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Abstract

In one-dimensional quantum spin systems, the matrix product states (MPS)
can be used as a trail wave function for variational numerical simulations.
In this thesis, we investigate the construction of MPS which is related to the
density matrix renormalization group (DMRG) and the Quantum informa-
tion theory (QIT). We develop two algorithms, variational quantum Monte
Carlo (QMC) simulations with stochastic optimization [1] and time-evolving
block decimation (TEBD) [2, 3], in one dimensional systems. We generalize
QMC with stochastic optimization to the open boundary condition and study
the transverse Ising model and Heisenerg model. We also applied the infinite
TEBD algorithm [4] to the infinite transverse Ising model and demonstrate
that entanglement is a key ingredient in the quantum phase transition.

Keywords: matrix product state, quantum Monte Carlo, stochastic opti-
mization, TEBD, iTEBD, entanglement
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Chapter 1

Introduction

1.1 Overview

The study of low-dimensional strongly correlated quantum systems has been
one of the intriguing topics in theoretical condensed matter physics. How-
ever, because of the complexity of the systems, few analytically exact solu-
tions are available; on the other hand, numerical methods are able to extract
useful properties from these systems. The density matrix renormalization
group (DMRG) invented by White [5, 6] has provided accurate descriptions
of the ground state in one dimensional strongly correlated Hamiltonians [7].
DMRG is developed to extend Wilson’s numerical renormalization group [8]
to general quantum lattice systems. The failure of Wilson’s RG is identi-
fied as the inability to take the boundary conditions into account. DMRG
first only apply to systems with the open boundary condition and later it is
extended to the periodic boundary condition from the quantum information
perspective [9, 10].

The success of DMRG is related to the matrix product states (MPS) [11] .
MPS represents the wave function of the system in the DMRG method, and
according to quantum information perspective [2], MPS can properly account
for entanglement in one dimensional strongly correlated quantum systems.
On the other hand, DMRG in dimensions higher than one is insufficient to
properly account for entanglement of the system [12]. A generalization of
MPS, projected enatngled-pair states (PEPS) [13], is proposed to deal with
the simulation in two or higher spatial dimensions. MPS and PEPS can be
used as trial wave functions [1, 13, 14, 15, 16, 17] in variational methods.
In Ref [1], MPS is combined with quantum Monte Carlo (QMC) method
to sample the physical states instead of summing over all states in order to
reduce the computaional cost.



Over the last few years, various algorithms for simulating the time evo-
lution of one dimensional quantum systems have been developed [18]. One
of the algorithms called time-evolving block decimation (TEBD) [2, 3] uses
MPS and emphasizes the connection between the computaioanl cost of a
simulation and the amount of entaglement in the system. The scheme is
later recast into the language of DMRG [19, 20]. TEBD can be applied ef-
ficiently to the quantum system which has a small amount of entanglement.
A generalization of TEBD, infinite TEBD [4], is able to simulate one dimen-
sional quantum lattice problems in the thermodynamic limit. The method
simulates the infinite system directly without resorting to extrapolation.

1.2 Lattice models

1.2.1 Transverse Ising model

In this thesis, we study the one dimensional quantum transverse Ising model
for the finite system and the infnite system. The transverse Ising model is
the simplest quantum spin model to exhibit a quantum phase transition [21].
The hamiltonian is given by

1 = (S 0505, + o). (L

where 0% and ¢* are the Pauli matrices, and sum over ¢ is over all sites.
For h < 1, the ground state of this system has long-range Ising order in the
z-direction. For A > 1, the ground state becomes disorder in the z-direction.
A quantum phase transition occurs when the system goes from h < 1 to
h > 1. The critical point is at h = 1. The transverse Ising model provides a
clear evidence that the lattice is most entangled at the critical point.

1.2.2 Heisenberg model

We also investigate the antiferro Heisenberg model with the next nearest
neighbor interaction. The Hamiltonian is given by

H == Z Jlsl . S/L'Jrl + JQSZ . Si+2, (12)

where S = 25 and J;, J» > 0. The model is invariant under a global SU(2)
rotation, so the total spin should be conserved. For J; = 0, the model can
be solved exactly by Bethe ansatz [22]. When J, > 0, it can be solved by
taking the ground state as a superposition of the nearest neighbor valence



bond states [23]. For Jy, J; > 0, there is a competition between the nearest
neighbor interaction and the next nearest neighbor interaction which is called
frustration. This causes the “sign problems” [24, 25] in many QMC methods
which originates from the minus sign in the wave function when interchanging
two fermions. An illustration of frustration is shown in Fig. 1.1.

Anti-parallel

Anti-parallel

Figure 1.1: An illustration of frustration. The spins tend to lie anti-parallel
to minimize the energy and form a competition between the nearest neighbor
interaction and the next nearest neighbor interaction.

The thesis is organized as follows. In Chapter 2, we review the construc-
tion of MPS from two perspectives and discuss the connection between them.
In Chapter 3, we review the Monte Carlo method and the stochatic optimiza-
tion. We generalize this QMC method to the open boundary condition and
study the transverse Ising model and the Heisenberg model. In chapter 4,
we review the TEBD and iTEBD method in detail for imaginary time evo-
lution. The infinite transverse Ising model is studied and the results imply a
connection between entangelment and quantum phase transition. In chapter
5, we summarize the results and make a conclusion.



Chapter 2

Matrix Product States

In this chapter, we present the formulation of the matrix product states
(MPS) from the density matrix renormalization group (DMRG) aspect and
from the quantum information theory (QIT) [26] aspect. We will also discuss
the notion of entanglement and use it to justify the use of MPS as a trial
wave function.

2.1 MPS from the DMRG point of view

The development of the density matrix renormalization group method [5, 6]
has enabled us to analyze and understand one-dimensional quantum many
body systems with high accuracy . We shall describe the main idea of DMRG
without going into too much details. First of all, we start from a smaller
system which is small enough that we can diagonalize its Hamiltonian. This
system is labeled as the superblock and it is divided into the system block and
the enviroment block. The goal is to find a set of states of the system block
which can optimally represent the superblock. We construct the reduced
density matrix for the system block and diagonalize it, keeping only a number
of states as basis states (e. g., D states) by dropping off the states with
smaller eigenvalues in the reduced density matrix, as they are less likely
to be accessed. The Hamiltonian of the system block are transformed to
these basis states. Then we add a single spin to the system block and use
the transformed Hamiltonian together with the added spin to construct the
enviroment block; thus, the new superblock can be formed. Repeat this
spin-adding procedure recursively until the system reach the desired size. In
practice, the eigenvalues of the density matrix decrease rapidly so that the
truncation errors are small. The name density matriz renormalization group
reflects the fact that we keep those most relevant states in the density matrix.
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Figure 2.1: (a) Add kth new spin |s;) to the system block basis states [13),—1
containing k£ — 1 sites. (b) Form the new super block and construct the
reduced density matrix for the new system block keeping only D states to
form a new set of basis.

The theoretical foundation of the success of DMRG is pointed out by
Ostlund and Rommer [11]. Their work shows that the DMRG construction is
closely related to position-dependent matrix product state. At each recursion
step, DMRG is a particularly effective way to generate a D x D projection
operator A¥ ;(si), which projects these states [1hg)x—1®|sy) to a larger system
with a set of new basis states |¢),),. That is (Fig. 2.1(a) to Fig. 2.1(b))

ek = Z ZA,;@(SIC)W@/%A ® |sk)- (2.1)

B=1 s

For a state |¥) in an one-diensional system containing n spins with pe-
riodic boundary conditions(s,+1 = $1), we can construct a matrix product
state using Eq. (2.1) recursively as shown in Fig. 2.2. | W) is transformed into
spin basis

|0) = Z tr(A(s) A% (82)w.. A™(51))|5152 . - - Sn), (2.2)

51,52,.-38n

where tr(---) is the matrix trace. This state contains 2nD? parameters
ranther than 2" ones. Furthermore, if the system has translational symmetry,

| e T | . | Ol

|l'p)n |l‘p)n 1 ® |Sn)
| ST O O | — - | OQ - OO |
|lp)n 2 ® |Sn 1) ® |Sn) |51) ® ® |Sn—1) ® |Sn)

Figure 2.2: The recursive steps to transform the state into spin basis



the matrices A become independent of position. The wave function is now

written
() = Y tr(A(s1)A(s2) .. A(sa))|s152. . si)- (2.3)

51,525..,5n

This is the matrix product state we are going to use as a trial wave function
to study the ground state of quantum spin systems, but before that, we would
like to discuss more about the matrix product states and give the criteria for
the validity of MPS as a trial wave function for such approximation.

2.2 MPS from the QIT point of view

To describe the state of n interacting quantum systems, it requires O(exp(n))
parameters. We can see immediately that simulating such systems is a non-
polynomial problem, and this makes the problem intractable for nowadays
computer resources. Therefore, finding an effective approximation method
to simulate quantum interacting systems is valuable to our understanding of
quantum many body systems.

Recently, Quantum Information Theory (QIT) has provided a different
point of view to describe condensed matter systems. A theory of entan-
glement has been established and has offered new insights in dealing with
quantum many body systems. It is possible to reduce the number of param-
eters needed to describe a slightly entangled system from a non-polynomial
order to a polynomial order.

In this section, we will first introduce two useful theorems in linear algebra
which we are going to use to develop the theory, and then the concept of
entanglement will be introduced. Finally, we construct a variant form of
matrix product states and compare it with the form discussed in the previous
section .

2.2.1 Tools in Linear Algebra

Linear algebra has played an important role in the formulation of quantum
mechanics. The rich properties of linear algebra has helped us express the
theory in a concise language, and this is especially true in the field of Quan-
tum Information Theory. We present two important tools, singular value
decomposition and Schmidt decomposition, which are used in QIT but not
the standard materials in quantum mechanics textbooks. No attempt is
made at mathematical rigor. These tools are suitable for the study of com-
posite quantum systems, which are the key structures in quantum many body
systems.



Singular value decomposition. Let A be a m x n matrix (suppose n > m).
Then there exists an m X m unitary matrix U, an n X n unitary matrix V'
and an m X n diagonal matrix D such that

d 0 0 0 .. 0
0 d 0 0 ...0

A=vupvT=u| . ° v
0 0 d, 0

where the diagonal elements of D are called singular values of A, and d; >
dy>...>d, >0. VT is the transpose of V.

The singular value decomposition is a useful technique to factorize a gen-
eral matrix into two unitary operators and a diagonal operator. Dealing
with these operators is easier than dealing with a general matrix. Here is a
numerical example

1 1 1 1
@03 ) G OE ) e
g 2 - L 0 1 . TR ‘
V2 /2 V2 V2

Schmidt decomposition. A pure state |W4p) of a composite system , AB,
can be decomposed into two orthonormal states |i4) for system A, and |ig)
for system B such that

|Wag) = Z Ailia)lip).

where A; > 0 and Y, A7 = 1 in order to normalize the state|¥). The num-
ber of \; is called Schmidt rank. The vectors |i4) and |ip) of the Schmidt
decomposition are determined up to a phase, while Schmidt rank and \; are
uniquely determined.

The Schmidt decomposition can be proved from the singular value de-
composition. We will make use of this fact to perform our simulation in
section 4.3. The proof is outlined and a numerical example is given below.

Let |ja) and |kp) be any orthornormal basis for systems A and B. Then
|W4p) can be written

|Wap) = Z Ajklja)lks),

and by the singular value decomposition of A

(W an) ZU DiiVig | 7a) k).



Deﬁning ’2A> = Zj Uji‘jA>, ‘ZB> = Zk V]m’k3> and l)ZZ = )\z we get
(Wag) =Y Ailia)lin), (2.5)

where \; > Ay > ... > 0. This completes our proof.
The numerical example is given according to Eq. (2.4)

[Wag) = 104)|05) +2(04)[15) + 2[14)[05) + [14)[15)

1 1
=3[ 75(104) + [14)) —=(105) + (1)) ]

1 1
E(|OA> — |14)) %(—|OB> +[15)) |.
This suggests that we can perform the Schmidt decomposition through the
singular value decomposition, and this approach will be used in our simula-
tion to find A; in section 4.3.

+1

2.2.2 Entanglement

For a state |Wp), it is entangled if it cannot be decomposed into a product
state |U4)|Wp). An example below illustrates the notion of entanglement.

(W ap) = [04)|15) + [14)|15)
= (|04) + |14))1B) = |¥A)|Up) (product state)

|\I/AB> = |OA>'OB> = |1A>|1B> 7’é |\IJA>|\I/B> (entangled state)

We can clearly see that a state is entangled if and only if the Schmidt
rank is greater than one, so the entanglement between system A and B can
be characterized by the Schmidt rank. The larger the Schmidt rank, the
more entangled the state, and vice versa. This is the key idea in justifying
the approximation of reducing the number of parameters from the one that
is exponential in the systme size n to the one that is linear in n.

2.2.3 A variant form of MPS

Let us now construct a variant form of MPS [2]. Consider a pure state |¥)
for an n body system, we first perform the Schmidt decomposition to |¥)
cutting the state at bond k between kth site and (k + 1)th site as shown in
Fig. 2.3

) = 3 Ay e s (2.6

ap=1



where Y is the Schmidt rank at bond k.
After cutting the state |¥) at bond k, we further cut the state W
at bond k + 1

(k41 n}>

Xk+1

e I N W [ e T A 8 (2.7)
Ap4+1= 1
and expand the state WL;&LJ in terms of the spin basis
BTy =Y Tl ). (2.8)
Sk+1

Let us substitute Eq. (2.7) in Eq. (2.6)

Xk+1

[ RE D WEEEEoe B sk, (2.9)

ap1=1 541

and in a similar way, we can get

Z ZAak 1F[Oi€k5k1ak wC[Mlk,klj_l]Hsk)? (2]‘0)

ap—1=1 s
and therefore, Eq. (2.6) becomes

Xk—1 Xk xk+1

=5 Y b

ag-—1=1 ap=1 apy1=1 sg,Sk+1
Aoy DI g Tibleeea ), AR~ sp)lsppr) [0l42m) - (2.11)

Ak—1" Q10" Xk~ OOyl ap—1 Qpt 1

For a state |¥) with periodic boundary condition, repeat the above pro-
cedure recursively, and the state |¥) is decomposed into

= > > T TR A, A, T Ao lsisa . sn)

a1, ,0n 81,70 ,8n

where each a ranges from one to the corresponding Schmidt rank.

W) P Aay, w ]

Figure 2.3: The Schmidt decomposition of |U).



So far the expression is exact. The Schmidt rank y,, for each bond grows
exponentially with n. There are ground states in one-dimensional many body
systems which are slightly entangled so that the values of A\, decrease rapidly
with « [2]. Hence, we can obtain a good approximation of the state |¥) by
truncating A, at some «. We define .00 = max{xi, X2,---,Xn}, and for
slightly entangled states, Ymaz 1S truncated to some number D. In practice,
D is determined through trial and error.

Thus, the state |¥) is now written

1) = Z Z Pl X T2\ A, T X Jsisa . s0),

aq,,an=1 s1,
(2.12)
where each « runs from one to D, or, to write it in a more compact form

(@) = Y tp@UnANDRl\BE \n=lpelen Nl )55 ), (213)

S1,",8n

where '™ is a D x D matrix and A is a D-dimensional vector. This state
contains n(2D? + D) parameters rather than 2" ones.

To compare Eq. (2.2) and Eq. (2.13), we first note the similarity between
Eq. (2.1) and Eq. (2.9). After the truncation step, Eq. (2.9) is written

[l Z X Tl b (B ) ol ).

Qp+1=1 Sg41

Compare with Eq. (2.1)

Vol =Y Y A s(se)|wphe-1 @ k).

B=1 sk

We can immediately see that Aaﬁ(sk) = Fk]s’“)\ Or, from Eq. (2.10),

Ak 5(s) = )\QFO]%S’“. It depends on at which end the spin is added. Now the
D states kept in DMRG iterating steps has a clear physical meaning. The
number D is characterized by the amount of entanglement of the state; that
is, the intrinsic computational cost is quantify by the entanglement. Also,
the representation of the state |¥) in Eq. (2.2) and (2.13) are equivalent.
Before ending this chapter, we would like to present a form of MPS for a
system with open boundary condition. The wave function is written

Z Vi(s1)A%(59)A3(s3) ... A" s 1)V (50)|5182 - - 80)  (2.14)

$1,825--+,8n

10



where V1(s;) and V"(s,) are D-dimensional vectors. This form can be de-
rived from the above argument with a slight change in Eq. (2.12). We approx-
imate this representation to simulate systems with open boundary conditions.
More discussion about this form is in the next chapter.

11



Chapter 3

Variational quantum Monte
Carlo simulation with
stochastic optimization

When an analytical solution is hard to obtain, variational methods is a useful
approach to getting an approximate solution. For a system described by the
Hamiltonian H, we set up a form of the trial wave function [¥) with several
parameters and implement the fact that

(V|H[Y)
>Eroun state -
<\Ij|\]:j> — g d stat

By adjusting the parameters, we lower the energy as much as we can and
obtain the approximate ground state wave function for the system H.

In this chapter, MPS is used as a trial wave function.. The matrix ele-
ments are regarded as parameters and are adjusted to approach the ground
state. We will first discuss the Monte Carlo simulation, and then describe
the optimization scheme. Finally, the above method is used to deal with
one-dimensional quantum spin models.

(3.1)

3.1 Introduction to Monte Carlo simulation

Generally speaking, methods which involve making use of random numbers
can be called Monte Carlo(MC) simulation. Monte Carlo simulation is an
important method in condensed matter physics. Because of the complex-
ity of many body systems, especially in strongly correlated systems where
perturbation is unmanageable, many problems cannot be solved analytically.
In this situation, Monte Carlo simulation is an effective method to extract
statistical properties from the systems.

12



3.1.1 The Metropolis algorithm

The goal of the Monte Carlo simulation is to calculate the expectation value
(@), which is an ensemble average of some observable quantity @,

_ Zci Wci Qci
a Zci WCi ’

where ()., is the value of the observable quantity in the 7th configuration
c; and W, is the weight of the ith configuration ¢;. So the probability P,

ZEVCW To calculate (@), we

average the quantity @), over all states, (Q) = >_. P, Q.,; however, in reality,
it is impossible to prepare all the configurations for large systems in our
simulation. On the other hand, picking out the states randomly from the
system is usually a poor method. In most cases, it only samples out a very
small fraction of the states. The remedy of this problem is that instead of
calculating the ensemble average, we calculate, through a Markov process,
the average of the observable quantity by generating a chain of states which
obey the probability of occurrence P.,.

A Markov process is a mechanism to generate a new state ¢, from a state
¢, through the transition probability t(c, — ¢,). The transition probability
for a Markov process should depend only on the properties of the current
configurations ¢, and ¢, ,and the transition probability should not vary over
time.

To generate a chain of states which obey the probability of occurrence
P.., we first write down the master equation

dP,

d;u = Z[PCVt(CV —% CH) — PCut(Cu — Cu)]- (33)

(@) (3.2)

for the ith configuration to occur is P, =

Cy

For an equilibrium system, d];;‘” = 0; furthermore, we enforce the detail
balance condition such that

P.t(c, — ¢c,) = P t(c, — c). (3.4)

It is now clear that if the generated configurations are distributed according
to P, the transition probability t(c, — ¢,) should satisfy

W, P,

Cu — Cu — t(CV - C#)
We, P. tlc,—c)

(3.5)

Now the problem comes to “how do we manipulate the algorithm to sat-
isfy the above condition?”. Even if we can suggest many Markov processes

13



to generate a new state, we may not find one with the right transition proba-
bility. The solution to this problem is the concept called an acceptance ratio.
We decompose the transition probability into two parts:

tley — ) = g(c, — c)alc, — ), (3.6)

where g(c, — ¢,) is the selection probability, and a(c, — ¢,) is the accep-
tance ratio (or called the “acceptance probability”). The selection probability
is the probability that generates a new state ¢, from an old state c,. The
acceptance ratio says that when we start from a state ¢, and our algorithm
generates a new state c,, we should accept the change to the new state ac-
cording to the acceptance ratio. So, no matter what Markov processes we
choose to generate a new state which determine the selection probability, we
can always satisfy the condition Eq. (3.2) as long as we adjust the acceptance
ratio.

The most famous and widely used algorithm is called the Metropolis algo-
rithm [27]. In the Metropolis algorithm the selection probability g(c, — c,)
are all chosen to be equal. Therefore, Eq. (3.5) is now written

W, ey = cu)  gley — cu)ale, — ) aley = ¢

o = = . (3.7)

W., iEst(e' B &) g, > )ale o oY)  a(ch—xic

The acceptance ratio is determined according to the weights. We define

a(cy 3 I, )= Wo, i (3.8)
WCz/

In this chapter, we deal with one-dimensional S = % quantum spin system,
using the single-spin-flip method to generate a new configuration; in other
words, we flip a spin at a time and calculate the acceptance ratio to decide
whether to accept the flip or not. The Metropolis algorithm goes as follows.

1. Generate a spin configuration ¢; randomly as a starting configuration.

[\]

. Flip a spin in the configuration ¢; to generate a new one c;;; .

3. Calculate the acceptance ratio

W,
a(e; — ¢ip1) = min{l, W—”} (3.9)

Compare the acceptance ratio a(c; — ¢;11) with a random number
r € [0,1), if a(¢; — ¢i41) > r, the configuration is update to ¢;i1,
otherwise it is rejected.

4. Go back to 2.

It is a standard algorithm in the Monte Carlo simulation.
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3.1.2 Measuring observable quantities

As mentioned in the previous section, to measure the expectation value (Q),
we have to run over all the configurations if we naively use Eq. (3.2). However,
in the Metropolis algorithm, a chain of states is generated according to the
occurrence probability of the states. That is, the number of a configuration
generated is proportional to its weight in the system. So, we measure the
observable quantity () when the configuration is updated to a new one, and
suppose the measurement performed M times, then the expectation value
(@) is now written

Zz’]\il Qi
(@Q) = =1 (3.10)

In our simulation scheme, we flip a spin at a time to generate a new
configuration. The difference between the old one and the new one is small.
In other words, if we measure the observable quantity (@) in each update,
the measurement may be correlated. Then it is not a true Markov process.
To solve this problem, we do not measure the observable quantity (@) in
each update. Instead, we perform the measurement after one Monte Carlo
step. We define one Monte Carlo step as attempting to flip spins n times.
The number n is the length of the spin chain.

In order to minimize the noise caused by the randomness in the Monte
Carlo simulation, we use the blocking method called the binning procedure.
First, we perform m Monte Carlo steps and perform the measurement after
each Monte Carlo step. Second, we divide the measurements into m /b groups.
Each group contains b measurement results, and the cumulative results are
taken average over b. This step is called making a bin. Finally, the observable
quantities are obtained by taking the bin average over m/b. The binning
procedure is illustrated in Fig. 3.1.

b measurements

N8
- 2
m , 5 5 : :
(000000000000 - (000000
i } | |
-2t (@ o o
bin b
Qpins1 Qpin#z Qpinst(m/b)

Qpin#1 + Qpinsz + - + Qpintmyp)
m/b

Q)=

Figure 3.1: A sketch for the binning procedure.
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3.2 Stochastic optimization

To obtain an approximate ground state wave function, our goal is to find the
matrix elements that minimize the expectation value of the energy £ = (H)
by the derivatives of the energy with respect to the matrix elements. We
illustrate the optimization scheme through a S = % translationally invariant
periodic spin system with n spins.

The first step is finding an appropriate form of £ for Monte Carlo sam-
pling. The wave function of a spin chain can be written

U) = ) tr(A(s)A(s2) .. Asn))[s1s2. .. s,) = > F(S)[S), (3.11)
S

5198254y Sn

where the spins s; = £1 are the eigenvalues of o7, |S) = [s1, S2,. .., S,), and
F(S) is the coefficient for state [S); A(£1) are two D x D general matrices,
and they are taken to be real. The expectation value of energy can be
expressed as

g _ 2se POIFESNSIH|S) ¥, F*(S)B(S)

225 F2(5) D JEFR(S)
where E(S) = ¢ 553 (S|H|S"). dentifying F2(S) as the weight of the
configuration, we can use Metropolis algorithm, with the transition proba-

bility t(S — S’) = min{l, %}, to generate successive spin configurations
by flipping a spin at a time. Through measuring E(S) in the successive gen-
erated spin configurations, we then average over these measurements using
the binning procedure to get £ = (E(S)).

Second, the derivatives of the energy with respect to the matrix elements

are also required. Taking derivatives directly, we have

o8 _ 0 Dys FSIEE)SIHIS)
daj;  Oa Y s F2(S)
1 (‘3F(S)E 1 OF(S)

(P57 a5~ 2y HES))

= TEL9) N (3.12)

(3.13)

OF(S)
ﬁafj

Calculating seems to be a formidable task; however, if we write out
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those indices of the matrices, we can get

OF(S) 0
= (A(s1)A(s2) ... A(sy))
das; da;;
_ 52 e ask 1 Sk Sk+1 e Sn—1 Sn ]
§ : 5,5k a s a1a2 azaa Q10 OOt 1 Q1042 Qn—10n Qnol
Sk+1 sk+2 .. 4Sn—1 Sn S1 S92 L. o 5k—1
- E : 53 Sk JOg42 ak+2ak+3 &an_lanaanalgalagaagag &ak_li

—Z(sssk (k1) A(Skr2) -+ A(sn) A(s1) - - A(sp—2) A(sk—1)]i-

(3.14)
Define the matrices
M (k) = A(Spy1)A(Ska2) - = A(sn)A(s1) -+ - A(Sp—2) A(Sk-1), (3.15)
the derivatives of the weight is rewritten
=\ edioist VY1), (3.16)
k=1

In order to minimize the energy, we have to calaulate F'(S), F'(S’) and
M (k) during the update and the measurement. These terms involves many
matrix multiplication and are time consuming. Here we implement a scheme
to reduce the computational effort of calculating these terms for the update
and the measurement. Noticing the form of M(k), we introduce two more
matrices L(k) = A(sk)A(Sgr1) - A(sn) and R(k) = A(s1)A(s2) - A(sk)
such that M(k) = L(k + 1)R(k — 1). Also, we defineL(N + 1) = R(0) = I.
The scheme goes as follows.

1. Calculate and store L(2), L(3), ..., L(n) based on a random initail con-
figuration or the configuration from the previous run.

2. Start from s;, we flip the spins sequentially to generate successive spin

configurations. Each flip is based on Metropolis probability, ¢(S —
S") = min{1, };Q(LZ }. Usmg the cyclic property of the trace, we calcu-
late F'(S") by F(S’) tr(A(—sk)M(k)).

3. After each attempt to flip the spin si, L(k + 1) is no longer needed, so
we store R(k) = R(k — 1)A(sy) in its place for future use.
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4. After a sweep of spin updates, we start measurement from the spin s,,.
Now the matrices R(k) are all generated and stroed. Traverse the spin
chain from & = n to 1 for measuring observable quantities, and the
matrices L(k) are generated and stored.

5. Go back to 2 until the energy is converged.

After b measurements, we obtain a bin measurement of energy and the
derivatives. We update the matrix elements after a bin is made. The bin
measurement are used to update the matrix elements a;;:

oFE

S
da;;

aj; — aj; — q(p) - 1 - sign(5—), (3.17)

where r7; € [0, 1) is random and g(p) is the maximum change which decreases
as a function of some number p. Each parameter is changed according to the
sign of the derivative, but they are changed independently with a random
but well bounded number. After each update of all the matrix elements, the
matrices are normalized so that the largest element |aj;|=1. In our simu-
lation, we use the form ¢(p) = qop~*, with go = 0.05 = 0.1 and a = 0.7 —
0.8.

As mentioned in section 3.1.2, the real output of the expextation value
is the average over bins. Let p be the number of outputs; that is, ¢(p) de-
creases with output numbers. Furthermore, when the energy approaches the
minimum, the derivatives will become smaller, and the noise from random-
ness may affect the measurement of the derivatives. So, in order to minimize
the noise, we use the form b = byp to increase measurements in a bin with
bp = 100 — 200 and 20 — 40 bins are averaged to make an output. Also, if we
perform the above procedure to obtain optimized matrices, then, by using
the optimized matrices as initial values of the matrices, we restart the above
optimization but with a smaller ¢y. Repeating this process produces better
convergence.

A typical optimization process is shown in Fig. 3.2. Each point is an
output with 20 bins and by = 100. We notice that the energy decreased
exponentially, and the variance of the energy was also reduced quickly during
the optimization process. When using the matrices obtained in the previous
run as the initial matrices, and with a smaller ¢q, the energy reached a lower
value.

The computaional cost of the above optimization scheme scales as N D?,
while DMRG scales as N D°. Besides, it can generalized to the open boundary
condition which scales as ND?. The generalization is straightforward. We
discuss the scheme in the next section.
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output number

Figure 3.2: The periodic trnasverse Ising spin chain with 32 spins and D =6
at h = 1. The first run starts with random matrices and ¢y = 0.1. The
second run starts with the optimized matrices obtained in the first run and
qgo = 0.01. In the second run, the difference between the optimized energy
and the exact energy is less than 1074,

3.3 Approximation forms for the open bound-
ary condition

We present a form of MPS for open boundary condition at the end of sec-
tion 2.2.3, and in this section, we suggest an approximate form to reduce the
computational cost. For the open boundary condition, the vectors V' (s) and
the matrices A(s) are dependent of position;

|U) = Z Vi(s1)A%(52)A3(s3) ... A" Hsp_1)V"(50)|5152 - - - Sn).-

Update the vectors and the matrices one by one would be time consuming;
also, if a long chain is simulated, it will require a lot of computer memory
and become unmanagable. We approximate the above form by assuming
V(S) and A(S) are independent of position. The wave function for the open
boundary condition is now written

W) = Z V(s1)A(s2)A(s3) ... A(Sp—1)V (sn)|s152. .. 8n) = Z F(9)|S).
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The reason behind this approximation is that the boundary effect is expected
to decrease quickly for the inner spins, so we still assume translational in-
variance for the matrices A(s).

The optimization scheme can be adopted with some minor changes. For
the open boundary condition, in order to update the elements v; and af;, we
need to compute

OE _,, 1 OF(5) 1 OF(S)

oo; = 2 F(s) o PO 2 E(gy gy )/ FOE)
and

oL _,, 1 OF(S) 1 OF(S)

oa;, ~ 2F5) var L~ HEE) ey, ()

To calculate the derivatives of F(S), we introduce the vectors L,(k) =
V(s1)A(s2) ... A(sg) and R,(k) = A(sk) ... A(Sy—1)V(s,). Then the deriva-
tives can be expressed as

OF(S)

W i 5s,sn [Lv(n ol 1)]@ + 53,51 [RU(Q)]Z

2

and

0

r n—1

PO) - 3T ot = DLk + D),
v k=@

Now we can incorporate the above form into the optimization scheme in the

previous section. One thing to notice is that we now calculate and store

R,(2),Ry(3),...,R,(n — 1) first, and L,(k) is generated later in the opti-

mization process.

We further explore the the approximate form of F'(S). The approximation
is based on the assumption that we can ignore the boundary effect for the
inner spins. However, we only assume different form at both ends of the spin
chian. So in order to absorb the boundary effect, we insert matrices between
V(s) and A(s) such that

Fg(S) = V(s1)B(s1)A(s2) ... A(Sp—1)B(82)V (sn)

or

Fo(S) =V(s1)C(1)A(s2) ... A(sp—1)C(n)V (sp)

where B(s) depends on the spins at each ends; C'(1) and C(n) are two ma-
trices which are independent of spins direction. In Fig. 3.3, we investigate
the D dependence of the the relative error in the energy for different forms.
We observe that after adding the matrices B(s), the optimized energy in-
deed converged to a lower value. It should be noticed that the number of
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Figure 3.3: Comparison of the D dependence for the different coefficeint
forms. The system is the open critical transverse Ising chain with 32 spins
at h = 1.
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Figure 3.4: The open transverse Ising spin chain with 32 spins and D = 6
at h = 1. The first run starts with random matrices and gg = 0.1. The
second run starts with the optimized matrices obtained in the first run and
qgo = 0.01. In the second run, the difference between the optimized energy
and the exact energy is less than 1074
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the added parameters are the same for Fp(S) and F¢(S), but F(S) has a
better convergence. From now on, we use Fp(S) as the coefficient of the
trial wave function with the open boundary condition.

Fig. 3.4 shows a typical convergence process for open boundary condi-
tion. As with the periodic boundary condition, the energy also decreased
exponetially, and the variance was reduced rapidly. Furthermore, when the
vectors and the matrices obtained in the first run are used in the second run,
the optimized enegy also reached a lower value.

3.4 Methods of measurements

In the previous sections, we measure the energy by Monte Carlo sampling
because the measurement process can be incorporated into the optimization
process; however, the MPS state features a powerful property which is able
to sum over all states. We first discussed the measurements by Monte Carlo
sampling and then the method to sum over all states.

3.4.1 Measurements by Monte Carlo sampling

Suppose we want to measure the expetation value of the operator O. The
expectation value can be expressed as

5L Dss FOEE)SIONS)
(G S~ JF(S) (3.18)
_ s PP E, 7 (81015)

)
2_g4™(5)

The Monte Carlo method can be applied to find the expectation value by
taking F?(S) as the weight and use the Metropolis algorithm to sample the
states. The advantage of the Monte Carlo method is that it avoids summing
over all states which costs lots of computational resources, and sometimes it
is even impossible to sum over all states; however, the price to pay is that
we have to devise an efficient algorithm to sample the states. In the one
dimensional case, it is suffice to use the Metropolis algorithm.

(3.19)

3.4.2 Measurements by summing over all states

We first demonstrate the method by calculating the normalized factor (V| W)
for a periodic system. The generalization to the open boundary condition is
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Table 3.1: Results for the critical transverse Ising model. PBC stands for
the periodic boundary condition and OBC for the open boundary condition.
The statitical errors in the last displayed digits are indicated; the statistical

errors are less than 107°.

n D E/n(MC) E/n(ALL) E/n (exact)
PBC 16 6 -1.27528(6) -1.275285 -1.275287
32 12 -1.27374(5) -1.273744 -1.273751
50 16 -1.27344(5) -1.273445 -1.273449
OBC 16 6 -1.25101(9) -1.251018 -1.251024
32 12 -1.26200(6) -1.262005 -1.262009
50 16 -1.26602(0) -1.266019 -1.266023
straight forward. Expand the MPS form directly,
(T|T) =Y F(S)F(S)(S]S")
5,5
= > " tr(A(s1)A(sy) . A(sn))tr(A(s1) Als2) ... Alsw))
{s:}
= Z azllazazl’la’g a;22043a;2’2ag ~ N aiﬁalaizag
{s:}
= > tr([A(s1) ® A(s1)][A(52) © As2)] - - [A(50) ® A(sn))-
{s:}

We define the D? x D? tensor T*
factor is rewritten,

=>_,, A(sx) ® A(sg) and the normalized

(U|0) = tr(TOTE ...7M), (3.20)

Instead of conrtacting D x D matrices for all possible configurations, we
contract D? x D? matrices for just one time.

A key notion of the MPS is that it allows local updates; that is, we can
update some matrix A(sy) by acting the operator on it without changing
other matrices. Suppose the operator O acts on the kth spin. We define

A(sy) = ZS; OAsks;cA(s;) and the tensor T*) = >, Alsk) ® A(sy). So the
expectation value of the operator O can be calculated
(T|O|W) = tr(TOT® ... T .. .7, (3.21)

In Table 3.1, we compare the energy obtained from the Monte Carlo
method and the summing-over-all-states method. The optimized matrices
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from the Monte Carlo method is used to sum over all states. The excellent
agreement between these two methods indicates that the sampling of the
states is faithful.

3.5 Studies of the transverse Ising model

In this section, we study the tansverse Ising model by the stochastic op-
timization and measure the physical quantity from the optimized MPS by
summing over all states.

3.5.1 The D dependence

In Fig. 3.5, we investigated the D dependence for different sizes of the spin
chain. The realtive energy error derceased exponetially with D; however, as
D grows larger, the decreasing rate becomes smaller. This phenomenon re-
sults from the stochastic optimization where we update each matrix elements
independently regardless of their mutual denpendence.

1.0x10° g T : T T 1.0x10?
1.0x10" 4 1 1.0x10°4
-4
1.0x10°4 > ] 1.0x10™
« I~ N !
y e 1 Wy ]
< 1.0x10°4 S 1 N 1.0x10
. 1.0x10°4
1.0x107 4 1
T T - T T 1.0x10”" 4 T 1 T T T
2 4 6 8 10 2 4 6 8 10 12
D D
(a) Periodic boundary condition (b) Open boundary condition

Figure 3.5: Relative error in the energy as a function of D at h = 1.

3.5.2 Ground state energy, magnetization and correla-
tion functions

The ground state structure of the transverse Ising model changes as the
transvese field h is varied. Fig. 3.6 shows the energy per bond as a function
of h and Fig. 3.7 the magnetization for the periodic boundary condition.
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E/n

Figure 3.6: Energy per bond as a function of h for the periodic boundary
condition.

These figures show that when h — 0, the ground state is a product of spins
pointing in the the same z direction,

2, =TT e (3.22)

When h is much greater than one, the ground state approaches a product
of spins pointing in the positive x direction,

@) =TT =) (3.23)

where | —); = (| 1) + | 1)i)/v2 and | «=); = (| 1); — | 1);)/v/2 which are
eigenstates of o,.

Using the stochastic optimization, a symmetry breaking state is found as
shown in Fig. 3.7(b), but for finite size n, there is no symmetry breaking in
the ground state. The ground state has spin inversion symmetry. That the
magnetization dropped quickly to zero indicates that the symmetry under
the global phase flip appeared. From the squared magnetization,

(0% = (=3 o7)2, (3.24)
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Figure 3.7: Magnetization as a function of A for the periodic boundary con-
dition.
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shown in Fig. 3.7(c), (0?) is not zero after the drop. Therefore, the results
suggested that the state fluctuated between the spin inversion symmetry
states.

The short range correlation function CY, = (ciob) — (0})(os) where i =
x, y, or z is shown in Fig. 3.8(a). The short range correlation also has a
structural change near h = 1. The long range correlation C%, = (oiot) —
(0)(ot) near h = 1 is shown in Fig. 3.8(b). Near the critical point, we
observe a strong long range correlation in the z-direction.
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(b) Long range correlation C?,

Figure 3.8: Correlation for the periodic boundary condition. The system is
the transverse Ising model with n = 50 and D = 16.
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The open boundary system has a similar behavior with the periodic sys-
tem; however, because of the dangling bonds at both ends, the spins near the
edges behave differently. Fig. 3.9 shows the edge effect of the magnetization
) as a function of position.

(0]

position i

Figure 3.9: Magnetization () as a function of position i for the open bound-
ary condition with n = 50 and D = 16. The dotted line is the corresponding
magnetization for the periodic boundary condition.

3.6 Applications to the Heisenberg model

The stochastic optimization can be applied to the S = % antiferro Heisenberg
chain with the next-nearest-neighbor interaction. The ground state of the
antiferro Heisenberg chain can be divided into two sublattices as shown in
Fig. 3.10; thus, for the periodic boundary condition, we use the trial wave
function

W)= N tr(A(s)B(s2)A(s3) ... Alsu-1)B(50))|s152 - 50,

where A(s) and B(s) are D x D matrices with s = #£1; for the open boundary
condition,

By = 3" Va(s1)C(51)B(52)A(53) - .. A($0-1)C(5:) Vis(50)[s152 - . - 50,

$1,825--+,8n
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Figure 3.10: Two sublattices of the antiferro Heisenberg chain.

where V4(s), Vi(s) are D dimensional vector and C(s) are D x D matrices.
In this section, we add symmetry terms in the coefficients and explore
the results for the S = 1 antiferro Heisenberg chain with the next-nearest-

2
neighbor interaction.

3.6.1 The D dependence

Fig. 3.11 shows the D dependence for different sizes of the antiferro Heisen-
berg chain. The relative error decreases exponentially with D as in the
transverse Ising case.
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Figure 3.11: Relative error in the energy as a function of D.

3.6.2 Exploiting symmetry

The ground state of the antiferro Heisenberg chain has the following symme-
tries

7|18 .. 80) = 2| — $1 — 89... — ) (spin inversion)
T|$182. .. 80) = t[$pS182 - . Sn_1) (translation)
R|$18y...50) = T|SpSn_1-..51) (reflection)
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where z, t and r equals to £ 1. For the ground state, z =t =r = 1. These
symmetries can be incorporated into the form of the trial wave function
enforcing the states with these symmetries to have the same weight in the
Monte Carlo simulation. It is written

(W) =) F(S) + 2F(ZS) +tF(TS) + rF(RS) + 2r F(ZRS)
S

+ 2tF(ZTS) 4 rtF(RTS) + zrtF(ZRTS)|S).

In Fig. 3.12, we investigate the convergence behavior as the symmetry
terms are added. Adding symmetry terms helps to recover the symme-
tries, we observe that the spin inversion term improves the energy most.
Among these symmetries, updating the configuration to the spin inversion
state requires a global spin flip which is hard to obtain. As mentioned in sec-
tion 3.5.2, there is no symmetry breaking in the ground state with the finite
size n. When the spin inversion term is added, the measured magnetization
approaches zero; that is, it helps to recover the spin inversion symmetry and
thus makes the optimized state more close to the truly ground state.

1.0x107 : 1.0x10”3
1.0x10°4 1.0x10° 5
w w
w w 4
4 ox10] 4 1.0x10
. 1.0x10° 5
1.0x1075
1.0x10° o T
2 3 4 5 6
D
(a) Periodic boundary condition (b) Open boundary condition

Figure 3.12: The convergence behavior as the symmetry terms are added.
The system size isn = 16 and D =6

By combining different symmetries, the method is able to find the ground
state and the first few excited states of the antiferro Heisenberg model with
the next-nearest-neighbor interaction which is frustrated [28]. The method
is free from sign problems because the transition probability from states to
states involves with F2(.S) which is definitely positive. We extend the method
to the open boundary condition and the results are summarized in Table 3.2
and in Fig. 3.13. As shown in Fig. 3.13, we can clearly see that the peak of
the energy level is caused by the level crossing of the states with different
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symmetries. In Fig. 3.13(a), at Jy/J; = 0.5, the energy per site of the ground
state and the singlet excited state both are —g regardless of the site number.
It is called the Majumdar-Ghosh point [23]. The ground state and the singlet
excited state are both doubly degenerate dimer products of singlet pairs on
neighboring sites. On the other hand, in Fig. 3.13(b), only the ground state
becomes dimer products of singlet pairs at Jo/.J; = 0.5 and the energy is also
—% regardless of the site number.

Table 3.2: Symmetry combinations

PBC n =41 n=4l+2
Gt (z,t,7)
Ground singlet  (+1,+1,+1) (=1,—1,-1)
Excited singlet (+1,—1,+1) (—1,+1,-1)
Excited triplet (—=1,—1,—1) (4+1,+1,+1)

OBC n =4l n=4l+2
(2,7) (2,7)

Ground singlet (+1,+13 (=1,-1)

Excited (—1,4#1) (+1,-1)

Excited triplet = (=1,-1) (+1,41)
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energy

energy

Figure 3.13: Optimized energy for the antiferro Heisenberg model with the
next-nearest-neighbor interaction. The system size is n = 16
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(b) Open boundary condition

relative errors in the energy are less than 1074,
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Chapter 4

Imaginary time evolution with
TEBD

In this chpter, the variant form of the MPS is used to simulate the imaginary
time evolution. We first review the imaginary time evolution and the normal-
ization conditions of MPS. Then the TEBD algorithm and the generalization
of it, the infinte time-evolving block decimation (iTEBD), are discussed. Us-
ing these methods, we discuss the feasibility of the update scheme for the
finite translationally invariant periodic systems and the ground state proper-
ties of the infinite transverse Ising model. The results show that entanglement
indeed plays an important role in quantum phase transition.

4.1 Imaginary time evolution

The imaginary time evolution is a method to obtain the ground state of a
system. Consider a time independent Hamiltonian H, the time dependent
Schrodinger equation is

O|W(t))
ot

It can be solved by the seperation of variables. The solution is

(W(t) =Y cie” B y), (4.1)

i

ih — H|U(t).

where ¢; are complex numbers, E; are the eigenvalues of H and [¢);) are the
eigenstates of H. Set 7 = %t, Eq. (4.1) becomes

[W(7)) = Z cie Ty, (4.2)
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Because the ground state energy is the lowest, as 7 — oo, only the ground
state |1)p) remains. In other words, the imaginary time evolution operator
e~ ™  can be viewed as a projection operator which projects out the ground
state. It can re-expressed as

B e—TE[P&) B
[tho) = 7‘167%"@)” T — 00. (4.3)

For the transverse Ising model with n spins,

n
H= Z oioiy +hot = HE + HE. (4.4)
i=1
The evolution operator e™™ is a 2" x 2" matrix which is hard to handle on
a computer if n is large; however, we can appoximate the evolution operator

by the second order Suzuki-Trotter decomposition [29],

SEHC) _ (SF/2,5G 5F/2 | 0(5%),

where I’ and G 'do not commute. Since o707, does not commute with the
operator o, we decompose the state into local operators

n
e = (e o H SB[ em [T e85 )
i=1 i=1
The operators e P57 and e /2 can be transformed exactly into the ma-
trix form by the similarity transformation M (e ") = Ue *Haias Ut where
Hgiag is the diagonalized H and U is formed by the eigenvectors of H. The
way to decompose the Hamiltonian is not unique. See Ref. [3] for another
way to decompose the Hamiltonain.

4.2 Normalization conditions for MPS

Recall that in section 2.2.3, we have the following equation:

Z Aak|¢[1 k:] .I<3-|—1~~~7’L}>7 (26)

ap=1

Xk+1

iy =y Y TR A sk [T ), (2.9)

ap+1=1 841
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kal
= D) e Tl ). (2.10)

ap_1=1 sg

Requiring W [t 1onl ) and W[l # > to be orthonormal states, the vectors A and
the matrices I' obey the following normalization conditios,

(U|W) = Z/\ =1, (4.6)

ap=1

and from Eq. (2.9) and Eq. (2.10) we have

[ Xk+1 [

k+1--n] k+1--n k+1]s 1* kdt1]sp s .

<¢O‘k W)[ ’ ] Z Z akak+§+ O‘kHF[OtILk]ﬁJr )\O‘k+1 - 5a§€ak7
ag+1=1 Sp41
(4.7)
and
451

1 k. ks S
< |¢ L k]> Z Z /\@k:—1F[aifkla;)\ak—lrgczl_ﬁak - 50‘20%‘ (4’8)

The normalization conditions are important when applying the imaginary
time evolution operator e~ to the state |¥) because e™° is not an unitary
operator; that is, after e ™% acts on a normalized state |¥), we have |¥’) =
e *H| W), and (¥'|¥’) no longer equals to 1. This causes the convergence
process to be unstable during the numerical simulation, so it is important
to normalize the state properly after applying a non-unitary operator. On
the other hand, normalization by multiplying the inverse of (¥'|¥’) is not
enough to keep I' and X in the normalization conditions. In the next section,
we discuss a method for normalization which can solve this problem.

In the previous chapter, the normalzation conditions are not emphasized
because we reach the ground state by varying the parameters in the function
(V|H|W)/(¥|¥). The numerical simulation is stable regardless of the nor-
malization conditions. The wave function can be normalized by multiplying
the inverse of (¥|W) after the optimized matrices are obtained.

4.3 Updating the matrices

As menotioned in section 3.4.2, a useful feature of the MPS is that it allows
local update. For a one-local operator OW acting on the kth spin, the matrix
I'¥sk is updated to I'™*r according to

s (1 ks
O’ic]l()ékk_i,l Z Oskl F([)ékakk+1 (49)
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Updating a two-local operator 0® acting on the kth and the k 4 1th
spin involves updating the matrices T¥l, T+ and the A on the bond k.
Recall that in section 2.2.1, the Schmidt decomposition of a state |¥) can be
found by performing the singular value decomposition to the matrix that de-
scribes the relation of the two subsystems of the state |¥). From Eq. (2.11),
Do Aoy I Cﬁls’jak /\akfgﬁﬂiﬁ“)\ak ., describes the relation of the two subsys-
tems |¢alk e 1])|5k> and |sk+1>|¢gkkt21”'”]) jointed by A,, on the bond k. We
define a tensor

D
O3kSk+1 — Z A Dk ple+lsesny

Q1041 QAp—1" Q10 k™ Q41 Q419

(4.10)

ap=1

and the staet |U) is rewritten as

S Y Y S ek s, (010

ag—1=1 ap=1 ag1=1 sg,Sk+1

When the operator O®) acts on the state |W), the tensor © changes as

@sksk+1 L Z 02)8k9k+1@2;ik1+alk+1- (4'12)

Q1011 5k5k+1

Sksk+1

To find the updated I' and \, we recast the tensor © into a 2D x 2D
matrix

éTT (:)Tl s
A _ 10 K —
M(skak—l)(5k+lak+l) i éﬁ i (:)llk i (4.13)
10k 41 10k 11

Using the singular value decomposition, the matrix M is decomposed into
two unitary matrices and one diagonal matrix. We truncate the the diagonal
entries of the diagoal matrix by keeping only the D largest diagonal entries,
and the D largest diagonal entries are identified as the updated \; that is,

um oL A0 v W
M(skakfl)(skJrlakJrl) = ( Ugw ) ( 0 - o 2D,
—/_/

v (4.14)

where A* is the updated vector of A on the bond & and the dotted parts are
all discarded. Comparing Eq. (4.14) with Eq. (4.13), we obtain the updated
matrices I" by

[se  — (/\[k—ll) Lrsk DF+HUsker — yrsetr (\[F+H)—

Qp_10k Qg1 Qg 10 Qg1 akak+1( Oék+1)

(4.15)
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Figure 4.1: Translationally invariance translating by two.

There is another way to find the updated matrices and vectors, see Ref. [2].

For a translationally invariant system, the matrices I' and the vectors
A should be site independent; however, the above update method breaks
the translational invarinace translating by one site, but it still preserves the
translational invariance translating by two sites. So we define matrices I'454
on odd sites, I''P1*2 on even sites and two vectors A4l on odd bonds, A#! on
even bonds. It is shown in figrue 4.1. In this circumstance, when performing
the imaginary time evolution, instead of applying Eq. (4.5), we can just apply
the following evolution operators

_SsH® 19 _sg® 19 s _sp(z) _sp@) 5 sp(@) 507
[6 OH /26 OH /26 5HBA@ 5HAB6 OH /26 SHp /2]6' (416)

It is because the matrices are identical on even sites or on odd sites, and
the terms in each square bracket are commute in Eq. (4.5). Updating a set
of local matrices effectively updates other matrices in paralell. A sketch for
this procedure is shown in Fig. 4.2. Although we decompose the matrices
into A and B two groups, the numerical results show that we still obtain the
translational invariance translating by one site after many updates.

We now introduce a method to keep I' and A in the normalization condi-
tions [30]. We describe the method for the translationally invariant system.

Figure 4.2: Update the matrices in parallel. The dashed square are updated
simutaneously.
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First, we form the matrix M7 =37, A&B]F[OjgsA/\[ﬁA]F[ﬂi]sB AP We peEr;
A

form the singular value decomposition to M8 and obtain a new vector A
and the new matrices I, T8, The Schmidt rank does not increase in this
case because it dose not involve any interaction between the two sites. We
rescale A4 to satistfy 327 ANAZ = 1. Using T, T8 and M4, we form
the matrix M54 and again obtain the new vector A8 and the new matrices.
Repeating the above procedure over and over decreases the error in the nor-
malization of the martices I'. We perform this nomalization procedure after
evolving the imaginary time ¢ each time.

4.4 The form of the wave function

For the transverse Ising model, the ground states of the finite periodic sys-
tem and the infinite system both have the translational invairance, so the
above update mehtod is suitable for studying these systems. In this section,
we discuss the wave function form and the measurement method for these
systems.

4.4.1 Infinite system

To construct the wave fuction form of the infinite system, we notice the form
in Eq. (2.11)

Xk—1 Xt xk+1
©=3 Y M XA
ag—1=1 ag=1 ag41=1 sg,Sk+1

N T L X TIED gl slspan IOEH2 ). (29)

Ap—17 10" Yk~ Q041 o1 Qft1

This decomposition of the state |¥) does not contain any information about
the boundary condition. For an infinite system, the decomposition can
be visualized as in Fig. 4.3. )\akflfgﬂs_’jak stores the information of the
state [5,% ) ]st) and ToLIAA,,
|Skt1) |@/)kat21°°}) The Schmidt coefficients \,, describes how these two states
are jointed together. Thus, the decomposition is actually an effective form
for the infinite systems.

For the infinite system with translational invariance, we use the following
form,

stores the information of the state

D

) = 3 37 AT AT [l Bl s ) ) [l ). (4.17)

a,B,7=154,5B
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Figure 4.3: Visualization of the decomposition.

To measure the physical quantities, the site on which the operator acts is
transformed to the spin basis. The expectation value of the operator O™
acting on a single site is

D
A Alsayxy [A[7 A Als’y \[A
(UIOWw) = 37 STAPITE A0, PTG AR, (418)
avﬁ:15A7814

and the expectation value of a two-local operator 0® acting on the site and
the nearest site is written

Alsavskn [A Blspy\x*
(U0 T) = Z > PRCE PR @R
,3,8'7=1 s4,55,5).5
OSSP AR5, 15018 (4.19)

54,5B,8'4,53

We have tried using the QMC with stochastic optimization to optimize
the above wave fuction to see whether it would converge to the infinite case or
not. It turns out that it does not converge to a fixed value. It can be explained
by the fact that the decomposition contains no boundary information ,and
thus there is too much degrees of freedom for variational methods.

4.4.2 Finite system

For the n spins periodic system with translational invariance, the following
form seems to be a good candidate:

W) = S ar(UUs DBl \BL AP\ 5 00 s ) (4.20)

81, 58n

To measure the physical quantity, we group the matrices and vecotrs into
A(sy) = Tk A B(s;) = I'Blsr \B] (4.21)

where A(sy) and B(sg) are D x D matrices As mentioned in section 3 4 2,
we form the D? x D? tensors TH®) = 37 A(s;) © A(sk) and T1P
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>, B(sk) ® B(sy); also, when the operator O acts on the kth site, we have
TR =5 A(sp) ® A(sy) or THI® = 5 B(s,) ® B(sy). Because the
matrices and vectors are all kept in the normalization condition, (¥|¥) =1,
the expectation value is written

(O) = tr(TAM B Flml®) Al plBlm). (4.22)

where m = A or B depending on the odd site or the even site. Furthermore,
the cyclic property of the trace can be used to simplify the calculation.

However, in this case, using the above wave function is only an approxi-
mation because there is no information about the periodic boundary during
the process of update. Take the simplest case for example, consider a two
spins system, the schmidt rank is two. On the other hand, the above update
scheme gives a schmidt rank D regardless of the lattice size. To fully account
for the boundary effect, one should use matrices and vectors which depend
on position. However, in this scheme, we need to update the matrices and
vectors site by site and a lot of computing time and memory is requried. The
QMC algorithm developed in Chapter 3 avoids this porblem and there is no
explicit truncation during the update. The boundary effect incorporates into
the wave fuction automatically.

4.5 Imaginary time evolution algorithm

1. Decompose the Hamiltonian into two non-commute groups F' and G.
The operators in each group commutes.

2. Perform the Suzuki-Trotter decomposition to the imaginary time evo-
lution operator e~

6—7—H s [6—6(F+G)]§ ~ [G_SF/26_5G€_6F/2]§

where § > 0 and /7 < 1.

3. Apply the evolution operator evolving imaginary time J * to the state.

> ~ eféF/QeféGeféF/Q‘

’\Ijtimag‘i’é imag)'

4. Perform the nomalization procedure.

5. Go back to 3 until it reaches time 7 or until it reaches a optimal state.

'We use progressively decreasing values of § € {0.1,0.01,0.001, ...} to reach a better
convergence.
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4.6 Infinite transeverse Ising model

In this section, we investigate the infinite transverse Ising model by iTEBD.
The infinite transverse Ising model can be solved exactly via femioniza-
tion [31]. Comparing the simulation results with the exact solutions, it shows
that the imaginary time evolution with MPS provides accurate approxima-
tion for the ground state.

T o2 oags ©

(a) As a fuction of h

107 = h=101
h=11

h=2

>
-
>

TIPUPY IOV IPUTY PPV [PUPYY IPUPYY PRPPY PN IPUYY IPUYY IPUPPY POV IPUY |

(b) Typical ditrbutuin
Figure 4.4: The distribution of the singular values \; for different h.

Fig. 4.4(a) shows the distribution of the singular values )\; as a function
of h. Recall that \; can be viewed as a measure of entanglement. We can
compare it with the single site entanglement which is obtained from the
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von Neumann entropy S calculated from the single site density matrix p;,
S = —tr(pilogpy). The single site entanglement can be viewed as a measure
of how entangled the lattice is [32]. In Fig. 4.5 we plot the exact single
site entanglement, and we also plot the exact nearest site correlation [31],

5 = (0f03) — (07)(05). The two show similar behavoir. The decreasing
rate of the distribution of \; shows a qualitative agreement with the single
site entanglement. For a fixed h, we observe that the singular values decrease
exponentially and then after some value 7, the decreasing rate becomes slower.
Furthermore, as h approaches to 1, the decreasing rate of the singular values
also becomes slower, indicating that the system has a maximum entanglement
at the critical point [12, 32].

0.8 u T g T T T
1 ——entaglement
0.7 1 - - - nearest site correlation

0.6
0.5+

0.4+

0.34

entanglement

0.2

0.1+

0.0
0.0

Figure 4.5: The single site entanglement and the nearest site correlation.

Fig. 4.6 shows a typical convergence process of the energy. We compare
the ground state energy with the exact solutions. It is shown in Fig. 4.7. With
D =1, the wave function is approximated as a product state which fails to
account for the entanglement. This result corresponds to the molecular field
theory [33] which is a mean field theory. With D > 1, as D grows larger, the
ground state energy obtained by the imaginary time evolution converges to
the exact energy. There are two main errors. One is the error from Suzuki-
Trotter decomposition, and one is the error from the truncation steps in the
updating process. Comparing Fig. 4.4(a) with Fig. 4.7, the cuvrve of the
relative error of energy has a similar shape with the decreasing rate of \; as
a function of A. This indcates that the main error comes from the truncation
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error.

In Fig. 4.8, we plot the magnetization and compare them with the exact
solution. The D = 1 case corresponds to the mean field results which ap-
proximate the state as a product state, and the dotted line is obtained from
the molecular field theory. In the case of D = 10, the magnetization (c*)
shows a good agreement with the exact solution. Although the magnetiza-
tion (o) cannot be obtained via fermionization because of the spin inversion
invariance of the hamiltoian, it can be obtained from the large—k limit of
the correlation function (cjof) [31]. Fig. 4.9 shows that modest values of
D can produce good approximations of the ground state, and as D becomes
larger, the drop of the magnetization approaches the critical value h = 1.
Comparing Fig. 4.5 with Fig. 4.8, the magnetization of the product state
approximation begins to deviate as soon as the entanglement begins to grow.
Also, the critical point in the product state approximation is not at h = 1
but h = 2. These results show that entanglement is essential to the quantum
phase transition. The product state aprroximation fails to account for the
correct characteristics of the system when it is near the critical point.
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Figure 4.6: Energy convergence process.
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Figure 4.7: Energy convergence as a function of h for different D.

44



T —— T — T — —T
1.0 e o—eq. R AR A AR -
e g \4\7&‘ 2_._ P
:q 5 " —r"
\ - » ~ X
0.8- v\ s * <o>D=10)
L “.4 4 X
4 a - ---<o >;exact |
o z
c ' R e <o>;D=10
o 0.6 i
S 0.6 o 2
© il_V - - - -<¢ >; exact
E N X I
) 7 ‘{] v <o >; D=1
c 0.4 75 e z I
S A L <iom
£ L3 ' k
0.2 1 ~ . 4 7]
» i 4
's o ¥
» i 4
0.04 ¢« Sun-0 0-0-0-0-0 0-0 0-0-0-0-0 0- — ]
e e e e TR aai N N B s S B e
0.0 0.5 1.0 1.5 2.0 25

Figure 4.8: Magnetization as a function of h. The dotted lines are the

molecular field results.

T T T T T T i T
1.04 -
.“*“. 3 s D=1
", e D=2
0.8 " a A D=3/
" v D=4
m  ----exact
0.6- 2 E i
S A .
\ ] 10 ;'.
u
0.4 06 teae,, :~ 7
{06 4\‘3 e, E'A -
0.2404 ‘l: 'v “- ! - 4
AR :
[ A 1
0.0 Lo Swv--vaAfoe] iy u
0.0 o09% 095 100 105 1.10:*-.-.‘-.- _______ - =
T — T T — T T T T T — T T
0.0 0.5 1.0 15 2.0
h

Figure 4.9: Magnetization as a function of A for different D.

45




Chapter 5

Conclusions

In this thesis, we have reviewed the construction of MPS from two per-
spectives: desity matrix renormalization group (DMRG) and quantum in-
formation theory (QIT). The connection between these two perspectives are
shown leading to a clear picture of the physical meaning, which relates to en-
tanglement, about the effectiveness of turncation steps in DMRG. Next, We
develope two algorithms in detail within MPS ansatz which can deal with one
dimensional quantum spin systems. First, we develope quantum Monte Carlo
simulation with stochastic optimization. The notion behind this method is
easy to understand. By rewriting the equation of expectation values, the
sampling of states becomes classical-like. We show the convergence behav-
ior of this method with the periodic and open boundary conditions. The
results show excellent agreement with exact solutions even at critical point.
We apply this method to a detailed study of the transverse Ising model.
In addition, this method is free from sign-problem. By combining different
symmetries, we calculate the gound state and the first few excited states of
the Heisenberg model with the next nearest enighbor interaction, and the re-
sults give a clear evidence that the peak of the energy levels comes from the
crossing of different symmetry states. Second, we develop the time-evolving
block decimation algorithm (TEBD) and gives a detailed procedure for the
imaginary tme evolution. We discuss the feasibility to apply TEBD to the
periodic boundary condition. We also apply the infinite TEBD to the infi-
nite transverse Ising model. The distribution of the Schmidt coefficients as a
function of A is shown. Comparing with the convergence behavior of the en-
ergy for different D, we identify the main error source in the imaginary time
evolution to be the trucation error. Finally, comparing the single site en-
tanglement, the nearest site correlation and the phase diagram, these results
imply that the entanglement can be used as an indicator to the quantum
phase transition.
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