.3, the operator ATJ defined in
(1.237) can be expanded as (see [25, 51])

J
(Jo + T+ DI+ DT = I)(=J- + J)!
A = \/ o Z Xy (1.239)
my+mp=M 1 1
> (o M M) W,
mi,mr

where (%Mm, my; %ML,LH, my|J, M) is the Clebsch-Gordan coefficient. Again,
the particular form of the sum over m; and my in (1.239) is identified as a
single spin state creation operator

mi+mp=M

1 1
\IJT]M = Z (2M01,m1, 2MLL+1,mL|J M) ¢1M01 m & ¢1ML ta1,mr

myi,mr,

(1.240)
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So that the set of degenerate VBS states {|VBSL(J, M))} is defined as
IVBSL(J,M)) = W! [VBS.), J=|J_|,... ], M=—J..J (1.241)

Then these (Mo, + 1)(M 41 + 1) states (1.241) are mutually orthogonal (the

proof is exactly the same as in §1.5.3). Also, the state |G; J, Q) written as a
linear superposition over these degenerate VBS states reads

[CPAURE \/U* +J+ DI+ DIy = DI+ J)

2J+1

: i X0 [VBSL(J, M)). (1.242)

Therefore, as seen from (1.242), the rank of set of states {|G; .J, Q)} with the
same J value is 2J+1 and the total number of linearly independent states of the
set {|G;J,Q)} is Z§L|J_|(2J +1) = (Mo1 + 1)(Mp 141 + 1), which is exactly

the degeneracy of the ground states of (1.236). So that {|G;.J,Q)} forms a
complete set of zero-energy ground states. The orthogonal set {|VBS.(J, M))}

also forms a complete set of zero-energy ground states, which differs from
{|G; J,2)} by a change of basis.

1.6.4 Diagonalization of the Density Matrix

The density matrix is diagonalized in §1.5.4 and §1.5.5 for the homogeneous
AKLT model. The analysis can be made in parallel for the inhomogeneous
model.

The statement of Theorem 1.2 is still valid here. i.e. Eigenvectors of
the density matrix p; (1.233) with non-zero eigenvalues are given by the set
{|G;J,Q)} (1.238) or {|[VBS.(J, M))} (1.241). This explicit construction of
eigenvectors yields a direct diagonalization of the density matrix.

Again, we prove the theorem by re-writing the density matrix p; (1.233)
as a projector in diagonal form onto the orthogonal degenerate VBS states
{IVBSL(J, M))} introduced in (1.241).

Take expression (1.233) and integrate over o and €, using binomial
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expansions and f_ll dz(14+2)™(1 —a)" = (mfﬁl)@m*"“. Then we have

1)
H ]‘7+1 + M01 ML L+1

_ =t 7 ( Mo ) ( My, 1+1 )
pL - L
— — p q
H 25, + 1)1 P =0

(bD (a}) ™7 (af) (b)) MEr T VBS )
(VBS| (be) 55079 (ar ) (ar) 0177 (by )P, (1.243)

The particular combinations of bosonic operators appeared in (1.243) are rec-

ognized up to a constant as spin creation operators @/ﬂ; 1 and
5 Mo1,5 Mo1—p
T

SRS A at site 1 and site L, respectively. They commute with all

M1
bond operators < Tb; 41 bT j +1> , so that we could simplify the right
hand side of (1.243) using definition (1.240) and the following identity:

Mo ML, L+1

Z Z ¢1M01 1M()l -p wlML L+1, q_*ML L+1|V&C>17L

1 L(Va’clwle@Mol—P ® w%ML7L+1,q—%ML,L+1

Mo1 ML, L1+1 1 1
= Z Z M01> M01 >(§M01,§M01—p|
1 1 1
®|§ML,L+1, q— §ML,L+1>L<§ML,L+17 q— §ML,L+1|
Jy J
= D > M) M|
J=|J_| M=—J
Jy J
= Z Z Wl [vac)y  (vac|W sy (1.244)

J=|J_| M=—J
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The resultant final form of density matrix p; is then

H ]J+1+1
pL="" Mo\ Mp 141! Z Z Ul IVBSL) (VBSL|W
[Tes; + 1! S M=
j=1

L-1

+1)
1_[1 Jpj+1 Jy J
j:

== Mo !'Mp ! > > [VBSL(J, M))(VBS(J, M),
[]s;+ 1) Il M==T
7j=1

(1.245)

The set of degenerate VBS states {|VBSL(J, M))} with J = [J_|,..., J;
and M = —J,...,J forms an orthogonal basis. These (Mo + 1)(Mp 41+ 1)
states also forms a complete set of zero-energy ground states of the block
Hamiltonian (1.236). So that in expression (1.245) we have re-written the
density matrix as a projector in diagonal form over an orthogonal basis. Each
degenerate VBS state [VBS.(J, M)) is an eigenvector of the density matrix, so
as any of the state |G; J, Q} (because of the degeneracy of corresponding eigen-
values of the density matrix, see § 1.6.5 ). Thus we have generalized Theorem
1.2 to the inhomogeneous case.

1.6.5 Eigenvalues of the Density Matrix

Given the diagonalized form (1.245), again eigenvalues of the density matrix
p;, are derived from normalization of degenerate VBS states with an explicit
expression in terms of Wigner 3j-symbols.

Similarly, we first calculate the integral of the norm square of |G; J, Q)over
the unit vector

i/dQ(G;J,mG; J,Q) (1.246)
(e T DT+ DT = D (=T + )]
— ) (VBS.(J, M)|VBS,(J, M)).

This expression (1.246) also states that normalization of the degenerate VBS
state is independent of Q2 and/or M.
Let us consider the integral involved in (1.246). Using coherent state basis
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(1.121) and completeness relation (1.122) as before, we obtain

1 ~ ~ a
— /dQ(G; J, QG; J, ) (1.247)
L M .
2S +1 1 R . 5,d+1
= i [H /dQ/ {5(1 _Qj'Qj-H)}
j=1

{1(1 o Qg] o [—(1 0 Q)} e [1(1 Q. QL)} o

Now we expand [%( — Q- QJ)] in terms of spherical harmonics

M;;

Z (1, My;) ZY,m Vi (€) (1.248)

J =0 m=—I

with l
(—1)"M;!(M;; 4 1)!

(My; — DI(M; + 1+ 1)1
Then integrate over Q) and from s, to 4, the right hand side of (1.247) is
equal to

A, M;;) = (1.249)

L
ar [ (28; + 1)!

j=1

(Jo+ T+ 1)y — T+ D) (=T + T +1)

L—1
[H(Mj,jﬂ +1)
j=1

Me Jy—J Je [

ZZZZ DS

la=0 lg=0 m=—I maq=—lo mg=—lg

H Al , M; J+1)]

J=1
Ml T = DALy T+ IA(gs =T +7) /dQl/dQL

Yim ()i e (©0)Yigms ()Y (20) Y ()Y (S21).
(1.250)

Where we have M. = min{M; ;1,7 = 1,...,L — 1} and J. = min{J_ +
J,—J_+J}, both being the minimum of the corresponding set. Now we carry

68



out remaining integrals in (1.250) using

A

[ AW Y, (@)Y, m@m)

_ \/(25+ )(21 +1 )(215 + 1) za z 1y g
m m, mg )’

(1.251)

The result after integration can be further simplified by applying the following
orthogonality relation

Il g ol
Z(zzﬁﬂ)(m m mﬁ)(m g = G101 Ommy» (1.252)

m,meq

Lol 1
m me, mg
So that finally expression (1.250) is equal to

L
[1s;+1
7j=1

(Jo+ T+ )Ty =T+ D) (=T + T +1)

where ), etc. are the Wigner 3j-symbols.

[ﬂ(Mj,m 1)

j=1
Me Ji—J Je

P3PPI

la=0 15=0

L—1
| J YU ] Mo, Ty — DA, J- + D)1, =T+ J)

7=1

(20 + 1) (20 + 1) (205 + 1) ( é lg lg )2. (1.253)

The explicit value of ( (l) ZS lg ) is given by

L1, g
<0 0 0) (1.254)

— (_1)9\/<29 — 20)!(2g — 21,)!(2g — 21p)! g!
(29 +1)! (g —Dg —1)(g — )"

if [ 4+ 1, + 13 =29 (g € N), otherwise zero.
Combining results of (1.245), (1.246) and (1.253), we arrive at the following
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result for eigenvalues: Eigenvalues A(J) (J = [J_[,...,Jy) of the density
matrix are independent of {2 and/or M in defining elgenvectors (see (1.238)
and (1.241)). An explicit expression is given by the following triple sum

H(Mj,j+1 +1)

= Moi!My, 11 (VBSL(J, M)|VBS.(J, M)) (1.255)
[]2s; +1)!

. (2J + 1)!M01'ML L+1
(Je+J+ DI+ T+ DI — T+ D (—J_+ J +1)!

Me Jy—J Je

2.0

la=0 l5=0

(%+D@h+D@%+D(é %iﬁ).

HAH%N](%L—ﬂM%J+ﬂM%ﬂ]+ﬂ

7=1

1.6.6 The Large Block Limit

In this section, we generalize the characteristic properties (§1.5.8) of the lim-
iting density matrix to the inhomogeneous model. R
Let us apply the density matrix p; (1.233) to the state |G; J, ) (1.238)

and get

L
1M 50+ 1)
- = Mﬁyu/deﬂLAmBHVBSLMVBSLHLQHVBSL)
[Tes;+1)
7j=1

Using the coherent state basis (1.121) and completeness relation (1.122), the

70



factor (VBS,|BAT|VBS.) in (1.190) can be re-written as
(VBSL\BAT IVBS,) (1.257)

e / (H 1@ ) I { ) M

)J 7 (ujvy — UT“*L)JJFJ

=1
(uovy — vour )M (wut + vut

—J_+J Mrp ri1

- (uuy, + vvy) (upvps1 — vpuL1)

We plug the expression (1.257) into (1.256). Using transformation properties
under SU(2) and a binomial expansion, the integral over () yields that

A Moy 47 Mo
d0 < *bT ok T> o Moy _ ( T bT) ]
/ 0 | U1 — Vpq (uov1 — vous) Mo 11 u1aq + v10y
(1.258)

Similarly we can perform the integral over O r+1- Then using expansion (1.248)
and orthogonality of spherical harmonics, other integrals over Qj with j =
2,...,L—11n (1.257) can be performed. As a result, the following expression
is obtained from (1.256):

M< L—-1
N 1 ~
p.|G:J,Q) = (4ﬂ)2§:(21+1) [T A0 M; ) | KF(Q)[VBSL) . (1.259)
=0 j=1

The operator K, (€) involved in (1.259) is defined as

. o o .
K@) = /dQldQLB(QI'QL) (ulaI‘FUlbI) 0 (uut +vv)’=

My, 141
* % *, x \J+—J * w\—J—+J t T ’
- (ujv] — viuy) (uuj + vovy) uray +vpby

(1.260)

It is expressed as an integral depending on the order [ of the Legendre poly-
nomial PZ(QI QL)

There was no ambiguity in defining the large block limit in the homoge-
neous AKLT model (see §1.5.8). However, in the inhomogeneous model we
must specify the behavior of ending spins in the large block limit. So we define
the large block limit as when L — oo, the two ending spins approach definite
values, namely, My; — S_ and My 11 — S;. Then we realize from (1.249)
that as L — oo, HJL:_II A, M; j11) — 010. Therefore only the first term with
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I =0is left in (1.259). So that we need only to calculate the limiting K (€2):

. oo A A S-
K () " /dQldQL (ulai + vlbD (uut 4 vol)=*7
_ _ S+
(uiop = viup)™ ™ (ug + oo (ugal + 0]

(1.261)

Here both J_ and J; take the limiting values $(S_ — S;) and 3(S_ + S4),
respectively.

Using transformation properties of the integrand in (1.261) under SU(2),
the KS(Q) integral is simplified and carried out as

(47)°

Ko@) = (S_+ 1)(Sy + 1)

Al (1.262)

This expression states that {|G; J, Q)} is a set of eigenvectors of the density
matrix as L — oo. Let us denote the density matrix in the limit by p_.,. Then
(1.262) leads to the result (see (1.259))

1
(S_+1)(S, + 1)

PG 1, Q) = |G; J,€). (1.263)

We find from (1.263) that the limiting eigenvalue

1

Ao = (S_+1)(S. +1)

L — oo (1.264)

is independent of J. Any vector of the (S_ +1)(Sy + 1)-dimensional subspace
spanned by the set {|G; J, )} is an eigenvector of p., with the same eigenvalue
(&Tl(&ﬂ)' Therefore p_, is proportional to a projector P(s_41)(s,+1):

1
Poo = 15 1 1)(S, + 1)P(S*+”(S++”’

(1.265)

which is a generalization of (1.215) to the inhomogeneous model. In ad-
dition, we also derive from the eigenvalues that the von Neumann entropy
S, ~ coincides with the Renyi entropy Sr and is equal to the saturated value

In[(S_ + 1)(Sy + 1)].
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1.7 Summary

We have studied the entanglement of the VBS ground state for the AKLT
model in this chapter. The AKLT model is formulated on an arbitrary con-
nected graph or a lattice. The Hamiltonian (1.14), (1.21) is a sum of pro-
jectors which describe interactions between nearest neighbors. The condition
of uniqueness of the ground state relates the spin value at each vertex (site)
with multiplicity numbers associated with edges incident to the vertex (bonds
connected to the site), see (1.15), (1.23), (1.24). The unique ground state is
known as the Valence-Bond-Solid state (1.20), (1.31).

To study the entanglement, the graph (lattice) is divided into two parts:
the block and the environment. We investigate the density matrix pgz of the
block and show that it has many zero eigenvalues. We describe the subspace
(called the support) of eigenvectors of pp with non-zero eigenvalues. It has
been proved (see Theorem 1.1 in § 1.3.3 ) that this subspace is the degenerate
ground space of some Hamiltonian which is called the block Hamiltonian Hp
(1.58).

The entanglement can be measured by the von Neumann entropy or the
Rényi entropy of the density matrix pgz. Most eigenvalues of pp vanish and
have no contribution to the entanglement entropies. The density matrix takes
the form of a projector on the ground space of Hp multiplied by another matrix
(see also [52]).

A complete analysis of the density matrix for a variety of 1-dimensional
AKLT models has been presented. The block density matrix p; for a subsys-
tem of L contiguous bulk spins has been diagonalized with non-zero eigenvalues
calculated (see also [11, 32, 50, 51]). We find that in all these cases the sup-
port coincide with the ground space, so their dimensions are equal D = deg.
In the large block limit, all non-zero eigenvalues become the same and the
density matrix is proportional to a projector (1.215), (1.265). The von Neu-
mann entropy equals the Rényi entropy and both take the saturated value
Sy N = Sr = In D = In(deg).

Moreover, it turns out that the block Hamiltonian Hpg defines the density
matrix p; completely in the large block limit L — co. The zero-energy ground
states of the block Hamiltonian Hg span the subspace that the density matrix
py, projects onto. So that p; can be represented as the zero-temperature limit
of the canonical ensemble density matrix defined by Hp:

eiﬁHB

In the zero-temperature limit, contributions from excited states of Hp all
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vanish and the right hand side of (1.266) turns into a projector onto the ground
states of the block Hamiltonian.

For more complicated graphs or lattices, non-zero eigenvalues of the density
matrix are still unknown. One open problem is to calculate those eigenvalues.
One may start with the Cayley tree (also known as the Bethe tree) and an exact
explicit expression for the non-zero eigenvalues is expected because there is no
loop. It is also important to calculate non-zero eigenvalues of pj for graphs
with loops. In all known examples [11, 50, 51] where the density matrix of a
large block has been calculated, all non-zero eigenvalues coincide. So that the
density matrix of a large block is proportional to a projector. We conjecture
that this will be the case for all connected graphs. In other words, we expect
that in the large block limit, each non-zero eigenvalue should approach the
same value % = %Q, thus the entanglement entropies should be saturated, i.e.
Sy n = Sk =InD = In(deg). The density matrix should be proportional to
a projector on the ground space of the block Hamiltonian, i.e. pp = %PD =
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Chapter 2

Quantum Search Algorithms

2.1 Introduction

One spectacular promise of a quantum computer is to enable new algorithms
which could practically solve feasible problems requiring exorbitant resources
on a classical computer. Two broad classes of quantum algorithms are known
which fulfill this promise. The first class is based on the Shor’s quantum
Fourier transform, which includes algorithms for solving the factorization prob-
lem with a exponential speedup over corresponding classical algorithms. The
second class is based on Grover’s algorithm for performing quantum database
searching which provides a quadratic speedup over the classical algorithms.
This chapter is devoted to the subject of quantum search.

Database search has many applications and it appears in everyday life.
Search algorithm enters as a subroutine in many important algorithms in
computer sciences [41, 54, 55]. L. Grover discovered a quantum algorithm
[56] which searches an unsorted database faster than any classical algorithm
in 1996. By unsorted we mean that there is no arrangement of items in some
sequence or particular order for searching. for example, a phonebook with
names listed alphabetically is a sorted database when we are looking for the
phone number associated with a given name; however, the same phone book
becomes an unsorted database if we are provided with a phone number and
looking for the name. Suppose that we have a large database of N items and
we are searching for one item, called the target item or solution. (e.g. Given a
map containing many cities, wishing to determine the shortest route passing
through all cities on the map.) Technically, rather than search the elements
directly, we concentrate on the index or address of those items, which is just
a number in the range 0 to N — 1. For convenience assuming N = 2" (it is
always possible to add additional auxiliary items to make the number N a
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power of 2), so the address can be stored in n bits. Let us denote the ad-
dresses of items by = and that of the target by ¢. (Without confusion, we
could identify the address with the actual item. For the quantum case, each
address data x is associated with a vector |x) which contains n qubits and the
database is a N-dimensional Hilbert space.) For an unsorted database, we are
only provided with a testing function f(z), which takes as input an arbitrary
x from the database. By definition, the output of f is 1 if x is a solution to
the search problem, and 0 if not. In other words, f is a black box with the
ability to recognize the solution to the search problem. The internal workings
of f are not important in our discussion, but the value is that f(z) = d,,.
This test function is called an oracle. (It has a quantum version which is
discussed in §2.2.1.) We use number of queries to the oracle as complexity
measure. Any classical algorithm (essentially a random picking up of items)
takes O(N) number of queries. The Grover algorithm finds the target item
(with probability 1) in

Jtall = %\/N ~ 0 <\/N> ) N — 0 (2-1)

iterations (queries to the oracle), which is a quadratic speedup. We shall call
it a full search.

It occurs frequently in practice that less information is needed. For exam-
ple, the address of the target item in binary form is [t) = |b1bebs...b,), and
we want to find only the first 3 bits b1bybs. This means that the database is
partitioned into 8 blocks. All items in a block share the common feature such
that the first 3 bits being the same. We want to find the block containing
the target item. This is an example of partial search. The general problem of
partial search considers the following: An /N item database is partitioned into
K blocks, each of the same size

b= & (2.2)
A user wants to find the block containing the target item, instead of the
target item itself. The block with the target item is called the target block;
others non-target blocks. Partial search naturally arises in list matching [58].
Partial search is not only a compromise on accuracy for speed, but also has
it own significance. Partial search can find all items in the database which
share some features with the target item. This can be considered as a special
case of sorting problem. The GRK algorithm of partial search was suggested
by Grover and Radhakrishnan [57] and optimized in [59]. It takes ~ 7(1 —

coeff(K))v/N number of queries to find the target block. Here coeff(K) is a

76



finite positive number, which depends on K and has a limit when blocks are
large b — oo. GRK is the most efficient partial search algorithm known in
literature [53, 57, 59, 61, 62].

GRK can be applied in a sequence (one after another), i.e. after the first
GRK, the target block found can be further partitioned into sub-blocks. Then
a second GRK can be applied to find the sub-block containing the target
item (called the target sub-block). We shall call the sequence of GRK’s a
partial search hierarchy. In the hierarchical search we iterate GRK. A practical
example would be: In order to find a hotel, we first look at a State map and
then a town map. We shall see that the second GRK works faster than the first
one. Actually, GRK can be conducted repeatedly until we find the smallest
target sub-sub-block interested. The total number of queries is the sum of
queries of each GRK in the hierarchy. (We use number of queries as measure
of complexity.)

Alternative to a partial search hierarchy which finds the target sub-sub-
block, we could partition the database directly into sub-sub-blocks and use
GRK once: We shall call it direct partial search. Although each GRK works
faster than the previous one in the hierarchy, it is not guaranteed that the
total number of queries in the hierarchy (sequence of GRK’s) is less than that
of a direct partial search. On the contrary, we will prove that direct partial
search works faster, which is the main result of this chapter. For example,
consider a database partitioned into 2 blocks. Each block is partitioned into 2
sub-blocks, so totally 4 sub-blocks. One could first find the target block using
GRK, then the target sub-block using a sequential GRK. However, it is faster
to run a GRK directly over the 4 sub-blocks, which finds the target sub-block
once.

This chapter consists of six sections:

1. A introduction to the problem of database search (§2.1);

2. The Grover search algorithm (§2.2);

3. Mathematical formulation of the GRK partial search algorithm (§2.3);
4. A detailed study of the partial search hierarchy (§2.4);

5. A comparison between a hierarchical partial search with a direct partial
search and proof of the main result that the direct partial search works
faster (§2.5);

6. A brief summary (§2.6).
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2.2 The Grover Search Algorithm

In this chapter, we will consider different methods of partial search §2.3.1.
They are all built on the original idea of the full Grover search [41, 56, 65].
We study the Grover search in this section.

2.2.1 The Quantum Oracle

Let us formulate the problem. Consider a database of N items with one target
item. ! The database is associated with a Hilbert space with N normalized
basis vectors. The basis vector corresponding to item x is denoted by |z).
Suppose that we are equipped with a quantum oracle which has a similar
ability as the classical oracle to recognize the target item. This recognition is
signaled by making use of an oracle qubit (an auxiliary qubit also called the
working basis). Mathematically, the oracle is a unitary operator Uy defined by
its action on the computational basis:

Upl)ly) = [2)ly © (), (2:3)

where |x) is the address of the item in the database, @ denotes addition modulo
2, and the oracle qubit |y) is a single qubit which is flipped if and only if
f(x) = 1. The unitary operator U; serves as the quantum version of the
classical oracle, whose result depends on the value of the test function (classical
oracle) f(z) = 6,4+ We can check whether z is a solution (target) by preparing
|£)|0), applying the oracle, and measuring the oracle qubit (working basis) to
see if it has been flipped to |1). It is crucial that the oracle has an eigenstate

L(10) - 1)):

Uy|x) (%) = |z) <|O @ 5“>\;§|1 D 5x,t>)

= (=1)/@|z) <%) . (2.4)

Notice that the state of the oracle qubit is not changed. If we fix the oracle
qubit (working basis) at this eigenstate throughout the quantum search al-
gorithm, this auxiliary qubit can therefore be omitted. We could effectively

!Target item also called in literature marked item or solution.
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say
Usla) = (=1)/@|z) = L]), (2.5)

so that a query to the oracle is equivalent to a reflection I, about the plane
perpendicular to the target |t). (Note that the form (2.5) may suggests that
we actually know the target |t) which is not the real case.)

2.2.2 The Grover Algorithm

With the oracle well-defined, we now proceed on to the main algorithm. The
Grover search is a quantum algorithm which starts from the uniform superpo-
sition of all basis vectors in the whole database:

1 N-1
|s1) = N ; |z), (s1]s1) = 1. (2.6)

The algorithm searches for a single target item |t) iteratively. The Grover
iteration is a unitary transform:

Gl - _Isllt- (27)

Later we shall call it a global iteration in GRK. Here I, and I, are two re-
flections about the plane perpendicular to the target item |t) (this reflection
corresponds to a query to the oracle) and about the plane perpendicular to
the uniform superposition |s;) defined in (2.6), respectively:

I, = 1-=2[t){t],
I, = I—=2|s1)(s1],

where [ is the identical operator. The Grover iteration Gy, as a product of
two reflections, is a rotation in the Hilbert space from |s;) towards the target
|t) by an angle 26, defined by [65]

) 1

sin? 6, = N (2.10)
This fact is straightforward to verify either through induction or by finding
the eigenstates of the Grover iteration G;. Another way to see it is this:

Realizing that the amplitude of all non-target items are always the same in
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the algorithm, we define

N—1 items

1
|nt>:ﬁ ; |2). (2.11)

Then G becomes a rotation in the 2-dimensional space spanned by the or-
thonormal basis {|t),|nt)}. In this basis, |s1) is represented by

|51) = ( s, ) (2.12)

cos 6,

and G becomes

G, = < cos26; sin 26, > (2.13)

—sin26; cos 26,

After j; iterations the state of the database becomes [41, 65]

N-1
items

Ile N win (95 cos ((2j1 + 1))
G s1) = sin (271 + 1)61) |t) + N ;|x>. (2.14)

Therefore after jp = m/(460;) — 1/2 iterations the probability amplitude of |t)
becomes unity and amplitudes of other items all vanish. i.e.

G sy) = |t). (2.15)

As N becomes large jpy = 7/(460;) — 1/2 approaches (2.1). More rigorously
speaking, jp may not be an integer, so that we should have

T 1

Jean = CI (4—01 - 5) (2.16)

number of iterations, where CI(z) denote the integer closest to the real number
x. The error is of the order O (%), which can be corrected by repetition. More
details on Grover search can be found in Chapter 6 of [41].

2.3 The GRK Partial Search Algorithm

Now we proceed to quantum partial search in which the database is partitioned
into blocks and the algorithm searches for the block containing the target item.
We are particularly interested in the ideal problem that both the size of each
block b and thus that of the database N become large, with their ratio (number
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of blocks) K = N/b fixed. i.e.

N
b — oo, N — oo, K = 7 finite. (2.17)

2.3.1 Algorithms for Partial Search

Before introducing the GRK partial search algorithm (see §2.3.2), we first
look at a few other algorithms for comparison:

1. Naive Search

Pick a block randomly and make a full Grover search in it (which makes

RV % queries to the oracle). If we find the target item then we under-

stand that this is the target block. If not, then we discard this block
and pick another randomly. Make a full Grover search in it and repeat
this procedure till we find the target block. In the worst case the target
block will be the last one. So with probability 1 we have to use

(K—1m7
r(N,K) = 77 Z\/N (2.18)

iterations (queries) to find the target block.

A full Grover search finds the target item in (7/4)v/N queries. If we
know the exact address of the target item then we also know the tar-
get block. Comparing (7/4)v/N with r(N, K) in (2.18), we see that the
naive version is faster only for two blocks K = 2. (If K > 3 a full search
is faster).

2. Binary Search

Assume that K = 2 with k being a positive integer. Divide the database
into two blocks and make a full Grover search in one block. If the target
item is not found, then take the remaining block and divide it into two
sub-blocks. Pick a sub-block randomly and make a full search again in
it. Repeat the procedure until we are left with the last block. In the
worst case, the number of queries necessary to find the target block is

T 1 1 1
Z\/N{E—Fﬁ—l-...—i—w}, k =log, K. (2.19)

2(VK/2)(r/4)V/N queries on average.
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The first two terms in the braces of (2.19) are greater than 1 for K > 3,

1 1 V2+1

V2 2 2

So this algorithm is less efficient than a full Grover search, when K > 2.

> 1. (2.20)

3. Grover and Radhakrishnan Version

A faster version was found in [57]. Pick randomly a block and make a full
Grover search in the compliment (the set of all items in the rest of the
database). Either the target item (and block) is found after the search
or the picked block is the target block. This requires T1/b(K —1) =

4
TVIN,/ % queries. It is faster than a full search.

2.3.2 The GRK Partial Search Algorithm

L. K. Grover and J. Radhakrishnan also discovered a faster quantum algorithm
[57] for partial search which uses the same oracle as the main Grover algorithm.
Partial search also starts from the uniform superposition of all basis states
(2.6). A general structure of the algorithm is [53, 57, 59-62]:

Step 1. Global iterations:
J1 standard Grover iterations (2.7). After this step the state of database
is G7'|s1).

Step 2. Simultaneous local iterations in each block:
Jo local Grover iterations defined in (2.21) below. After step 2 the state
of database is GJ2G7'|s1).
Local iteration is defined by

K one K
Gy = P GEok = - (@ 132> I (2.21)

blocks blocks

It is a direct sum of Grover iterations (called local queries) defined in
each block

one

GHok = [ 1,. (2.22)
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In the expression [; is the same reflection (2.8), i.e. query to the oracle.
I, is a local reflection

ISQ =71 — 2|82><52‘. (223)

Here |s3) is the uniform superposition of items in one block

b items
1
so) = — > o). (2.24)
\/_ one block

Local iteration (G5 is a the Grover iteration in each block done simultane-
ously in all blocks. G5 acts trivially on non-target blocks. A non-trivial
operation (rotation) is present only in the target block with new rotation

angle 6y defined by

K 1
in?fy = — = —. 2.25
S Uo N b ( )

In other words, (G5 acts on non-target blocks as the identity; It acts on
the target block as a local rotation. Note that amplitudes of all items in
non-target blocks remain intact in this step.

Step 3. Location of the target block with a final global iteration [59, 61, 62]:
We have to vanish amplitudes of all items in non-target blocks. It can
be done by application of one more global iteration. The resulting state
is

b—1
items

d) = G1GEG |s,) = sinw|t) + \jzs__wl Sl (2.26)

TH#t
target block

The final state (2.26) is expressed as a superposition over items in the
target block only. This is realized by requiring that the amplitude of any
non-target block vanishes after the partial search, i.e.

(z|d) = 0. (2.27)

Here x is an arbitrary item in any non-target block. This vanishing
condition can be written explicitly as an equality for j; and jo, see (2.47)
and [59]. We shall call it a cancellation condition.
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The Mathematical Framework

Now let us follow the three steps above and find the cancellation condition
(2.27), hence the total queries to the oracle explicitly. Step 1 is nothing but
the first j; iterations of the full Grover search. We make use of the same
notations as in §2.2.2. These j; iterations are easily carried out by using the
eigenvectors of G:

Gilvf) = M|vi), Ali = exp (£2i6,), (2.28)
. .
z;ét

After j; queries the state of the database is

GJ's1) = sin (21 + 1)6) |t) + — (\(/2%)91) X_: ). (2.29)

x;t

During Step 2 local searches G5 are made in each block separately in
parallel. First let us consider the state of a non-target block at the beginning
of Step 2:

b items

nB) =an Y |7) =au Vb |s) (2.30)

one block

We can read the coefficient from (2.29) that

- cos ((2j1 + 1)61) (2.31)
N -1

The state of a non-target block does not change during the second step:
I;inB) = |nB) = —I,|nB) = G3|nB). (2.32)

Now let us consider the target block. After Step 1 its state can be obtained
from (2.29) to be

Vb—1

1B) = sin (21 + 1)01) [£) + cos (21 + 1))~ ntt)

(2.33)
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Here the |ntt) is a normalized sum of all non-target items in the target block:

b—1 items
> ), (nttntt) = 1. (2.34)

TH#t
target block

|ntt) =

1
vVb—1

Step 2 works as the Grover search within the target block with a different
initial state. It is also convenient to construct eigenvectors of Gy (in a similar
way as the eigenvectors of Gy, see (2.28)):

Galvf) = MWE). A= exp (22i).

¥y) = )+ ) (2.35)

1 1
—|t —|ntt
A1

We can resolve these equations as
i 1
ntt) = s (<l + i) = (W) + i) (2:30)

Now we can express the state of the target block in terms of the eigenvectors
of Gzi

B — Sin((2j1 +1 /N— 1 cos 2]1 +1)6y) )

sin2+ /—10082—1—19 B
+ ((]1 —— Jl 1) I3 )

(2.37)
After js iterations the target block will become
N o2ty [ b .
Gy'|B) = /5 [sm((le +1 N COS (251 +1) 91)] |¥3)
20272 b
t 5 [Sm((Zh +1)0) + iy cos ((21+1) 91)] 1y)

(2.38)
As a result, we can use (2.35) to express the state of the target block in terms

of the basis states .
|Ba) = G3'|B) = axlt) + ans|nitt) (2.39)
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and to calculate the amplitudes:

a; = cos(2j20,)sin ((25; + 1)61)

[b—1
+ N1 sin(2ja62) cos ((251 + 1)61) , (2.40)

Unye = —sin(2jq6y) sin ((271 + 1)6,)

N -1

c0s8(2j2602) cos ((2j1 + 1)64) . (2.41)

Before presenting the last step, we shall emphasize that different versions
of the last operation in Step 3 of GRK appeared in literature [53, 57, 59].
People have finalized (after Steps 1 and 2) the state [v) = G2GI'|s;) with
different operations I, —II;,, or G; = —I; I;. Grover and Radhakrishnan
used I, [57]. This makes one less query to the oracle but the amplitude of the
target item is negative in the final state I, |v). Article [59] used —I,1,, and
article [62] used G1. The last two version become the same in the large block
limit. This means that final states —I; I, |v) and G1|v) are equivalent (of the
same form) when b — oo, though I, and I; do not commute in general. We
choose (G in our formal presentation throughout this chapter because it uses
the same Grover iteration. However, in the calculations below (only within the
discussion of Step 3) we use —I;/,, instead for convenience. All statements
are valid for (G; because of the equivalence in the large block limit. Then Step
3 consists of the following operations. We start by application of the operator

— I, = —1 +2|s1) (5] (2.42)

(see (2.6)) to the state of the whole database. Consider an arbitrary vector

lv) = 2%@)- (2.43)

The operator —I, inverts the coefficients about the average:

N-1

— I, J0) =) dglr), b, =2a—a,,

=0 x

=

S

- (2.44)

Q
Il

l

[e=)

We see from (2.44) this is global inversion about average a, — 2a — a,. The
amplitude of an item which we want to vanish should be double average:
a, = 2a. We want to annihilate the amplitudes of items in non-target blocks
an: — 0. This means that the amplitudes introduced in the previous step
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should satisty a,; = 2a:

2
= b (K = D+ + VD=1 ay . (2.45)

see (2.34). We can re-write this in a form:

1 1
—N<§—§) Ut = a; + Vb —1 apy (2.46)

Substituting here the expressions (2.31), (2.40) and (2.41) we obtain the ex-
plicit cancellation equation:

N (% B %) cos (271 + 1)61)

N -1
= cos(2j262) sin ((271 + 1)64)
4 ]Z\’[__ll in(2ja0) cos (21 + 1)6)
— Vb — 1sin(226-) sin (251 + 1)6;)
+ b1 cos(2jq05) cos ((251 + 1)61) (2.47)

i

This equation guarantees that the amplitude of each item in each non-target
block vanishes:

I.[nB) = o0, (2.48)
181|BQ> = (at - ant)|t> + (antt —vb—-1 ant)|ntt>.

Here we used (2.39), (2.44) and a,; = 2a. Next, to prepare for a next partial
search we make an extra query and turn the target block into the final state:

|dy = —1,1|Bs) =sinwl|t) + cosw|ntt) (2.49)
= (at — a/nt)|t> — (antt —V b — ]_ ant)|ntt>

Below we shall call w the block angle, we shall show that it depends only on
number of blocks K.

Now we can perform a measurement. In the simplest case N = 2™ and
K = 2% we label blocks by k qubits (items inside of a block are labeled by
n — k qubits). We measure only k block qubits and find the target block.

Let us remark that we could have replaced the whole Step 3 by appli-
cation of a single global iteration Gy to the database (see (2.7)) and make
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measurement of the block qubits. The state |d) (2.49) of the target block
before measurement is not altered in the large block limit.

The Large Block Limit

To see universal features we consider the limit when each block is very large.
In the large block limit b — oo, the total number of items is also large N — oo,
while the ratio K = N/b is kept finite. Then the expression for rotation angles
(2.10) and (2.25) simplifies:

(2.50)

91—>

T 2 T -
VN Vb
It turns out convenient to re-write numbers of iterations in a scale form [57]

ji = G - \/%) VN,  jp= %x/ﬁ (2.51)

Here 1 and « are parameters of order 1 (they have a limit). Then the arguments
of trigonometric functions in (2.47) become

NN

2n
VK’
Now the cancellation condition (2.47) takes the following form
1 1 2
VKD (5 . —) sin <—") (2.53)

K NG
1

e (21 L uzan (20)

—v/bsin(2a) cos (5—%) + \/g cos(2a) sin (j—%) .

For b — oo the leading contribution in this equation is of order vb. We can
neglect contribution of the target item into the equation (first two terms in
the r.h.s.). So we can simplify the equation (2.53) to

R 23

— sin(2a) cos <5—%) _ \/%COS(QQ) sin (j—%) L @25
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Therefore, the vanishing condition (2.27) and (2.47) in terms of these param-
eters simplifies in the large b limit as [53, 59]

¢ 2n 2\/? sin 2a
an| —=)=———.
VK K — 4sin® a

At this point, we also calculate the block angle w in the expression for the final
state of the target block (2.26) or (2.49):

1 2 1
TP + (E — 5) tan o (2.56)

Now we specify ranges of these parameters a and 7 introduced in (2.51).
Because of the constraint (2.55) relating the two parameters, it is sufficient
to specify the range of . As seen from (2.26) and (2.56) that amplitudes
(of items in the database after GRK) depend on sin (2j262) ~ sin(2a) and
cos (27202) ~ cos (2a). So that it is sufficient to take values of a within one
period: « € [a,a + 7|, with a some real number determined later. We are
looking for the exact boundaries of « set by physical considerations.

Query numbers (2.51) are non-negative:

(2.55)

tanw =

(T
Ji= (4 \/E) VN >0, (2.57)
p = ——=VN > 0. (2.58)

Total query number ~ (j; + ja) (see (2.65) below) should be less than that of
a full Grover search:

o T oa—n m
=|{- N < —+vN. 2.
J1+ Jo (4+\/E)\/_—4\/_ (2.59)
These three inequalities (2.57), (2.58) and (2.59) yield that

0<a<n< %\/E. (2.60)

We use constraint (2.55) to express 7 as a function of «

n(a) = %\/EArctan <[2(\/Eﬂ> (2.61)

— 4sin® o
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4] 5 | 6 | 10 | oo
2 ] 1.22683 | 1.15100 | 0.956221 | 0.947747

Table 2.1: Upper Bound of «

with function Arctan(z) multi-valued. But according to (2.60), we have

2V K sin 2
0 < Arctan <M> < (2.62)

K —4sina | ~ 2
Therefore we could take the principal branch arctan (z). Now inequality (2.60)
becomes
1 2V K sin2
0 < a < VK arctan L,HQQ < E\/? (2.63)
2 K —4sin”" o 4
This inequality determines range of a.

The solution of (2.60) (or (2.63) equivalently) can be written in the follow-
ing form:

0 <a<ag(K). (2.64)

Here the upper bound ap(K) is a function of K. When K = 2, 3 or 4,
ap(K) coincide with the singularities of n(a). (K — 4sina = 0 at these
singularities.) When K > 5, values of ap(K) can be solved numerically. As
K increases, ag(K) approaches a certain positive number apg(oc). This limit
ap(o0o) = 0.947747 ... is the solution of @ = sin (2«). (Inequality o < n(«)
becomes a < sin (2a) as K — o00.) The value of ag(K) always lies in between
ap(oco) and § when K > 5. We list these results in Table 2.1.

The Optimization

It is preferred that the partial search makes the least number of queries to
the oracle. We discuss the optimization of the partial search algorithm in this
section. (See [59] where the GRK was first optimized).

The total number of queries is

4 VK

It has to be minimized subject to the constraint (2.55). The minimum number

S(K)Ej1+jg+1IH—°>°(E+a_n) VN, (2.65)
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of queries is achieved at

n(K)= %\/?arctan (%) . a(K)= %arccos (%) .

(2.66)
Thus the minimized number of queries of GRK partial search (as a function
of K) is

S (K) = <f Lol - "(K)> VN. (2.67)

Note that a — n is negative and number of blocks K > 2 in a non-trivial
situation.

Now we prove that (2.66) is the global minimum of o — 1 under constraint
(2.55). We have used (2.55) to express 1 as a function of «

\/F 2\/? sin 2a
n (Oé) = T arctan m . (268)
Now we define a function
fla)=a—n(a) (2.69)

which we want to minimize within the range 0 < o < ag(K). We first prove
that (2.66) is a local minimum of f(«).
1. Case K > 3
The first derivative of f(a) is

16(K — 1)sin* a — 4K?sin® a + K?

/ _ .
@) 16(K — 1)sin* o — 8K sin® a — K2

(2.70)

It vanishes at (2.66) with sin? o = ﬁ. We calculate next the second
derivative

4K sin 20[4(K—1)(K -2 22a4+16(K—1 204+(K—2)2(K+2
f//(a) - - = [)1(6(K—)1():(§n4 oztSK(sin2 ()1(?15(2];’_( Ll : (271)

Note that the value of the denominator at (2.66) is %, which is
strictly positive as K > 3. The numerator is also positive because both
sin 2« and cos2a are positive at (2.66) with K > 3. (See §2.3.2 for
the range of a(K).) Therefore f'(a) = 0 and f”(a) > 0 at the solution

(2.66), so that (2.66) is a local minimum for K > 3.
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2. Case K =2

The case that K = 2 is more subtle. Expression (2.66) yields that o = 7
and 7 = -“=. However, both first (2.70) and second (2.71) derivatives of

2v2
a — n(«) vanish at this critical point. The third derivative is non-zero:
["(a = %) = —4. So we expand function o — n(a) about the critical
point

a—’r](a)|K:2:—% (a—%)g—i—(’)((a—%y). (2.72)

We see that a = 7 is actually a saddle point due to the non-vanishing
cubic term. The form (2.72) suggests that if o goes greater than 7, value
of function a—n(«) could be further reduced than the value at the saddle
point. However, a = 7 is a boundary set by physical considerations (see
Table 2.1). Definition of o and 1 in (2.51) involves query numbers j;
and jo, which are non-negative. Therefore j; = <§ — \%) VN >0, i.e.
n < ﬁi Now if we allow a to go beyond 7 and write

’7T+5 ™
o= — s = —
LW

4
Here § and e are infinitesimals, § > 0. Then constraint (2.55) requires
that

+e. (2.73)

€= (2.74)

So that n would be greater than the physically allowed maximal value
ﬁé and j; would be negative j; = —\%\/N . This analysis showed that
o can never go beyond § and function a — n(a) is minimized at this
boundary. Therefore, expression (2.66) as a local minimum is also valid
in the case that K = 2.

Now we have proved that the critical point (2.66)

o (K) = arcos (%) (2.75)

is a local minimum of f(«). Note that f(«) is analytical as 0 < a < ap(K)
and there is no singularity in this range any more. Therefore we can claim
that this local minimum (2.75) is also global by comparing the value of f(«)
at (2.75) with those at the boundaries. (We always have 0 < a(K) < ap(K)
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K| f(0) | f(a(K)) | flap(K))

2] 0 |2(1-+v2)~—0325323 | T (1—+2) ~ —0.325323
310 -0.337008 -0.313152
i10 -0.330837 0

Table 2.2: Comparison of values of f(a) at different points.

and equality holds only for K = 2.) We list the comparison results for K = 2,
3 and 4 in Table 2.2.

When K > 5, f(0) = f(ag(K)) = 0, while f(a(K)) < 0. Therefore, we
conclude that the critical point (2.66) or (2.75) is always the global minimum.
Thus we have completed the minimization.

In the large block limit, at the minimum (2.66) the w appeared in (2.26)
takes a particular simple form [59]

w=a(K),. (2.76)

As a consequence, the state of database after GRK (2.26) or (2.49) is the
following: The amplitudes of items in non-target blocks all vanish and the
state of the target block is

b—1
items

|d):sina(K)|t)+% Y ). (2.77)

TH#t
target block

2.3.3 Different Partitions of a Database

Before ending this section, we briefly discuss the partition of a database into
blocks. A data base of IV items can be partitioned into blocks in different ways.
For example, items in one block may have the first 3 bits of their addresses the
same for one partition or the last 3 bits the same for another partition. For a
database partitioned into K blocks of equal size b = N/K, there are totally

N!

PIN.K) = B E K|

(2.78)

different ways of partition. We could use ancilla qubits (also called additional
or auxiliary qubits) to label these partitions. As N and b both being large, we
shall need

logy P(N, K) ~ Nlog, K — log, K! (2.79)
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ancilla qubits. For example, if we have N = 4 items and K = 2 blocks,
then the number of partitions is P(4,2) = 3 and we shall need log,3 ~ 2
ancillas. In practice, The number (2.79) can be further reduced if we only
label the partitions commonly used, not all partitions. Then we can run GRK
simultaneously for those selected partitions. When a user measures ancilla
qubit in his/her favorite partition, the target block will already be found by
that time.

2.4 The Partial Search Hierarchy

A partial search hierarchy is a sequence of GRK’s. After location of the target
block, we may consider a subsequent GRK partial search: The target block
is further partitioned into K sub-blocks and we search for the sub-block con-
taining the target item (target sub-block). For example we can use Google
Earth to find the State of New York first on the map of USA and then make
a sequential search for Stony Brook in the State map.

We shall show below that a sequential GRK can be done faster than the
first GRK. The coefficient /4 in (2.67) is replaced by a smaller number:

™ 7w 1 K -2
T Tr_- i 2.80
171 4arccos(2(K_1)> (2.80)

Each successive GRK works faster than the previous one for two reasons. First,
the new database is smaller (only one block of the previous one). Second, the
initial state of the new database (2.77) can be represented in different forms
(2.82) and (2.92) below. We see that for sequential GRK, the initial state is
no longer a uniform superposition of basis vectors of the new database. It is
an unevenly weighted superposition with emphasis on the target |t), see (2.82)
and (2.92). In other words, the new initial state of the database is equivalent
to a partially searched (though not fully searched) one. This fact was studied
in [59]. It has been shown that after the first GRK the state of the target
block (new database) can be written as ((2.77) re-written)

b1
items

|d) = G1G2 G |s1) = sina(K)|t) + % Z |z). (2.81)

target block

We have used relation (2.76). Compared with (2.29), we see that the state
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after the first GRK (2.81) takes the form

J2 (11 GG
d) = GiGEG 1) = Gy ® Vs, (2.82)
which serves as the initial state of the sequential GRK.

For notational convenience, we use a ~ to indicate variables in the sequen-
tial GRK and make the following definitions:

Number of items in new database : N = b= Kb, (2.83)
Uniform superposition of new database :  [$§7) = |s2), (2.84)
New global inversion : I3 = I,, (2.85)
New global iteration : Gy = G, (2.86)
New global rotation angle : 6 = 65, (2.87)
b items
Uniform superposition of one sub — block :  |$5) = L~ Z |z),
sub—block
(2.88)
New local reflection : Iy =1 — 2|35)(3s|, (2.89)
New local iteration : Gy = —I;, I, (2.90)
New local rotation angle :  sin®6@, = % (2.91)

Written in these notations, the initial state of new database (2.82) is equivalent

to a partially searched one with @\/ N new global queries, i.e.

. . _ a(K) Y
d) = GGGl sy = Gy VY

151). (2.92)

Steps of the sequential GRK can be written in parallel with the first GRK
using new notations (2.83)-(2.91). The resultant state of target sub-block is

. e S W RN/
|d> = GlGQJ Glj (G1 ﬁ‘81>)

~ b—1 items
= sino|t) + Y . (2.93)

Vi-1

TH#t
target sub—block

Note that the vector in the parentheses is |d) of (2.77). We also have (similar
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to (2.27))

(z|d) = 0, V x € {items of non — target sub — blocks} . (2.94)

This yields cancellation condition relating j; and j, (see [59]):

% (% - %) cos (2}191 + a(K)) (2.95)

= €08(2)265) sin (2}151 + a(K))

b—1 . - - - -
+ 1 sin(27,65) cos <2]191 + a(K))

—Vb — 15in(27j265) sin (23151 + oz(K))
b—1

t—

VN -1

We introduce parameters 7 and & defined by

COS(2526{2) COS <2§1€~1 + Oé(K)) .

-~ (7 a(K) 7l = ~ /3
—(Z‘T‘ﬁ> VN, h=avh (2.96)

Similarly, the algorithm is also optimized [59] in the large sub-block limit:
b — 00, N = Kb — oco. In the limit, the angles (2.87) and (2.91) simplify as

- - 1

The minimum is achieved at

7(K) = 2VRarctan (ﬁ) 0 (K),

K -2
a (f() = %arccos (%) =« <}N(> . (2.98)
Similar to (2.76), we have in the large sub-block limit
& = a(K). (2.99)
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As a result the number of queries of the sequential GRK is

w2 (8) () =

m
i Vi

5(K,f() =ht+h41y
(2.100)

In principle, sequential GRK’s can be conducted successively until the
smallest target sub-sub-block is found. Here arises a question on the efficiency
of the hierarchical partial search, 7.e. whether or not is a sequence of GRK’s
works faster than a direct GRK partial search of the smallest sub-sub-blocks.
As will be shown in the following section, a direct GRK partial search makes
less queries in the quantum case.

2.5 Comparison of Hierarchical Partial Search
with Direct Partial Search

The partial search hierarchy forms a sequence of GRK’s. It starts from search-
ing for the largest target block and ends with searching for the smallest target
sub-sub-block. On the other hand, it is also possible to partition the database
directly into the smallest sub-sub-blocks and use a single GRK to find the
target sub-sub-block in one time. One question of significance is whether the
hierarchical search works faster than the direct search or not. This question
is of practical importance and the answer turns out to be negative. We prove
the statement by studying the first two successive GRK’s in the hierarchy.

We have already derived the optimized number of queries of the first two
GRK’s in (2.67) and (2.100), respectively. So that the total number of queries
is the sum:

T(K,f() = S(K)+S<K,f() (2.101)
r g+tat) ) oK) (K
= Z+ + \/E n 4 (>K[~((> \/N

On the other hand, if the database is partitioned directly into KK blocks, a



K| K |S(KK)/VN | T(K,K)/VN | (T(K,K) - S(KK))/vN
212 0.61548 0.670379 0.054899
213 0.646015 0.695421 0.049406
3| 2 0.646015 0.721158 0.075143
2| 4 0.664521 0.71289 0.048369
4 | 2 0.664521 0.73929 0.074769
3| 3 0.671394 0.741605 0.070211

Table 2.3: Numerical Examples of Query Numbers.

direct GRK algorithm would require

. . a(K~)—n(KK'> IR
S (KK) ~ |2+ . N (2.102)
4 VKK
queries instead. Let us compare T'(K, K) and S(KK), assuming that both
K >2and K > 2.

2.5.1 Numerical Comparison of Query Numbers and
Asymptotic Analysis

Before giving the complete proof, we illustrate the fact that 7" > S (A direct
partial search works faster) by looking at a few concrete examples. Here in
Table 2.3 we give a few numerical examples of query numbers S(K K ) and
T(K, K) as well as their difference, for a better understanding. It is clear that
each T'— S is positive in the last column.

Independently, when number of blocks and sub-blocks both being large,
i.e. K — 00, K — oo, asymptotic forms of a(z) and n(x) when z — oo are
obtained from (2.66) as

a(q;)NZ_F;_Fﬁ (x)N£+ 1 _|_11\/§
6 2v3x (602 > o3z | 9022

Then the query numbers (2.101) and (2.102) take asymptotic forms using

(2.103)
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(V3 1 1
_6_7+5\/§(2Kf()2] _KR}JN (2.104)
(= V3 1 19v3 | 1

TI\37 %) T aBK T W0GKR| VE

T V3 1 1
i T 5\/§(zf()2] Kf(} VN. (2.105)

As for the difference T'— S of query numbers, the ratio K/ K becomes relevant
in determining the asymptotic behavior. There are three possibilities:

+

1. If K/f( — 0, then 1/K is dominating, and

2. If K/K — oo, then 1/K is dominating, and

ot

T(K,K)— S(KK) ~ ( ! 2K

_ 1
m[( : )ﬁ (2.107)

3. If K/K — finite number, then we have the same result as (2.106).

In both the expressions (2.106) and (2.107) the coefficients of 1/v/N are
positive. Up to now we see that T" > S. Now let us formally prove as a
theorem (2.111) in the next section §2.5.2 that T > S in general, when K > 2
and K > 2.

2.5.2 General Proof of the Inequality

Now we prove that T' (K , K ) -5 (K K ) is always positive in the region both

K, K € [2,400). In order to complete the proof we need the following two
lemmas.
Lemma 2.1

% + (%a - n) (x) >0, V€ [2,+00). (2.108)
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Proof Vx € [2,+00)
The derivative [Z + (2a — 77)}/ (x) = ﬁf (x) with

— 3 N V3x—4 . / _ —9z4+8
f(z)= 7= — arctan 5=, While f (x) —21( oD < 0, so that f ()

monotonically decreasing. Further, since that f(2) = 75 —5 >0, f(2) sy

0, then continuous function f (z) > 0 in the region. (f(x) is positive at one
point z = 2 and tends to zero as x tends to infinity. As a continuous and
monotonic function, f(x ) can never become negative nor zero in the region.)
Therefore [Z + (1o — 7])] (z) > 0, so that T+ (3o — 1) (z) is a monotonically

3= 2\[7r > (0, we conclude

1ncreasmg function of z. With % + (1o — 77) (2) =
that Z + (2a—17) (2) > 0 in the region.

Lemma 2.2

(v — ) (x) monotonically decreasing, Vaxe[2400). (2.109)
Proof V€ [2,+00)
The derivative (o —n)’ (z) = ﬁg (z) with g(z) = L2 — arctan Y222,

While ¢/ (z) = Wm > 0, so that ¢ (x) monotonically increasing. Fur-

ther, since that ¢ (2) = v2 -2 <0, g(z) *228° 0, then continuous function
g (z) < 0 in the region. (g(x) is negative at one point z = 2 and tends to
zero as x tends to infinity. As a continuous and monotonic function, g(z) can
never become positive nor zero in the region.) Therefore (a —n) (x) < 0, we
conclude that (o« —n) (z) is a monotonically decreasing function of = in the
region.

Having proved these two lemmas, we look at the structure of T' <K , K ) —
S (KK) using (2.101) and (2.102):

T (K, f() By (Kf()

(et o)Ll R) () } VN, (2110)

Making use of Lemma 2.1 (2.108), we see that the numerator T + fa (K) —
n (K) of the first term appearing in the brace of (2.110) is positive for K >
2. Making use of Lemma 2.2 (2.109) and since KK > K, the monotonic
property of a—n ensures that « (K) —n <I~(> > o (KK) —n (Kf(). So that
the second term in the brace of (2.110) is also positive for both K > 2 and
K > 2. Therefore the whole brace of (2.110) is positive. As a consequence,
we conclude our result in the following theorem:
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Theorem 2.1
T(K,f() > S(Kf(), VK, K €[2,00). (2.111)

i.e. Hierarchical partial search makes more queries to the oracle than direct
partial search. Direct GRK partial search works faster.

2.5.3 Hierarchy with Many GRK’s

Theorem 2.1 (2.111) can be extended to the case of hierarchical search with
an arbitrary number of GRK’s. The direct GRK always works faster. We
prove the statement as follows.

Consider a hierarchy with m GRK’s. Assume that m > 2. We denote the
whole operations G G]; G{l of each GRK by one symbol and define an operator

G=GGEG). (2.112)
The hierarchical search works on the initial state |s;) as

Gm - .. G3G2G1]s1), (2.113)

where the sub-index denotes position of the GRK in the hierarchy (sequence).
The proof can be written formally in the following way. Define the total
number of queries of the hierarchy

T(K.,Ky,...,K,)=S(K)) + Zm: S(K;_1, K;). (2.114)

Here K; is number of ‘sub’-blocks in the i*! partition of database. (We denoted
K, and K, by K and K respectively in previous sections.) S(K;) is number of
queries of the first GRK, and S(K;_1, K;) that of the i*" GRK in the hierarchy.
Note that S and S are not of the same function form. S takes the form
corresponding to a direct GRK (2.67):

S(K,) = G + O‘(Klz/%7<Kl)) VN. (2.115)

While (for i > 2) S takes a form of sequential GRK similar to (2.100):

G T oK) | a(K) —n(K) VN
St k) = (§ - 257+ SR ) TR

(2.116)
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(We denoted S(K;) and S(K1, K3) by S(K) and S(K, K) respectively in pre-
vious sections.) Let us substitute these expressions into (2.114):

T(K17K27"'7Km>
T4 LK) — . a _
_ {%Jrzzm_ll +ba(K) 1K) | a(kn) W(Km)}\/ﬁ' (2.117)

VI K; VI, K

On the other hand, if we partition the database directly into the smallest sub-
blocks, then the number of these sub-blocks would be [, K;. A direct GRK
will locate the smallest target sub-block. This would require

s (ﬁ KZ) _ {% S LT } VF s

queries to the oracle. Therefore the difference of (2.117) and (2.118) is

T (K, Ko, ..., Kp) — S (ﬁ[() (2.119)

SEE \(/Mm L (a=n) (K@%ﬁ MR
i=1 H;:l K; =

We will show that this expression is always positive when each K; > 2. Using
Lemma 2.1 (2.108), we see that each term under the summation of (2.119)
is positive. Using Lemma 2.2 (2.109), v — n is a monotonically decreasing
function. Note that product of all K;’s is larger than K,,, we see that the
remaining term in the brace of (2.119) is also positive. Consequently, we
conclude our result in the following corollary:

Corollary 2.1

T(Ki, Ky, ..., Ky)>S (H KZ-> . VK €[2,+00). (2.120)
=1

i.e. A hierarchy of an arbitrary number of GRK’s makes more queries to the
oracle than a direct GRK. Direct GRK partial search always works faster.

2.6 Summary

This chapter studies quantum search. Built from the Grover search algo-
rithm, the optimized partial search algorithm called GRK is discussed. We
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have studied a partial search hierarchy and compared it with a direct partial
search (GRK). Consider a database of N items with a single target item. The
database is partitioned into K blocks, each block further partitioned into K
sub-blocks. Hierarchical search is that we use GRK and sequential GRK to
find the target block and target sub-block, respectively. Successive GRK’s can
be made if the database is further partitioned. Each sequential GRK in the
hierarchy works faster than the previous one. However, the total number of
queries to the oracle adds up. The main conclusion is that a partial search
hierarchy works slower than a direct partial search, see Theorem 2.1 (2.111)
and Corollary 2.1 (2.120). For example, consider a database partitioned into
3 blocks. Each block is further partitioned into 3 sub-blocks, so totally there
are 9 sub-blocks. One could first find the target block using GRK, then the
target sub-block by a sequential GRK. Nevertheless, it is faster to run a GRK
partial search directly over the 9 sub-blocks and find the target sub-block once.

Note: Only the class of algorithms using the standard Grover oracle was
considered in the chapter. This means that if one has already built the main
Grover algorithm experimentally, then we do not need any new hardware to
run the GRK algorithm. Another advantage of using the same oracle I, as
the main Grover algorithm is more subtle: We can use ancilla (additional or
auxiliary) qubits to label different partitions of the database into blocks of
equal size b= N/K. Then we are able to run GRK algorithm simultaneously
for different partitions. (See §2.3.3 for more details.) Later a user can measure
the ancilla qubits and choose his or her favorite partition, by that time the
target block already will be found.
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