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Abstract

The criticality of the ferromagnetic long-range transverse-field Ising chain (LRTFIC) with pe-
riodic boundary conditions and power-law decaying Ising coupling is studied using the Density
Matrix Renormalization Group (DMRG). The ground states of the systems at different values
of the transverse field h are obtained using DMRG. From these ground states, a quantity called
crosscap overlap can be extracted efficiently. This thesis suggests that the crosscap overlap
can serve as an indicator to identify the critical points of the LRTFIC. The estimated critical
points are further verified by data collapse. For the decay exponent o = 3.5, the LRTFIC
belongs to the short-range regime. DMRG is performed on systems with different sizes up
to N = 280. The critical point is estimated to be h. &~ 1.25, at which the crosscap overlaps
approach the exact value of the short-range Ising chain as the system size grows.






Popular scientific summary

Fasovergangar beskriver hur materia kan &ndra sitt tillstand. Till exempel fryser vatten till is
eller kokar till &nga nér temperaturen andras. Temperaturen vid vilken en fasévergang sker
ar den kritiska punkten. Runt den kritiska punkten uppvisas manga intressanta beteenden. I
vissa kvantmaterial kan dock en tillstandsférdndring ske dven vid absoluta nollpunkten, dar
vanlig termisk rorelse har forsvunnit. Dessa forandringar kallas kvantfasovergangar. De drivs
av kvanteffekter och av externa parametrar sasom magnetfalt.

Denna avhandling studerar en enkel men viktig modell: Isingkedjan med langrackviddig
transversellt falt. Man kan forestélla sig den som en linje av manga magneter. Varje magnet
tenderar att rikta in sig med de andra, medan ett externt filt forsoker vrida dem i en annan
riktning. Nar féltet dr svagt foredrar magneterna att peka tillsammans. Nar féltet ar starkt
dominerar det externa faltet. Mellan dessa tva faser finns det en kritisk punkt, dar systemet
andras fran en typ av beteende till en annan. Det sarskilda med modellen som studeras har ar
att magneterna inte bara interagerar med sina narmaste grannar. De kan ocksa kdnna mag-
neter langre bort, men denna paverkan blir svagare med avstandet. Sadana langrackviddiga
interaktioner ar relevanta for moderna kvantsimulatorer, till exempel system gjorda av fangade
joner eller hogt exciterade atomer, dar interaktionernas styrka och rackvidd kan kontrolleras
experimentellt.

Avhandlingens huvuduppgift &r att lokalisera den kritiska punkten for den langrackvid-
diga modellen med hjalp av numeriska simuleringar. Metoden, densitetsmatrisrenormaliser-
ingsgruppen, ar ett kraftfullt satt att approximera det lagsta energitillstandet hos ett stort
kvantsystem. Fran detta tillstdnd extraherar avhandlingen en storhet som kallas crosscap
overlap, vilken anvénds som en indikator for att lokalisera de kritiska punkterna. Resul-
taten visar att crosscap overlap kan anvindas for att identifiera den kritiska punkten for den
langrackviddiga Isingkedjan inom det studerade parameteromradet.






Acknowledgements

I am deeply grateful to my supervisor Hong-Hao for the detailed guidance throughout this
project. His careful suggestions on scientific writing greatly improved the structure and read-
ability of this thesis. I would also like to thank Wei Tang for providing valuable programming
help in Julia, which made the implementation and debugging stages of the numerical work
more efficient. Additionally, I am sincerely thankful to my co-supervisor Anders for helping
me access the necessary computational resources. Finally, I acknowledge the use of Chat-
GPT for checking the typos and grammar of the written text, as well as OpenCode for the
improvement of code.






List of abbreviations

1D

2D

CFT
DMRG
FSS
LRTFIC
LRTFIM
MPO
MPS
OBC
PBC
QPT
SVD
TFIC
TFIM

One-Dimensional

Two-Dimensional

Conformal Field Theory

Density Matrix Renormalization Group
Finite-Size Scaling

Long-Range Transverse-Field Ising Chain
Long-Range Transverse-Field Ising Model
Matrix Product Operator

Matrix Product State

Open Boundary Condition

Periodic Boundary Condition

Quantum Phase Transition

Singular Value Decomposition
Transverse-Field Ising Chain
Transverse-Field Ising Model






Contents

Density Matrix Renormalization Group (DMRG)|

2.1 Tensor metworksl . . .. ... ... oo
2.1.1 Matrix Product States (MPS)|. . . . . ... ... ... ....
2.1.2  Matrix Product Operators (MPO)[ . . . . .. ... ... ...
2.2 DMRG algorithm|. . . . . .. ... ... ... ... ... ... ....

B

Quantum phase transitions|

3.1  Critical exponents| . . . . ... ... ... .. oL
[3.2  Quantum-classical mapping| . . . . . .. ... oL
3.3 Finite-size scaling|. . . . . .. . ... oo Lo
3.4 Crosscap overlaps|. . . . . . . . ... oo

Some exactly solvable models and their DMRG results|

4.1 'The Heisenberg chain| . . . . . . ... ... ... ... ........
42 The XXZ chainl . . . . . . . . ...
4.3 The Haldane-Shastry modell . . . . . . . ... ... ... ... ....
4.4 The transverse-field Ising chain| . . . . . . ... ... ... ... ...

The long-range transverse-field Ising chain (LRTFIC)|

5.1 Previous studies on the LRTFIC| . . . . ... ... .. ... .....
[5.1.1  Limiting cases of the LRTFIC|. . . . .. ... ... ... ...
[5.1.2  Critical regimes of the LRTFIC|. . . .. ... ... ... ...

b2 DMRG results on the LRTFIC| . . . . .. ... ... .. .......

Summary and outlook|

11

13

15
15
16
20
21

25
25
26
27
28

31
31
31
33
33

35
35
35
36
37

41






Chapter 1

Introduction

Quantum phase transitions (QPTs) are one of the essential subjects in condensed matter
physics and quantum many-body problems. QPTs occur at zero temperature, at which the
thermal fluctuations are eliminated and the quantum fluctuations take effect, and are governed
by a non-thermal parameter such as pressure or an external field. The transverse-field Ising
model (TFIM) has long been one of the paradigmatic models for studying QPTs. The 1D
TFIM, transverse-field Ising chain (TFIC), which is exactly solvable and can be mapped to
the 2D classical Ising model, has been comprehensively studied both theoretically [I], 2] and
experimentally [3] [].

The TFIM only contains nearest-neighbor interactions. However, many quantum simula-
tors like Rydberg gas [5], trapped ions [6], and real-world materials like spin ice [7] and the
dipolar interaction material LiHoF, [§] have long-range interactions. This thesis focuses on
the ferromagnetic long-range transverse-field Ising chain (LRTFIC), whose Hamiltonian is

N
H=— JUO'Z‘O-]' h g;,
=1

1<i<j<N

where h is the external field and the coupling strength J;; follows a power-law decay with
the decay exponent o, i.e., J;; ~ ﬁ The LRTFIC is not exactly solvable, and the main
theoretical methods to study it are mean-field theory and renormalization group [9-11]. Ex-
perimentally, quantum simulators with an adjustable decay exponent a can be realized by
trapped ions [12]. Numerically, quantum Monte Carlo [I3HI6] and tensor networks [I7-19] are
the main methods to study its critical behaviors (such as locating critical points and computing
critical exponents), by means of Binder cumulants and data collapse of magnetization and/or
susceptibility. Both theoretical and numerical results support that there are three regimes of
the LRTFIC, depending on the decay exponent « [9, [11],[16]. For o < 5/3, the LRTFIC belongs
to the long-range mean-field regime. For a > 11/4, the LRTFIC belongs to the short-range
regime. In between, the critical exponents vary continuously and connect the two regimes.
Very recently, the crosscap overlap has been proposed as an efficient way to study the
critical behaviors of models that can be described by conformal field theorsf] The crosscap

LAt criticality, the systems have scale invariance. In many cases, the scale invariance can be promoted to
conformal invariance, meaning the system is invariant under conformal transformations. Conformal field theory
is a quantum field theory that studies such systems.
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14 CHAPTER 1. INTRODUCTION

overlap is the overlap between a quantum state and a crosscap stateﬂ Many quantities, such
as the Klein bottle entropy [20] and Luttinger parameter [21], can be computed by crosscap
overlaps. For the TFIC, the crosscap states are related to the Kramers-Wannier duality, and
the universal scaling function associated with the perturbed TFIC can be obtained from the
crosscap overlaps [22].

This thesis uses density matrix renormalization group (DMRG) to obtain the ground-state
wavefunction of the LRTFIC and extract the crosscap overlap as an indicator of critical points.
DMRG is one of the most accurate numerical methods, especially for 1D lattice models, and can
give the ground-state energy and the ground-state wavefunction in the matrix product state
(MPS) form, from which many observables including the crosscap overlap can be extracted
efficiently. The theoretical studies of the crosscap overlap in the TFIC showed that it has an
exact value at the critical point and is free from any finite-size corrections [22]. Therefore,
the crosscap overlap can potentially be a good indicator of the critical points for the LRTFIC
when its critical behaviors are the same as the TFIC with short-range interactions. Our results
show that the finite-size corrections are significant for the LRTFIC, but a precise critical point
can be obtained by a simple extrapolation. The critical points are obtained for three values of
a, all of which are consistent with previous studies.

The thesis is structured as follows. Chapter [2| briefly reviews the tensor network notation,
matrix product state, matrix product operator (MPO), and the DMRG algorithm. Chapter
briefly introduces the quantum phase transition and some related important concepts. Chapter
tests the DMRG algorithm on some exactly solvable spin-1/2 models, including the Heisen-
berg chain, the XXZ chain, the Haldane-Shastry chain and the TFIC, and shows how to use the
crosscap overlap as an indicator of critical points. Chapter [§ first introduces previous studies
on the LRTFIC along with its important properties, then explains the process of pinpointing
the critical points of the LRTFIC, and finally presents the DMRG results on the LRTFIC with
the obtained critical points. Chapter [6] summarizes this thesis and discusses future directions.

2A crosscap refers to a circle with all pairs of antipodal points identified (glued together). A crosscap state
corresponds to the crosscap boundary condition of the cylinder obtained from quantum-classical mapping.



Chapter 2

Density Matrix Renormalization
Group (DMRG)

In this chapter, we briefly review the DMRG method. We start by introducing the graphic
notation of tensor networks in Section[2.1] and then discuss the DMRG algorithm in Section[2.2]

2.1 Tensor networks

We start by introducing the graphic notation of tensor networks. Consider a single spin-1/2
particle in a superposition state

)y = Adls).
s=0,1
The superposition coefficients A, form a tensor A (in this case, “vector”). The Hermitian
conjugate of [¢)) is
W=D Ai(s|.
s=0,1

In the same basis, an operator O can be written as

0= Z Oss |5) <s'

Y

where the coefficients Ogy form a tensor O (in this case, “matrix”). They are depicted in

Fig.

N
e N

S
|
0]
|
S/
Figure 2.1: States and operators in the graphic notation.
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16 CHAPTER 2. DENSITY MATRIX RENORMALIZATION GROUP (DMRG)

Connecting two tensors means a summation over the index on the leg that is connected. By
connecting these tensors, we can represent some physical quantities, such as the inner product

Wloy=| 2 ArGl] | Do Asls) | = D Ai4,,
s=0,1 s=0,1 s=0,1
an operator acting on a state
Olp) =D O ls) (5] | | D Asls) | =) (Z OSS/AS/> |s),
8,8’ s=0,1 s s’
and the expectation value of an operator
(YO ) = Z Al (5] ZOSS’ |s) <S/‘ Z Asls) | = ZA:OSS/AS/'
s=0,1 s,s’ 5=0,1 s,s’

They are depicted in Fig. respectively.

A
S
| S
A O @)
S S/ S/
A A A

Figure 2.2: Some physical quantities in the graphic notation.

In summary, a free leg means a degree of freedom that is not summed over, and a connected
leg means a summation over the index on that leg. After the summation, two or more tensors
form a new tensor if there are free legs, or a scalar if all legs are connected. This is the so-called
tensor contraction.

2.1.1 Matrix Product States (MPS)

Consider an N-site spin-1/2 chain. To represent the state

W)= D Aguesyls152--sn)
N

51,82,,8

we need a tensor A with 2V elements, which becomes huge when N is large. To avoid this, we
write the state in the matrix product form, known as a Matrix Product State (MPS) [23]:

1 2 N— N
W}> = Z Z A[S1]Ot1A£¥182042 T Af[JtN—lz]SN—1aN—1A([XJ\;—1SN S182° - 3N> :

51,52, SN Q1N -1
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Fig. shows the graphic notation of an MPS. The bond index o; = 1,2,---,D; with
j=12,--- N — 1, where D; is the right bond dimension of the tensor AVl I a fixed
bond dimension D is used for all tensors, then only about 2N D? parameters are needed to
parametrize [¢)). We call D the bond dimension of the MPS. Note that the MPS itself does
not avoid the exponential cost; the cost is reduced to polynomial after the bond dimension D
is restricted to a fixed value.

$1 82 ... SN
‘ ‘ S1 S92 SN

I I I
= Al — Al2] — — — — AlN]

Figure 2.3: MPS in the graphic notation.

A state (of a finite system) can be written as an MPS exactly. Consider a system di-
vided into two parts, H 4 and Hp; the state of the system can be written with the Schmidt
decomposition

X

) =Y oi|oit) |oF),

=1

where ‘¢A> and ‘gbB > form orthonormal bases in Hilbert space ‘H 4 and Hp, respectively. The
Schmidt coefficients o; satisfy o; > 0 and >°X ; 02 = 1. The Schmidt rank x gives the number
of terms, and the square of Schmidt coefficient gives the weight of each term. Numerically, the
Schmidt decomposition on a state is equivalent to the singular value decomposition (SVD) on
the tensor. First, divide site 1 from the rest by performing SVD on Ay, .55 :

81,(52 “SN) Z US1,041 al )(1’1,(82"'8]\7)'

ar1=1

[1]

where aq is the bond index and Agja; = Us, o, is the local tensor at site 1. Then continue
performing SVD on AV, we can divide site 2 from the rest and get A2, Continue the process
we can convert the original tensor A to an MPS. Therefore, the bond dimension D; of a local
tensor in an MPS corresponds to the Schmidt rank across a bipartition. To justify a constant
bond dimension can be used, we need the entanglement entropy.

The entanglement entropy is defined as

X

210 2

- E o;Inoj.
i=1

With the constraint Y ¥ , 02 = 1, S gets its maximum In x when o? = 1 Vi. This means that,
to represent the state with an MPS precisely, the bond dimension must satisfy

D>x~es.

For 1D gapped systems with local interactions, the entanglement of its ground state satisfies
the entanglement area law [24], which means that the entanglement entropy is of the order of
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drA AR ETEASAN

Figure 2.4: Mixed-canonical MPS. Tensors to the left of A are left-canonical, denoted by
an isosceles triangle whose apex points to the bottom right. Tensors to the right of A are
right-canonical, denoted by an isosceles triangle whose apex points to the bottom left. The
mixed-canonical MPS is normalized if the tensor A itself is normalized.

the “area” of a 1D chain, i.e., S ~ O(1) independent of system size. So an MPS with constant
bond dimension D can be used to represent the state precisely. For 1D gapless systems that
can be described by conformal field theory, there is a logarithmic violation of the area law [25]:

(L) §In L open boundary condition (OBC)
$InL periodic boundary condition (PBC),

where c is the central charg This means that D ~ e5 ~ L¢/% (L¢/3) is required. The increase
of the bond dimension with system size is still mild.

In the DMRG algorithm, the canonical form of MPS is often required. A tensor in MPS is
said to be left-canonical if the matrix A reshaped from the tensor A by combining the left
and physical indices is an isometry:

ATA = I, Z (AT)a;t,(an_lsn)A(an_lsn),an = 5a’nana

Qn—1,5n

Cisn)am = Amqsnan' It is said to be right-
canonical if the matrix A reshaped from the tensor A" by combining the right and physical
index is an isometry:

where 4/ o, is the Kronecker symbol and A,

AAT =1, Z Aafnil,(snan)(AT)(snoan),an_l = 50/7#104”,17

Sn,0n

where A,/ )= A[OZLI snam- An MPS is said to be left(right)-canonical if all tensors are

_1(snan
left(right)-canonical, and to be mixed-canonical if all tensors to the left of a tensor A are
left-canonical and all tensors to the right of this tensor are right-canonical. Fig. shows the
MPS in mixed-canonical form.

If the MPS is in a left-canonical form, contracting the (¢[¢)) tensor network from left to
right will always give the identity matrix. For example, first contract the tensors at site 1:

Ca’lal = Z(Asla’l)*AS1a1 - Z(AT)O/lslASwél = 5a’la1'

S1 S1

Then continue to contract the tensors at site 2:

!The central charge ¢ measures the effective number of degrees of freedom of a CFT. For example, ¢ = 1/2
for Ising CFT.
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)

S1 52 S3 - 6a’1a1 = =1
aq

Figure 2.5: Contracting a left-canonical MPS from the left side.

* *
Ca’Qag = § Ca’lal (Aa’152a’2) Aa152042 = E 6a’1a1 (Aa’152a’2) Aa152cx2

s2,04,a1 52,0 ,01

_ E * — E T —

- (Aalszaé) Aaiszas = (A )0/2,(04152)14(01182),0:2 = 50/2052‘
Q1,52 ai,s2

Continuing to the last pair of tensors, we will get 1, which means that the MPS is normalized.
Similarly, if the MPS is in a right-canonical form, then contracting the (1|1) tensor network
from right to left will always give the identity matrix and the MPS is normalized. Fig.
shows the process of contracting a left-canonical MPS from the left side.

If the MPS is initially not in the canonical form, we can bring it into a canonical form. To
do so, one can perform an SVD sweep or a QR sweep. Here we describe the SVD sweep, which
canonicalizes the MPS site by site by moving the orthogonality center through the chain.

As an example, consider bringing an MPS into the right-canonical form. The sweep starts
from the last site and moves from right to left. First, reshape the tensor ANV into a matrix

[N]
an-—1,(svan) ’
where the left virtual index is kept as the row index and the physical index together with the
right virtual index is combined into the column index. Performing an SVD gives

AN — xnyt,

The matrix V1 satisfies VT(VT)! = VIV = I and is therefore right-canonical. We replace the
tensor at site N by VT, reshaped back into a three-index tensor. The remaining factor UY is
absorbed into the tensor on the neighboring site:

AN — ANy,

new

After this step, the tensor AL]XV]V is right-canonical, and the state [¢) is unchanged. No

approximation has been made if no singular values have been truncated. The same procedure
is then applied to the updated tensor at site N — 1: reshape it as a matrix, perform an SVD,
keep the right-isometric factor as the new site tensor, and absorb the remaining factor into
site N — 2. Repeating this process until the first site is reached brings the whole MPS into
right-canonical form.

A left-canonical form can be obtained analogously by sweeping from left to right. In that
case, after reshaping the site tensor and performing an SVD, the left-canonical factor U is kept
as the site tensor, while the factor XV is absorbed into the next tensor on the right. In both
directions, the sweep changes only the gauge of the MPS and leaves the represented quantum
state unchanged, unless an explicit truncation of singular values is introduced.
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2.1.2 Matrix Product Operators (MPO)

A quantum state can be represented as an MPS, while a Hamiltonian can be represented as
an MPO. Consider a simple Hamiltonian on an N-site chain:

It can be written as

Ss-0 (4 (& DGl D D6
_ (57 I)<ng g)(SNI g)(é)

where the matrix index corresponds to the virtual bond degrees of freedom. Fig. shows the
graphic notation of an MPO.

For Hamiltonians that are complicated, we need a finite-state machine to generate the
MPO form [26]. Consider the transverse-field Ising chain with open boundary conditions. The
Hamiltonian is

N-1 N
— z __Z x
i=1 =1

First, we need to define the states:
e ¢o: initial state, waiting for —o® or —ho™;
e ¢.: has received —o?, waiting for another ¢ at the next site;
e ¢;: final state.

Second, we need to formulate the transfer rules, which specify what a valid state transfer is:
® go: can stay in gg by receiving I, or enter g, by receiving —o*, or gy by receiving —ho?;
e ¢.: can enter gy by receiving o*;
e gy: can stay in gy by receiving I.

Now we can construct the transfer table:

qQ 4q: qf
@ I —o0® —ho®
qz o*
qf I

where the empty entries are zeros, meaning invalid transfers. By multiplying the transfer
tables, the MPO is obtained. The MPO for N = 3 is given as an example:
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Figure 2.6: Graphic notation of MPO. §1: row index of the transfer table; S2: column index
of the transfer table. When (1 and Py are specified, it yields a matrix, with physical indices
s9 and sb.

I —o5 —hoj| |—ho3
[I —of —haﬂ 0 0 o3 o3
0 0 I 1

2.2 DMRG algorithm

With MPS and MPO constructed, we can use the DMRG algorithm to obtain the ground state
and ground-state energy of a Hamiltonian. Furthermore, some observables can be extracted
from the ground-state MPS.

For a given Hamiltonian H, we want to find a state |¢)) that minimizes ()| H |¢)) under the
condition |¢) is normalized. The DMRG algorithm achieves this by finding the optimal MPS
as the variational solution to a Hamiltonian. In detail, the MPS with a fixed bond dimension
form a variational class, and DMRG finds the best approximation to the ground state within
this variational class, by minimizing the energy. As a variational method, the DMRG algorithm
updates MPS site by site. To update site i, let A be the tensor at site ¢ in MPS, and |¢(A))
be the MPS in which site tensor A is a variable and the tensors at all other sites are fixed. We
need to find the site tensor A which minimizes ()(A)| H |¢(A)) and keeps |¢)(A)) normalized.
It can be written as an optimization problem with a Lagrange multiplier,

E[A, AN = (Y(A)| H [(A)) — M (A)[$(4)) — 1), (2.2.1)

where A is the complex conjugate of A. The graphic notation of Eq. is shown in Fig.
First, we need to bring the MPS into a mixed-canonical form, which keeps |¢)(A)) normalized.
Then, differentiating E with respect to A, we get the tensor network shown in Fig.

In the tensor network representation of (¢)(A)| H [¢)(A)), contracting the MPS and MPO
tensors to the left of A, we get the left environment tensor C7,, and similarly the right envi-
ronment tensor Cr. The Cp,, Cg, together with the MPO tensor at this site, form an effective
Hamiltonian tensor Heg. Reshaping Heg to matrix (Heg)(q,s, si).(alpls) and the tensor Atoa
vector, it becomes a standard eigenvalue problem

HogA = \A, (2.2.2)

which is shown in Fig. 2.9 Solving this, we get the minimum eigenvalue A, and the cor-
responding eigenvector Apew as the variational ground-state energy and the update to A.
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A
E[A AN =
A
A
Y | —1
A
Figure 2.7: Graphic representation of Eq. (2.2.1)).
CL CR
OE[AAN _ | : ! i
DA I | | I !
i — A :
N S 74
- A | ‘ : =0
| A :
4 : : '
I I

Figure 2.8: Graphic representation of Eq. (2.2.1)). The derivative with respect to A is the rest
of the tensor network, since the tensor contraction can be viewed as a linear function.
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R
|
|

S
|
S
|
I

>
|

N
|

Figure 2.9: Graphic representation of Eq. (2.2.2)).

Differentiating E with respect to A gives the normalization condition, which is ensured by the
mixed-canonical form of MPS.

Before moving to the next site, we need to keep the MPS in mixed-canonical form. We
perform SVD to get Apew = UXVT and keep U as the update of site i of the MPS. For the
next site ¢ + 1, one just needs to repeat the above process.

In conclusion, the DMRG workflow is:

e Construct the MPO for the Hamiltonian H.

e Generate a random MPS and perform right-to-left SVD sweep to make it right-canonical
(mixed-canonical at site 1).

e From site ¢ = 1, begin the left-to-right DMRG sweep:
— Contract tensors to obtain the environments C;, and Cg, and furthermore the ef-

fective Hamiltonian Heg.

— To save computational cost, all C'r tensors, but only the first C'j, tensor, are ob-
tained.

— Solve HogA = AA to get the minimum eigenvalue Ani, and the corresponding eigen-
vector Apew-

Reshape Apew to matrix and perform SVD, keep U and reshape to tensor as the
update of site 1.

— Move to site i + 1, use the updated MPS to update C'; and get Heg-.
— Repeat until site NV — 1 is updated.
e After the left-to-right sweep, all tensors are left-canonical except for site N. Thus it is

better to start the sweep from the right side. Also, the C', obtained from the left-to-right
sweep can be reused.

e From site ¢ = N, begin the right-to-left DMRG sweep:

— Use the O}, from the left-to-right sweep, and contract tensors to obtain the effective
Hamiltonian H.g.

— Solve HogA = AA to get the minimum eigenvalue Api, and the corresponding eigen-
vector Apew.
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— Reshape Ayey to matrix and perform SVD, keep VT and reshape to tensor as the
update of site 3.

— Move to site i — 1, use the updated MPS to update C'r and get Hg.
— Repeat until site 2 is updated.

e Repeat the left-to-right and right-to-left DMRG sweeps until the variational energy Amin
is converged.

e The final MPS and A, are the ground-state MPS and ground-state energy, respectively.

The above workflow gives the steps of the one-site DMRG. In practice, two-site DMRG
is often used. The two-site DMRG differs from the one-site DMRG when updating one site
by solving the eigenvalue problem on two sites (site ¢ and 7 + 1) instead of one site (site 7).
Two-site DMRG requires higher computational cost, but has a better chance to escape local

minima, and the truncation error etyync = Z%D_H o2 can be computed to quantify convergence.

J
The results in Chapter [4] and Chapter |5 are obtained by two-site DMRG.



Chapter 3

Quantum phase transitions

This chapter briefly introduces quantum phase transitions (QPTs), with a focus on some key
concepts that will be utilized later in this thesis. The introduction to QPTs follows the book
Quantum Phase Transitions by Subir Sachdev [2].

QPTs occur at zero temperature, where there are no thermal fluctuations and systems
stay in their ground states. The different phases are controlled by a nonthermal dimensionless
parameter g, and at the critical point g. the ground-state energy is nonanalytic and the phase
transition happens [2]. ¢ is called the control parameter of the system. Consider a system
whose Hamiltonian is H(g) = Ho + gH;. For a system in a finite lattice, the ground-state
energy will generally be an analytic function of g, with the exception when [Hyp, H1] = 0. Since
Hy and H; commute, they can be simultaneously diagonalized and a common set of eigenbasis
{|1:) }i=o can be found; therefore the eigenvectors of H(g) are independent of g. The energy
of each level is (¢;| Hy + gH1 |1;) = a; + gb;, which means they are linear functions of g and
a level crossing can happen. For example, consider a case when ag < a; and by > by; then
Ey(g) and E1(g) can cross at some point g., leading to F1(g) becoming the new ground-state
energy when g > g., and the ground-state energy is not analytic at ¢ = g.. More generally,
when [Hy, H1] # 0, there can be an avoided level crossing, meaning that there is an energy gap
between the ground state and the excited state. The energy gap vanishes as lattice size grows,
creating a nonanalyticity at ¢ = g, in the infinite lattice limit. In the case of an actual level
crossing, it is said to be a first-order phase transition; and in the limiting case of an avoided
level crossing, it is said to be a second-order or continuous phase transition [2]. We will focus
on continuous phase transitions in this thesis.

3.1 Critical exponents

The behavior of a system in the vicinity of the critical point is characterized by critical expo-
nents, which are associated with some observables. Let the deviation from the critical point
r = (g — gc)/ge be the reduced control parameter, and assume for r < 0 the system is in the
ordered (low-symmetry) phase and for » > 0 it is in the disordered (high-symmetry) phase
without loss of generality.

The characteristic energy scale A is the characteristic energy scale of fluctuations above
the ground state, and vanishes as

A~ |, (3.1.1)
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where z is the dynamical critical exponent and zv is a critical exponent. For example, A can be
the energy gap between the lowest excitation and the ground state. For both » < 0 and r > 0
the system has the same exponent zv, but the constants of proportionality can be different [2].

Continuous quantum phase transitions have a characteristic length scale &, which diverges

as
E~1rl™, (3.1.2)

where v is a critical exponent. The characteristic length could be the length scale which
determines the exponential decay of correlation functions in the ground state, or the length
scale at which some characteristic crossover happens and the system exhibits long-distance
correlations [2]. For example, when close to the critical point, the correlation function C(I)
follows the power-law decay

)~ 35y
when [ < &, and it follows the exponential decay
C(l) ~ e V¢
when [ > ¢. Combining Eq. and Eq. gives the following relation:
A~ ER

3.2 Quantum-classical mapping

A d-dimensional quantum system at finite temperature can be mapped to a (d+1)-dimensional
classical system. Although the mapping is not an exact equivalence, it is very useful for
studying the critical properties of continuous phase transitions using this mapping [2]. The
partition function Z of a quantum system can be written as

Z = tr(e*BH),

where 3 = 1/(kpT) and H is the Hamiltonian. Let L, = k3. Then e #H becomes e L7H/7,
which can be interpreted as the evolution operator over an imaginary time length L. For
simplicity we set A = 1. Next, split the total length 8 into many imaginary time intervals
M - At; then we have

—-BH _ (e—A7H>M

€ )

and the partition function becomes
Z =tr [(e_ATH)M}
_ M
= Z (1] (e ATH) |v1)
vi€{v}

= Y Aule ™ ung) (o] fv2) (val e o)
v, up €E{v}
where {v} is a complete set of basis. The matrix element (v, 41| e~ 27 |v,,) can be interpreted as
the probability amplitude of the system evolving from the state |v,) to the state |v,,41) during
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the time interval A7. Then the expression inside the sum gives the probability amplitude of
a path v1 — v9 — -+ — vy — v1, and the partition function sums over all possible paths.
Formally speaking, a quantum system defined on a d-dimensional space R is mapped onto a
classical system on R? x S1, where S! is a circle with circumference L,. For the 1D transverse

field Ising chain (TFIC) H = — Z;V:_ll oioi —h Zjvzl o, we have the following result [2]:

Z=C Z exp | K, Z SikSi+1,k + K, Z SikSik+1 | » (321)
{Si,k} Z»k ’L,k

where s; 1 is the classical Ising spin at spatial site ¢ and imaginary time site k, {s;;} is the
set of all spins, C' is some normalization coefficient, K, = A7 and K, = —1Intanh(A7h).
Eq. clearly shows that the 1D quantum model is mapped to a 2D classical model, with
coupling K, in the spatial dimension and K in the imaginary time dimension, respectively.

3.3 Finite-size scaling

Finite-size scaling (FSS) is the approach that extracts critical properties of an infinite system
given the data of finite systems. Although phase transitions occur in infinite-size systems, we
often perform numerical simulations in finite-size systems, and FSS becomes a useful tool to
analyze the data.

First we introduce the scaling properties of functions. If a function f(z) has the property

fz) = A f(x)

which is true for any A > 0, f(x) is said to have scaling properties. We can further prove f(z)
must follow f(z) ~ z% More generally, a function is a generalized homogeneous function if
daq, -+ ,a, € R and VA > 0,

FOAzy, - Ax) = Af(z1, -+, xn).

Widom observed that the singular part of the free energy density, which is divergent when
differentiated at the critical point, is a generalized homogeneous function in the vicinity of the
critical point [2]. This is called the scaling hypothesis. Let f(¢,h) be the singular part of the
free energy density, where ¢ is the reduced temperature and h is the external field. It follows

F(X%, X°h) = \f(t, h).
Choose A such that tA\* = 1, we have
Ft.h) = ta f(1,ht™a),

which gives rise to the data collapse approach in data analysis. Suppose we have the data
(h, f) at t; and ty, we can draw a curve with points (ht;b/a, ft;l/a), and another curve with

points (hty b/ “ fty Y ), and these two curves will collapse to one curve f(1,z) since

ta f(t,h) = F(1,ht ).
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The above demonstration is based on classical thermodynamics and infinite systems, but
it can be extended to quantum phase transitions and finite systems. For an observable O, we
include the system size L as a new variable in the scaling form with a scaling power of —1.
Then the scaling form of O can be written as

Or(r) =b7"“Or (b 1),

where r is the reduced control parameter, O(r) ~ |r|*, y, is the scaling power of r and b is the
scaling parameter. We can choose a reference length L and scale O to Ly by setting b = L/ Ly,

oo (£) "ou((£)")

Let Ly = 1, the scaling function ¥ (rL¥") can be introduced as

OL(r) = L™V (rL¥r), (3.3.1)

and the data collapse to the scaling function as

y = Yo(z),
where y = Op LY and x = rLY.
In the presence of irrelevant variables, Eq. (3.3.1)) should be rewritten as
Or(r,u) = L™*0U(rLY , ul¥"),
where u is the irrelevant variable. It is useful to perform a Taylor expansion with respect to u:

u? [2Yu
U(rLY, ul¥") = Wo(rLY") + uL¥ ¥ (rLY") +

Wo(rLY )+ ---
The coefficients, together with u, can be absorbed into the functions W;. In general, when
multiple irrelevant variables exist, we have
Or(r) = L7%0 [Wo(rLY) + L™ Wy (rLY") + L™ Wy (rL¥") + -+ |
For a non-zero dimensionless quantity, it neither diverges nor converges to zero; therefore
xo = 0. Then at the critical point = 0, the above expression becomes
0r(0) =0Ox + a1 L™ 4+ agL™ 2 4 -+ | (3.3.2)

where Oy = ¥(0), a; = ¥;(0) and w; are called correction exponents.

3.4 Crosscap overlaps

The crosscap overlap (C|t¢) is the overlap between a crosscap state |C) and a quantum state
|t). The crosscap overlap is useful for studying the quantum phase transitions. The Klein
bottle entropy, which has been shown to be a universal scaling function near critical points,
is the modulus square of the crosscap overlap [20]. The Luttinger parameter, which controls
the low-energy physics of Tomonaga-Luttinger liquidsﬂ7 can be extracted from a single wave

'In one dimension, interacting fermionic systems are described by the Tomonaga-Luttinger liquid.
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function by computing crosscap overlaps [2I]. The criticality of 2D classical Ising model and 1D
quantum transverse-field Ising model can be described by the 2D Ising conformal field theory
(CFT), in which two Ising crosscap states can be constructed and mapped to each other by
the Kramers-Wannier duality transformation [22].

Here we focus on one of the Ising crosscap states and introduce the known results. Consider
the TFIC with Hamiltonian

N N
—_E: Zo2 E( x
H = 05054 —h ) of.
J=1 Jj=1

The lattice crosscap state |Clatt) is the product of Bell pairs identifying Ising spins at pairs of
antipodal sites [22]:

N/2
Clate) = [T (| tityeny2) +1 Likjeny2)) s

j=1
where the lattice size N must be even. Ising spins at two antipodal sites j and j + N/2
are identified by maximally entangled Bell pairs, which corresponds to the crosscap boundary
condition. The crosscap overlap (Clatt|tbo) is the overlap between the lattice crosscap state
|Clatt) and the ground state [1)g). In the continuum limit, the TFIC at the critical point is
described by the 2D Ising CF'T. The following result for the crosscap overlap can be obtained
by conformal perturbation theory [22]:

_ T 7T2
(Cleo(s)) = \/2 +2ﬂ + \/2 2ﬂ4 s —1/ 2:\@32 524+ 0(s%), (3.4.1)

where s = (h — he)L and L is the length of the TFIC. Eq. (3.4.1)) shows that at the critical
242
2

point, the crosscap overlap has an exact value independent of the system size. This
makes the crosscap overlap an ideal indicator for pinpointing the critical point of the TFIC.

Numerically, the crosscap overlap can be extracted from the ground-state MPS by con-
tracting the tensors at antipodal sites [21], as shown in Fig.

(Care|¥)) = = M M

1 2 3 4 ) 6 7 8

Figure 3.1: Extracting crosscap overlap from ground-state MPS [21]. Tensors at site ¢ and site
i+ N/2 are contracted. This figure shows the case when N = 8.






Chapter 4

Some exactly solvable models and
their DMRG results

In this chapter, we test our DMRG code on some exactly solvable spin-1/2 chains and the results
obtained from DMRG are compared to the exact values. The DMRG code was implemented
from scratch by the author and is openly available from the Github repository.

4.1 The Heisenberg chain

The Heisenberg chain has the Hamiltonian

N
H = ZS%ES?H + SYSE i+ S7SH,
i=1
where S%, | = ST (o = x,y, ) under periodic boundary conditions. Fig. shows the relative
errors between DMRG ground-state energies and the exact values obtained by numerically
solving the Bethe ansatzE] equations. The relative error of a quantity A is defined as (Aestimate —
Atrue) /Atrue in this thesis.

4.2 The XXZ chain

The spin-1/2 XXZ chain has the Hamiltonian

N
H = Z S{‘TS;’:H + SZ?”S%’H + ASF z'z+17
i=1
where A is a tuning parameter. The Luttinger parameter K has an exact value w/[2(7m —
arccos A)]. K can also be obtained by | (C|vg) |> = \/% [21], where | (C|to) | is the crosscap
overlap, which can be extracted from the ground-state MPS. Fig. shows the DMRG results
along with the exact values.

!Bethe ansatz is used to exactly solve the 1D integrable quantum many-body systems.
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~@— two-site DMRG relative errors

0.006

0.004 +

relative error

0.002

0.000 £
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Figure 4.1: Relative errors of the ground-state energy of a spin-1/2 Heisenberg chain with

N = 50 sites and periodic boundary conditions. A random MPS with bond dimension D = 50
is chosen to be the initial MPS.
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Figure 4.2: Luttinger parameter K extracted from the ground-state MPS of 20-site XXZ chain
compared with exact values. A random MPS with bond dimension D = 30 is chosen to be
the initial MPS. At A = 1, there is a clear deviation, which is due to a marginally irrelevant
operator causing strong finite-size effects|2]].
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4.3 The Haldane-Shastry model

The spin-1/2 Haldane-Shastry model has the Hamiltonian [21]
2 S; - S;
-G Y
1<i<j<N ° n*[x (i — Ik
where S = (S*,SY,S5%). The crosscap overlaps have the exact values

2M (p1)3

where M = N/2 and mod(N,4) =0 [22]. Fig. shows the crosscap overlaps extracted from
the ground-state MPS and the exact values.

Exact values
1.40 - @ DMRG values

Figure 4.3: Crosscap overlaps of N-site Haldane-Shastry model for N = 4,8, --- , 40.

4.4 The transverse-field Ising chain

The transverse-field Ising chain has the Hamiltonian

N N

Tr T z
E 0051 hE a;.
J=1 Jj=1

As discussed in Section the crosscap overlap has an exact value 4/ 2+‘f independent of the
system size at the critical point. The crosscap overlaps obtained by the DMRG algorithm for
different values of N and h are shown in Fig. which clearly indicates the critical point. In
the vicinity of the critical point h. = 1, data collapse is applied as a verification. The curves
for different sizes clearly collapse on the same curve, as shown in Fig.
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14 F

ZZ=Z=Z
| Uy
]
SmNo

[{C] 4 )]

1.1 -

|
1'0 L 1 ¢ 1 Il
0.6 0.8 1.0 1.2 1.4

Figure 4.4: Crosscap overlaps of N-site TFIC for N = 20, 32,48, 60 at different values of the
external field h, with h = 0.5,0.55,0.6,--- ,1.5. For 0 < h < 1, the actual ground state is
the superposition state |zg) + |21), where |z;) are the two Zs-symmetry-breaking states. At
some points (N = 48, h < 0.6; N = 60, h < 0.65) the DMRG algorithm converges to one of
the Zy-symmetry-breaking states instead of the actual ground state. At the point (N = 32,
h = 0.55) the DMRG algorithm does not fully converge, likely due to reaching the maximum

sweep limit.
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Figure 4.5: Data collapse of the TFIC in the vicinity of the critical point A, = 1.



Chapter 5

The long-range transverse-field Ising
chain (LRTFIC)

The long-range transverse-field Ising chain (LRTFIC) has the Hamiltonian

N
— AR R x
H=- E Jmal-aj—hg oy,
i=1

1<i<j<N

where h is the external transverse field. The coupling strength

Jij =

J

Ton (5]

describes the chain evenly placed on a circular lattice with circumference N. The chord distance
between site ¢ and site j is |% sin [% (i — j)]|, which means J;; decays as a power law with
respect to distance with a decay exponent a.. For J > 0 the coupling is ferromagnetic and for
J < 0 the coupling is antiferromagnetic. In this chapter we focus only on the ferromagnetic
case and set J = 1 without loss of generality. Similar to the TFIC, the non-commutativity
between the Ising interaction term and the transverse-field term causes quantum fluctuations,
which can give rise to a quantum phase transition between the ordered phase (small k) and
the disordered phase (large h).

In this chapter, we first briefly review the previous studies of the LRTFIC and summarize
the important properties of the LRTFIC. Next, we will demonstrate the process of pinpointing
the critical point of the LRTFIC for a = 3.5, using the DMRG algorithm and the crosscap
overlaps. Finally, the results for the LRTFIC will be presented.

5.1 Previous studies on the LRTFIC

5.1.1 Limiting cases of the LRTFIC

First we consider the limiting cases when the field h — oo and h — 0, as well as the decay
exponent a — oo and a — 0. The following results are based on the TFIC, but apply to
LRTFIC since studies show that the LRTFIC shows a quantum phase transition between a
field-polarized phase and a spin-aligned phase for all values of « [27].
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h — oo:

For a large field h, the ground state is the z-polarized state:
o) = H =)
i

where |—) is the eigenstate of o® with o7 | =), = |—=),.

h — 0:

If h = 0 exactly, the ground state is two-fold degenerate:

HT> = H ‘T>w ’U) = H H>w (5-1-1)

and any superposition of these two states can be the ground state. For small A > 0, the
degeneracy is broken and a doublet with a small splitting remains [2]

V2 V2
where [¢4) is the ground state and [¢)_) is the lowest excited state [28]. The splitting AE =
E_ — F vanishes as the system size grows, and Eq. again becomes the ground state in
the thermodynamic limit. Physically, symmetry breaking happens and the system will choose
to be the all-up or all-down state instead of a random superposition state.

o — 0o or o — 0

For a large «, the coupling J;; decays quickly and the system behaves like a short-range model.
For a small «, the long-range coupling becomes significant and the system belongs to a different
universality class than the TFIC.

5.1.2 Critical regimes of the LRTFIC

The LRTFIC belongs to different regimes depending on the decay exponent «. Using the
common notation, we set &« = d + o, where d is the spatial dimension and d = 1 for a
chain. It was first proved that for ¢ > 2 the LRTFIC belongs to the short-range regime by
mean-field theory [9]. The exact boundary for the short-range regime was calculated to be
0« = 2 —ngr = 7/4 by renormalization group, where ngg = 1/4 is the anomalous dimension
of the chain when o = 2 [10]. For o < 2/3, the quantum phase transitions are described by
the mean-field theory [27]. For 2/3 < o < 7/4, the critical exponents vary continuously with
o and connect the long-range mean-field regime and the short-range regime. The boundary
ox = 7/4 has been further verified numerically by quantum Monte Carlo methods [I6]. The
phase diagram is summarized in Fig. [5.1
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Figure 5.1: Phase diagram of LRTFIM. The y-axis label d denotes the dimension. The orange
solid curve is the boundary given by renormalization group and the gray dotted line is the
boundary given by mean-field theory. The blue solid line is the boundary of the long-range
mean-field regime. Here long-range mean-field is the name for this regime, meaning it belongs
to the long-range regime and can be described by the mean-field theory.

5.2 DMRG results on the LRTFIC

For the LRTFIC, it belongs to the short-range TFIC universality when a > 11/4. Therefore,
the crosscap overlap at the critical point are expected to have the same exact value, as discussed
in Section 3.4

In this section, we will take a = 3.5 as an example to demonstrate the process of pinpointing
the critical point of the LRTFIC. First, we run the DMRG algorithm on systems with sizes
N = 32,48, 60, 80 over a large range of h and obtain their ground-state MPS. Next, we extract
the crosscap overlap values based on Fig. and plot them to estimate the critical point
he, as shown in Fig. 5.2l The crosscap overlap values cross at h ~ 1.24, but the value at
h = 1.24 clearly deviates from the exact value. The reason is that finite-size effects are large
and the systems are too small. To get a more precise estimate, the DMRG algorithm is run on
N = 240, 280 and the results are shown in Fig. Now the new estimated h. becomes 1.249
and the crosscap overlap value at this point approaches the exact value more closely, with
a relative error &~ 1.6%. Then, according to the finite-size scaling Eq. , the crosscap
overlaps should follow a power-law decay as system size grows. Therefore we try to fit the data
points of different N at some certain h to the following function:

<C‘¢O>N = <C‘¢0>OO + a1 N™%t + ag N ™2,

where (C|vg) 5 is the crosscap overlap for finite size IV, and (C|o) ., @1, a2, wy are parameters
to be fitted. Here wq is set to a — a, = 0.75 which represents the correction exponent for the
long-range interaction [I1], and wy represents the subleading exponent or the effective exponent
for all other exponents.

In Fig. we can see that (Cl1o) y_qyo is smaller than (C|vo) y_qgp at h = 1.249. There-
fore, the search for the critical point is started from h = 1.250, with a step size Ah = 0.001.
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If at some h, the fitted value (C|iy),, is close to the exact value 4/ 2+—2‘/§ ~ 1.3066, we can
conclude that this A is the critical point. Fig. shows the fitted curve at h = 1.25. The fitted
value (C|vo)., =~ 1.3064 has a relative error 0.02%. The estimated critical point h. = 1.25 is
consistent with previous studies [I5], [16]. Finally, the data collapse is shown in Fig. as a
further verification.

Following the above process, we determine the critical points for a = 3,3.5,4. The results
are listed in Table [5.1]

Table 5.1: Critical points h. of the LRTFIC for different «.
a | 3.0 3.5 4.0
he | 1.421 | 1.250 | 1.156

LRTFIM, a=3.5
1§
RS = & N
e 8- - @ N=60
e O N=80
‘ Ising CFT
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Figure 5.2: Crosscap overlap values extracted from ground-state MPS obtained by the DMRG
algorithm for N = 32,48, 60, 80.
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o
[ Mg @— N=240
~ ©— N=280
134 N —— — Ising CFT
e
‘.
132 + T
5 B
T 2
= T T T T T TR T T T T T T T T T T
8
130 O
. .\._‘.\
Te
128 | »
. L L . . ?
1.247 1.248 1.249 1.250 1.251 1.252 1.253
h

Figure 5.3: Crosscap overlap values extracted from ground-state MPS obtained by the DMRG
algorithm for N = 240, 280.
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Figure 5.4: Crosscap overlap values at h = 1.25 are fitted to a power-law decay curve. The
fitted value is (Cl1)g),, ~ 1.3064. The fitting is also performed on h = 1.251 and h = 1.252,
and their fitted values of (C|vy), have larger deviations than the h = 1.25 case.
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LRTFIM, a=3.5, h,. =1.25

(-]
= W n-240
@ N=280
1.34 @
3 m
om
132 |
oE 8
=
= =
(-]
130 |
)
(-]
128 | _
L L 1 1 1 °
—06 —03 0.0 03 0.6

[h—h )N

Figure 5.5: Data collapse of crosscap overlap values in the vicinity of h = 1.25.



Chapter 6

Summary and outlook

In this thesis, we studied the critical behavior of the ferromagnetic long-range transverse-field
Ising chain (LRTFIC) using the density matrix renormalization group (DMRG). The main
goal was to test whether the crosscap overlap, which is known to provide a clean indicator of
the critical point in the short-range transverse-field Ising chain (TFIC), can also be used to
locate critical points in the LRTFIC.

We first reviewed the tensor-network language and the DMRG algorithm, including matrix
product states, matrix product operators, canonical forms of MPS, and the one-site DMRG
algorithm that optimizes MPS variationally. Also, the entanglement area law was emphasized
as the key reason why the MPS can use a fixed bond dimension. We then introduced several
concepts related to quantum phase transitions, such as critical exponents, quantum-classical
mapping, finite-size scaling and the crosscap overlap. These concepts provide the theoretical
background for interpreting numerical data obtained from finite systems.

Before applying the method to the LRTFIC, we tested the DMRG implementation on
several exactly solvable spin-1/2 chains. The two-site DMRG algorithm was used in practice
to achieve better convergence. For the Heisenberg chain, the ground-state energy obtained
from DMRG was compared with the exact result from the Bethe ansatz. For the TFIC,
the crosscap overlap extracted from the ground-state MPS was shown to identify the critical
point accurately, and the data collapse near the critical point further confirmed the expected
scaling behavior. The XXZ chain and the Haldane-Shastry model were also used as benchmark
examples for extracting quantities that are related to crosscap overlaps from DMRG ground
states.

The numerical results presented in this thesis provide estimates of the critical points of
the LRTFIC. For o« = 3.5, the crosscap overlap curves for different system sizes first gave
an estimate of the critical point near h. ~ 1.24. However, the crosscap overlap value at
this crossing still showed visible finite-size corrections. By including larger system sizes up
to N = 280 and fitting the finite-size corrections, we obtained the estimate h. =~ 1.25. At
this value, the extrapolated crosscap overlap is very close to the exact short-range Ising value.
Applying the same procedure to other decay exponents gave critical points for a = 3, 3.5, and
4, all consistent with previous numerical studies.

These results suggest that the crosscap overlap can serve as a useful numerical probe of
criticality in long-range interacting spin chains, when the system belongs to the short-range
Ising universality class. Compared with more traditional quantities such as magnetization, sus-
ceptibility, or Binder cumulants, the crosscap overlap provides a direct connection to universal
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properties of the underlying conformal field theory. This makes it a complementary observable
for studying quantum critical points with tensor-network methods.

There are several directions for future work. First, this thesis mainly focuses on the ferro-
magnetic Ising coupling with decay exponents in the short-range regime. It would be interesting
to investigate smaller values of «, especially in the intermediate regime where the critical expo-
nents vary continuously with a. In that regime, the critical theory is no longer the short-range
Ising CFT, and the behavior of the crosscap overlap may contain new universal information.
Another interesting direction is to extend the study to the antiferromagnetic case, whose crit-
ical behavior is less understood then the ferromagnetic case. Exploring the crosscap overlap
in these systems may provide new insights into their criticality.

Second, the finite-size corrections in the LRTFIC are significant. A more systematic study
with larger system sizes, larger bond dimensions, and more careful convergence analysis would
help improve the precision of the estimated critical points. It would also be useful to compare
different fitting forms for the finite-size corrections, especially when several irrelevant exponents
may contribute at the same time.

Finally, the crosscap overlap can be studied in other long-range quantum spin models and in
models with different universality classes. Such studies could clarify how broadly the crosscap
overlap can be used as numerical probes of criticality, and whether it can reveal universal data
that are difficult to extract from conventional observables.
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